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Foreword

Working in the field of synthetic oligonucleotides is extremely fascinating. Synthetic

oligonucleotides are an exciting class of therapeutic products that are under develop-

ment for a variety of indications. Many of them have been developed to address

significant medical needs that are so far unmet.

Oligonucleotides are a unique class of molecules with diverse mechanisms of

action different from small molecules but also different from biopharmaceuticals. The

specific chemical properties and the large sizes compared to small molecules make

the analysis of synthetic oligonucleotides and the quantification of their related

substances and degradation products one of the most challenging tasks for analytical

chemists.

Characterisation and quality control testing are required throughout the clinical

development of oligonucleotides intended for therapeutic use. Detailed information on

structural characterisation studies that supports the designation of these properties or

characteristics should be provided in submissions to regulatory agencies worldwide.

What to control is one of the key questions in connection with regulatory

submissions during clinical development and marketing authorisation applications.

Identifying critical quality attributes (CQAs) is vital during pharmaceutical

development. A critical quality attribute is a physical, chemical, biological or micro-

biological property or characteristic that should be within an appropriate limit, range

or distribution to ensure the desired product quality. Impurities are an important class

of potential drug substance CQAs because of their potential impact on drug product

safety. This is described in detail in the International Conference on Harmonisation

Quality Guidelines on pharmaceutical development (ICH Q8) and the development

and manufacture of drug substances (ICH Q11). Consequently, a major focus is

knowledge and control of impurities. How to apply these principles to the analysis of

oligonucleotides is a core feature of the present book.

Synthetic oligonucleotides are not included in the scope of the ICH specification

guidelines – neither for synthetic drug substances (ICH Q6A) nor for products of

biotechnology (ICH Q6B). They are also excluded from the ICH Guidelines on

impurities (ICH Q3A and Q3B) and therefore consequently from the scope of ICH

Q11. Nevertheless, in ICH Q11 it is clearly stated that this guideline might also be

appropriate for other types of products, such as oligonucleotides, following consulta-

tion with the appropriate regulatory authorities.

Critical quality attributes are part of the overall target product profile that is based

on the desired clinical performance. The extent of characterisation is linked to the

ChemGenes Exhibit 2024 - Page xxi



level of risk associated with each phase of drug development. It is expected that the

oligonucleotide molecule will have been well-characterised before a marketing

authorisation application is submitted to the regulatory agencies.

New and improved state-of-the-art analytical technologies and techniques are

becoming available on an on-going basis and should be applied during development

for both characterisation and routine control. Analytical methods for characterisation

during development and control for release and/or stability testing are covered

excellently and comprehensively in the present book. The authors of each chapter are

practitioners of the art and leaders in the field of oligonucleotide analysis.

Clinical qualification is considered the most important aspect when setting

acceptance criteria in specifications. For critical attributes the acceptance criteria

should not be wider than what has been qualified to yield a safe and efficacious

product. Therefore, identifying differences in impurity profiles using orthogonal

analytical methods for the detection and quantification of impurities in early stages of

drug development and the application of good science will be extremely helpful in the

course of development.

For successful research and development, it is necessary to acquire new skills

and knowledge in the field of oligonucleotide analysis. Therefore, there was a dire

need for such a book as this which provides various analytical technologies that are in

frequent use in modern research.

The book is subdivided into seven chapters. An introduction to oligonucleotides

is followed by a comprehensive chapter on oligonucleotide impurities and their origin.

Chapter 3 provides an overview on the separation of oligonucleotides and related

substances. Chapter 4 deals with the analytical characterisation of oligonucleotides by

mass spectrometry while Chapter 5 is concerned with the analytical characterisation

of oligonucleotides by NMR spectroscopy. Chapter 6 focuses on the analytical

characterisation of oligonucleotides using thermal melting curves. The last chapter of

the book is devoted to very important topics in connection with oligonucleotide

stability and degradation. Each chapter is composed as an independent unit enabling

the reader to pick the topic of immediate interest.

The technological achievements over the last decades are tremendous; this book

provides the reader with broad perspectives and a wealth of current knowledge related

to oligonucleotide research.

The reader of this book is also familiarised with the actual status of instrumenta-

tion, i.e. the current state of the art and the different latest techniques. All techniques

are described in a clear manner and by means of examples and case studies including

explanations of the theoretical background.

The authors must be congratulated for producing what is considered a truly

outstanding and unique work, thereby rendering a most valuable service to scientists

working in the field of oligonucleotides in support of therapeutic development.

Bonn, December 2012

Dr René Thürmer, Pharmaceutical Assessor

BfArM – Federal Institute for Drugs and Medical Devices

Kurt-Georg-Kiesinger-Allee 3, 53177 Bonn, Germany
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Preface

Over the last two decades, research into the development of synthetic oligonucleotides

as therapeutic medicines has grown significantly. These biopolymers have the potential

to be used as highly specific, targeted medicines to treat a wide range of diseases,

particularly where there is a genetic origin or basis, such as Duchene muscular

dystrophy, thrombotic thrombocytopenic purpura and cystic fibrosis.

This growth in oligonucleotide research has been catalysed by a number of key

historical events. First was the 2006 Nobel Prize for Fire and Mello’s ground-

breaking discovery of RNA interference, which signalled the possibility of silencing

genes. Second was the sequencing of the human genome, which has helped science

to create a map of key gene groups that is implicated in many genetic disorders.

Third was the regulatory approval of oligonucleotide-based drugs such as fomivirisen

sodium (Vitravene) in 1997, an antisense oligonucleotide used to treat cytomegalo-

virus retinitis in acquired immune deficiency syndrome patients, and, in 2004,

pegaptanib octasodium (Macugen), an angiogenic pegylated aptamer approved for

the treatment of neovascular age-related macular degenerative disease. A wide range

of oligonucleotide therapeutic classes now exist; these include short interference

RNA (siRNA), antisense oligonucleotides (ASOs), oligonucleotide ligands (aptamers

and Speigelmers), immunomodulatory oligonucleotides (IMOs), micro interference

RNA-blocking oligonucleotides, RNA decoys, ribozymes and DNA enzymes. By far

the most cited molecules are the siRNAs, ASOs, aptamers and IMOs.

Synthetic oligonucleotides have a relatively simple linear structure consisting of

repeating nucleotides of between 10 and 21 units (or mers; i.e. 10mer) in length. Their

molecular weights range from 3.5 to 7 KDa. Uniquely, the biological properties of

oligonucleotides are principally a function of their primary and secondary structure.

Each nucleotide unit is linked together by a phosphate backbone and consists of a

sugar residue (ribose for RNA or deoxyribose for DNA) and an organic purine

(guanine and adenine) or pyrimidine (uracil, thymine and thymine) base. In many of

the current oligonucleotide therapeutics, the nucleotides have been chemically mod-

ified at either the 29 position of the sugar, the phosphate linkage or on the organic

base. These changes serve to enhance their biological stability and resistance to

endogenous nuclease attack and also offer improved pharmacokinetic profiles. Oligo-

nucleotides are manufactured using well-established solid-phase synthesis methods;

the inherent variability and inefficiency of this process can give rise to numerous

impurities and often lowers the synthetic yield. Hence, an ability to monitor,

characterise and control the quality of these products during their manufacture is vital
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to establish consistency and assure safety to the patient. The judicious selection of

analytical methodology either as a single tool or combinations of these tools in a

synergistic fashion can help to achieve this important goal.

Much of the recent scientific literature relating to synthetic oligonucleotides has

been focused on understanding their metabolism, pharmacokinetics and safety pro-

files. However, in the case of analytical characterisation, many of the reported papers

either cover specific analytical areas or spotlight individual techniques. There are

relatively few articles or reviews that provide a comprehensive overview of all the

analytical techniques (particularly, when used synergistically) and strategies that are

tailored for characterising oligonucleotides. This book helps to address this deficiency.

Moreover, this book provides a critical review of current developments and future

aspects relating to analytical technology when applied to oligonucleotides.

An international panel of experts in the field of oligonucleotide analysis has been

assembled to review the current scientific literature and to bring examples from their

own work to describe the most up-to-date analytical strategies for synthetic oligo-

nucleotides. In each chapter, the authors highlight how analytical techniques have

been applied (and adapted in some cases) for these biopolymers, offer method

development approaches and provide recommendations and applications to therapeu-

tic and diagnostic oligonucleotides. The structure of the book is designed to follow a

logical order, starting with an introductory chapter that describes the importance of

oligonucleotides as potential therapeutic medicines from a pharmaceutical industry

perspective. The next chapter provides a detailed account of different types of

oligonucleotide-related impurities and their origins. The subsequent chapters provide

a comprehensive overview of analytical strategies for separation methods, mass

spectrometric approaches, nuclear magnetic resonance and thermal methods. The final

chapter concludes with a discussion on the degradation characteristics of oligonucleo-

tides, including mechanistic pathways for degradation, the types of degradants and

recommendations for analysis. Other analytical techniques such as Karl Fisher, residue

on ignition, gas chromatography, infrared, ultraviolet absorbance and microbiological

analysis have been deliberately excluded from the book because they can be applied

generically to small molecules as well as oligonucleotides, and require minimal

method development.

This book serves to provide a comprehensive, current and complementary

scientific review of the scientific literature that exists in the area of oligonucleotide

analytical characterisation.

xxiv Analysis of Oligonucleotides and their Related Substances
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Introduction to
Oligonucleotides 1

George Okafo, David P. Elder and Mike Webb

1.1 What Are Oligonucleotides?

1.1.1 Structure and Origin of Oligonucleotides

Oligonucleotide means ‘many’ nucleotides and the single unit from which oligo-

nucleotides are made is the nucleotide (see Figure 1.1). Oligonucleotides, as well as

being synthetically derived medicines, are naturally occurring molecules. Genes are

deoxyribonucleic acid (DNA) containing the genetic instructions that control the

development and functioning of all known organisms, and are central to the mechan-

ism of protein synthesis. DNA is a double helix structure formed from two strands of

oligonucleotides (see Figure 1.2).

Analysis of Oligonucleotides and their Related Substances, edited by George Okafo, David Elder and Mike

Webb.# 2013 ILM Publications, a trading division of International Labmate Limited.

O
O

OH

BaseP

OH

O

Figure 1.1 A single nucleotide. The nucleotide is composed of a phosphate or thiophosphate

linker group, a ribose sugar and a Watson–Crick base pair. The base can be adenine (A),

cytosine (C), guanine (G), thymine (T) or uracil (U).
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1.1.2 Role of Oligonucleotides in Organisms

DNA contains all of the genetic information needed to build an organism. The overall

structure of DNA was determined by Watson and Crick in 1953 [1]. However, it took

another half a century before the human genome project completed the decoding of

human DNA. Over 13 years, three billion base pairs of DNA and approximately

30 000 genes were decoded and geneticists began to understand which genes were

involved in which biological processes [2].

DNA exists within the nucleus of a cell and the genetic code is transcribed into

ribonucleic acid (RNA), which can leave the nucleus into the cell cytoplasm. Enzymes

translate this code into a functional protein. The link between the genetic code of

DNA, the structure of RNA, the protein it forms and the protein’s function provides a

platform for molecular biologists to understand the origin and nature of many disease

states. This unidirectional, sequential flow of biological information from DNA to

RNA to protein forms the basis of the so-called ‘Central dogma of molecular biology’,

first enunciated by Crick in 1970 [3]. Recent advances in gene cloning, polymerase

chain reaction and our growing understanding of viral nucleic acids have led to

discoveries that challenge the validity of the central dogma (Figure 1.3). Key to this

was the discovery of reverse transcription of the originating nucleic acid to form

complementary DNA via the retroviral enzyme reverse transcriptase [4]. Also, the

existence of self-replicating viral RNA [5] heralded the fact that RNA can sometimes

be transcribed back to DNA. A further finding, in 2011, was the discovery by Li et al.

[6] that in cellular RNA, some of the organic bases were not the ones expected from

the DNA sequence used to make the RNA read-out. This was thought to be due to

cellular editing of the RNA after transcription. More recently, Lee et al. [7] identified

small bits of RNA, termed microRNA, which can bind to messenger RNA, essentially

switching off protein production. MicroRNA has been implicated in many disease

states, for example heart disease, diabetes, some cancers and neurodegenerative

diseases.

This is summarised schematically in Figure 1.3.

1.2 Oligonucleotides as Drugs

Traditional small molecule drugs frequently, but not exclusively, work by interacting

with active sites on a protein molecule outside the cell in order to modify the way the

DNA RNA

Transcription

Retroviruses

Replication RNA viruses

Translation
Protein

Figure 1.3 The transcription of DNA to RNA and translation of RNA to form a protein.
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protein works. However, with the advent of the insight gained from the human genome

project, oligonucleotide drugs can now be developed that interact with RNA either to

block or activate their translation to form a protein (i.e. blocking the formation of a

harmful protein or promoting the formation of a beneficial protein). One important

application of oligonucleotide drugs uses Watson–Crick base pairing [1]. Oligo-

nucleotide drugs can bind strongly to RNA to inhibit its translation processes. These

kinds of oligonucleotide drugs are classed as antisense oligonucleotide drugs [8].

These drugs are typically short strands of DNA or RNA or mixtures of two up to 20

bases long (20-mers).

Oligonucleotides chemically differ from traditional small molecule drugs in a

number of significant ways. These differences are summarised in Table 1.1. Signifi-

cantly, the medical indications for oligonucleotide drugs may often be different to

small molecules. Potentially, oligonucleotides can treat undruggable illnesses such as

those arising from genetic defects, for example muscular dystrophy [9], cystic fibrosis

[10] or certain cancers [11]. It is also true that oligonucleotides may present better

options to treat illnesses that currently have small molecule or biopharmaceutical

medicines to treat them (e.g. psoriasis [12], lupus [13] and cancer [11]).

In addition to antisense oligonucleotide drugs, there are ‘short interfering RNA’

oligonucleotide drugs (siRNAs), which utilise the RNA interference mechanism [14]

(RNAi, see later), microRNA oligonucleotide drugs [6] and exon skipping oligo-

nucleotide drugs [9]. These categories all work by mediating the RNA translation

process and need to gain entry to the cell cytoplasm to work. Another category of

oligonucleotide drug are those that act as chemical antibodies known as aptamers [15]

and spiegelmers [16] (these utilise Watson–Crick binding to themselves to build up a

structural motif, which can resemble the active motif of a biopharmaceutical).

There are oligonucleotide drugs which act on the immunostimulatory system

[17]; these drugs can mediate inflammatory disease and can be used as adjuvants for

vaccines. Oligonucleotides can also alter cell regulation by binding with, and hence

blocking, transcription factor proteins, thereby acting as decoy oligonucleotides [18].

Table 1.1 Comparison of different attributes of oligonucleotides and small molecules.

Attribute Small molecule drug Oligonucleotide drug

Molecular weight Typically 300–400 Da Typically 7000–20 000 Da

Charge Neutral molecules or simple mono-

or divalent salts

Usually highly charged 20–50

negatively charged phosphate salts

Solubility Typically low (, 50 �g/ml) as a

consequence of combinatorial

chemistry and high-throughput

screening

Typically high (. 50 mg/ml) as a

consequence of multiple charged

state

Synthesis Batch manufacture via solution

chemistry

Solid-phase synthesis followed by

ion exchange purification

Cost of goods £1–20/g £1000–2000/g

Dose 10 �g (mcg)–2 g/day 50–200 mg/week

4 Analysis of Oligonucleotides and their Related Substances
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Finally, immunosuppressant oligonucleotides suppress the immune response [19]. The

categories of oligonucleotide medicines are summarised in Table 1.2.

1.3 The Discovery of the Cell Mechanism to Make Use of
Double-Stranded Oligonucleotides

In addition to the human genome project, a more recent breakthrough was gene-

silencing [20], and the pioneers (Craig Mello and Andrew Fire) received the Nobel

Prize four years later. Mello and Fire identified a natural gene silencing mechanism

that used very small amounts of short, double-stranded oligonucleotides (siRNAs) that

‘knock down’ gene expression by a significant amount. This is referred to as RNA

interference or RNAi and is summarised in Figure 1.4.

This breakthrough encouraged a number of small biotechnology companies to

start up and focus on developing RNAi drugs, such as Alnylam and SiRNA. Large

pharmaceutical companies such as Merck, Novatis, Pfizer and GSK began collabora-

tions with some of these companies. In 2007, Merck bought SiRNA, a company

specialising in RNAi, for $1.1 billion [21].

1.4. The Development of Oligonucleotides as Medicines

In theory any dysfunctional gene can be targeted by oligonucleotide medicines.

However, in the two or three decades since the search for these drugs started, only two

Table 1.2 Types of oligonucleotide drug and their therapeutic activity.

Type of oligonucleotides Single or double

stranded

Action Reference

Antisense Single Blocks messenger RNA to prevent

protein formation

[8]

siRNA Double Uses a natural process in the cell

to block protein formation

[14]

Micro-RNA Single Works on the cell’s complex gene

regulation and trafficking

[6]

Exon skipping Single Blocks part of pre-messenger

RNA to promote protein formation

[9]

Aptamers and spieglemers Single Mimics biopharmaceutical drugs

(e.g. antibodies)

[15, 16]

Decoy Double Blocks the function of

transcription factor proteins

[18]

Immunostimulatory Single (typically) Adjuvents for vaccines [17]

Immunosuppressant Single (typically) Suppresses the immune system [19]

Introduction to Oligonucleotides 5
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drugs have reached the market [22]. An overview of the different types of oligonucleo-

tide drugs and when development was initiated is shown in Figure 1.5.

1.4.1 The First Oligonucleotides on the Market (Antisense
and Aptamer)

Despite this intense focus on oligonucleotide drug development over 35 years, the first

drug to be approved by the US Food and Drug Administration (FDA) was a decade

ago. This was an antisense oligonucleotide, Vitravene, from Isis Pharmaceuticals for

the treatment of cytomegalovirus retinitis in acquired immune deficiency syndrome

Natural pathway

Dicer

dsRNA
(double-stranded RNA)

shRNA
(short hairpin RNA)

Dicer

Bypass pathway
(avoid interferon/PKR response)

siRNA
(short interfering RNA)

(21–23mer)

RISC–siRNA
complex

RISC

Recycling

Target mRNA

Target cleavage

AAAAAA

AAAAAA

Figure 1.4 Natural targeting mechanism of RNAi. (where RISC is RNA-Induced Silencing

Complex and PKR is Protein Kinase R)
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patients (subsequently withdrawn due to poor sales) [27]. The only other successful

filing was Macugen, an oligonucleotide aptamer (oligonucleotide with antibody

properties), indicated for wet, age-related macular degeneration [28].

1.4.2 The Challenges of Delivery to the Cell

The major limitation to RNAi and antisense oligonucleotide drugs is that they only

work within the cell cytoplasm. Therefore, the drugs have to cross a number of

biological barriers within the body to be effective. Most oligonucleotide drugs are

injected into the blood stream via intravenous/subcutaneous injection. A few are

administered directly to the site of infection via topical application to the eye, the skin

or the lungs (the latter by way of a nebulised solution for inhalation). Oligonucleotides

are generally not expected to be absorbed via the oral route (arising from poor

permeability due to large molecular size and charge) and hence solid dosage forms, at

the time of writing, are rare. Taking the example of oligonucleotides injected into the

systemic system, the multiple biological barriers that these drugs need to cross are

summarised in Figure 1.6.

Oligonucleotides are large molecules and therefore show poor permeability;

hence, they have difficulty in migrating from the systemic system into cellular targets,

in the same way that a small molecule can. For this reason, oligonucleotides tend to

concentrate in the clearance organs, such as the liver and kidney, or in tumours where

some blood vessels are ‘leaky’ (fenestrations). Therefore, many of the most advanced

systemic oligonucleotide medicines are indicated for liver conditions or carcinomas.

In addition to the problem of migrating from the systemic system, oligonucleotides

must concentrate in the tissues of interest and be presented to the cell surface. Once at

the cell surface, most oligonucleotides (unlike many small molecule drugs) need to

enter the cell cytoplasm in order to work. This is a major hurdle, as the oligonucleotide

is a large multiply charged molecule, with poor permeability, which will not readily

cross the cell surface membrane. This barrier is particularly difficult for the siRNAs.

1.4.3 Potential Solutions to the Delivery Problem (Especially
siRNAs)

Classically, most oligonucleotides have not undergone targeted delivery to the cell.

Oligonucleotides have been delivered typically at large doses with the expectation that

this will saturate the body’s clearance mechanisms, resulting in large concentrations

within the systemic system that will translate into therapeutic concentrations at the

site of action, for example cellular systems. This approach is predicated on the good

systemic safety of oligonucleotides, but typically injection site reactions have resulted

from these large doses. More recently, targeted delivery has been initiated. However,

an in-depth overview of these strategies is beyond the scope of this book. The

interested reader should access the many overviews that are available in the specialist

literature. A particularly good review was published in Advanced Drug Delivery in

2009 [29].

8 Analysis of Oligonucleotides and their Related Substances
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1.4.4 The Growth of Oligonucleotides in Recent Years

During the last decade the pharmaceutical industry has seen a steady growth of

oligonucleotide research programmes, as shown in Figure 1.7. This growth has

flattened in the last three years, which could be attributed to the current economic

downturn [30].

Of the 245 programmes publicly disclosed, 145 programmes are in clinical

development, with eight programmes in phase III clinical trials. These data show that

oligonucleotide research is maturing towards commercialisation world-wide. The data

in Figures 1.8 and 1.9 (see colour insert for Figure 1.9) show that siRNA programmes

make up a significant amount of both research and clinical phases of development [30].

121

103 106

125

142

172

213

231

201

235
245

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Number of oligo therapeutic programmes

Figure 1.7 Growth of oligonucleotide programmes worldwide between 2002 and 2012.

(Source: #Agilent Technologies, Inc 1213. Reproduced with permission, courtesy of Agilent

Technologies, Inc.)

Named patient supply,
1 programme

Phase III,
8 programmes

Phase II,
35 programmes

Phase I,
56 programmes

siRNA
75 programmes

miRNA
44 programmes

All other oligo
therapeutics

44 programmes

Research/preclinical
145 programmes

Figure 1.8 The state of oligonucleotide research and development world-wide in 2009.

(Source: #Agilent Technologies, Inc 2010. Reproduced with permission, courtesy of Agilent

Technologies, Inc.)
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However, siRNA oligonucleotides are the most difficult to deliver to the cell. There is

only one siRNA in phase III.

1.5 Oligonucleotide Suppliers

1.5.1 Primary Process Overview

All known oligonucleotide suppliers use the same basic synthetic cycle (see Figures

1.10 and 1.11) to make oligonucleotides, using automated synthesisers that are

commercially available at a number of manufacturing scales. The oligonucleotide is

built up on a solid support (glass or polystyrene beads) using a cycle of four steps per

base unit and is highly automated. Therefore, there could be 80+ individual chemical

transformations for a typical 20-base (or 20-mer) oligonucleotide. Despite the high

chemical efficiency of each step, it is still possible to make shorter (shortmers) or
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Figure 1.10 Automatic solid-state synthesis of oligonucleotides.
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longer (longmers) by-products after the product is cleaved from the column and the

protecting groups are taken off; the required purity is only reached using an anion

exchange preparative chromatography purification step. A more detailed description

of typical oligonucleotide impurities is provided in Chapter 2.

After the purification, the product may be concentrated and then de-salted and

microbiologically purified by ultra-filtration. The product in solution is then lyophi-

lised to remove water and to provide a white to off-white hygroscopic powder, which

is stored and shipped at low temperature for secondary manufacture.

1.5.2 Purification

The crude oligonucleotide will be contaminated with shortmers (n � 1, n � 2, etc.) or

longmers (n + 1, n + 2, 2n + 1, etc.), as well as other impurities (see Chapter 2 for

more details). Purification is usually carried out using a chromatography column. The

crude oligonucleotide, once cleaved off the solid support of the synthesis column

using ammonia in methanol (which also deprotects the exocyclic amines on the bases),

will still retain the final dimethyltrityl (DMT) protecting group. This crude product

can be loaded onto a reverse phase chromatography column and separated using a

reverse phase mode, or the last DMT can be deprotected at the head of an anion

exchange column before ion exchange chromatography is performed. The fractions

from the chromatography steps are analysed individually and this analysis is combined

mathematically to make ‘mock pools’ which simulate the quality of the combined

fractions. Once a satisfactory combination is ascertained the pools are combined

before concentration, ultra-filtration and lyophilisation.

1.6 Quality by Design Applied to Oligonucleotide
Manufacture

Quality by design (QbD) is an approach developed by the regulators and the pharma-

ceutical industry and is described in the International Conference on Harmonisation

Quality Guidelines (ICH Q8) [31]. QbD is an approach which designs quality into

manufacturing processes rather than testing it in at the end of the process. It usually

involves a systematic approach, with predefined quality objectives, which leads to a

detailed understanding of the processing parameters which affect the quality of the

product as defined by the critical quality attributes (CQAs) of that product. Risk

management principles are employed which lead directly to an approach to quality

management. Quality in turn is linked to the impact of the product on the patient in

terms of safety, quality and efficacy. Figure 1.12 summarises the key elements and

connectivities of QbD.

The result of the QbD work should result in an understanding of critical process

parameters (CCP) and how they affect the critical quality attributes (CQAs) and a

control strategy to ensure the quality of the product. Focusing on the oligonucleotide

drug substance itself, an example of a CQAwould be the shortmer (n � 1) impurities.

This CQA could be controlled by a number of parameters, as described in Figure 1.13.
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The QbD approach is a very good way of ensuring control of the quality of

synthetically synthesised oligonucleotides. It should ensure consistent quality. How-

ever, the quality will only be determined by accurate and reproducible measurement

of the CQAs as determined by the analytical methods and approaches described in the

chapters of this book.

1.7 Regulatory Guidance

There is no specific regulatory guidance covering oligonucleotide quality. Although

there is ICH guidance for small molecules, for example ICH Q3A [32], ICH Q3B

[33], and large bio-molecules, ICH Q6B [34]; oligonucleotides are specifically

excluded from the former and are not covered by the latter. This is because this class

of compounds shows characteristics typical of both small and large molecules, that is

they are chemically synthesised, with impurities derived from the synthesis, but they

show higher order structure (secondary, tertiary and higher order) and the impurities

often have biological activity. An industry expert group is currently compiling a white

paper on quality aspects of oligonucleotides [35] and is working with regulatory

Patient

• Clinical trial
outcome

• Target product
profile
defines

Product

• Product
critical

quality
attributes

Process

• Process
parameters

• Material
attributes

• Design space

Figure 1.12 The basic principles of quality by design.

Amidite quality

De-block step

Coupling step

Prep. chromatography

• Specification (non-coupling impurities)

• CCP (contact time, concentration, flow rate)
• Specification (DCA content, DCA quality)

• pCPP (ETT/amidite-volume per cycle, contact
time with column and flow rate etc.)

• Specification (MeCN water content etc.)

• CCP (buffer composition, B-Bump parameters,
gradient profile etc.)

• Resin specification

Control strategy for
1 related substancesn �

Includes API
specification

and test

methods

Figure 1.13 A potential control strategy for the CQA n � 1 impurities (where DCA is

Dichloroacetic Acid and ETT is 5-Ethyl thio-1H-tetrazole).
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agencies to develop appropriate guidance in this area. Thus, oligonucleotides are not

covered by existing regulatory guidance for specifications for active substances, ICH

Q6A [36] or Q6B [34]. The industry expert group have provided some guidance on

the ‘typical’ tests (with the caveat that other tests may be applicable on a case-by-case

basis) that should be included on an oligonucleotide specification. The industry expert

group deliberately has not sought to provide acceptance criteria for specific tests, the

main hurdle being that, like classical bio-molecules, (i) oligonucleotide impurities are

intrinsically biologically active (often with similar activity to the parent) and (ii)

specificity of individual impurities is impossible. Owing to the solid-phase synthesis

groups or families of related impurities, for example shortmers (n � 1, n � 2, etc.) or

longmers (n + 1, n + 2, etc.), are formed.

These tests are further classified into single-stranded oligonucleotides (Table 1.3)

and siRNAs (Table 1.4). When a test expected of the double-stranded API is

performed at the single-strand intermediate stage, the results will still constitute a part

of API release and are, therefore, subject to the same scrutiny as any result generated

on the API. This is aligned with ICH Q6A, Section 2.3, ‘In-process tests’ [36] (this

Table 1.3 Tests and example analytical procedures for single-stranded oligonucleotide API

(reproduced with permission of Industry Expert Group [35]).

Test Example analytical procedures

Appearance Visual inspection

Identification: Mass determination Mass spectrometry (MS)

Identification: Sequence confirmation Tandem mass spectrometry (MSn)

Melting temperature analysis (Tm)

Failure sequence analysis

Real-time monitoring of synthesiser output

Counterion testing Inductively coupled plasma mass spectrometry

(ICP-MS)

ICP optical emission spectroscopy (ICP-OES)

Atomic absorption spectroscopy (AA)

Ion chromatography (IC)

Assay Ultraviolet spectrometry (UV)

High-performance liquid chromatography (HPLC)

HPLC mass spectrometry (HPLC-MS)

Capillary gel electrophoresis (CGE)

Anion exchange chromatography (AEX)

Purity and impurity profile HPLC

HPLC-MS

CGE

AEX

(continued)
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Table 1.3 (continued )

Test Example analytical procedures

Residual solvents Gas chromatography (GC)

Heavy metals ICP-MS

ICP-OES

AA

Bacterial endotoxins Limulus amoebocyte lysate (LAL) as described in

USP,85.

Microbial limits testing As described in USP,61.

Table 1.4 Tests and typical analytical procedures for double-stranded oligonucleotide API

(reproduced with permission of Industry Expert Group [35]).

Test Example analytical procedures

Single-strand tests

Identification: Mass determination MS

Identification: Sequence confirmation MSn

Tm
Failure sequence analysis

Real-time monitoring of synthesiser output

Purity and impurity profile HPLC

HPLC-MS

CGE

Double strand tests

Appearance Visual inspection

Identification:

Identification of single strands

MS

Retention time by denaturing HPLC

Identification:

Identification of duplex

Tm
Circular dichroism spectroscopy

Microcalorimetry

Counterion testing Inductively coupled plasma MS (ICP-MS)

ICP-OES)

AA

IC

(continued)
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allows for some tests that are listed on the API specification to be performed earlier in

the synthesis process).

1.8 Advances in Analytical Methodology

As well as advances in the synthesis of oligonucleotides and strategies for drug

development, significant improvements have also occurred in the analytical method-

ologies used to analyse and characterise these large biopolymers. In the early 1980s,

gel electrophoresis coupled with enzymatic analysis (also known as ‘Southern Blot’)

was considered to be the method of choice for analysing impurities in large nucleic

acids [37]. Similarly, mass spectrometers and nuclear magnetic resonance (NMR)

spectroscopy were limited owing to the technology available at that time, for example

small magnets, embryonic acquisition methodology and limiting computing power.

Nowadays, analytical methodology has improved significantly and the following

chapters will serve to highlight the major advances in high-performance liquid

chromatography (HPLC) in the form of ion pair reverse phase HPLC (IP-RP-HPLC),

Table 1.4 (continued )

Test Example analytical procedures

Assay UV

Non-denaturing AEX

Non-denaturing size exclusion chromatography

(SEC)

Non-denaturing HPLC

Non-denaturing CGE

Purity and impurity profile Non-denaturing ion exchange chromatography

(IEX)

Non-denaturing SEC

Non-denaturing HPLC

Non-denaturing CGE

Denaturing HPLC

Denaturing CGE

Denaturing AEX

Denaturing HPLC-MS

Residual solvents GC

Heavy metals ICP-MS

ICP-OES

AA

Bacterial endotoxins LAL as described in USP,85.

Microbial limits testing As described in USP,61.
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anion exchange HPLC (AEX) and size exclusion HPLC (SEC), as well as hydrophilic

interaction chromatography (see Chapter 3) to resolve oligonucleotide impurities.

Mass spectrometric methods have also improved with the advent of softer ionisation

modes (electrospray, matrix-assisted laser desorption/ionisation–time of flight mass

spectrometry (MS) (often referred to as MALDI-TOF)) and hyphenation to HPLC

(HPLC-MS, HPLC-MS-MS), which has provided improved accuracy to molecular

weight determinations, more comprehensive fragmentation chemistries to help in

oligonucleotide sequencing and impurity determination (Chapter 4). Recent develop-

ments in NMR have allowed scientists not only to provide structural information on

the nucleic acid, but to quantify impurities, and understand and monitor structural and

conformation changes under different conditions (Chapter 5). Understanding the

stability of an oligonucleotide under degradative conditions (Chapters 6 and 7) and the

nature and origin of the impurities present is vital in drug development (Chapter 2) is

also possible.

These recent development in analytical methodology will now allow the nucleic

acid scientists to analyse and characterise oligonucleotides more accurately and with

greater consistency and reproducibility.
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Oligonucleotide Impurities
and their Origin 2

Hagen Cramer, Kevin J. Finn and Nanda D. Sinha

2.1 Introduction

The impurities present in oligonucleotides depend on the synthesis methods utilised

during their preparation. Figure 2.1 represents the synthesis cycle based on the

phosphoramidite approach used predominantly today. Figure 2.2 depicts the cleavage

and deprotection (C&D) reaction where the oligonucleotide is released from the solid

support and the protecting groups are removed.

The chain elongation step in the phosphate diester approach used during the early

days of oligonucleotide synthesis is very slow and results in branching of the chain as

the resulting phosphate diester is exposed to activation and condensation. Subse-

quently the phosphate triester approach was developed, where the chain elongation

step is much faster and the coupling reaction proceeds without the need for activating

agents. The phosphate triester formed is not exposed to further activation, thereby

mitigating the formation of branched impurities. However, branching or modification

can still occur at the heterocyclic bases, especially at the unprotected O-6 position of

guanine and the O-4 position of thymine/uracil (see Figure 2.3 for nomenclature

discussion). Impurities can further result from strand cleavage during the removal of

the phosphate protecting groups.

Two synthetic approaches based on phosphoramidite and H-phosphonate chemis-

tries were predominantly adapted for automated synthesis during the 1980s. During

these early stages of automation, instrument related impurities such as deletion of

monomers or double additions were observed. H-phosphonate related impurities were

based on unwanted capping taking place with the activating reagent pivaloyl chloride or

adamantanoyl chloride present during chain elongation resulting in failure sequences.

This chapter will mainly cover the different types of impurities formed, their
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origins and potential mechanisms of formation. Also, the chapter will recommend

practical approaches to mitigate or reduce impurity formation. Most of the chemistry

discussion will be from the phosphoramidite process, which is most widely used

nowadays for oligonucleotide synthesis. As a starting point, the most common

impurities, their origins, typical levels and control strategies have been summarised in

Table 2.1. Impurities in the oligonucleotide API originate from the raw materials,

predominantly from impurities in phosphoramidites, the type of solid support used,

ancillary reagents and from the synthesis process. Moisture control is of utmost

importance in phosphoramidite-based synthesis as moisture also reacts with the

activated phosphoramidite. Any moisture present will hydrolyse the activated phos-

phoramidite, thereby making the building block inactive and resulting in lower

coupling efficiencies.

2.2 Brief Historical Perspective of Oligonucleotide
Synthesis

2.2.1 Chemical Challenges

The first synthesis of a dinucleotide with proper 39-59 orientation was reported by

Michelson and Todd in 1955 [1]. The challenges in the synthesis of DNA were
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Figure 2.1 Solid-phase synthesis cycle for making oligonucleotides employing the phosphor-

amidite strategy predominantly in use today. Note that synthesis occurs from 39 to 59.
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selective protection and deprotection of various reactive moieties present in deoxyr-

ibonucleosides. These challenges were successfully resolved [2] via the introduction

of various protecting groups (trityl groups for primary hydroxyl and benzoyl,

isobutyryl for exocyclic amines) and this culminated in the first synthesis of sequence

defined oligodeoxynucleotide [3, 4]. Interestingly, most of these protecting groups are

still in use today. This initial synthetic strategy employed was termed phosphate

diester because a phosphate diester group was formed after condensation. In spite of

some of the early shortcomings, this strategy was successfully utilised for assembly of

a synthetic gene [5].

Further improvements to the synthesis of oligonucleotides include the introduc-

tion of phosphate triester methodology, which addressed some of the shortcomings of

the phosphate diester approach [6]. This phosphate triester approach was further

improved by several groups [7–11] who introduced better coupling agents. While

progress was made in solution phase synthesis, the introduction of polymer supported

solid-phase synthesis in 1965 [6] simplified oligonucleotide synthesis to the point of

having them readily available in the laboratory. The combination of these two

strategies, solid support synthesis and phosphate triester chemistry allowed utilisation

of synthetic oligonucleotides in molecular biology research, recombinant technology

and genetic engineering.

More recent improvements spurred on by newer applications of synthetic

oligonucleotides for therapeutic and diagnostic purposes [12] include development of

novel synthesis strategies based on P (III) chemistry [13], introduction of methyl-

phosphoramidite [14, 15] and �-cyanoethyl-phosphoramidite chemistries [16, 17].
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Figure 2.3 Nomenclature and numbering system used to describe nucleosides, nucleotides

and nucleic acids.
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During the same time period, a synthetic approach based on H-phosphonate chemistry

originally adapted to diribonucleoside synthesis was re-introduced for oligodeoxy-

nucleotide synthesis [18–20].

Along with oligodeoxynucleotide chemistry advances, strategies for synthesis of

oligoribonucleotides also progressed, specifically in the area of 29 hydroxyl protecting

groups, namely t-butyldimethylsilyl protection [21] and tetrahydropyran and variants

[7]. Today, 29-O-t-butyldimethylsilyl-protected ribonucleoside phosphoramidites are

still the preferred protecting group for oligoribonucleotide synthesis. Several review

articles are available on the different approaches used for making oligonucleotides

[22–24]. At present, the �-cyanoethyl-phosphoramidite chemistry is predominantly

used in solid support-based oligonucleotides synthesis (see Figure 2.1).

The success of any drug development not only depends on satisfactory clinical

trials but also on the quality and proper characterisation of the drug substance.

However, in order to properly characterise and minimise the impurities in the drug

substance it is imperative to understand their origin. This chapter primarily aims to

define the sources of impurities which are introduced by impurities in the building

blocks (phosphoramidite related), solid supports and ancillary reagents (reagent

related) as well as during the manufacturing process (process and chemistry related

impurities).

2.2.2 Analytical Challenges

Initially, characterisation of synthetic oligonucleotides was extremely challenging.

Only limited methods and techniques were available, for example polyacrylamide gel

electrophoresis (PAGE) and, to some extent, chromatographic techniques were used to

indicate the presence of ‘shortmers’ (n � 1, n � 2, etc.) or ‘failure sequences’.

Ultraviolet (UV) spectroscopic methods were used for base composition analysis

based on different absorption ratios of the bases at 280 and 260 nm. However,

modification of nucleosides during oligonucleotide synthesis could not be easily

determined using this approach. Other analytical approaches were time consuming,

such as enzymatic digestions (using snake venom phosphodiesterase (SVP) and

bacterial alkaline phosphatase) of oligonucleotides followed by reversed-phase high-

performance liquid chromatography (RP-HPLC) analysis of the digest [25–27]. Early

determinations of the sequence of an oligonucleotide were even more challenging.

One of the early sequencing methods was called ‘wandering spot analysis’, which was

based on the characteristic mobility shifts of partial degradation products on two-

dimensional chromatograms obtained from high-voltage electrophoresis and homo-

chromatography [28, 29].

The rapid development of modern analytical methods such as strong anion

exchange HPLC (SAX-HPLC), RP-HPLC, capillary electrophoresis (CE), matrix

assisted laser desorption/ionisation–time of flight mass spectroscopy (MALDI-TOF

MS) and HPLC-MS for separation and identification have overcome these challenges,

allowing the development of manufacturing processes of high-quality oligonucleotides

for therapeutic applications [30]. The challenges involved in oligonucleotide analysis

are described in detail in Chapter 3.
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2.3 Raw Material Related Impurities

2.3.1 Amidite Related Impurities

Initially nucleosides used for the synthesis of phosphoramidites were procured from

natural sources, such as salmon fish milt [31]. However, health concerns linked to the

outbreak of mad cow disease (bovine spongiform encephalopathy (BSE)) in the UK in

1986 and its link to Creutzfeld Jakob disease in humans (first cases appeared in 1994)

[32] rendered natural nucleosides unsuitable, as bovine enzymes (nucleases and

phosphatases) were used for the isolation of nucleosides from salmon fish milt. The

current supply of nucleosides used in the synthesis of therapeutic oligonucleotides is

sourced exclusively from man-made synthetic sources and must be certified to be

BSE- and TSE- (transmissible spongiform encephalopathy) free.

Nucleosides possess several reactive sites and need to be selectively protected

before these can be converted to phosphoramidites. The protection of 59-hydroxyl

(and 29-OH in RNA) as well as exocyclic amino groups are prerequisites for the

synthesis of oligonucleotides.

Phosphoramidite impurities typically result from the introduction of nucleoside

protecting groups, the quality of synthetic nucleosides (Æ-anomeric, 39-substituted

impurities) and the quality of the phosphitylating reagent. These impurities may

influence the overall quality of oligonucleotides as these impurities can be reactive

and critical.

In the past, the quality of nucleoside phosphoramidites was controlled by RP-

HPLC as well as 1H and 31P-NMR (nuclear magnetic resonance spectroscopy).

Utilisation of HPLC-MS-based analytical methods for the characterisation of impur-

ities present in phosphoramidites has made a significant impact on characterising and

understanding the nature of impurities. These impurities can be divided into three

categories:

• non-reactive and non-critical

• reactive but non-critical

• reactive and critical [33, 34].

2.3.1.1 Non-reactive and Non-critical Impurities
This class of impurities is made up of non-phosphorylated nucleosides and hydrolysed

or oxidised phosphite species derived from improper protection of nucleosides, or

from synthesis and work up of phosphoramidites. These impurities do not interfere

with the synthesis of oligonucleotides. Nucleoside-based impurities are depicted in

Figure 2.4, while phosphitylation reagent-based impurities are shown in Figure 2.5.

During 59-hydroxyl group protection, the 4, 49-dimethoxytrityl (DMT) group

might also react with a free 39-hydroxyl creating non-reactive impurity (ii) (Figure

2.4). Acrylonitrile is generated during hydrolysis of phosphoramidites resulting into

H-phosphonate (iv). Acrylonitrile can then induce the formation of impurity (vi) by an

Arbuzov type rearrangement as described previously [35, 36]. The degradation occurs

via the same pathway as described for the degradation of the alkoxy-bis-dialkylamino-

phosphine (phosphitylating reagent) used for the preparation of phosphoramidites [37]
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Figure 2.4 Non-reactive and non-critical nucleoside-based impurities in nucleoside phos-

phoramidites.
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Figure 2.5 Non-reactive and non-critical phosphitylation reagent-based impurities in nucleo-

side phosphoramidites.
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resulting in impurity (xii) (Figure 2.5). Impurity (viii) is the result from the bis-

alkoxy-dialkylamino-phosphine impurity in the phosphitylating reagent.

In addition to nucleoside-based impurities, phosphitylation reagent-based impur-

ities are also found in phosphoramidites. Most of these are non-reactive and non-

critical and are represented in Figure 2.5.

2.3.1.2 Reactive but Non-critical Impurities
Reactive but non-critical phosphoramidite impurities are generated from nucleoside

impurities with partially modified N, 59-O or 29-O (RNA) protecting groups. These

phosphoramidite impurities will also incorporate into the oligonucleotide chain; these

protecting groups display reactivity similar to the correct protecting group and, as

such, are removed together with standard protecting groups without impacting the

quality of the synthesised oligonucleotide (see Figure 2.6). Examples of such modified

protecting groups which are rendered redundant through removal are highlighted in

Figure 2.7 and Figure 2.8.

The protecting group of choice for the 59-hydroxyl group is the DMT group,

which is introduced by reacting the free 59-hydroxyl nucleoside with DMT chloride.

Generally DMT chloride is obtained in high purity greater than 96%. The remaining

4% of impurities present are reactive modified trityl chlorides (comprising methoxy,

methyl trityl or monochlorodimethoxytrityl) and non-reactive dimethoxytritanol.

Apart from dimethoxytritanol, the modified trityl group impurities are also reactive

and are introduced into the nucleoside at the 59-end. Phosphoramidites prepared from

these impurities also couple effectively but do not impact the quality of the resulting

oligonucleotide. Some examples of this class of impurities are represented in Figure

2.7. Figure 2.7(i) shows a variety of protecting group variants on the 59-O-DMT

position. All acid labile variants of the trityl group will be subjected to deprotection

along with the DMT protecting group.

Figure 2.7(ii) shows non-critical variants in the alkyl chain of the alkylamine

group of the phosphoramidite. These reactive impurities will typically compete with

the phosphoramidite starting material, being either more or less reactive than the main

component. However, during activation the alkylamine group is being released and is

then removed during the coupling reaction and it therefore will not be present in the

final oligonucleotide and does not impact its quality.

Oligo-PG
(correct)

A

Oligo-PG
(modified)

B

Standard
deprotection

Where PG protecting group on 5 , 2 or base� � �

Oligo

Figure 2.6 Correct and modified protecting groups are rendered equivalent when equally

reactive, resulting in the unaltered oligonucleotide upon deprotection.

Oligonucleotide Impurities and their Origin 31

ChemGenes Exhibit 2024 - Page 31



Reactive protecting group impurities of another type are those associated with

exocyclic amine protection of the nucleoside base. In place of standard protecting

groups (Bz on C and A, and iBu on G), chlorobenzoyl protecting groups on cytosine,

adenine and n-butyryl on guanosine are the most common impurities (Figure 2.8).

2.3.1.3 Reactive and Critical Impurities
These reactive impurities are generated during synthesis of nucleosides, during

protection of the 29, 39 and 59-hydroxyl groups of the sugar and the exocyclic amino

group of the base or originate from reactive impurities in the phosphitylating reagent.

Incorporation of these reactive impurities has a significant impact on the quality or

nature of the oligonucleotide synthesised. Hence, control of the impurities is of utmost

importance. The structures of potential impurities in nucleoside phosphoramidites are

shown in Figures 2.9 and 2.10.

Some of the reactive and critical impurities in the nucleoside phosphoramidites

are generated from impurities in the phosphitylating reagent and are illustrated by

structures (iv)–(x) in Figure 2.9. In general, the quality of the phosphitylation reagent

has greatly improved over the years and today only negligible levels of these

impurities (if present at all) are detected in amidites used in oligonucleotide

manufacturing for therapeutic applications. Impurities derived from the protected

nucleoside are more commonly observed at detectable levels.

During 59-hydroxyl group protection of the nucleoside, the DMT group might

react with a free 39-hydroxyl instead of the 59-hydroxyl group or it reacts also with the

OCE
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O

RO

DMTO

P
N OCE

R�
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P
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OMe
OR�

R CH , C H , CH CH CH or other alkyl
R CH(CH )

� �

� �
3 2 5 2 2 3

3 2

Ar C H , CH C H , CH OC H ,
C H C H , C H -C H , C H Cl

R H, CH , C H , CH CH CH

�

� �

6 5 3 6 4 3 6 4

2 5 6 4 6 5 6 4 6 4

3 2 5 2 2 3

(i) (ii)

Figure 2.7 Reactive but non-critical impurities in nucleoside phosphoramidites – part I.
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free (non-acylated) exocyclic amino group. These nucleoside impurities will be

subsequently converted to the phosphoramidite, resulting into critical impurities (ii)

and (xiii), respectively. Incorporation of impurity (ii) will create a different orientation

of the oligonucleotide chain, 59, 59 instead of 39, 59, whereas (xiii) would cause

branching. When an Æ-anomer (i) is introduced in the oligonucleotide chain, it may

lose the ability to hybridise (bind properly) to the target.

In the case of ribonucleosides, the 29-hydroxyl group is commonly protected by

the tert.-butyldimethylsilyl (TBDMSi) group. During its introduction, typically a

mixture of 29- and 39-isomer is obtained, which needs to be separated chromato-

graphically. In addition, this protecting group can migrate from the 29- to the

39-hydroxyl position. RNA phosphoramidite contaminated with 39-O-TBDMSi-phos-

phoramidite will result in a 29,59-linkage instead of the desired 39,59-linked oligoribo-

nucleotides and therefore will impact the quality of RNA synthesis. This type of

impurity is depicted as structure (xi) in Figure 2.9 (R ¼ TBDMS).
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Figure 2.8 Reactive but non-critical impurities in nucleoside phosphoramidites – part II.
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Reactive exocyclic amine groups are protected using various acyl groups. If the

59-hydroxyl group is unprotected during acyl protection of the exocyclic amine group,

it will result in a 59-O, N bis-acylated nucleoside impurity, as represented by critical

impurity (iii) in Figure 2.9. Similarly, phosphoramidites prepared from incompletely

protected exocyclic amine nucleosides will result in critical impurity (xii) in Figure

2.9 and will cause branching during oligonucleotide synthesis.

In the past, many impurities were introduced by the phosphitylation reagent used

for making the nucleoside phosphoramidite. Phosphitylation dependent impurites are

represented by structures (iv)–(x) in Figure 2.9. Impurities (viii) and (ix), when

introduced into the growing oligonucleotide chain, may lead to degradation of the

oligonucleotide or remain uncleaved during deprotection. Hydroxide ions in the

ammonia solution could partially cleave the pentavalent phosphate triester, resulting in

strand breakage. Other methyl, isopropyl or ethylenyl groups remain on the final

oligonucleotide since standard deprotection procedure cannot remove them completely

from the phosphorus atom. When introduced, impurity (iii) would terminate chain

elongation.

Impurities (v), (vi) and (vii) in Figure 2.9, added onto the chain, will extend the

length by adding a phosphorous based spacer, which may prevent proper hybridisation

or binding specificity. Impurities (v), (viii) and (ix) are the result of impurities present

in the cyanoethanol used when making the phosphitylation reagent. Nowadays, these

impurities are present at much lower abundance, and they are not typically detected in

pharmaceutical grade amidites. Impurities (iv) and (x) would cause branching of the

oligonucleotides chain. The 59-hydroxyl groups of two growing chains would react

with impurity (iv) to continue as only one chain, while impurity (x) would cause the

classical form of branching, where one chain continues growing as two.

Impurity (xi) is a common impurity found in 29-modified sugars and can form a

29, 59- instead of a 39, 59-linkage. Since these impurities are phosphoramidite

manufacturing process related, their complete elimination is unlikely, but they can be

monitored and controlled using proper analytical methods and appropriate specifica-

tions for the phosphoramidites. HPLC-MS analysis is an important tool for the

accurate identification of impurities affecting the quality of oligonucleotides (see

Chapter 4 for more details). 1H-NMR and RP-HPLC have been used for identification

of nucleoside phosphoramidites. 31P-NMR and RP-HPLC can be effectively used for

controlling reactive impurities in phosphoramidites.
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Figure 2.10 Reactive and critical phosphitylation reagent-based impurities in nucleoside

phosphoramidites.
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Any phosphitylation reagent (see (xiv) in Figure 2.10), which might have been

carried over into the phosphoramidite would also be reactive and critical, resulting in a

terminal phosphate/thiophosphate. It could further react with a 59-hydroxyl of a

second growing chain to form a 39-59, 59-39 symmetric oligonucleotide impurity. If

impurity (xv) in the phosphitylation reagent is carried over into the amidite it will

result in a terminal phosphate or thiophosphate. Impurity (xvi) is created from

ethylene glycol impurites in the cyanoethanol used to make the phosphitylation

reagent. However, the quality of the cyanoethanol has improved greatly over the years

and this impurity typically is no longer detected.

2.3.1.4 Phosphoramidite Impurity Control
From the above discussion, it can be concluded that phosphoramidite purity control is

of utmost importance for ensuring consistently high-quality oligonucleotides. How-

ever, it also becomes apparent that not all phosphoramidite impurities contribute to

impurity formation in the final oligonucleotide. Of all the impurities described above,

only reactive and critical impurities need to be tightly controlled. How should

specifications be set?

Traditionally the most widely used analytical tools are 31P-NMR and HPLC. For

the detection of small-level impurities 1H-NMR is less suited because of its complex-

ity. Every signal is split into two because of the diastereoisomeric isomers, due to a

chiral centre at the phosphorus. Since all critical impurities have a phosphorus atom,
31P-NMR turns out to be a highly valuable tool for the analysis of phosphoramidites.

Impurities in the 31P-NMR can be easily categorised into P(III) (100–180 ppm) and

P(V) region (�10–50 ppm). Thereby the classification is based on the oxidation state.

A hydrolysed phosphoramidite has an oxidation state of V, since its most stable form

is the H-phosphonate (see (iii) in Figure 2.4) and hydrogen has a slightly higher

electronegativity than phosphorus [38, 39].

By using orthogonal methods such as HPLC and 31P-NMR most impurities can

be detected and quantified. In 31P-NMR isomeric impurities (such as (i) and (ii) in

Figure 2.7 and (xi) in Figure 2.9) are often poorly separated from the phosphoramidite

double signal (both diastereoisemers typically do not have the same chemical shift)

and therefore cannot be easily quantified. To reduce the complexity of the spectra,

they are usually recorded proton decoupled. However, satellite peaks around the main

signal, originating from coupling of P(31) with N(15) and C(13), make the interpreta-

tion of the spectra around the main signals difficult. Any nucleoside starting material

not having a phosphorus centre cannot be detected with 31P-NMR. In HPLC the

phosphoramidite also elutes as two peaks owing to the diasteroisomeric isomers,

because of a chiral centre at the phosphorpus atom. They are well separated from the

starting material and typically also from isomers (such as (i), (ii) and (xi) in Figure

2.9). However, standard HPLC detectors are not capable of detecting impurities

related to the phosphitylation reagent as those do not possess UVactive chromophores.

Along with phosphitylating reagent impurities, other P(III) and P(V) impurities can

easily be distinguished with 31P-NMR, as these appear in different areas of the 31P-

NMR spectrum.
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While 31P-NMR and HPLC allow for the quantification of impurities, both

methods lack the ability to easily characterise the detected impurities. Recently,

HPLC-MS methods were developed, which allow for mass assignments of impurities,

making impurity characterisation easier [40–42]. An example for an amidite analysed

by HPLC and 31P-NMR is illustrated in Figure 2.11(a) and (b). As described above, all

impurities are not detectable by both HPLC and 31P-NMR methods. The non-critical,

non-reactive nucleoside impurity at a retention time of 11.6 min is ‘invisible’ in the
31P-NMR spectra (see also impurity (ii) in Figure 2.4). The reactive and critical 59-O-

N(4)-Di DMT amidite impurity (see also (xii) in Figure 2.9) can be easily quantified

since it has a largely different retention time in the HPLC chromatogram. While this

impurity can also be detected in the 31P-NMR spectra, quantification of this impurity

using 31P-NMR is not possible because it is overlapping with the desired amidite

signal. The unidentified impurity at 118 ppm cannot be detected by HPLC. It appears

that it either is not stable in the aqueous environment used during HPLC analysis or it

does not have an UVactive chromophore.

2.3.2 Solid Supports

The solid supports used in oligonucleotide synthesis also present a potential source of

impurities and a good understanding of the different types of supports and processing

conditions is important to reduce the impurity burden in the final product. Tradition-

ally, silica-based controlled pore glass (CPG) was almost exclusively used in

phosphoramidite-based solid-phase oligonucleotide synthesis. CPG supports could be

manufactured with predefined pore sizes and space required for a growing oligo-

nucleotide chain. They are non-swelling and inert to the solvents and reagents used

during oligonucleotide synthesis. Typically, in oligonucleotides synthesis, a CPG

support with a pore size of 500 Å is used for oligonucleotides up to a length of 30

bases and a pore diameter of 1000 Å for up to 50 bases [43, 44]. Therapeutic

oligonucleotides are generally under 50 bases long, hence CPG support with 500 Å or

1000 Å pore size satisfies this need. Disadvantages of glass supports, however, include

the instability towards basic conditions used during C&D and low loading capacity,

which can lead to formation of impurities.

To mitigate CPG’s disadvantages, highly cross-linked polystyrene [45, 46] and

methacrylate [47] supports were developed. These initially developed supports have

low loadings and are still in use for small-scale oligonucleotide synthesis [48, 49].

Later, high-loaded macroporous polystyrene supports with loadings of 200 �mol

nucleoside per gramme of support were developed by Pharmacia Biotech (now part of

GE Healthcare). Another high-loading solid support, NittoPhase, originally developed

in collaboration with ISIS Pharmaceuticals is being sold by Nitto Denko. Latest

developments have led to a support called NittoPhase HL, with loadings of 400 �mol

nucleoside per gramme. Other high-loaded supports have been developed or are in

development. ISIS Pharmaceuticals has developed a new, polystyrene-based, high-

loaded support (350 �mol/g), which was recently made available commercially by GE

Healthcare under the name Primer Support 5G. The different chemistries used for the
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development of solid supports utilised in oligonucleotide synthesis are summarised in

Figure 2.12.

2.3.2.1 Nucleoside Loaded Supports
Traditionally, a nucleoside succinate is allowed to react with an amino or hydroxyl

functionalised support to create a nucleoside loaded support [50]. The succinate

linkage thus created between solid support and nucleoside is stable to conditions and

reagents used during solid-phase synthesis. At the end of the synthesis, during basic

C&D conditions the succinate linkage is hydrolysed, releasing the oligonucleotide

chain from the support. Other more base labile linkers have been developed such as

oxalate [51] and Q-linker [52, 53], but the succinate linkage is the most widely used

one in large-scale synthesis. The stable succinate linkage allows selective removal of

cyanoethyl phosphate protecting groups without releasing the oligonucleotide from

the support using on-column base washing. This inhibits acrylonitrile adduct forma-

tion of the heterocyclic bases, in particular thymine [54].

CPG supports require a spacer in between the nucleoside succinate and the

functional group of the support to ensure good coupling efficiencies. The amino or

glyceryl functionalised CPG support is thereby derivatised with a long chain alkyl

amine (LCAA) [55] (see Figure 2.12) or other similar linkers, as described by Sirna

Therapeutics [56] or others [43] before attaching the nucleoside succinate. With

polystyrene supports, functional (amino or hydroxyl) groups are reacted directly with

the nucleoside succinate and no additional linker is required.
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Figure 2.12 Common types of supports used in solid-phase oligonucleotide synthesis.

Oligonucleotide Impurities and their Origin 39

ChemGenes Exhibit 2024 - Page 39



The coupling of a nucleoside-39-O-succinate to the support can be performed

with 2,29-dithiobis(5-nitropyridine) and dimethylaminopyridine (DMAP), followed by

addition of triphenylphosphine and LCAA-CPG [57]. Alternatively, the nucleoside-39-

O-succinate can be attached to LCAA-CPG using a variety of phosphonium or

uronium coupling agents or soluble carbodiimides, namely diisopropylcarbodiimide

[58], and DMAP [59, 60].

2.3.2.2 Formation of Branchmers
During manufacture or storage of a nucleoside loaded support, loss of protecting

groups of the heterocyclic base can lead to impurities, called branchmers, in particular

for cytidine (C) and adenine (A) nucleoside loaded supports. Free or unprotected

exocyclic amino groups, when exposed to the coupling conditions, will also react with

the incoming phosphoramidite resulting in branching and eventually leading to a

species having almost twice the molecular weight (2n � 1) [61]. In RNA synthesis

acidic triethylamine-trihydrogen fluoride (TEA-3HF) is commonly used for the

removal of the 29-O silyl protecting group. This acidic reagent reacts during desilyla-

tion with the amidate group between the exocyclic amino and the first nucleoside after

the branching point, cleaving the chain and resulting in the formation of an n � 1 from

the 39-end carrying a 39-phosphate group [62]. A capping step prior to the start of the

synthesis would cap any free exocyclic amino moiety and thereby prevent 39-terminal

branching. However, any free 59-hydroxyl group created by loss of the DMT group

would be capped as well, resulting in yield losses.

2.3.2.3 Generation of n � 1 (PS)/n � 1 (PO) Impurities
n � 1 impurities containing a 39-terminal PS/PO group are formed when any

unprotected functional group left on the support is able to react with a nucleoside

phosphoramidite. When using a nucleoside loaded support, this would lead to an

oligonucleotide missing the 39-base, (called n � 1) from the 39-end, since the 39-

nucleoside is part of the support. The n � 1 would be connected to the support via a

phosphodiester (PO, oxidation) or phosphorothioate bond (PS, sulfurisation). The

cleavage of such a bond will typically result in an n � 1 impurity having a 39-terminal

phosphate or 39-terminal phosphorothioate (39-TPT) [63].

These impurities cannot easily be removed and therefore it is important that all

functional groups remaining on the support are capped. Amino or hydroxyl groups of

polystyrene supports usually react well with regular capping reagents. However,

unreacted surface silanol groups of CPG are more difficult to cap and cannot be

blocked with standard capping reagents. Silanol groups can be classified as ‘free’ or

‘associated’ [64]. The associated form consists of two adjacent silanols with hydrogen

bound to each other (vicinal) or a silanol with two hydroxyls located on the same atom

(geminal). Associated silanols are reactive to trimethylchlorosilane (TMCS), while

free silanols are more reactive towards hexamethyldisilazane (HMDS) [65]. Repeti-

tious silanisation (monolayer conditions) or single silanisation, followed by a dual

silanol capping treatment with TMCS and HMDS can provide complete coverage of

all silanol groups. The n � 1 impurity from the 39-end used to be a common side

product in oligonucleotide synthesis using CPG supports, because of the difficulties in
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capping free silanols. As standard capping reagents are unable to block free silanols,

alternative means of capping using phosphorylation reagents, such as diethoxy N,N-

diisopropyl [66] or bis-2-cyanoethyl-N,N-diisopropyl phosphoramidite, followed by

oxidation [67] have been suggested.

Loss of capping of the support can also occur during storage. Capping loss during

storage or incompletely capped support will have the same result; 39(n � 1) impurities

in the final oligonucleotide. These 39(n � 1) impurities often contain a 39-terminal

thiophosphate or phosphate group. A capping step prior to the first synthesis cycle

would prevent n � 1 (39-end) formation. While a simple capping step using acetic

anhydride would efficiently cap free exocyclic amino groups of the heterocyclic base

as mentioned above, it would be ineffective in capping free silanol groups of the CPG

support. Also, any 59-O-DMT group lost during storage would be capped as well,

resulting in diminished yields.

n � 1 impurities with 39-terminal PS/PO are also formed when acid labile

nucleosides are loaded onto the solid support. For example, deoxyadenosine and, to a

lesser extent, deoxyguanosine supports are prone to depurination at prolonged acid

treatments during synthesis resulting in n � 1 impurity (see process related impurity

Section 2.3.1) [68–70]. The amount of N-glycosidic bond cleavage is highly depen-

dent on the nature of the base protecting group. Classical protecting groups like

benzoyl for adenosine and iso-butyryl for guanosine are more sensitive to depurination

than fast deprotecting groups such as alkyl formamidine or phenoxyacetyl and p-

substituted phenoxyacetyl groups, with formamidine being the least sensitive. Linking

adenosine via the exocyclic amino group to the support has been suggested to

minimise the n � 1 impurity [68]. Then an adenine loss due to depurination would

result in the loss of the oligonucleotide chain during synthesis, hence no depurinated

impurity would remain in the product.

2.3.2.4 Universal Supports
Solid supports without pre-loaded nucleosides are termed universal support. These

supports have several advantages over nucleoside loaded supports. They do not suffer

from loss of base protecting groups during storage or preparation. The formation of

branchmers, depurinated species, n � 1 with 39-terminal PS/PO as described for

nucleoside loaded supports (see Sections 2.3.2.2 and 2.3.2.3) can be avoided.

Additionally, same universal support can be used for oligodeoxynucleotide and

oligoribonucleotide synthesis. Many different universal supports have been developed

over the years [71–79]. Today the most widely used universal supports are UnyLinker

[80, 81] (Figure 2.12), and Universal A-Support [82–84] (Figure 2.13). Unylinker was

developed by Guzaev and Manoharan [80] and its use was further refined by

Ravikumar et al. [81].

Two different variants of UnyLinker are available. The UnyLinker bicyclic ring

system can either be connected to the support via the nitrogen of the maleimide group

(type I) or through one of the hydroxyl groups of the diol (type II) (see Figure 2.12).

The oligonucleotide chain grows on the other hydroxyl group of the diol. In case of

the type II support the nitrogen of the maleimide group is typically protected by a

phenyl group [81]. Glen Research also offers a methyl-protected derivative called
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UnySupport [85] for high-throughput oligonucleotide synthesis. During C&D the

vicinal hydroxyl group, protected during the synthesis by an acetyl group (type I) or

connected to the support via a succinate (type II), is liberated and attacks the

phosphodiester (oxidation)/phosphorothioate (sulfurisation) group leading to the elim-

ination of the 39-OH oligonucleotide [81]. Incomplete cleavage of type II UnyLinker

can lead to an impurity where the 39-end of the oligonucleotide is still attached to the

UnyLinker via a phosphodiester/phosphorothioate group (Figure 2.14). This resulting

bicyclic impurity can be identified by mass spectrometric analysis as it has an

additional mass of 263 (PO) or 279 Da (PS). This type of impurity can be avoided

with the type II UnyLinker, in which the nitrogen of the maleimide group is connected

to the support via a stable amide bond [86]. Incomplete cleavage of this type of
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Figure 2.13 Structure of Universal A-Support.
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UnyLinker would only lead to some yield loss; however, extending the C&D time

would minimise any loss in yield.

The hydroxyl group of the diol system required for oligonucleotide growth is

typically protected with a DMT group. As a secondary hydroxyl group, it is less

reactive and more sterically hindered than the 59-hydroxyl group of a sugar. Hence, its

removal requires a longer exposure time to detritylation reagent, dichloroacetic acid

(DCA), during detritylation. Once the trityl group has been removed, the resultant

secondary hydroxyl moiety reacts more slowly to the incoming phosphoramidite. Both

of these phenomena can lead to the formation of n � 1 from the 39-end, a common

impurity found when using UnyLinker. However, these problems can be mitigated by

extending the first detritylation step (or using 10% DCA solution) and extending the

first coupling time.

The Universal A-Support was developed by Azhayev and co-workers and is

available on both polystyrene and CPG supports [83, 84] (see Figure 2.13). The

cleavage and 39-dephosphorylation reaction is facilitated by a solution of 4 M

anhydrous ammonia in methanol. The labile dichloroacetyl group is cleaved prior to

the ß-elimination of the cyanoethyl protection group of the phosphate moiety. This is

followed by the rapid intramolecular nucleophilic attack on the phosphotriester func-

tion by the hydroxyl group. This reaction is additionally assisted by the neighbouring

amide function. For a quantitative release of the oligonucleotide from the support it is

critical that the dichloroacetyl group is cleaved prior to the cyanoethyl phosphate

protecting group closest to the spacer of the support. Once the cyanoethyl group is

cleaved, the hydroxyl group is not able to attack the phosphorus since it now

represents a negatively charged phosphodiester function and the oligonucleotide

remains attached to the support. It therefore is important to use mildly basic conditions

for the initial selective removal of the dichloroacetyl group. Universal A-Support is

therefore not compatible with the base wash (e.g. diethylamine wash) typically

performed in large-scale oligonucleotide manufacturing for the release of the phos-

phate protecting groups before initiating C&D, in order to minimise the formation of

the N3-cyanoethyl-thymidine (CNET) impurity.

After removing the solid support, further deprotection procedures typically

employ addition of aqueous ammonium hydroxide to the solution of oligonucleotide

in methanolic ammonia and overnight heating at 558C. A more easily accessible

Universal A-Support was recently introduced where the succinylamido linked support

is replaced by an urea linked support [87, 88].

2.3.3 Reagent Related Impurities

2.3.3.1 Detritylation Reagent
Traditionally dilute solutions of trichloroacetic acid (TCA, pKa 0.8) or DCA (pKa

1.5) in dichloromethane (DCM) were used as detritylation reagent for oligonucleotide

synthesis [69, 89–91]. Later it was recognised that a high concentration of a weak acid

(15% DCA in DCM) is more effective at driving detritylation toward completion than

either a low concentration of a weak acid (3% DCA in DCM), or a low concentration
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of a strong acid such as 3% TCA [89]. The high volatility (boiling point 408C) of

DCM and its high toxicity and carcinogenicity pose a health hazard for personnel and

the environment in large-scale manufacturing of oligonucleotides. As a consequence,

in large-scale synthesis, DCM has been replaced with toluene, without compromising

yield or quality of the synthesised oligonucleotide [92–94]. Again, the amount of

DCA in toluene appeared to be more effective at higher concentrations [95]. However,

3% DCA in toluene is still widely used in the industry as higher concentrations of

DCA may be more corrosive to the synthesiser and its components, which are

typically made of stainless steel.

Increased exposure of oligonucleotides to acids leads to depurination (see

Section 2.4.1.2) and therefore the acid contact time needs to be controlled. The

detritylation reaction is complex [69, 89–91] and the amount of acid needed depends

on type of support used and increases with the oligonucleotide chain length and is

therefore not constant. The trityl cation generated during detritylation has an intense

yellow/orange colour and it has been used to determine the end-point of the

detritylation reaction using spectrophotometric methods. Using this approach, the

acid contact time can be minimised/controlled without affecting trityl removal.

Incomplete removal of trityl can lead to the formation of n � 1 impurities (see

Section 2.4.1). Commercial DCA has been found to contain trace amounts of chloral

(trichloroacetaldehyde), which can react with free 59-hydroxyl groups during the

detritylation reaction, resulting in an adduct with an added mass of 147 Da [96] (see

Section 2.4.1.2. for more details).

2.3.3.2 Activator
No impurities are known to result from impurities present in the activator solutions.

Activators work through an acidic-based mechanism involving nucleophilic attack.

Activators work not only as an acidic catalyst, thus making the di-alkyl amino group a

better leaving group [97], but also replacing the amino group before reacting with the

59-terminal hydroxyl [98–100]. Please refer to Section 2.4.2 for more details on

activators.

2.3.3.3 Thiolation/Oxidation
After coupling, the P(III) triester linkage formed is unstable towards acidic reagent;

and is therefore converted to a stable P(V) triester linkage before further chain

elongation. The most prevalent oxidation reagent used in oligonucleotide synthesis is

a water-containing iodine solution. The composition of the oxidation reagent used in

large-scale manufacturing is typically 50 mM iodine in 90% pyridine and 10% water

[101]. Concentrations of iodine used in oligonucleotide synthesis may vary from 20 to

100 mM and oxidation reagent for small-scale synthesisers typically includes tetra-

hydrofuran (THF) [16] as a solvent. Sometimes lutidine is used in place of pyridine

[102]. THF is not compatible with some of the components of the pumps and valves

of large-scale oligonucleotide synthesisers, prohibiting the use of THF in large-scale

synthesis. Lower concentrations of iodine are used for oxidation in case of sensitive

base or backbone modifications. However, some modifications have been found to be

unstable to oxidation with iodine-containing solutions, regardless of iodine concentra-
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tion. Also, in phosphodiester (PO), phosphorothioate (PS) gapmers iodine tends to

convert some of the PS bonds into the more chemically stable PO bonds, resulting in

an oligonucleotide with a mass of 16 Da less than the desired product.

As the coupling step in oligonucleotide synthesis is very moisture sensitive, a

non-aqueous oxidation reagent would be preferred to maintain a water-free environ-

ment during each step of the synthesis cycle. Low-water iodine mixtures have been

suggested for the synthesis of methylphosphonates to avoid side product formation

[103]. One non-aqueous oxidiser which has been used for both DNA and RNA

synthesis is t-butyl hydroperoxide [104, 105]. Peroxides, however, are unstable com-

pounds and not suited for large-scale manufacturing. A very mild oxidation reagent

useful for the synthesis of modified oligonucleotides has been recommended, which is

0.1–0.5M (1S)-(+)-(10-camphorsulfonyl) oxaziridine in anhydrous acetonitrile (ACN)

[106–109]. Recently, several other non-aqueous and non-iodine oxidation reagents

have been described [67, 110–113]. Besides the disadvantages mentioned, iodine

remains the oxidation reagent of choice for oligonucleotide synthesis, as other non-

aqueous reagents are either expensive or unstable and therefore not suited and/or

economical for large-scale synthesis.

During oligonucleotide synthesis by the phosphoramidite approach, a phosphor-

othioate is introduced by oxidising the phosphite triester using a sulfur transfer

reagent. The first described sulfur reagent was elemental sulfur [114]. However,

elemental sulfur is difficult to keep fully dissolved and is therefore not suitable for

automated synthesisers. With phosphorothioate oligonucleotides being one of the most

important modifications, a large number of efficient sulfurising reagents have been

developed over the years. These include tetraethylthiuram disulfide (TETD) [115],

bis(O,O-diisopropoxy phosphinothioyl) disulfide (Stec’s reagent) [116], 3H-1,2-benzo-

dithiol-3-one-1,1,-dioxide (Beaucage reagent) [117], phenylacetyl disulfide (PADS)

[118–120], 3-ethoxy-1,2,4-dithiazoline-5-one (EDITH) [121–123], 1,2-dithiazole-5-

thione (xanthane hydride or ADTT) [124–126], 3-((dimethylamino-methylidene)

amino)-3H-1,2,4-dithiazole-3-thione (DDTT) [127, 128], dimethylthiuram disulfide

(DTD) [129, 130], 3-phenyl-1,2,4-dithiazoline-5-one (PolyOrg Sulfa or POS) [131]

and various sulfonic acid derivatives [132].

Initially TETD was the most prevalent sulfurisation agent. Later TETD was

replaced by Beaucage reagent owing to TETD’s slow reactivity, in particular for RNA

synthesis. While Beaucage reagent was more efficient with faster reaction kinetics, it

was not very suitable for large-scale applications owing to its limited stability in

solution and also to formation of phosphate diester impurity during thiolation. PADS

and xanthane hydride were found to be inexpensive, efficient and fast-reacting

sulfurising reagents. Therefore, these two sulfurising reagents prevail in large-scale

manufacturing today. Reagents like DDTT and POS offer better stability and/or

solubility and are currently being used in small-scale synthesis. Please refer to Section

2.4.3 for more details on sulfurisation reagents.

2.3.3.4 Capping Reagent
The capping reaction is a key step in oligonucleotide synthesis and serves in

preventing unwanted chain elongation. Hence, control of the capping conditions is
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vital to limit impurity levels. Acetic anhydride is the most common capping reagent.

Historically it was used as a mixture with 2,6-lutidine, THF and 4-N,N-dimethylamino

pyridine (DMAP), which acts as an acetylation catalyst [16]. Recent studies [133]

have shown that DMAP converts dG and dG-containing oligomers into fluorescent

derivatives and in the presence of ammonium hydroxide convert further to 2,6

diaminopurine deoxyribonucleoside (2,6-DAP), a potentially mutagenic nucleoside

analogue. N-Methylimidazole (NMI) has been suggested as an alternative to DMAP,

which does not undergo the same side-reactions [133]. Today NMI has replaced

DMAP as capping catalyst in routine oligonucleotide synthesis.

The protection of guanosine by the phenoxyacetyl group precludes the use of

acetic anhydride as the capping agent. An exchange reaction occurs between the

guanine phenoxyacetyl group and the acetyl group of acetic anhydride during the

capping reaction. This impurity is quite stable towards standard C&D and can be

detected by HPLC-MS and results in a mass of +42 Da. To avoid formation of this

adduct, acetic anhydride can be replaced by phenoxyacetic anhydride [134] or

trimethylacetic anhydride [135]. A similar adduct formation was observed for iso-

butyryl-protected guanosine when using acetic anhydride as capping reagent. Isobu-

tyric anhydride was suggested to replace acetic anhydride for capping [136, 137].

During synthesis of phosphorothioate oligonucleotides capping needs to be

performed after sulfurisation. If this reaction occurs after capping, higher levels of the

phosphodiester impurity can be observed [115]. For phosphodiester oligonucleotide

synthesis, capping may be performed before or after oxidation.

Acetic anhydride cannot be combined with the acetylation catalyst prior to

capping. Therefore, two capping reagents (Cap A and Cap B) are delivered during the

synthesis from two different bottle positions, which are being mixed inline. One of the

capping reagents contains NMI (or DMAP) the other contains acetic anhydride. In

addition, one of either reagent contains a base, either pyridine or lutidine. THF has

been replaced with ACN in large-scale synthesis. However, neither NMI nor acetic

anhydride is stable in combination with base in the presence of ACN. Therefore, in

large-scale synthesis three capping reagents are used: Cap A, containing 20% NMI in

ACN; Cap B1 containing 40% acetic anhydride in ACN and Cap B2 containing 60%

lutidine in ACN. Typically Cap B1 and Cap B2 are mixed together prior to use.

Capping efficiency is another important factor and, if uncontrolled, can lead to

low yields and increased impurity levels. The efficiency of capping is dependent on

the nature and amount of the activating agent, e.g. NMI or DMAP [138] in the capping

mixture (see Table 2.2). DMAP appears to be more effective as a capping activator

relative to NMI, although it has fallen out of favour owing to its tendency to lead to

guanosine modifications (vide supra). To overcome these, Glen Research has intro-

duced a phosphoramidite-based capping reagent called UniCap (see Figure 2.15),

which is also well suited for H-phosphonate chemistry.

The activating agent, NMI, has been shown to contain low levels of trimethyl-

hexahydrotriazine, which can react with nucleotides to form a +85 Da impurity [139].

The mechanism of formation of this impurity is thought to involve a Mannich type

reaction between the enolate anion of acetic anhydride and the imine formed from

trimethylhexahydrotriazine (Figure 2.16).
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Table 2.2 Comparison of capping mixtures (Glen Research).

Synthesiser Cap A solution Cap B solution Capping efficiency

(%)

Expedite THF/Ac2O (9:1) 10% NMI/THF/Py (8:1) 90.5 �1.9

ABI 394 THF/Pyr/Ac2O (8:1:1) 10% NMI/THF 88.8 � 2.5

ABI 394 THF/Lut/Ac2O (8:1:1) 10% NMI/THF 89.1 � 2.0

ABI 394 THF/Lut/Ac2O (8:1:1) 16% NMI/THF 96.6 � 1.4

ABI 394 THF/Lut/Ac2O (8:1:1) 6.5% DMAP/THF 99.4 � 0.3

All UniCap Not applicable 98.6 � 0.4

O
O

O P N(iPr)2

OCE
UniCap phosphoramidite

Figure 2.15 Structure of phosphoramidite capping reagent, UniCap.
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Figure 2.16 Postulated mechanism for the generation of NMI-based +85 Da impurity.
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As discussed here and in Section 2.4.4, capping based on derivatives of acetic

anhydride appears to be more complicated and gives rise to more impurities than would

be expected. Therefore, capping using a terminating phosphoramidite like UniCap

(Figure 2.15) was suggested not only for the capping of the support, as discussed in

Section 2.3.2.3 [66, 67], but also for capping after each coupling step [138].

2.4 Process Related Impurities

2.4.1 Detritylation Step

2.4.1.1 Chloral Adduct Formation
It has been described in Section 2.3.3.1 that commercial DCA solution contains

trichloroacetal, which may form adducts in the oligonucleotides chain. The combina-

tion of HPLC-MS, HPLC, synthesis of model compounds and NMR techniques led to

the elucidation of a full-length product (FLP)+147 adduct associated with the

incorporation of chloral (trichloroacetaldehyde) [96]. The product of the reaction of

chloral with the 59-hydroxyl is a hemiacetal which may further react with an incoming

phosphoramidite through standard activation chemistry to provide structures of the

type shown in Figure 2.17.

The link between chloral and the observed impurities was demonstrated unequi-

vocally by synthesising the target oligonucleotide in the presence of 3% DCA in

toluene containing 300 ppm of chloral hydrate, resulting in approximately 2% of the

FLP+147 impurity for a phosphorothioate oligonucleotide. Reducing the chloral
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Figure 2.17 Chloral-modified d(ApT).
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content to 100 ppm resulted in a decrease of this impurity to less than 1%. The most

effective means for eliminating this impurity is by simple distillation of DCA, use of

higher percentage DCA (10% DCA/toluene for example), to minimise contact time,

or setting a specification to limit the amount of chloral found in DCA. However, an

accurate quantification of chloral in DCA at such low levels remains challenging.

2.4.1.2 Depurination
The cleavage of the glycosidic bond connecting the sugar to the nucleosidic base in

deoxyadenosine and deoxyguanosine is referred to as depurination. Because depurina-

tion is related to acid exposure [140, 141], very long sequences [142] or those having

deoxyadenosine and, to a lesser extent, deoxyguanosine, at the 39-end are particularly

susceptible to undergoing depurination.

This phenomenon results in the excision of the purine base from the oligonucleo-

tide and subsequent replacement with water to form the hydrolysis product. As shown

in Figure 2.18, protonation at the N-7 position in adenine (purine) converts the base

into a good leaving group. The expulsion of the nucleoside base is facilitated by the
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Figure 2.18 Postulated mechanism of acid-induced depurination.

Oligonucleotide Impurities and their Origin 49

ChemGenes Exhibit 2024 - Page 49



anomeric oxygen atom of the deoxyribose. Adventitious water is responsible for

quenching the oxonium ion to provide the cyclic acetal.

The glycosidic bond is known to be destabilised by electron-withdrawing groups

at N-6 [143]. To counter this effect, the usual acyl-type protecting groups may be

replaced by the electron-donating amidine (formamide) derivatives to provide

enhanced stability toward depurination. The t-butoxyphenylacetyl protecting group

has also been shown to curb depurination of 39-terminal dA relative to its N-dmf and

N-Bz analogues [144]. Varying the type and concentration of acid also displays a

marked effect on depurination kinetics. Septak reported a kinetic study on the

relationship between depurination and acid concentration and found that depurination

can be minimised by employing high-concentration acid (15% DCA) relative to low-

concentration acid (3%) [69]. The process of detritylation presents a complicated

picture, which includes a binding equilibrium of acid/oligonucleotide and acid/ACN

in addition to the detritylation reaction. It follows that the optimal detritylation

approach is to use the deblock reagent that most effectively minimises such lag time

while supporting rapid detritylation, namely 15% DCA.

The depurination as an artefact is also observed in the electrospray ionisation in

the HPLC-MS instrument [145, 146]. This type of depurination is caused by collisions

between analyte ions and the background gas. The level of depurination in the gas

phase is proportional to the voltage used to initiate ionisation. As this species is

generated in the absence of solvent, the water addition step observed under the acid

step (as in real depurination) does not occur, hence the mass of dupurination fragments

is typically lower by 18 Da. Figure 2.19 shows a representative depurination reaction

scheme of deoxyadenosine under acid- and instrument-induced conditions, which can

be detected as molecular ions M-117 Da and M-135 Da respectively. It should also be

noted that a potential complication may arise in analysis of oligonucleotide sequences

containing both adenosine and guanosine. Because of the similarity in molecular

weight between adenosine and guanosine, instrument-induced depurination of adeno-

sine (�135.13 Da) and chemical depurination of guanosine (�133.11 Da) fall within

the mass accuracy of many HPLC-MS instruments (,2 Da).

Ring opening of the furanose sugar ring under acidic conditions exposes a

reactive aldehyde which may undergo �-elimination, resulting in fragmentation to give

a 39-phosphate fragment. Elimination at the ª-position releases the 39-phosphate

fragment as shown in Figure 2.20.

Forcing oxidation conditions are reported to generate a ribolactone, which may

undergo elimination of the 39-terminal fragment to give the corresponding Æ,�-
unsaturated ribolactone [147]. The authors suggested a mechanism as proposed in

Figure 2.21 for its formation.

2.4.1.3 DMT-C Phosphonate Esters
DMT-C phosphonate esters have been reported to form when inadequate amounts of

thiolation/oxidation reagent or insufficient contact time are provided [142] during

oxidation. The normal reaction pathway of the coupling product, the P(III) triester 1,

is the oxidation at the phosphorus centre to give the stable product, the P(V) triester

2, as shown in Figure 2.22. Owing to incomplete thiolation/oxidation, the intermedi-

50 Analysis of Oligonucleotides and their Related Substances

ChemGenes Exhibit 2024 - Page 50



ate phosphonium ion 3 [148], however, results from nucleophilic reaction of the

reactive phosphite P(III) with the DMT cation liberated from the detritylation step.

Decomposition of the phosphonium species to provide the corresponding esters is

shown in Figure 2.23. Krotz and co-workers [148] reported the formation of DMT-C-

phosphonate monoesters and diesters when only 1.7 equivalent of PADS was used to

carry out thiolation. The products, which elute at slightly longer retention times in RP

ion pairing (IP)-HPLC, were identified through the use of HPLC-MS.

The intermediate DMT-C phosphonium ion 3 represented in Figure 2.23 can

undergo three separate bond scissions to follow Path A, to form a n � 1 with a

terminal DMT C-phosphonate as a result of the nucleoside cleaved at the 59-end; to

follow Path B to provide the n � 1 product as a result of 39-cleavage; and finally, to

follow Path C, to result into an Arbuzov-type elimination of the cyanoethyl protecting

group to form the full-length DMT-C phosphonate.
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2.4.2 Coupling Step

2.4.2.1 n � x
The most commonly encountered impurity (and one of the more difficult to remove by

purification) is the n � 1 impurity. It is also known as a shortmer, deletion or failure

sequence. The n � 1 represents a class of impurities, rather than a specific impurity,
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Figure 2.20 Fragmentation via �-elimination following depurination.
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because it is shown to comprise all possible n � 1 combinations. As many of the early

oligonucleotide analyses were carried out using PAGE, which is more sensitive to size,

rather than the nature of the sequence, the n � 1 failures represent a single band in the

gel. Agrawal and co-workers [149] elegantly proved the n � 1 to be a heterogeneous

mixture by excising the n � 1 band from the gel of a 25-mer DNA phosphodiester

synthesis product, tagging the n � 1 band with dA tail and annealing it to a

complementary plasmid. By transforming the plasmid in competent bacteria and
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Figure 2.21 Degradation under oxidising conditions.
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sequencing the expressed clones, they showed that the n � 1 deletion sequence was

distributed among 70 different clones. Moreover, the highest frequency of clones was

characterised by deletion at the 39-terminus of the oligonucleotide.

Fearon and co-workers [150] utilised MS analysis of the PAGE-purified n � 1

deletion band to reveal the n � 1 impurity as a composite of random n � 1 failure

sequences. The deletion sequences are thought to originate from low-frequency

defects at each stage of the synthesis cycle – incomplete detritylation, coupling,

oxidation (or sulfurisation) and capping, or a combination thereof. For example, a

specific n � 1 can arise from a coupling failure followed by a failure to cap the free

59-hydroxyl. Figure 2.24 outlines the origin of the n � 1 deletion sequences. The

paragraphs below further provide a description of the impact on each synthetic step on

the origin of the n � 1 impurities.
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Detritylation-Derived n � 1 Impurities
The synthesis cycle, shown in Figure 2.1, begins with detritylation, in which an acid

(typically DCA) is responsible for removing the terminal DMT protecting group to

expose the reactive 59-hydroxyl functionality, which is then coupled with the incoming

phosphoramidite nucleoside. An incomplete detritylation results in a mixture of full-

length oligonucleotide having an exposed 59-hydroxyl and its protected counterpart.

After the chain elongation, oxidation and capping, the mixture of full-length product

and its (now) n � 1 trityl-on analogue enter the subsequent detritylation cycle. When

the mixture is exposed to acid in the subsequent detritylation cycle, the free hydroxyl

of the full-length product and its n � 1 analogue will be liberated, resulting in the

propagation of the n � 1 species through the synthesis.

Coupling-Derived n � 1 Impurities
The coupling efficiency for solid-phase oligonucleotide synthesis is extremely effi-

cient, usually approaching 99%. Despite the high efficiency, the iterative nature of

oligonucleotide synthesis highly impacts the overall yield. An oligonucleotide of n

bases possesses n � 1 linkages and the overall synthesis yield expressed as: [coupling

efficiency]n�1: The percent yield for a synthesis of a 20-mer oligonucleotide at 99%

coupling efficiency would then be calculated as [0.99]19, or 82.6%. If the efficiency

were to fall to 98%, the resulting yield would erode to 68%! The remainder of the

product corresponds to shorter failure sequences. Inefficient coupling results in

sequences having a free 59-hydroxyl group, which are normally capped at the end of

the synthesis cycle. A failed coupling results in n � 1 only if the subsequent capping

is not effective.

Support-Derived n � 1 Impurities
The n � 1 may also originate from growing the oligonucleotide to improperly capped

support or from detritylation of the first base on the support. These alternative

mechanisms are discussed in Section 2.2.2. Chapter 4 of this book describes the use of

HPLC-MS in the identification of oligonucleotide impurities.

Capping-Derived n � 1 Impurities
Following coupling, any unreacted 59-hydroxyl remaining is capped, typically through

reaction with acetic anhydride and an amine base, such as pyridine, picoline or

lutidine. Ineffective capping leads to an exposed 59-hydroxyl which can enter the

subsequent coupling reaction. The result is the generation of n � 1 species.

2.4.2.2 n + x Formation of High-Molecular-Weight Impurities
Another commonly encountered class of oligonucleotide impurity are the n + x

analogues, sometimes called longmers or extension sequences. As the formation of

shortmers (n � 1, n � 2, etc.) would occur through failure of coupling reactions,

longmers [151] (n + 1, n + 2) would originate in over-condensation during coupling

cycles. Coupling requires the reaction of the free 59-hydroxyl of the oligonucleotide

on solid support with phosphoramidite facilitated by an activator, typically mixed
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inline and delivered to the column. Most activators are weak acids capable of

protonating the phosphorus centre on the incoming phosphoramidite. The diisopropy-

lamino group is then replaced by the conjugate base of the activator in the rate-

determining step of the coupling cycle [98, 99]. The activator, in turn, is displaced by

the free 59-hydroxyl group of the growing oligonucleotide chain and chain extension

is complete. The acidic nature of the activator may cause partial removal of the DMT

protecting group on either the incoming phosphoramidite or the growing chain. The

formation of longmers can occur by two possible scenarios. The first possibility is that

during coupling the DMT-protecting group on the 59-terminus is removed to transform

the protected 59-hydroxyl position to a second reactive site capable of undergoing an

additional coupling.

The second scenario involves the removal of the DMT-protecting group of an

amidite which would render it reactive toward a second equivalent of amidite, forming

a dimer in situ, which is ultimately coupled to the growing chain on solid support.

Either scenario results in the formation of an n + 1 species. The extent of over-

coupling is dependent on the sequence, incoming phosphoramidite (in particular

guanosine amidite) and the type of activator. The structures and acidities of commonly

used activators are listed in Table 2.3.

Krotz and co-workers have carried out studies on the synthesis of deoxyoligo-

nucleotide sequences of the form (TTT)6T, (TGG)6T, (TCC)6T, and (TAA)6T

promoted by 0.45M S-ethylthiotetrazole (ETT) and tetrazole, respectively [151]. They

reported that the extent of longmer formation is highly dependent on the composition

of the sequence. The order parallels the rate of -DMT removal: dG . dA . dC . T.

Also, the quantity of longmers increases significantly when ETT (pKa ¼ 4.28) is used

relative to tetrazole (pKa ¼ 4.89). Tetrazole generates a lower amount of longmers;

however, owing to its explosive nature, its use has been restricted and highly

regulated.

More acidic activators commonly used for RNA synthesis are S-ETT and S-

benzylthio tetrazole. The use of dicyanoimidazole (DCI) [152] (pKa ¼ 5.2) is almost

10 times less acidic than ETT, but possesses even greater nucleophilicity over its

tetrazole-based competitors. DCI has a special advantage over tetrazole in the

synthesis of long oligonucleotides and at larger scales where minimising monomer

equivalency is essential. A pyridinium-based activator (pyridinium trifluoroacetate/N-

methylimidazole) which shows similar reactivity and comparatively lower percentage

of over-condensation products relative to tetrazole has also been developed [153].

Sinha and co-workers have developed a saccharin-based activator for replacement of

tetrazole in large-scale manufacturing [154]. The formation n+mers using the sacchar-

in activator are reportedly significantly reduced compared to ETT [154]. Page and co-

workers carried out extensive NMR studies [155] toward elucidation of the mechanism

of phosphoramidite activation by saccharin N-methylimidazole.

Chemists at Sigma-Aldrich have developed Activator 42 [156], which is reported

to be one of the most efficient activators on the market. Although it is quite acidic

(pKa 3.4), it is believed that Activator 42 is a poor activator of dimers, hence its

resistance to form over-condensation products despite its highly acidic nature [157].
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2.4.3 Thiolation/Oxidation Step

2.4.3.1 Sulfur Loss (PS to PO Exchange)
The susceptibility of phosphodiester oligonucleotides to nuclease-mediated degrada-

tion has spurred the development of a variety of backbone analogues with enhanced

resistance to nuclease activity. Among them, the sulfur congener, or phosphorothioate

(see Figure 2.25) is popular because of its enhanced stability, ease of synthesis and

compatibility with a variety of oligonucleotide chemistries, that is siRNA, antisense

DNA, aptamers, etc. Oxidative thiolation following coupling is an extremely efficient

reaction.

A number of different reagents have been developed to effect sulfur transfer to

the intermediate phosphite P(III) ester following coupling. These reagents are

presented with their original references in Table 2.4. The DTD reagent offers the

unique advantage of combining thiolation and capping in a single operation. PADS

and xanthane hydride have been most extensively employed in large-scale manufactur-

ing. The sulfur transfer reaction is extremely efficient; however, no chemical reaction

is quantitative and the sulfurisation of phosphite esters is no exception.

Ineffective sulfurisation generally results in two families of impurities. The first

and most prevalent is the phosphate diester, which originates from oxygen transfer to

the phosphorus centre. The second class of impurities stems from nucleophilic

reaction of the trityl cation with the phosphite triester; this sub-class is described in

Section 2.3.1.3. The third class of impurities results from H-phosphonate formation

followed by base catalysed strand cleavage during deprotection (see Section 2.4.5.6).

The Beaucage reagent [117], one of the earlier sulfur transfer reagents, is known

to form a mixture of phosphorothioate and phosphate diesters because the byproduct

of the Beaucage reagent (formed during sulfurisation), acts as a good oxygen donor,

as shown in Figure 2.27.

O

O

O

P

O

X O_

Base

X O, phosphodiester
X S, phosphorothioate

�
�

R

Figure 2.25 Structural comparison of phosphothioate and phosphodiester.

60 Analysis of Oligonucleotides and their Related Substances

ChemGenes Exhibit 2024 - Page 60



The high cost of the Beaucage reagent, coupled with its instability and tendency

to form phosphodiester impurities (see Figure 2.27), prompted the investigation for

low-cost, scalable sulfur transfer reagents (see Table 2.4).

One of the most commonly used reagents is PADS, originally introduced by van

Boom and co-workers [120]. The PADS reagent is amenable to scale-up and is

extremely efficient, often producing over 99.5% efficiency per linkage. A thorough

study of the critical parameters found that the time between reagent preparation and

its use is critical. Optimal thiolations were conducted after ageing a 0.2 M solution of

PADS in a 1:1 mixture of ACN/3-picoline for 24–30 h [118].

2.4.3.2 Loss of Sulfur in Mixed PS/PO Backbones
It is common practice to enhance the nuclease stability of therapeutic oligonucleotides

by flanking a central PO backbone with several phosphorothioate linkages at both the

59- and 39-termini. Introduction of a phosphorothioate linkage at the 39-end increases

O
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O
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CEO
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O

Phosphodiester impurity

Beaucage byproduct
(reactive O-transfer)

Beaucage reagent

Figure 2.26 Proposed mechanism of sulfur transfer reaction using Beaucage reagent.

Oligonucleotide Impurities and their Origin 61

ChemGenes Exhibit 2024 - Page 61



the risk of partial oxidation of the PS linkage to its more stable PO congener through

successive oxidation steps in I2, water and pyridine.

2.4.4 Capping Step

2.4.4.1 Capping After Premature Trityl Group Loss
The oxidation reagent typically used in oligonucleotide synthesis is composed of a

0.05M iodine solution in 90% pyridine in water. In aqueous solution, however,

elemental iodine is in equilibrium with hydriodic acid, which can lead to partial

detritylation of the product. Guanosine is especially prone to detritylation (see Section

3.2.2) [151]. When the standard coupling cycle is employed (detritylation, coupling,

oxidation and capping), partial detritylation in the oxidation step exposes the free 59-

hydroxyl, which is subsequently capped. This leads to losses in the overall yield.
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Figure 2.27 Proposed mechanism for undesired oxygen transfer using Beaucage reagent.
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2.4.4.2 Modification of Guanosine
The correct order of capping and oxidation is a matter of debate as the impurities

formed may impact the quality of oligonucleotides synthesis. It was reported by Pon et

al. in 1985 [160] that modification of deoxyguanosine would take place during

synthesis with phosphoramidites, leading to poor synthesis using a couple/oxidation/

capping cycle. Chemists at Applied Biosystems reported the formation of a fluorescent

intermediate of guanosine, which was further converted to 2,6-diaminopurine nucleo-

side base during high-temperature ammonia deprotection [133]. They undertook a

systematic study of the chemical steps involved in oligonucleotide synthesis to

determine which set of conditions was responsible for the formation of low levels of

modified guanosine. They proposed that reaction of the incoming phosphoramidite

with O-6 of the support bound guanosine leads to intermediate 2 in Figure 2.28.

Capping followed by oxidation gives the stable O-6 phosphate triester 3. A

second capping operation exposes the phosphate triester to DMAP, which replaces the

59-nucleoside, giving stable, fluorescent intermediate 4 (see Figure 2.28). This inter-

mediate can be isolated when treated with ammonia at ambient temperature.

Prolonged heating in the presence of ammonia allows the concomitant removal of the

isobutyryl protecting group on guanosine and the displacement of DMAP at C-6 to

provide 2,6-diaminopurine (see Figure 2.29).

The formation of 2,6-diaminopurine was found to be reduced by nearly one third

when a couple/capping/oxidation procedure was employed rather than a couple/

oxidation/capping protocol. This phenomenon may be explained by a presumed

destruction of the O-6 guanine phosphite intermediate by acetate ion prior to oxidation

of the phosphite to its stable phosphate form [161]. The formation of 2,6-diaminopur-

ine was eliminated or suppressed, when DMAP (4-N,N-dimethylaminopyridine) in the

capping mixture was replaced by N-methylimidazole [133], irrespective of whether

capping was performed prior to oxidation or not.

2.4.4.3 Guanosine Protecting Group Exchange
A well-known transamidation pathway occurs via exchange of the isobutyryl protect-

ing group on guanosine for its acetyl equivalent [136]. Acetic anhydride, typically

used in the capping step, serves as the acetylation reagent and repeated capping steps

can result in the introduction of the acetyl group at the exocyclic 2-amino position in

guanine. The resulting acetylated guanosine is quite stable under standard deprotec-

tion conditions, leading to a series of impurities having FLP+42 Da (or integral

amounts thereof) as evidenced in the HPLC-MS spectrum. The use of isobutyryl

anhydride in the capping step will eliminate the formation of the stable acetamide

impurity.

2.4.4.4 Order of Capping
Early protocols suggested the use of a coupling/capping/oxidation cycle [162]. As was

described above, employing a capping step prior to the oxidation step was shown to

reduce the level of impurity of the modified guanosine. The argument against the

original coupling/capping/oxidation sequence was that placing the capping step after

the oxidation further reduces the level of moisture introduced from oxidation solution,

66 Analysis of Oligonucleotides and their Related Substances

ChemGenes Exhibit 2024 - Page 66



which contains 10% water. In this manner, the support could be more effectively

‘dried’ in preparation for the subsequent coupling cycle. Incorporating both of these

arguments would suggest a cycle having the following order: detritylation/coupling/

capping/oxidation/capping. In fact, Sinha et al. [144] demonstrated that adapting
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Figure 2.28 Proposed mechanism of the formation of fluorescent intermediate 4.
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capping before and after oxidation (capping/oxidation/capping) improved the quality

of synthesis of oligonucleotides using t-butylphenoxyacetyl-N-protected phosphor-

amidites. This protocol has eventually been adopted for the synthesis of many

phosphodiester oligonucleotides and particularly for long RNAs [142, 163]. Phosphor-

othioate oligonucleotides are traditionally prepared by a coupling/thiolation/capping

sequence; however, in this case no modification of guanosine has been observed.

2.4.5 C&D Step

2.4.5.1 Loss of Sulfur During C&D
Aside from incomplete sulfurisation during the thiolation step, phosphodiester contam-

ination can result from the C&D step. The standard practice of heating the crude

product in ammonia at 558C to release the product from solid support and with

simultaneous removal of the base-protecting groups is known to generate phospho-

diester contamination. Several theories have been put forward to explain this phenom-

enon. It has been suggested that the conversion of phosphorothioate to phosphodiester

backbone is catalysed by trace transition metals such as Feþ2, Niþ2 and Crþ3, which are

contaminants in ammonia and may result from reagent transfer [164]. Ammonia

solution containing 0.01M ethylenediaminetetraacetic acid (EDTA) resulted in a

reduction of the PO content. Reese and Song [165] compared the ammonia deprotection

of 0.05M solutions of d[Tp(s)T] at 508C/15 h in the following mixtures: (case 1)

ammonia with no treatment, (case 2) ammonia with 0.01M EDTA and finally, (case 3)

ammonia containing 9:1 (v/v) 2-mercaptoethanol. Analysis of each crude mixture by
31P NMR gave 0.8% and 0.4% for case 1 and case 2, respectively. The mixture

N
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Figure 2.29 Formation of 2,6-diaminopurine 5.
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containing mercaptoethanol contained no detectable PO. Turney et al. [166] compared

an electropolished stainless steel vessel with a glass container for the C&D reaction of a

phosphorothioate oligonucleotide. The PO content was identical for both containers,

showing that the PO content is independent of the material of construction. However,

the addition of stainless steel shavings led to an increase in PO content over time [166].

An alternative theory suggests that the introduction of the phosphodiester

impurity results from an effective transfer of the cyanoethyl group to sulfur followed

by a hydrolysis of the resulting phosphorylthioether in the presence of base during the

C&D step. A possible mechanism is depicted in Figure 2.30.

2.4.5.2 Incomplete Removal of Protecting Groups
Following synthesis, the crude oligonucleotide on solid support is treated with a base,

traditionally aqueous ammonia, to effect cleavage of the material from the solid

support (fast reaction) with concomitant removal of the nucleoside base protecting
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Figure 2.30 Proposed mechanism for loss of sulfur during cleavage and deprotection.
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groups (slower reaction) in a single operation. While the cleavage of crude oligo-

nucleotide from the resin generally is complete within 1 h at 558C in aqueous

ammonia, the removal of protecting groups, especially the isobutyryl protecting group

on guanosine, can be the time-limiting step, often requiring as much as 17 h at 558C

or 120 h at room temperature [92]. Moreover, the time needed to carry out the

deprotection is sequence dependent. Sequences having multiple guanosine residues,

particularly in close proximity, can be especially troublesome. The use of HPLC-MS

is used to detect the characteristic FLP+70 Da peak associated with a single guanosine

residue containing its isobutyryl protecting group. The synthesis of DNA phosphor-

othioates can be difficult, because the high temperature necessary to effect protecting

group removal may promote exchange of the phosphorothioate backbone linkage to its

phosphodiester complement. In this case, the practitioner must find a balance between

low-temperature deprotections, which minimise PS/PO exchange but may result in

incomplete deprotection, and high-temperature conditions, which are necessary for

complete deprotection but may favour PS/PO exchange.

2.4.5.3 CNET Adduct Formation
The release of the crude oligonucleotide from the solid support is typically effected by

treatment with ammonia, which results in removal of the cyanoethylphosphate

protecting groups with concomitant release of acrylonitrile. The highly reactive

acrylonitrile is known to add to the N3-position of thymidine [54] yielding an impurity

with a characteristic mass of full-length product + 53 Da. The addition of acrylonitrile

occurs preferentially to thymidine (T) as illustrated in Figure 2.31, although the

reaction has been described for dG [167], dC, dA and U.

The unambiguous structural proof of cyanoethyl addition was performed by

synthesising a (TPS)18T and treating the crude material on solid support with

ammonium hydroxide to effect succinate cleavage and base deprotection. Removal of

the 59-DMT group was accomplished by treatment with aqueous acetic acid. The

mixture was analysed by HPLC-MS and found to contain the characteristic (+53) Da

peak. The material was desulfurised and digested with SVP and alkaline phosphatase.

Confirmation of the alkylation at N-3 was obtained by HPLC co-injection of an

independently synthesised sample of the modified nucleobase. Further studies on the

stability of this adduct supported the relative stability of the akylated N-3 thymidine to

the unblocking conditions.

The short half-life of acrylonitrile in ammonia solution can be exploited by

treating the mixture with a scavenger to remove the cyanoethyl protecting groups and

trap the so-formed acrylonitrile in a single operation [168, 169]. A number of methods

have been described to curb the formation of deleterious CNET adducts using weak

bases. The first such method was described by Eritja et al. [167], where cyanoethyl-

protected oligonucleotides were treated with 40% triethylamine in pyridine for 3 h.

Other approaches were described where the oligonucleotide was treated with diethyl-

amine, tert-butylamine, morpholine or piperidine in organic solvents such as ACN,

dioxane, or THF [169, 170]. Such a so-called ‘amine wash’ treatment is routinely used

prior to releasing the oligonucleotide from the support when using concentrated

ammonia solution for C&D.
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2.4.5.4 Transamidation of Amino Functionality
A second class of transamidation impurities results from the use of amino-linkers,

typically tethered to either the 39- or 59-end of oligonucleotides as a linker for post-

synthetic conjugation of polyethylene glycol (PEG) polymers, dyes, lipids and other

small molecule conjugates and reporter groups. Such conjugates are widely employed

as fluorescent probes or to increase lipophilicity for increased biodistribution. The

linker is characterised by having a carbon chain of 3–12 carbon atoms or ethylene

glycol units separating a terminal amine from its phosphoramidite functionality. When

attachment at the 59-end is required, the linker is introduced using standard phosphor-

amidite coupling techniques. The amine is commercially available in several different

protecting group varieties, each possessing distinct advantages and disadvantages. A
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Figure 2.31 Postulated mechanism for CNET formation under base catalysis.
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trifluoroacetamide protecting group is easily removed in base; however, it does not

offer the lipophilic properties one may wish to exploit in a trityl-on purification

approach and a free amine group is reactive under basic C&D conditions. A

monomethoxytrityl (MMT) protecting group is more common and has the advantage

of providing a good lipophilic handle for a trityl-on purification strategy. The MMT

group, however, to some extent is partially lost under basic C&D conditions. The free

amine, whether due to partial loss of MMT or removal of TFA protecting group,

competes with ammonia in removing the acyl protecting group from the exocylic

amine of the bases. This leads to transfer of the acyl moiety to the amine of the alkyl

amine chain, rendering it inactive toward further manipulations (such as coupling with

PEG-NHS (N-hydroxysuccinimide) or dyes). Strömberg and co-workers [171] report

that elimination of the final capping step only marginally improves the ratio of

unwanted acetylated impurity, further supporting the idea of transamidation, rather

than direct amidation through the capping step. Hoffmann and co-workers at Noxxon

suggest that treatment of the support with an N,N-dialkylamine, such as diethylamine,

immediately following synthesis reduces the likelihood of internal transfer of acetyl to

the terminal amine [163]. The impurity, which is usually characterised by having a

slightly longer retention time than the deprotected amine in ion-pairing HPLC analy-

sis, displays a characteristic +42, +72 and +104 Da molecular weight relative to its

FLP for an acetyl, isobutyryl and benzoyl group, respectively [171]. The trifluoro-

acetamide-protected amine also suffers the same fate during ammonia-based C&D.

The acyl protecting group, which is nearest to alkylamine, is transferred most and is

the predominant impurity peak.

2.4.5.5 Transamination of Cytidine
Standard C&D protocol for oligonucleotides has traditionally been treatment with

aqueous ammonia at 558C. This general set of conditions suffers the drawback of long

reaction times and often incomplete removal of the isobutyryl protecting group on

guanosine. While the early use of DNA as polymerase chain reaction primers did not

require its complete deprotection, therapeutic use of oligonucleotides demands a

higher level of purity. Two separate strategies were employed to address the problem

of long reaction times and incomplete deprotection. Protecting groups capable of

undergoing milder deprotection conditions were developed, such as dimethylformami-

dine [143, 172, 173], phenoxyacetyl [134, 174, 175], isopropyl-phenoxyacetyl [176]

and tert-butylphenoxyacetyl [144, 177]. An alternative approach relies on the use of

more nucleophilic amines, such as hydrazine or alkylamine. A very mild deprotection

procedure using gaseous ammonia or methylamine was initially described by Kempe

[178] and further evaluated by Beaucage and co-workers [179]. However, a deprotec-

tion process relying on gaseous amines will be challenging to implement in large-scale

oligonucleotide manufacturing. Using a 50:50 mixture of aqueous methylamine and

ammonia, most oligonucleotides can be cleaved from the solid support and the base

protecting groups (including isobutyryl from guanosine) can be removed by heating

the mixture at 658C for 10 min. The drawback to the use of alkylamines is their

propensity to undergo transamination at C4 of cytidine when the benzoyl protecting

group is used, resulting into more than 10% of N4-Me-C (see Figure 2.32), which can
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be detected in the MS by an additional mass of 14 Da. Prior to MS, such modifications

were detected only through base digestion and HPLC analysis of the mixture. Reddy

et al. [180] have described the acetyl group for protection of cytidine as an alternative

which can minimise the introduction of transamination impurities. Acetyl protection

has also been extended to methylphosphonates, which are particularly susceptible to

degradation at high temperature with ammonia. In this case, complete removal of

acetyl was seen without attendant transamination by treatment at room temperature

with ethylenediamine/ethanol (1:1) for 7 h at room temperature [181].

The transamination at C4 was also reported by Guzaev and co-workers [182] as a

set of impurities associated with the cleavage of alkylphosphate tethers from CPG

support with Æ, ø-alkanediamines. Their strategy relied on the use of a spacer between

the 39-terminal nucleoside and the CPG support which would be cleaved by a diamine

for the purpose of introducing a reactive amine at the 39-terminus, as depicted in

Figure 2.33.

Cleavage promoted by the diamine only led to increased levels of transamination

at dC, whereas pre-treatment with hydrazine liberated the benzoyl protecting group on

deoxycytidine, thereby rendering it unreactive toward the diamine used. It should be

O

O

OH

HO

N

N

NHBz

O

O

OH

HO

N

N

NHAc

O

O

OH

HO

N

N

NH2

MeNH /NH2 3

MeNH /NH2 3

OH

HO

N

N

NHMe

O

O

4

4

Figure 2.32 Treatment of N-Bz protected deoxycytidine with methylamine leads to trans-

amination at C-4 (top); the use of acetyl-protected cytidine avoids transamination.

Oligonucleotide Impurities and their Origin 73

ChemGenes Exhibit 2024 - Page 73



noted that only tethers of a certain length are observed to be stable toward hydrazine

acetate.

2.4.5.6 Depurination and Resultant Strand Breakage During C&D
Depurination does not interfere with chain elongation steps; however, treatment of the

product with ammonia in the cleavage step results in fragmentation of the oligonucleo-

tide related to the acid-induced detritylation step as shown in Figure 2.34. The acetal

is in equilibrium with its open-chain aldehyde tautomer, which is extremely suscep-

tible to �-elimination in the presence of base. The elimination usually results in strand

breakage [147].

The instability of the acetal tautomer in basic conditions also presents itself in

trityl-on purification. The trityl-on purification mode, in which the 59-trityl group is

retained following the synthesis, is an attractive option for sequences in which the

FLP is particularly difficult to separate from the n � 1 and n � 2 failure sequences by

conventional anion-exchange or RP chromatographic techniques. The trityl-on mode,

which is compatible with either anion exchange or RP chromatography, requires that

the 5-trityl group be left intact at the end of the synthesis. The trityl-on crude
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oligonucleotide is loaded onto the column and the attendant failure sequences, which

are much less lipophilic, are washed away in preference to the more hydrophobic

trityl-bearing oligonucleotide. The trityl group is removed on-column by acid treat-

ment (typically acetic acid or DCA in water) and the parent oligonucleotide eluted

with a salt gradient (anion exchange) or organic gradient (RP). Degradation owing to

strand breakage often results from on-column acid treatment followed by exposure of

the so-formed acetal to high-pH purification buffers during anion exchange trityl-on

purification.

2.4.5.7 Strand Breakage via H-Phosphonate
Still another mechanism for strand breakage impurities may be analogous to the

formation of the C-DMT phosphate ester due to incomplete oxidation or thiolation

(see earlier). The failed sulfurisation/oxidation of the phosphite triester (shown in

Figure 2.35), will undergo capping and ultimately be exposed to the subsequent

detritylation reaction, where the phosphorus centre will undergo protonation by the

DCA solution. The resultant H-phosphonate will continue to undergo chain elonga-

tion; however, the H-phosphonate will be degraded in the presence of ammonium

hydroxide at high temperature during the C&D reaction, resulting in what would

appear as coupling failure sequences.
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2.4.5.8 Deamination
Deamination describes the replacement of the exocyclic amine moiety N6 on adenine

or N4 cytidine with carbonyl functionality. The reaction is known to take place under

physiological conditions and is catalysed by a class of enzymes termed deaminases

[183, 184]. The principal catalyst for non-enzymatic deamination is the hydroxide ion

and the reaction is accelerated by heat and base. In an attempt to determine the rate

constant for the non-enzymatically catalysed reaction, Wolfenden [185] studied the

deamination of adenine and cytidine under a variety of conditions. Table 2.5

summarises commonly encountered deaminated products and references to the

original work. The product of deamination of adenine under these forcing conditions

is inosine (entry 1) along with detectable amounts of adenine and hypoxanthine (entry

2). Under the same conditions, or in the presence of mercaptoethanol, cytidine is

deaminated to urindine (entry 3). The heat-induced deamination of 5-methyl-deoxycy-

tidine, deoxycytidine and N4-methyldeoxycytidine at physiological pH between 70

and 1058C was investigated by Ehrlich et al. [186] (entries 4, 5). They report that the
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order of deamination proceeds: Me5-dC � dC . N4-dC. Adventitious deamination

may be introduced by the C&D reaction, which is typically done under basic

conditions at high temperature [186, 187].

2.5 Chemistry-Specific Impurities

2.5.1 Tert-butyldimethylsilyl-RNA

The most commonly used protecting group for the 29-hydroxyl group in the

synthesis of RNA oligonucleotides remains the tert-butyldimethylsilyl (TBDMS)

group [188–191]. The TBDMS group is compatible with standard phosphoramidite

chemistry and is orthogonal to the base-labile nucleoside protecting groups. The

standard procedure for RNA is: step 1: synthesis; step 2: release of oligonucleotide

from support with concomitant removal of base-protecting groups (ammonia or

methylamine-ammonia treatment); step 3: removal of tert-butyldimethylsilyl group

using fluoride ions to liberate the 29-hydroxyl group. Fluoride salts, such as

tetrabutylammonium fluoride [191], TEA-HF [192–194] or pyridinium hydrogen

fluoride [195, 196] are used to this end. Failure to completely remove the protecting

groups will result in the appearance of late-eluting impurities in the RP HPLC.

Each residual TBDMS group will add an integral value of 114 Da to the target

oligonucleotide.

Careful control of the pH and temperature during 29-hydroxyl deprotection

of RNA is critically important. ‘One-pot’ deprotection protocols are common

[197–199] and can be described as a process in which the base protecting

groups are removed by treatment with methylamine, ammonia or a mixture of

them, before direct addition of a desilylation reagent to the basic mixture at low

temperature. Thus, two orthogonal protecting groups are removed in a single

operation without isolation of intermediates. Ideally, the excess amine base will

be neutralised by the acidic desilylation reagent (fast reaction) before the 29-

hydroxyl groups are liberated (slow reaction). If the 29-hydroxyl group is

exposed before the pH is neutralised, strand breakage is likely to occur, resulting

in the formation of cyclic phosphates and 39-truncated sequences, as shown in

Figure 2.36 [147, 200].

2.5.2 29-39-Isomerisation of RNA

As early as the early 1950s, it was discovered that the alkaline hydrolysis of RNA

yielded each mononucleotide as a pair of isomers. The pioneering work of Carter

[201] and Cohn [202] in separation of these isomers by paper and anion exchange

chromatography, respectively, was instrumental in the elucidation of the connectiv-

ity of the phosphate linkage. The structure of the adenyl isomers was shown to be

identical with the product of phosphorylation of the 59-DMT nucleoside [203].

Having narrowed the phosphate linkage to either the 29-hydroxyl or the 39-

hydroxyl, Todd and Brown ultimately (and correctly) concluded that the natural
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linkage is through the 39-hydroxyl because it was the 39-isomer which proved to

be a metabolite for pancreatic ribonuclease [204]. Conversion of the isomers

could be effected under acidic conditions, but not under basic catalysis. Under

basic conditions, attack of the 29-hydroxyl onto the neighbouring phosphate

through a penta coordinated oxyphosphorane transition state results in loss of the

39-terminal nucleoside to generate a cyclic phosphate intermediate (Figure 2.36)

[200].

Attack of the cyclic phosphate by water or base yields the regioisomeric mixture

of 29- and 39-phosphates described by Cohn and Carter (see Figure 2.37).

Acidic conditions favour the 39- to 29-isomerisation of RNA relative to intra-

strand cleavage through the cyclic phosphate. A detailed treatment of the mechanism

and kinetics of the cleavage and isomerisation of the phosphate bond has been

published by Lönnberg and co-workers [200]. The basic mechanism is depicted in

Figure 2.38.
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2.5.3 Depyrimidation of Cytidine and Uridine

The amine-based deprotection protocol used to remove the base protecting groups can

cause depryrimidation in cytidine and uridine (see Figure 2.39). The phenomenon is

generally associated with methylamine-based deprotection conditions, although exam-

ples of these degradation products are also known to arise from ammonia treatment.

The extent of degradation and relative distribution of the products is dependent on the

sequence and deprotection conditions.
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Figure 2.37 Base-catalysed hydrolysis of the cyclic phosphate.
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A proposed mechanism for depyrimidation of uridine is shown in Figure 2.40

[205]. In aqueous methylamine or mixtures of methylamine and ammonia, Michael

addition of methylamine at the �-unsaturated position gives the corresponding enolate,

which collapses to fragment the pyrimidine ring. Transamidation of newly formed

Æ,�-unsaturated amide releases the nucleosidic urea, corresponding to a mass of

52 Da less than the parent peak. Further attack of methylamine at the urea is assumed

to release the Æ-amino furan, accounting for a mass difference of 94 Da.

2.5.4 29-Fluoro Modifications

There is a growing interest in the use of 29-F modification [206, 207] and that has been

demonstrated with the US Food and Drug Administration (FDA) approval of aptamer

Macugen (R) (chimeric oligonucleotides containing 29-F-nucleosides). Pallan and co-

workers [206, 207] have also utilised 29-F motif nucleosides, particularly in siRNA

oligonucleotides, because of the enhanced nuclease resistance and binding stability

associated with this feature. The dominant effect of the 29-F results from locking the

sugar in the C39-endo conformation and thus leading to increased target affinity [208].

However, the lability of the 29-F modification must be taken into consideration when

working with mixed sequences consisting of RNA and 29-F RNA. The 29-F modifica-

tion is subject to depyrimidation (especially with methylamine or ammonia/methyl-

amine deprotection) and elimination and hydrolysis as shown in Figures 2.41 and 2.42

respectively. In the case of 29-F-uridine, shown in Figure 2.41, a postulated mechanism

begins with abstraction of the 29-�-oriented proton with concomitant loss of the

nucleoside base. Proton re-capture at the 29-position occurs through assistance of the

anomeric oxygen. The resultant positive charge is quenched by addition of water at
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the anomeric centre to give a hemiacetal having a net loss of 94 Da relative to the

starting material.

The result is replacement of the 29-fluorine with a hydroxyl group with the

inversion of stereochemistry at the 29-position. While elimination through anchio-

meric assistance is possible in both 29-F-2-deoxycytidine and 29-F-2-deoxyurinidine,

the rate of hydrolysis of cytidine is approximately 29 times that of uridine. The

reaction proceeds under thermal and basic conditions [147, 209–211]. These side
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Figure 2.41 Postulated mechanism for depyrimidation of 29-F-uridine.
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reactions resulting from methylamine or methylamine/ammonium hydroxide-based

C&D can often be minimised by using ethanolic ammonia solution (7M) for C&D.

2.5.5 Locked Nucleic Acids (LNAs)/Bicyclic Nucleic Acids
(BNAs)

BNA [212, 213] and LNA [214, 215] are conformationally restricted synthetic nucleo-

sides where the 29-hydroxy group and 49-carbon atom of the ribose ring are connected

with a methylene bridge. Incorporation of a methylene bridge in ribose creates an

additional five-member ring, which generates a constrained bicyclic structure with
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Figure 2.42 Proposed mechanism for elimination of 29-F moiety.
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ideal conformation for an A-type duplex. Additionally, limited substitution of standard

nucleosides in oligonucleotides with LNA/BNA provides better metabolic stability

and higher binding affinity to its target. Owing to higher binding affinity, shorter

sequences can be used in therapeutic investigation compared to standard oligonucleo-

tides. Presently three oligonucleotides containing LNA/BNA modification are under-

going clinical trials.

Large-scale syntheses of LNA-phosphoramidites are currently performed by

commercial manufacturers. The impurities present in LNA-phosphoramidite are very

similar to standard phosphoramides (as described in Section 2.2.1). The quality of

LNA-monomers (modified nucleosides) is controlled by 1H NMR and HPLC.

2.6 Table of Impurities and Average Masses

The previous sections provided a survey of potential impurities found in oligonucleo-

tides with origins in the raw materials and reagents and the process synthetic process.

Especially in the case of chemistry-specific impurities, knowledge of the process is an

essential part of understanding and controlling impurity formation. Table 2.6 displays

a number of commonly encountered oligonucleotide impurities found in the MS

spectra. The table is meant to be used by the MS practitioner to identify impurities

based on potential chemical modifications at specific locations in the molecule.

2.7 Summary

Synthetic oligonucleotides have been explored for therapeutic and diagnostic purposes

for more than two decades. These affords have presently culminated in FDA approving

two drug products. Many oligonucleotides (ca. 100) are currently undergoing clinical

trials and are at various stages of investigation. The drug development requires, apart

from successful clinical trials, understanding of the quality of drug substance/drug

product and proper characterisation of any impurities it may contain. In this chapter,

an attempt has been made to describe the potential sources and measures that can be

taken to control these impurities. In solid-phase oligonucleotide synthesis, based on

phosphoramidite chemistry, sources of impurities have been subdivided into three

categories: building block related (nucleoside-phosphoramidites), synthesis reagent

related (solid supports and ancillary reagents) and process related (side reactions

during synthesis).

The structures of nucleoside-phosphoramidite related impurities have been

provided for clear understanding. Of the three types of impurities present in nucleo-

side-phosphoramidite, only reactive and critical components are incorporated in

oligonucleotides synthesis and contribute to impurities in the drug substance. The

nature of these potential impurities has been elucidated as far as possible. Impurities

in synthesis reagents including various solid supports have been described. Potential

impurities generated in the oligonucleotide due to impurities found in reagents and
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Table 2.6 Average and monoisotopic mass differences relative to the full-length product for

common impurities.

Problem Affected locations Mass difference (ave)

+PS (phosphothioate) Backbone +96.05

+PO (phosphate) Backbone +79.98

PS–PO conversion Backbone �16.07

Depurination A base �117.12

Depurination A base �135.13

Depurination G base �133.11

Depurination G base �151.13

Deamination C, A, G bases �0.98

Reaction with methylamine C base +14.03

+Acetyl G base or amino linker +42.04

+�-N-MAM Unknown +85.10

+Cyanoethyl Heterocyclic bases,

predominantly T

+53.06

+Isobutyryl G base +70.08

+Chloral Backbone +147.39

+Tert-butyl dimethylsilyl rA, rG, rC, U +114.26

+Benzoyl A base +104.11

Modified C C base +80.08

+DMT 59O in all nucleosides +302.37

Depyrimidation U base �52.03

Depyrimidation U base �94.07

-dA (PO) A �313.21

-dG (PO) G �329.21

-dC (PO) C �289.18

-dT (PO) T �304.19

-rA (PO) rA �329.21

-rG (PO) rG �345.21

-rC (PO) rC �305.18

-U (PO) U �306.17

-29O-Me-rA (PO) 29O-Me-rA �343.23

-29O-Me-rG (PO) 29O-Me-rG �359.23

-29O-Me-rC (PO) 29O-Me-rC �319.21

-29O-Me-U (PO) 29O-Me-rU �320.19

-29F 2-F9 in all nucleosides �20.00

-29F-dA (PO) 29O-Me-dA �331.20

-29F-dG (PO) 29O-Me-dG �347.20

-29F-dC(PO) 29O-Me-dC �307.17

-29F-dU (PO) 29O-Me-dU �308.16

-LNA-A (PO) LNA-A �341.22

-LNA-G (PO) LNA-G �357.22

-LNA-C (PO) LNA-C �317.19

-LNA-U (PO) LNA-U �318.18
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solid supports have been illustrated and means to alleviate and control these impurities

have been suggested.

Oligonucleotide impurities originating from the synthesis process (detritylation,

coupling, capping, oxidation or sulfurisation, release of the oligonucleotide from the

support and removal of protecting groups) have been explained and possible mechan-

isms to their formation have been provided.

Finally, commonly observed impurities present in oligonucleotides drug sub-

stance have been presented in a tabular form as a general reference.

2.8 Outlook

In the past two decades, concurrent to oligonucleotide-based therapeutic investiga-

tions, significant developments have been made in the analysis of oligonucleotides.

Analytical techniques such as strong anion exchange HPLC, matrix-assisted light

desorption ionisation–time of flight (MALDI-TOF) MS, IP-RP HPLC, HPLC-MS and

MS/MS have been instrumental in identifying and characterising various impurities.

Impurities detected and indentified in nucleoside-phosphoramidites and synthesis

reagents provide a means for controlling the quality of oligonucleotides. Similarly,

post-synthesis analysis and in-process control during synthesis and purification of

oligonucleotides further allow minimisation of impurities, thereby building confidence

in the quality of oligonucleotides drugs. It is expected that these tools will be further

utilised for maintaining the highest possible quality of therapeutic oligonucleotides in

the future.
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Separation of Oligonucleotides and
Related Substances 3

Bernhard Noll and Ingo Roehl

3.1 Introduction

As oligonucleotides steadily gain importance in diagnostic and therapeutic applica-

tions, analytical techniques to analyse and control these molecules are becoming more

powerful and versatile. Compared to most other synthetically manufactured molecules,

oligonucleotides are large and complex entities with the propensity to participate in

intra- and intermolecular interactions, which can lead to stable secondary and tertiary

structures that may affect analysis.

The analytical methods described in this chapter cover a wide range of chemi-

cally modified single- and double-stranded deoxyribonucleic acid (DNA) and ribo-

nucleic acid (RNA) molecules. Before introducing the general principles of

chromatographic separation, a brief overview is given on physico-chemical properties

of oligonucleotides that are relevant in the context of separation, as well as some basic

information on the detection techniques and factors influencing the extinction coeffi-

cient. Other techniques used to determine the quality of an oligonucleotide, such as

the determination of water content and salt content, are outside the scope of this

chapter and are not described here.

This chapter is intended to give an overview of the most common chromato-

graphic techniques that involve separation of the main product from impurities,

namely anion exchange (AEX), ion pairing-reversed phase (IP-RP) and size related

exclusion chromatography (SEC). For AEX and IP-RP, denaturing as well as non-

denaturing methods are described. The former involve conditions intended to prevent

non-covalent interactions, the latter are employed to characterise the molecules with

possible non-covalent interactions intact. Before the different applications are de-

scribed in detail, an introduction into the theoretical background of each of the
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separation principles is given and the impact of chromatographic parameters on

separation is discussed. For every chromatographic technique, several examples and

applications for a wide variety of oligonucleotides are provided.

Finally, a brief outlook into future trends in oligonucleotide analysis is given.

Ultra-high-performance liquid chromatography (UPLC) technique is discussed and

the combination of chromatographic techniques with mass spectrometric detection

(liquid chromatography–mass spectrometry (LC-MS)) will be described. Table 3.1

gives a very general overview of a range of different chromatographic separation

techniques, including their advantages and drawbacks. However, it has to be noted that

every oligonucleotide analyte is a distinct entity with unique properties and may

require a certain amount of method development to achieve the desired solution for a

given separation task.

A general approach to identify the most important techniques and methods to

characterise the analyte should start by investigating the individual properties of the

molecule. For example, solubility tests, MS, ultraviolet (UV) spectroscopy and Tm
analysis could be employed. It is also useful to perform initial chromatographic

analysis using published methods. Ideally, a set of expected impurities could be

synthesised and spiked to solutions of the analyte. The obtained samples can then

be used to determine selectivity of the employed chromatographic techniques with

Table 3.1 Overview of separation techniques.

Separation method

(denaturing)

Try first for separations

of:

Pros and cons Comments

AEX PO impurities

impurities of different

charge

High capacity,

scalable to

preparative scale

Elution order often

dependent on base

composition

IP-RP Impurities containing

(lipophilic) modifications

Shortmers

Longmers

Very high

resolution possible

Compatible with ESI-

MS

Separation method

(non-denaturing)

Try first for separations

of:

Pros and cons Comments

AEX Multimers, duplexes and

monomers

High capacity,

scalable to

preparative scale

Elution order primarily

dependent on charge

(neutral pH)

IP-RP Duplexes and monomers,

duplex variants

Very high

resolution possible

Compatible with

ESI-MS

SEC Multimers, duplexes and

monomers

Unstructured monomers

from hairpin structures

Physiological

buffer conditions

possible, low

capacity

Elution according to

hydrodynamic size
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regard to the analyte and its impurities. In cases where the analyte is capable of

forming secondary or tertiary structures, initial analysis could be performed to test

the impact of the respective chromatographic media on the stability of the possible

structures. A well-chosen set of initial experiments determining the characteristics

of the analyte will facilitate method development and give important information on

sample preparation.

3.2 Chromatographic Analysis of Oligonucleotides

3.2.1 Physico-chemical Properties of Nucleic Acids

Oligonucleotides are linear molecules built from smaller units/building blocks, the so-

called nucleotides. If not indicated otherwise, the term oligonucleotides as used in this

chapter will refer to molecules containing either one or both of the most common

species of nucleotides, namely RNA and DNA. In an oligonucleotide, the individual

nucleotides are linked via phosphate moieties that connect the 39 and 59 oxygen atoms

of the ribose sugars. Sugar moieties and phosphate groups form the ‘backbone’ of the

oligomer, the linear succession of the individual bases of the nucleotide forms the base

sequence (see Chapter 1). The backbone is highly charged and hydrophilic. Con-

versely, the nitrogenous bases attached to C-1 of the sugar moieties are relatively

hydrophobic and can participate in �-bond interactions (base stacking). A very good

and detailed review of the structures, properties and functions of nucleic acids is

available from University Science Books [1].

Oligonucleotides can be present in single-stranded (unpaired) form or, in the case

of complementary base sequences, in double-stranded (or duplex) form. In the duplex

form, strand association is mediated non-covalently by the formation of hydrogen

bonds between the complementary purine and pyrimidine bases of two strands (base-

pairing) and stacking interactions between the �-electron systems of the heterocyclic

bases. The resulting three-dimensional helical structure is commonly referred to as the

‘Watson–Crick double-helix’, which was first published by James D. Watson and

Francis Crick in 1953 [2] (Figure 3.1, see colour insert).

Single-stranded and duplex oligonucleotides differ significantly in their ability to

interact with the surfaces of typical liquid chromatography columns. In general terms,

a single strand may be considered a more flexible structure, where the hydrophilic and

ionic sugar–phosphate backbone linkages may be free to rotate, allowing ionic

interactions with stationary phase surfaces. At the same time, the �–electron systems

of the bases may be accessible for hydrophobic interactions.

Compared to a single strand, a helical double strand is considered more rigid and

rod-like in shape. The charged phosphates are positioned at the outside of the

Watson–Crick helix, while the heterocyclic bases, connected via hydrogen bonds,

form the hydrophobic core and may not be readily accessible for interactions with

external surfaces. As a result, the freedom of the hydrophobic bases to interact with

external surfaces is severely constrained in the double strand (Figure 3.1).
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3.2.1.1 pH Effects
The pH of the surrounding medium can have a considerable influence on the charge

state of the oligonucleotide in solution. At neutral or moderately basic pH values, the

naturally occurring unmodified phosphate groups (and most common synthetic

analogues) carry one negative charge per phosphate group, resulting in an overall

negatively charged molecule. At pH values above approximately 10.5 the imino-proton

at the guanine and thymine bases can dissociate, whereas at pH values below 6.5 the

N3 nitrogen of the cytosine base and at approximately pH 4.5 the N1 nitrogen of the

adenine can be protonated. These events lead to addition or loss of charges on the

molecule and therefore may affect separation (Figure 3.2). However, in the pH range

of approximately 7–10, the charge-to-size ratio is virtually constant for all single-

stranded and double-stranded oligonucleotides, since it depends solely on the number

of charges of the phosphate linkages in the backbone (see Figure 3.3).

In addition to its effect on molecule charge, the pH of the medium can have an

influence on the stability of the oligonucleotide. RNA can degrade at pH values above

8. However, pH-induced RNA degradation is a slow process and usually does not

occur in the time required for sample preparation or chromatographic separation.

Several denaturing AEX methods have been described that use mobile phases at pH

11 where no degradation of the analytes has been observed throughout the chromato-

graphic run [3, 4]. On the lower end of the pH scale, depurination becomes likely,

especially for DNA at pH of 6 and below. Since depurination leads to strand scission,
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Figure 3.2 Change of charge state of nuclear bases guanine (above) and thymine (below)

depending on pH environment.
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pH values below 6.5 are not recommended for the analysis of DNA or related

oligonucleotides.

3.2.1.2 Chemical Modifications
Chemically modifying naturally occurring DNA or RNA can have a significant impact

on the chromatographic properties of oligonucleotides. Chemical modifications are

essential for improving the performance of synthetic nucleotides in therapeutic

applications [5, 6]. For example, improvements in the pharmacological properties of

these molecules are mainly due to increasing resistance to serum nucleases and/or

affinity to the target molecule [7]. Virtually all therapeutic oligonucleotides in

development contain some non-natural nucleotides [7]. Moreover, chemical modifica-

tions have enabled the rational design of antisense and antigen therapies [8, 9]

facilitated the selection and development of aptamers [10], as well as improved the

activity of small interfering duplex RNA (siRNA) as research tools and therapeutics.

Modifications of the sugar phosphate backbone, in particular, are very common in

synthetic oligonucleotides [7]. One of the most common chemical sugar modifications

is the replacement of the 29OH of the ribose moiety by a different chemical group,

such as 29-O-methyl, 29-deoxy-29-fluoro or 29-deoxy. Another important effect of

chemical modification is the stabilisation of secondary structures or Watson–Crick

helixes. While phosphorothioate modifications typically reduce melting temperature

(Tm) of an oligonucleotide duplex (˜Tm ¼ �0.78C per introduced modification),

29MOE, and 29F increase the Tm (˜Tm ¼ +1.48C and +2.78C per introduced modifica-

tion, respectively) [11] (see Chapter 6 for more details). The strongest increase in Tm
has been reported for sterically constrained sugar moieties like locked-nucleic acids

Thymine

Guanine

Cytosine

Adenine

O

O O

O O

O

�O
O O

O

�O
O O

O

�O
O O

O

O

H C3

NH

NHN

N

N
N

N

N

N
N

N

N

NH2

H N2

H N2

P

P

R

R

X

X

X

P

R

R

Figure 3.3 Chemical structure of DNA.

Separation of Oligonucleotides and Related Substances 105

ChemGenes Exhibit 2024 - Page 105



(LNAs) or ethylene-bridged nucleic acids (˜Tm ¼ +1–88C against DNA and

˜Tm ¼ +2–108C against RNA per introduced modification) [12]. Stability of the

duplex in solution can have a significant impact on the separation strategy, for example

if complete dissociation of a double-stranded structure is desired (for an example see

Section 3.5.2.1).

Phosphorothioate oligonucleotides differ from unmodified oligonucleotides by at

least one substitution of non-bridging oxygen (PO) to sulfur (PS) along the phosphate

backbone. Phosphorothioate oligonucleotides have been shown to be very stable in

media, cells and cell extracts, serum various tissues, serum, urine, and in the presence

of most nucleases [13]. Oligonucleotides containing a high percentage of PS linkages

show increased protein binding [14]. Presence of PS linkages in an oligonucleotide

has a direct impact on chromatographic separation. The lipophilic character of the

sulfur atom results in a higher binding affinity of PS oligonucleotides to many

stationary phases. Compared to PO, the sulfur analogues are more strongly retained,

especially on the AEX resins, resulting in very good separations of fully and partially

thioated oligonucleotides (for an example see Section 3.4.2.5).

In addition to changing the lipophilic character of the oligonucleotide, the

substitution of the oxygen results in the formation of a chiral centre at the phosphate

linkage. For an oligonucleotide with n PS linkages, there can be 2n stereoisomers.

Every stereoisomer is a distinct chemical entity, which may show small differences in

retention times compared to other phosphorothioate stereoisomers. This results in

peak broadening during chromatographic separation, which may complicate analysis

[15]. Whereas baseline resolution of phosphodiester oligonucleotides (10- to 30-mer)

is usually easily accomplished, phosphorothioate oligonucleotides may be more

difficult to separate.

Taken together, the retention time of the single strands as well as the double

strand in chromatographic separations may be influenced not only by length and base

sequence, but also by the modification patterns of the individual strands. Chromato-

graphic separations of molecules of the same length and base sequence, but with

different modification patterns, may still require adjustment of the chromatographic

conditions. The chromatographer is advised to review carefully not only the sequence,

but also the modification pattern of an oligonucleotide, when planning a separation

strategy.

3.2.2 Detection Techniques

Depending on the application and the properties of the analyte, different detectors or a

combination of detectors can be used. The most widely used mode of chromatographic

detection for nucleic acids is UV absorption. Depending on the type of the employed

detector, UV detection can be performed at more than one wavelength simultaneously

and/or can be combined with other detection techniques. Conductivity detectors are

commonly used in combination with other detectors, especially for gel filtration or

SEC, to monitor the separation efficiency of nucleic acids from salt or other ionic

buffer components.
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3.2.2.1 UV Detection
UV detection is usually the detection method of choice for nucleic acids. This is

because of the specific absorption characteristics of the heterocyclic bases of the

nucleic acids. The purine and pyrimidine bases of the oligonucleotides have a strong

UV absorption (� , 2 3 105/M per cm for a 20-mer oligonucleotide) between 255

and 265 nm. The absorption maximum depends on the specific sequence of the

nucleic acid, but for reasons of simplicity, UV detection is often performed at

260 nm.

The basis for concentration determination by UV measurement is the linear

relationship of analyte concentration to the extent of absorption. This relationship is

described by Beer’s law [16] in equation (3.1).

A ¼ � � l � c (3:1)

where A is absorbance; � is the molar absorptivity or extinction coefficient; l is the path

length of the sample (i.e. the path length of the cuvette in which the sample is

contained); and c is the concentration of the compound in solution, expressed in mol/L.

When a sample of nucleic acids is analysed, it is important to establish whether

other components present in the sample are absorbing UV light and thus may interfere

with the concentration determination of the main analyte. Other biopolymers like

proteins and peptides also absorb at 260 nm owing mainly to the aromatic amino acid

residues. However, the absorption maximum of the peptide bond lies at longer

wavelength (280 nm). Comparing the absorbance of certain eluent peaks at two or

more wavelengths can therefore give important supplementary information on the

purity of a sample or the identity of the individual peaks in a chromatographic

separation. Hence, using a wavelength detector that is capable of measuring at more

than one wavelength (e.g. diode array detector) can be beneficial, especially when the

sample contains components other than the nucleic acid.

3.2.2.2 Hyper/Hypochromicity
An important feature of the absorption characteristics of nucleic acids is an effect

called hypochromicity. As described by Beer’s law (above), the concentration is related

to the extent of UVabsorption, and the calculation for specific analytes depends on the

extinction coefficient, which is compound-specific. In the case of oligonucleotides, the

extinction coefficient depends on base sequence, although the variations occur in a

relatively limited range. A theoretical model for the calculation of the extinction

coefficient of specific base sequences (so-called ‘nearest-neighbour model’) is com-

monly used to determine extinction coefficients (�) of single-stranded oligonucleotides
[17], in particular when limited amounts of dried material are available for experi-

mental determination of �. However, the nearest-neighbour model for calculation of �
applies only to single-stranded, unstructured oligonucleotides. The formation of

secondary structures, namely Watson–Crick double helices, significantly impacts the

absorption characteristics of the molecule, since the UV absorption of a nucleic acid

solution decreases when two complementary single strands form a duplex. This

decrease of absorbance (optical density) is called hypochromicity. When the opposite
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occurs and the absorbance is increased, the phenomenon is called hyperchromicity. A

consequence of this effect is that UV absorption of hybridised double strands can be

much lower than the absorption of single strands of the same concentration, and vice

versa. Hence, in practice, the extinction coefficient of a double strand is typically not

the sum of the two � of both complementary single strands, but may be significantly

lower (for an example see Figure 3.4 and Table 3.2). Whereas for single strands, a

good approximation of � is possible using nearest-neighbour calculations, this is not

possible in the case of double-stranded oligonucleotides. Extinction coefficients of

double strands are usually determined experimentally by accurately weighing solid

double-stranded oligonucleotide, correcting for water and salt, dissolving in aqueous

solution and measuring UVabsorption of the resulting solution.
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Figure 3.4 Dissociation and association of two complementary single strands. Low salt

concentrations as well as low strand concentrations favour dissociation of the duplex. High

salt concentrations and high strand concentrations favour the formation of the duplex.

Table 3.2 Extinction coefficients of a siRNA molecule determined experimentally by UV-

spectroscopy in different media and different laboratories. The change in UV absorbance at

260 nm could be greater than 30% when comparing measurements in water and in PBS.

Extinction coefficient

(L/mol.per cm)

determined in water

(CRO)

Extinction coefficient

(L/mol.per cm)

determined in water

(client)

Extinction coefficient

(L/mol.per cm)

determined in 1 3
PBS (client)

siRNA-Luc 389 000 365 000 294 900

132% 124% 100%
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For the estimation of the extent of duplex formation, it has to be recognised that

stability of the double strand depends not only on the base sequence, but is also

strongly dependent on the medium (i.e. cation concentration) and the concentration of

the strands [18–21]. Generally, two perfectly complementary nucleic acid strands bind

to each other readily in aqueous solution. In the case of short nucleic acids such as

siRNA, hybridisation proceeds very rapidly. Stability of the duplex in solution is

determined by the extent of non-covalent, sequence-specific interactions between the

two complementary strands. Cations in the solution increase duplex stability by

partially neutralising the negative charges at the phosphate groups of the backbone.

Duplex stability also increases with strand concentration, which can be attributed to

the second-order kinetics of the hybridisation reaction. Duplex formation at higher

concentrations is favoured more strongly in solutions where the duplex is not further

stabilised by the presence of salt. This has important implications for the measurement

of duplex concentrations by UV absorption. In salt-free solutions at concentrations

typically used for UV spectroscopic measurements, a given duplex can be partially

dissociated. Owing to the different extinction coefficients of double strand and single

strands, unaccounted dissociation can result in significant variations in the UV read-

out. This has to be taken into account when determining siRNA concentration in

water. For example, a 4 �M siRNA sample may show a Tm of 328C in water but a Tm of

818C in 1 3 phosphate buffered saline (PBS). The same siRNA can display a Tm of

678C in water, when concentration is 500 �M (see Table 3.3), demonstrating that

stable duplex formation can be achieved at ambient temperature in solutions of siRNA

that do not contain salt, provided the respective siRNA concentration is sufficiently

high [22].

Table 3.3 Tm of two siRNAs of different sequence and modification pattern (siRNA-1 and

siRNA-2). Tm of 4 �M solutions in water or 150 mM sodium chloride were measured using

thermal UV-spectrometry at a wavelength of 260 nm. Tm values of all other solutions were

determined using differential scanning calorimetry. (Source: Modified from Analyt. Biochem.,

414, 1, Seiffert, S., Debelak, H., Hadwiger, P., Jahn-Hofmann, K., Röhl, I., Vornlocher, H.P.,

Noll, B., Characterization of side reactions during the annealing of small interfering RNAs,

47–57, Copyright (2011), with permission from Elsevier.)

Tm (8C) siRNA-1 siRNA-2

Water NaCl Water NaCl

4 �M 31.8 80.6 40.1 84.1

20 �M 43.1 82.5 50.7 85.5

100 �M 52.2 84.2 59.3 87.7

500 �M 67.1 86.9 75.3 90.6
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3.3 General Principles of Chromatographic Separation

3.3.1 Basic Calculations

3.3.1.1 Resolution
The result of a chromatographic separation is often expressed as the resolution (Rs)

between the peaks of interest. Resolution is defined as the distance between peak

maxima compared with the average width of the two peaks. Resolution can be

calculated from chromatograms using equation (3.2).

Rs ¼ 2 VR2–VR1ð Þ= wb1 þ wb2ð Þ (3:2)

where VR1 is the elution volume for peak 1, VR2 is the elution volume for peak 2, wb1 is

the peak width of peak 1 and wb2 is the peak width of peak 2. Depending on

calculation method, peak width can be taken at the base or the half height of the peaks.

For baseline resolution Rs has to be greater than 1.5. Note that a single, well-resolved

peak is not necessarily a pure substance, but may represent a series of components

which could not be separated under the chosen elution conditions.

The resolution achievable in a system is proportional to the product of the

selectivity, the efficiency and the capacity of the system, the three most important

parameters to control column chromatography. The relation of these parameters can

be described by equation (3.3).

Rs ¼ selectivity � efficiency � capacity ¼ 14 � Æ� 1ð Þ=Æ � p
Nð Þ � k= 1þ kð Þ (3:3)

where Æ is the selectivity, N is the column efficiency or number of theoretical plates

per meter chromatography bed and k is the capacity factor. The equation implies that

to obtain high resolution, the three terms selectivity, efficiency and capacity must be

maximised. However, an increase in N (efficiency or number of theoretical plates) by

lengthening the column leads to an increase in retention time and increased band

broadening – which may not be desirable. Instead, to increase the number of plates,

the height equivalent to a theoretical plate can be reduced by reducing the size of the

stationary phase particles.

3.3.1.2 Selectivity
The selectivity (Æ) defines the ability of the system to separate peaks. The selectivity

factor can be calculated using the distance between two peaks in a chromatogram

(equation (3.4))

Æ ¼ k2=k1 ¼ VR2–V 0ð Þ= VR1–V 0ð Þ ¼ VR2=VR1 (3:4)

where V0 is the void volume, VR1 is the elution volume for peak 1 and VR2 is the elution

volume for peak 2. Given that peak 1 elutes earlier than peak 2, the selectivity factor

is always greater than 1. Good selectivity is a more important factor than high

efficiency in determining resolution and depends not only on the nature and number of

the functional groups on the matrix (composition of stationary phase), but also on the
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experimental conditions, such as mobile phase composition (e.g. pH, ionic strength),

column temperature and elution conditions.

3.3.1.3 Capacity Factor
The capacity or retention factor k is a measure of the retention of a component and

should not be confused with loading capacity (mg sample/mL) or ionic capacity

(mmol/mL). The capacity factor can be calculated for each individual peak of a

chromatogram using equation (3.5)

k ¼ VR1–V t=V t (3:5)

where VR1 is the elution volume for peak 1 and Vt is the total (elution) volume. When

an analyte’s retention factor is less than 1, elution is so fast that accurate determination

of the retention time is very difficult. High retention factors (greater than 20) mean

that elution takes a very long time. Ideally, the retention factor for an analyte should

be between 1 and 5. By controlling the capacity factor, k, separations can be greatly

improved. In liquid chromatography this is usually achieved by modifying the mobile

phase.

3.3.1.4 Column Efficiency (Plate Number)
Column efficiency is the ability to elute narrow, symmetrical peaks from a packed bed

and relates to the zone broadening which occurs when an analyte moves through the

stationary phase. Column efficiency is frequently expressed as the number of theor-

etical plates per metre of the chromatography bed (N) or as H (height equivalent to a

theoretical plate (HETP)), which is the bed length (L) divided by the plate number

(equation (3.6))

HETP ¼ L=N (3:6)

where L is the length of the column (height of packed bed) and N is the plate number.

The plate model postulates that the chromatographic column contains a large number

of separate layers, called theoretical plates. Separate equilibrations of the sample

components between the stationary and mobile phase occur in these ‘plates’. During

chromatography, the analytes move down the column by transfer of equilibrated

mobile phase from one plate to the next. However, it is important to remember that the

plates do not really exist; they are simply a theoretical model that helps to illustrate

the processes at work and serve as a measure of column efficiency.

Column efficiency can be calculated from peak width and peak elution volume

using equation (3.7)

N ¼ 5:543 VR=whð Þ2 (3:7)

where VR is the volume eluted from the start of sample application to the peak

maximum and wh is the width of the recorded peak at half of the peak height.

Measurements of VR and wh can be made in distance (mm) or volume (ml) but both

parameters must be expressed in the same unit. The equation also implies that columns

behave as if they have different numbers of plates for different solutes in a mixture.
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To obtain optimal separations, band broadening during separations must be

limited. Narrow, symmetrical chromatographic peaks result in the highest resolutions

and thus the best separations. One of the main causes of zone broadening is long-

itudinal diffusion of the analyte molecules. Zone broadening can be minimised if the

distances available for diffusion are minimised. A homogeneously packed column will

contribute significantly to resolution, since variations in diffusion distances are

limited. Columns that are packed unevenly, too tightly, too loosely or that contain air

bubbles will lead to channelling (uneven passage of buffer through the column), zone

broadening and hence loss of resolution.

3.3.1.5 Van Deemter Equation
The Van Deemter equation is a hyperbolic function that correlates resolution and flow

rate [23]. It allows for the determination of the minimal theoretical plate height HETP

or column efficiency (which results in optimal resolution) and the optimal mobile

phase velocity of a chromatographic column. In its graphical description, the Van

Deemter equation is termed the Van Deemter plot and is generated by plotting plate

height against average linear velocity of mobile phase (Figure 3.5). From its graphical

plot it is easy to see that the Van Deemter equation predicts that there is an optimum

velocity at which there will be a maximum efficiency (HETP). The factors influencing

efficiency are eddy diffusion, longitudinal diffusion and a mass transfer term. The

relative importance of these factors varies with mobile phase velocity. Particle size and

morphology contribute to HETP, along with a variety of other factors (equation (3.8))

HETP ¼ A þ B=�þ C� (3:8)

where � is the average velocity of the mobile phase. A, B and C are the three factors

which contribute to band broadening
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Figure 3.5 Van Deemter plot and equation. Plate height (HETP) is plotted against mobile

phase velocity (�). A: eddy diffusion; B: longitudinal diffusion; C: resistance to mass transfer.
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Eddy diffusion, A ¼ 2ºdP (3:09)

The mobile phase moves through the column which is packed with stationary

phase. Solute molecules will take different paths through the stationary phase at

random. This will cause broadening of the solute band, because different paths are of

different lengths (equation (3.09))

Longitudinal diffusion, B ¼ 2�DM (3:10)

The concentration of analyte is less at the edges of the band than at the centre. Analyte

diffuses out from the centre to the edges. This causes band broadening. If the velocity

of the mobile phase is high then the analyte spends less time on the column, which

decreases the effects of longitudinal diffusion (equation (3.10))

Resistance to mass transfer, C ¼ K�
1 dPð Þ2=DM þ K�

2 dfð Þ2=DS (3:11)

The analyte takes a certain amount of time to equilibrate between the stationary and

mobile phase. If the velocity of the mobile phase is high, and the analyte has a strong

affinity for the stationary phase, then the analyte in the mobile phase will move ahead

of the analyte in the stationary phase. The band of analyte is broadened. The higher

the velocity of mobile phase, the worse the broadening becomes (equation 3.11).

º is a constant, regarding particle form and homogeneity of the packing, dP

represents the particle diameter, DM is the diffusion coefficient of the mobile phase,

DS is the diffusion coefficient of the stationary phase, � is the correction factor,

describing the space between particles, df defines the thickness of the liquid film and

K1 and K2 are correction factors, regarding the geometry of the column and column

capacity (for equations (3.9) to (3.11)).

3.3.2 Chromatographic Stationary Phases

3.3.2.1 Granular Resins
For granular resins, particle size is a significant factor in resolution. In general, the

smallest particles will produce the narrowest peaks under the correct elution condi-

tions and in a well-packed column. This is mainly due to the lower diffusion distance

in smaller resin particles (see Section 3.3.1.4 on column efficiency). The size of the

particle determines the plate number of the column (see Section 3.3.1.5 on the Van

Deemter equation: dP ¼ particle diameter). A reduction in diameter by 50% results

approximately in a doubling of the plate count. Therefore, many manufacturers of

globular resins are aiming for smaller particle sizes. Currently, many columns are

available with particle sizes smaller than 2 �m. Although smaller particles offer better

resolution, they also generate higher back pressures which may affect operating flow

rate and/or put extra demand on equipment.

In general, it is beneficial to use monodisperse resins for chromatographic

separations. Size distribution of these beads is very small, making for identical

properties of each bead (see Section 3.3.1.5 on the Van Deemter equation: º is a

constant describing particle form and homogeneity of the packing and � is a
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correction factor describing the space between particles). In the case of fully porous

beads, eluents and analytes are expected to diffuse into and out of the resin beads. The

speed of diffusion, and therefore diffusion-induced band broadening, depends on pore

size and structure. The pore size of particles should be large enough to allow

unhindered diffusion of the analyte into the particle, but not too large to avoid loss of

capacity. In size-exclusion chromatography the diffusion of the analytes in the pores

becomes the primary mode of column selectivity. By choosing the pore size range, the

separation efficiency on different molecule sizes can be determined. Because diffusion

rates are inversely proportional to relative molecular mass (Mr), porous bead phases

may not provide similar resolution for large and small oligonucleotide molecules.

Note that pore size depends not only on base matrix materials but also on the medium/

mobile phase which is used in chromatography. Acrylic-based materials tend to

increase pore size as a function of salt concentration, whereas silica-based materials

seem to decrease in size [24].

3.3.2.2 Monolithic Columns/Hybrid Phases
Despite the many advantages, high-performance liquid chromatography (HPLC)

columns packed with particulate, porous stationary phases have limitations, such as

the relatively large void volume between the packed beads and the slow diffusional

mass transfer of solutes into and out of the stagnant mobile phase present in the pores

of the separation medium [25]. One solution to these problems is to use monolithic

chromatographic beds. Monolithic columns are not made by packings of single beads,

but consist of a single, solid, porous, polymeric structure with interconnecting pores

and channels [26]. Thus interstitial void volumes are avoided and all mobile phase is

forced to pass through the pores of the stationary phase [27]. Pore structure and

polymer surface properties can be independently controlled during polymer synthesis.

Thus, monolithic polymers with large pores and greater surface areas as pellicular

phases are possible [28, 29]; however, they are limited by having reduced capacities

when compared to those of fully porous bead-based resins.

A hybrid phase monolith has recently been introduced for AEX (DNASwift

SAX-1S Data Sheet, Dionex/Thermo Scientific) that combines the advantages of high

capacity and resolution. This new type of phase has a monolithic matrix that is

functionalised with a cation exchange (anionic) surface, which in turn is coated with

aminated AEX nanobeads. The porosity of the monolith is tailored to accommodate

relatively large nanobeads, which are completely accessible for the mobile phase,

resulting in capacities approaching those of fully porous beads. Owing to the faster

mass transfer in the monolith, resolution of the hybrid phase monolith is improved

over porous bead resins [30].

3.4 Ion Exchange Chromatography

3.4.1 Separation Principles

Ion exchange chromatography separates molecules on the basis of differences in their

net surface charge. During chromatography, charged analyte molecules adsorb reversi-
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bly to the ion exchange groups of opposite charge on the stationary phase. Separation is

obtained owing to differences in relative charge densities and distribution of charges on

the surfaces of the analytes, which have different degrees of interaction with the ion

exchange resin [31]. Positively charged chemical groups on the stationary phase define

an AEX, while negatively charged groups define a cation exchanger. Ion exchangers are

traditionally further split up into two categories: strong and weak ion exchangers. The

terms strong and weak refer to the extent of variation of ionisation with pH and not the

strength of the binding. Strong ion exchangers are completely ionised over a wide pH

range, whereas with weak ion exchangers, the degree of dissociation and thus exchange

capacity varies much more markedly with pH. Strong AEX ligands are mostly

quaternary aminomethyl- or quarternary aminoethyl- (Q or QAE) types, with pH

working ranges of ,3–13, and weak AEX ligands are often diethyl aminoethyl- (D or

DEAE) types with a pH working range of 3–9. For the analysis of nucleic acids, which

are anionic in nature, strong AEXs are typically used. Separations are more control-

lable, since charge characteristics of the stationary phases do not change with pH. In

addition, sample loading capacity does not decrease at high or low pH values owing to

loss of charge from the ion exchangers, as would be the case for weak exchangers.

AEX is capable of separating analytes with very minor differences in charge. For

double- as well as single-stranded oligonucleotides, total charge increases with size.

Hence, separation of oligonucleotides occurs according to length. Over the past 25

years, AEX has been used in denaturing and non-denaturing modes and in analytical

and preparative applications for nucleic acids (reviewed in reference [32]). Although

the primary mode of AEX separation relies on electrostatic interactions between the

charged phosphate ion of the oligonucleotide and the functional group of the matrix

AEX stationary phase, secondary interactions, for example non-polar interactions due

to van der Waals’ forces with the matrix surface of the column and the hydrophobic

bases of the nucleotides, can have a strong impact on the elution properties of analytes

on an AEX column.

3.4.2 Denaturing AEX

Denaturing applications are most common in analytical applications, where high

resolutions are the primary objective. In denaturing AEX, secondary structures are

suppressed, and separations are primarily based on the number of charges of the

molecule (e.g. length) [30, 33–36]. High temperatures, high pH and the possible

inclusion of chaotropic agents into the mobile phases can all serve as means to resolve

highly stable secondary structures. For more details on oligonucleotide impurities,

please refer to Chapter 2.

3.4.2.1 Impact of Mobile Phase pH on Separation
A key factor in AEX chromatography is pH, since it may have a significant impact on

analyte and resin stability. In addition, pH may have an impact on the retention time of

oligonucleotides during chromatographic separation, owing to the associated changes

in the charge state of analytes and resins (Figure 3.6). Owing to the nature of the

hydrogen bonds between the complementary strands that stabilise the Watson–Crick

duplex, a double helix is not stable above a pH of 10.5. High pH values are therefore
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Figure 3.6 Impact of pH on retention time. Retention time in AEX-HPLC shifts in high pH

and neutral pH applications, depending on the G/U content and base position within the

sequence. Chromatography was performed using a DNA-Pac200 column (2.1 3 100 mm)

(Dionex ) at a flow rate of 1 mL/min. For high pH (upper panel) mobile phase A was {20 mM

sodium phosphate (pH 11.0), 10% acetonitrile (ACN)} and mobile phase B was {20 mM

Na3PO4, 1.0 M NaBr (pH 11.0), 10% ACN}. Column temperature was 308C. A gradient was

run from 25 to 62% B in 12 min. For neutral pH (lower panel) mobile phase A was {10 mM

tris/HCl (pH 8), 10% ACN} and mobile phase B was {10 mM tris/HCl (pH 8), 1.0 M NaBr}.

Column temperature was 758C. A gradient was run from 30 to 60% B in 12 min. Traces 1 to 6

represent RNA-1 to RNA-6 respectively (see also Table 3.4).

Table 3.4 Base composition of RNA single strands analysed in Figure 3.6. Number of

guanines and uridines in the sequence of six different RNA strands (RNA-1 to RNA-6) is

indicated.

RNA strand Length Number of guanines Number of uridines

RNA-1 21mer 5 5

RNA-2 21mer 5 6

RNA-3 21mer 5 7

RNA-4 21mer 6 2

RNA-5 21mer 7 7

RNA-6 21mer 3 2
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often used in chromatographic separations to disrupt otherwise stable secondary

structures, especially in RNA or modified DNA. Hence, several denaturing separations

of oligonucleotides have been reported that utilise high pH values to separate strands

or suppress secondary structures [3, 4].

3.4.2.2 Impact of Column Temperature on Separation
Temperature of the column can be used to improve resolution of the analytes. In AEX,

polyanions tend to exhibit increased retention and mass transfer rates with rising

temperatures, resulting in improved resolution (Table 3.5 and Figure 3.7). AEX

columns have been used with temperatures up to 958C to control hydrogen bonding or

maximise resolution. Many AEX resins are very stable towards conditions involving

high temperature and pH, which makes AEX a very attractive technique for denaturing

separations. However, for most column materials it has to be noted that high

temperatures usually as well as high pH and inclusion of chaotropic agents may limit

column longevity.

3.4.2.3 Separation of Single-Strand Impurities
AEX has been utilised to separate major impurities from oligonucleotide synthesis

from the full-length product. Among the expected impurities resulting from DNA and

RNA synthesis are

• shortmer sequences (N-x; e.g. N-1 or N-2) [37–39] (Figure 3.8)

• longmer sequences (N+x; e.g. N+G or N+A) [40] (Figure 3.9)

Table 3.5 Peak resolution values obtained by AEX chromatography of four different siRNAs

at 408C, 508C and 608C. A SuperQ 5PW column was used at a flow rate of 1 mL/min. Mobile

phase A was {20 mM sodium phosphate (pH 11.0), 10% ACN} and mobile phase B was

{20 mM sodium phosphate, 1.0 M NaBr (pH 11.0), 10% ACN}. A gradient was run from 25

to 62% B in 12 min. RRT denotes relative retention time. For base composition of siRNA-I to

siRNA-IV see Table 3.6.

Column temperature RRT PS-strand RRT GS-strand

siRNA-I 408C 1.085 1.172

508C 1.103 1.198

608C 1.124 1.221

siRNA-II 408C 1.216 1.147

508C 1.238 1.176

608C 1.238 1.201

siRNA-III 408C 1.128 1.145

508C 1.131 1.160

608C 1.144 1.187

siRNA-IV 408C 1.133 0.968

508C 1.126 No

608C 1.124 No

Separation of Oligonucleotides and Related Substances 117

ChemGenes Exhibit 2024 - Page 117



• sequences containing phosphodieser linkages (PO) instead of phosphorothioate

linkages [41] (Figure 3.8).

3.4.2.4 Separation of Isomers
Isomerisation is a common side reaction in solutions of RNA. Isomers consisting of

the 29,59 configuration (rather than the preferred 3959 configuration) are generated

when ribonucleic acids are subjected to high temperature and/or basic pH in aqueous

solution [42, 43]. AEX lends itself well to separation of 29,59-isomers from standard

39,59-RNA oligomers. Good peak separations have been reported with several applica-

tions [4, 22], suggesting that the steric changes induced by the inclusion of 1 or more

29,59-linkages in an oligomer of 39,59-RNA, significantly alter the interactions of the

charged backbone with the AEX matrix (Figures 3.10 and 3.11).

3.4.2.5 Separation of Phosphorothioates (PS) and Phosphodiesters (PO)

The lipophilic character of the sulfur atom results in a higher binding affinity of

oligonucleotides containing PS linkages to many stationary phases (compared to PO).

Typically, PS-oligonucleotides are retained more strongly on AEX resins, resulting in

very good separations of fully and incompletely thioated ON (Figure 3.12).

60°C

60°C

50°C

50°C

40°C

40°C

siRNA-Luc

siRNA-Luc

GS-Luc

PS-Luc

Figure 3.7 Temperature dependency of chromatographic separations of the siRNA-Luc

duplex (siRNA-I) and its passenger strands (PS-Luc, lower panels) or guide strands (GS-Luc,

upper panels). A SuperQ 5PW column was used at a flow rate of 1 mL/min. Mobile phase A:

10 mM tris/HCl pH8, Mobile phase B: 10 mM tris/HCl pH8, 1 M NaBr. A gradient was run

from 20 to 40% B in 12 min.
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Figure 3.8 Chromatographic separation of three of the major shortmer impurities from guide

and passenger strand. High pH was used to avoid secondary structures. A Dionex DNA-Pac

PA200 column was used at a flow rate of 1 mL/min. Column temperature was 608C. Mobile

phase A was {20 mM sodium phosphate (pH 11.0), 10% ACN}; mobile phase B was {20 mM

sodium phosphate, 1.0 M sodium bromide (pH 11.0), 10% ACN}. A gradient was run from 20

to 40% B in 12 min.

Table 3.6 Base composition of the siRNA strands of siRNA-I to siRNA-IV. Upper case letters

indicate 29-OH RNA nucleotides, lower case letters indicate 29-O-methyl nucleotides, TT

indicates two 29-deoxy-thymidine nucleotides connected via a phosphorothioate linkage.

(Source: Modified from Nucleic Acid Technol., 21, Noll, B., Seiffert, S., Hertel, F., Debelak,

H., Hadwiger, P., Vornlocher, H.P., Röhl, I., Purification of small interfering RNA using non-

denaturing anion-exchange chromatography, 383–393, Copyright 2011.)

ID Guide strand Passenger strand

siRNA-I U2u2C3c1G5A6TT u6c5G4A4TT

siRNA-II U7u1C3c1G5A2TT u2c5G4A8TT

siRNA-III U6C4c1G6A2TT u2c6G5A6TT

siRNA-IV U2u2C3c1G5A6TT U6C5G4A4TT
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3.4.3 Non-denaturing AEX

3.4.3.1 Separation of Duplex and Single Strands
Non-denaturing applications are less common, and are often employed to determine

the strand ratio of passenger and guide strand after annealing. Several non-denaturing

Guide strand

Passenger strand

N G�

N G�

CNET

CNET

Figure 3.9 Chromatographic separation of two major longmer impurities from guide and

passenger strand. High pH was used to avoid secondary structures. A Dionex DNA-Pac

PA200 column was used at a flow rate of 1 mL/min. Chromatographic conditions as in Figure

3.8.

2 5 -isomer��  � 2

2 5 -isomer 1��  �

1

2

3

Passenger strand

Figure 3.10 Chromatographic separation of two 29,59 impurities from passenger strand. High

pH was used to avoid secondary structures. A Dionex DNA-Pac PA200 column was used at a

flow rate of 1 mL/min. Chromatographic conditions as in Figure 3.8.
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applications have been reported for AEX HPLC [4, 44, 45]. However, separation of

structured oligonucleotides containing hairpin-forming sequences, hybridised duplex

regions or G-tetrad forming sequences can be challenging under non-denaturing

conditions.

1
2
3

PS-1

I
i

GS-1

Minutes
10.00 11.00 12.00 13.00

4

Figure 3.11 Denaturing AEX-HPLC of siRNA-Luc after incubations at room temperature

(trace 1), 608C (trace 2), 708C (trace 3) and 858C (trace 4). All incubations were carried out

for 4 h using 100�M siRNA solutions in water. Full-length guide strand (GS-1) and passenger

strand (PS-1) are indicated by arrows. Impurity peaks are marked by upper case (guide strand)

and lower case (passenger strands) letters. ‘I’ indicates 29,59-isomers of GS-1; ‘i’ indicates

29,59-isomers of PS-1. A Dionex DNA-Pac PA200 column was used at a flow rate of 1 mL/

min. Chromatographic conditions as in Figure 3.8. (Source: Modified from Analyt. Biochem.,

414, 1, Seiffert, S., Debelak, H., Hadwiger, P., Jahn-Hofmann, K., Röhl, I., Vornlocher, H.P.,

Noll, B., Characterization of side reactions during the annealing of small interfering RNAs,

47–57, Copyright (2011), with permission from Elsevier.)

Guide strand

PS-PO GS-PO

Passenger strand

Figure 3.12 Denaturing separation of passenger and guide strand and the respective PO

impurities by AEX chromatography at pH 11. A Dionex DNA-Pac PA200 column was used at

a flow rate of 1 mL/min. Chromatographic conditions as in Figure 3.8.
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In Figure 3.13, the chromatographic separation of siRNAs containing duplex and

single strand using non-denaturing AEX chromatography is shown. The same mobile

phase was used, containing phosphate buffer at pH 6.5 and sodium bromide as eluting

agent, but two different AEX resins were employed. One application used MiniQ

columns with a bead size of 5 �m (Figure 3.13, left panel), the second application

employed SuperQ-5PW columns with bead sizes of 10 �m (Figure 3.13, right panel).

Both resins utilised the same functional group, a quaternary amine, but differed in

matrix chemistry. Source Q material consisted of polystyrene/divinyl benzene beads.

The SuperQ-5PW beads were made from poly-(methyl-methacrylate). In the analyses,

a remarkable difference in the elution profiles of the two columns was observed. On

the MiniQ column, single strands eluted earlier than the duplex, whereas on the

SuperQ-5PW column this elution order was reversed (Figure 3.13, right panel). This

difference was attributed to non-electrostatic interactions of duplex and single strands

with the resin matrix, namely secondary mode interactions (such as hydrophobic van

der Waals’ interactions) and was observed for five siRNAs containing different base

compositions and modification patterns [46]. Of the three column temperatures

evaluated (408C, 508C and 608C), the highest temperature gave the best separations on

both columns, which is in accordance with the reported performance of AEX columns

for polyanions [30].

1

2

siRNA-Luc

GS-LucPS-Luc
1

2

siRNA-Luc

GS-Luc

PS-Luc

Figure 3.13 Impact of column resin on oligonucleotide separation. Chromatograms of

siRNA-Luc spiked with PS-Luc (trace 1) and GS-Luc (trace 2). Separations were performed

using MiniQ 4.6 3 50 mm column (left panel) at a flow rate of 1 mL/min and a TSKgel

SuperQ-PW5 7.5 3 75 mm column (right panel) at a flow rate of 2 mL/min. Mobile phases

contained 20 mM sodium phosphate at pH 6.5. Mobile phase B contained 1M sodium

bromide. The gradient was run from 20 to 60% of mobile phase B in 25 min. Column

temperature was 608C. (Source: Modified from Nucleic Acid Technol., 21, Noll, B., Seiffert,

S., Hertel, F., Debelak, H., Hadwiger, P., Vornlocher, H.P., Röhl, I., Purification of small

interfering RNA using non-denaturing anion-exchange chromatography, 383–393, Copyright

2011.)
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3.4.3.2 Impact of Eluting Counterion on Separation
The use of different counterions can have a profound effect on oligonucleotide

separations using AEX. Chloride is by far the most commonly used counterion.

Changing this eluting anion to bromide, iodide or thiocyanate promotes earlier elution

of oligonucleotides under the same gradient conditions [3, 34, 47]. This is due to

increasing eluting power of the different anions. The Hofmeisters eluotropic series is a

list of solvents ranked according to their eluting power [48]. For ions most common in

AEX the Hofmeister series is

Cl , Br , I , perchlorate , SCN

As a consequence, retention times of the analytes containing PO or PS analogues

increase in the sequence: SCN . perchlorate . I . Br . Cl. The driving force of this

effect are the chaotropic properties of the salts, which render oligonucleotide hydra-

tion in solution more disordered, creating a more ‘lipophilic’ environment for the

solvatised analyte, thus improving peak shape and reducing the influence of base

sequence/composition on separation. Perchlorate, for example, tends to improve peak

shape of lipophilic conjugates and is often used to suppress secondary structures and

hydrophobic interactions with the resin. The change of eluting anion can lead to

different selectivities in the separations of PO and PS variants (see Figure 3.14). Note

that concentration of NaClO4 is 0.5M compared to 1M of NaBr and NaCl. Thiocya-

nate as an eluting agent can be used to purify oligonucleotides containing a high

percentage of P-dithioate linkages in lower salt concentrations and provides better

separations than chloride as anion [49]. However, it should be noted that using a buffer

NaBr

NaCl

Duplex

Duplex

Duplex

i ii

i ii

i
ii

NaClO4

Figure 3.14 Impact of eluting anion on oligonucleotide separation. A Dionex DNA Pac-

PA200 column was used at a flow rate of 1 mL/min. Mobile phase A consisted of 25 mM tris/

HCl pH 8. Mobile phase B consisted of 25 mM tris/HCl pH 8 and either 1M NaCl, 1M NaBr

or 0.5M NaClO4: Column temperature was 408C. A gradient was run from 20 to 60% B in

12 min. ‘i’ indicates passenger strand, ‘ii’ indicates guide strand.
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high in salt concentration may result in a reduced lifetime of the instrument and AEX

columns, as well as low resolution of the chromatographic separation, and care has to

be taken when operating HPLC systems using buffers containing high concentrations

of salt (see also Section 3.4.5).

3.4.3.3 Impact of Solvent in the Mobile Phase
Non-ionic interactions with the chromatographic resin can severely compromise

separation properties of oligonucleotides containing strongly hydrophobic moieties

such as fluorophores, quenchers or lipids. Addition of solvent to the mobile phases

of AEX can help to suppress these undesired hydrophobic interactions between

analyte and resin. Addition of ACN (acetonitrile) or methanol to the mobile phases

can significantly improve peak shape. Solvent concentrations of 2–30% are used,

helped by the fact that most AEX resins are stable towards these concentrations of

solvents (Figure 3.15). However, the recommendations of the manufacturers regard-

ing resin stability should be followed when adding solvents to the mobile phases.

1

2

3

1

2

3

Figure 3.15 Impact of solvent on separation of lipophilic oligonucleotide conjugates. Mobile

phase A consisted of 25 mM tris/HCl pH 8. Mobile phase B consisted of 25 mM tris/HCl

(pH8) and 1M NaBr. Column temperature was 408C. A gradient was run from 20 to 60% B in

12 min. Trace 1: mobile phases contained 10% ACN; trace 2: mobile phases contained 20%

ACN; trace 3: mobile phases contained 30% ACN. A DNAPac-200 4 3 200 mm column

(upper panel) or a PL-AX column (lower panel) was used at a flow rate of 1 mL/min.
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3.4.4 Preparative AEX

Preparative purifications of oligonucleotides after synthesis are typically performed

using AEX chromatography. Compared to most RP-resins, AEX-resins offer higher

loading capacity, and cost of buffer chemicals and separation matrices are consider-

ably lower. The respective methods are well established, scalable and offer high

resolution [32]. In addition, buffer constituents can be removed easily, whereas the

removal of the IP reagents may prove difficult after IP-RP chromatography. As a

result, AEX is commonly used in the preparative purification of antisense, aptameres

and siRNA oligonucleotides.

In the manufacture of duplex oligonucleotides, such as siRNA, chromatographic

purification is typically performed on the single strands, followed by annealing of the

purified strands. However, a direct comparison of two manufacturing methods using

either conventional single-strand purification, or duplex purification performed after

annealing of the crude single strands, showed improved purity and similar yield of the

final siRNA duplex for the latter case [46] (Table 3.7). The manufacture of siRNAs

using duplex purification was simpler and faster, and avoided heating of the strands

after chromatographic purification. Elevated temperatures during strand annealing can

lead to the generation of impurities, which in the case of single-strand purification are

not removed from the final product.

3.4.5 Precautions When Using High-Salt Buffers

The previous sections have shown the versatility of AEX as a chromatographic

technique for analysis and purification of oligonucleotides. Although the compatibility

with organic solvents like methanol or ACN is often limited, the variability of the

constituents of the mobile phase within a method makes AEX adaptable to a broad

variety of analytes, without the need for major changes in chromatographic conditions.

AEX chromatography can typically be operated in a wide pH range, allowing for

separations at pH values of 11 or above, which prevent formation of hydrogen bonds

between the chemical groups of the analytes, and thus preventing all related secondary

structures (see also Section 3.2.1.1). In addition, the inclusion of different eluting

agents in the buffers can exert chaotropic effects on the sample constituents and confer

different selectivities on the analytes (see also Section 3.4.3.2). However, increasing

the concentration of the eluting salts in the elution method can affect long-term

operation of the employed instrument. Many salts can exert corrosive effects on

instrument surfaces; crystals of buffer salts can form on connections, fittings, piston

rods and pump seals and cause abrasion and friction on moving parts. During pump

operation small amounts of buffer can leak out of the pump chambers through the

piston fittings and, if not rinsed continuously, cause formation of salt crystals on the

piston rods. These crystals can lead to abrasion of the pump seal materials during

operation. Figure 3.16 depicts parts of HPLC system pumps, and valves employed in

AEX chromatography after use in high-salt applications.

Because of the possible detrimental effects of buffer leakage, the use of high-salt

buffers in AEX chromatography requires special procedures and precautions to
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prevent damage to the HPLC system. To circumvent these issues, precautions such as

use of circulating fluid in the chambers of the moving piston rods, regular cleaning of

tubing fittings and exchange of valve seals are recommended. HPLC systems should

therefore be equipped with a continuous pump wash option. Pump, tubing and valve

washes should be performed regularly and wash solutions should be changed routinely

to avoid accumulation of salt in the wash solution.

3.5 Reverse Phase-Chromatography

3.5.1 Separation Principles

Oligonucleotides are analytes with significant ionic character and have a low binding

affinity to lipophilic stationary phases. Hence, RP-HPLC can only be applied using

mobile phases containing ion-pairing (IP) reagents. Using IP-RP chromatography,

separations of very high resolution can be achieved for a broad variety of oligonucleo-

tides. One important advantage of IP-RP chromatography over AEX chromatography

is that this technique can be readily combined with MS detection. IP-RP chromato-

graphy with electrospray ionisation–mass spectrometry (ESI-MS) has been used

extensively to study single- and double-stranded oligonucleotides and a wide range of

IP reagents have been used for the interfacing of IP-RP-HPLC to ESI-MS (reviewed

in reference [50]). IP-RP can be considered the method of choice, when chromato-

graphic separation in combination with MS detection is desired.

3.5.1.1 Mobile Phases
Selectivity in IP-RP is determined by the composition of the mobile phase. Mobile

phases usually consist of a specific IP reagent, the respective counter ion and the

Figure 3.16 Corroded pistons (left panel). Salt crystals are visible at the piston base (left

piston) and piston rods (both pistons). Corroded injection valve (right panel): metal surfaces

show abrasion and salt build-up.
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organic eluent. IP reagents are large ionic molecules which have a charge opposite to

the analyte of interest, as well as a hydrophobic region (usually an alkyl chain) to

interact with the stationary phase. Ion pairs are formed between the charged analyte

and the oppositely charged IP reagent, which is equally distributed between the mobile

and the stationary phases. Depending on the apparent charge of the analyte, this results

in different retention on the stationary phase of the column.

Numerous IP-RP methods have been reported for the physico-chemical charac-

terisation of single-stranded oligonucleotides, as well as the hybridised duplex. IP-RP

can be applied in denaturing [39, 51–54] and non-denaturing modes [55–59]. Buffer

systems that have been successfully used for separations of nucleic acids include

triethylammonium bicarbonate (TEAB) [56], butyldimethylammonium bicarbonate

(BDMAB)/butyldimethylammonium acetate [60, 61] and cyclohexyldimethyl-

ammonium acetate [62]. Buffers containing triethylammonium acetate (TEAA),

triethylammonium (TEA)/1,1,1,3,3,3,-hexafluoro-2-propanol (HFIP) [51, 63] and

hexylammonium acetate (HAA) [64] in particular have been reported as giving

excellent separation for single- and double-stranded oligonucleotides. The use of HFIP

in IP buffers is particularly attractive because it is compatible with ESI-MS and often

provides excellent separation [51, 52]. HFIP lends itself better to ESI-MS, primarily

because it is more volatile than acetate and readily evaporates from the droplets

produced during the electrospray process [50]. Because of its unique IP properties,

high separation efficiency and high mass sensitivity, TEA/HFIP is now used as widely

as TEAA in the analysis of oligonucleotides.

Another important feature of HFIP is that it reduces the impact of oligonucleotide

hydrophobicity upon retention [65]. Usually retention times of single strands in IP-RP

are sequence dependent [39, 55, 64, 66]. However, in a buffer system containing HFIP

as the counter ion of the IP reagent, the hydrophobicity of the single strands has a

lower influence on peak separation than in systems containing acetate, where elution

order of oligonucleotides have been reported to show dramatic changes with base

sequence and hydrophobicity [65].

3.5.1.2 Stationary Phases
Both silica particles and rigid organic polymers of differing particle and pore sizes are

used in RP-HPLC and IP-RP-HPLC. The hydrophobic characteristics of these base

materials are usually obtained by bonding C4, C8 or C18 carbon chains to the resin

particles. Although polymer-based materials are typically more pH tolerant, functiona-

lised silica-based resins have been used more widely. Silica-based resins have a

number of benefits. They withstand greater back pressures, and are compatible with a

wider variety of different organic solvents. However, RP columns have their limit-

ations, such as moderate loading capacity and a limited pH range. Although silica-

based resins are stable at pH as low as pH 2, pH values above pH 8 can lead to partial

hydrolysis of the bonded phase and thus degradation of the column. The limited pH

stability of silica-based phases is a major drawback for separations of oligonucleotides

by IP-RP, since most of the reported methods (see Table 3.8) use high pH mobile

phases. In the pH range of approximately 7–10, the charge-to-size ratio is virtually

constant for all single-stranded and double-stranded oligonucleotides, as it depends
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solely on the number of charges of the phosphate linkages in the backbone. In

addition, higher pH values can lead to higher charge states and greater signal intensity

in ESI-MS applications [66]. Stability at different pH values is therefore a prerequisite

to achieve good separations for oligonucleotides of different sequences. To increase

pH stability of silica-based RP resins, manufacturers have introduced surface modifi-

cations to the silica base. Modifications include polar functional groups, sterically

hindered silanes and bidentates. In addition, resins made from hybrid materials which

combine organic (polymeric) and inorganic (silica) matrix chemistry, have signifi-

cantly increased the stability of silica-based stationary phases toward very low and

high pH. As a result, resins are available that can be used in pH ranges of 2–12. For

most column materials it has to be noted that high temperatures, as well as high pH

and inclusion of chaotropic agents may limit column longevity. Therefore, it is

recommended to check the pH stability of the column towards the intended mobile

phase prior to chromatography, to make sure that no unwanted degradation occurs.

3.5.2 Denaturing IP-RP-HPLC

3.5.2.1 Impact of Column Temperature on Separation

Denaturing chromatography involves separation conditions that allow for the disrup-

tion of all possible secondary structure of a given oligonucleotide. Denaturing

conditions enable separations dependent only on length. This facilitates chromato-

graphic separation and usually improves resolution, helping to determine oligonucleo-

tide purity. Secondary structures of oligonucleotides are primarily caused by the

Table 3.8 Mobile phases commonly used in IP-RP HPLC of oligonucleotides.

Buffer IP reagent MS

sensitivity

Remarks Literature

TEAA Triethylammonium acetate Low Peak broadening by

diastereomeres, RT variation

with sequence

[67]

TEAB Triethylammonium

bicarbonate

High RT variation with sequence

(single strand)

[56]

BDMAB Butyldimethylammonium

bicarbonate

High RT variation with sequence

(single strand)

[60, 61]

HAA Hexylammonium acetate Low RT variation with sequence

(single strand)

[63]

TEA/

HFIP

Triethylamine/

hexafluoroisopropanol

High Low peak broadening by

PS diastereomeres, little

RT variation with sequence

[51, 53]

HA/

HFIP

Hexylamine/

hexafluoroisopropanol

High Low peak broadening by

PS diastereomeres, little

RT variation with sequence

[68]
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formation of hydrogen bonds between the chemical groups of the analytes, as is the

case for the pairing bases in Watson–Crick helices. Many IP reagents, organic

additives and some counter ions can exert a destabilising effect on these hydrogen

bonds. However, the ambient temperature buffer conditions used in regular IP-RP-

HPLC are often not sufficient to fully resolve secondary structures in oligonucleotides

containing complementary base sequences. Therefore, elevated column temperatures

are required to achieve the conditions necessary for full denaturing of the oligonucleo-

tide. For example, high column temperature in combination with high amounts of the

neutralising acid HFIP can assist the disruption of oligonucleotide secondary struc-

tures. Figure 3.17 depicts the effect of temperature on the separation of two siRNAs

with different Tm in a hexylamine (HA)/HFIP buffer system. Depending on duplex

stability, higher column temperatures have to be used for complete resolution of the

secondary structures in the duplexes.

3.5.2.2 Separation of Single-Strand Impurities
High-resolution separations of most impurities of single- and double-stranded oligo-

nucleotides can be achieved using denaturing conditions. Chapter 2 provides a

comprehensive overview of the types of oligonucleotide-related impurities. Figure

3.18 depicts separations of typical shortmer impurities N-1 and N-2 as well as PO

impurities from guide and passenger strands of a typical siRNA.

Good separations in IP-RP-HPLC can typically be achieved for analytes that

show differences in lipophilicity. Figure 3.19 depicts separations of guide and

passenger strands of their respective N+G and CNET impurities. Lipophilic impurities

such as CNET bind more strongly to the RP column as the full-length oligonucleotide

and the N+G longmer.

High-resolution IP-RP-HPLC using denaturing conditions is regularly employed

in purity analysis of oligonucleotides and allows for the separation of shortmer and

longmer, as well as impurities containing lipophilic adducts. Figure 3.20 depicts

overlaid chromatograms of IP-RP separations of a RNA single strand before and after

chromatographic purification.

3.5.2.3 Separation of Degradation Products
Denaturing applications of IP-RP-HPLC also offer high-resolution purity analysis of

oligonucleotides containing chemical modifications. Figure 3.21 depicts chromato-

grams of siRNA duplexes containing different ribose modifications that have been

subjected to elevated temperatures leading to strand degradation. The panel on the left

depicts chromatograms of one siRNA containing only 29OMe modifications, whereas

the right panel depicts chromatograms of a siRNA containing additional 29-fluoro

modifications. The degradation products generated by the exposure to the elevated

temperatures are 29,59- isomers for regular 39,59-oligonucleotides and arabinosyl-

nucleotides, as well as O-2,29-anhydro-nucleotides for the 29-fluoro-oligonucleotides.

These degradation products were separated and quantified using denaturing IP-RP-

HPLC.
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3.5.3 Non-denaturing IP-RP-HPLC

3.5.3.1 Impact of Mobile Phase Composition
Non-denaturing techniques are typically used to determine secondary structure

features of oligonucleotides. One example would be the verification of the formation

of a correct double-stranded Æ-helix structure of a siRNA duplex. Another example

Guide strand

Guide strand

Passenger strand

Passenger strand

siRNA duplex

siRNA duplex

70°C

70°C

60°C

60°C

50°C

50°C

40°C

40°C

30°C

30°C

20°C

20°C

Figure 3.17 Impact of temperature on separation of duplex oligonucleotides. Two siRNA of

identical sequence but different 29-modification pattern were analysed by IP-RP. siRNA-1

(lower panel) contained 29-OH only, siRNA-2 (upper panel) contained 11 29F modifications in

the passenger strand. siRNA-1 was completely denatured at temperatures of 608C, siRNA-2

was completely denatured at temperatures of 708C. Chromatographic conditions: samples

were applied to an Ultimate 3000 RS series HPLC system (Dionex, Sunnyvale, CA, USA)

using UV detection at 260 nm. Oligonucleotides were separated by ACN-gradient elution on

an Acquity UPLC OST C18 2.1 3 100 mm column with a 1.7 �m bead size (Waters, Milford,

MA, USA). Mobile phase A consisted of 100 mM HFIP, 16.3 mM TEA and 1% methanol.

Mobile phase B consisted of 100 mM HFIP, 16.3 mM TEA and 95% methanol. The gradient

was run from 5 to 35% of mobile phase B in 25 min at a flow rate of 250 �l/min. Injection

volume was 2 �L of a 50 �M RNA solution in 1 3 PBS. Column temperature is indicated at

the respective traces.
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Guide strand

Passenger strand

N 1�

N 1�

N 2�

N 2�

PO

PO

Figure 3.18 Separation of PO and N-1 and N-2 impurities. Ultimate 3000 RS series HPLC

system (Dionex, Sunnyvale, CA, USA) using UV detection at 260 nm wavelength. Oligonu-

cleotides were separated by gradient elution on a XBridge C18 OST 2.1 3 50 mm column

with a 2.5 �m particle size (Waters, Milford, MA, USA). Mobile phase A consisted of

100 mM HFIP, 16.3 mM TEA and 1% methanol. Mobile phase B consisted of 100 mM HFIP,

16.3 mM TEA and 95% methanol. Column temperature was 658C. A gradient was run from 1

to 18% of mobile phase B in 30 min at a flow rate of 250 �L/min. Injection volume was 20 �L
of a 5 �M RNA solution in water.

Guide strand

N G�

CNET

Figure 3.19 Separation of N+G and CNET impurities. Samples were separated by methanol-

gradient elution on a XBridge C18 OST 2.1 3 50 mm column with a 2.5 �m particle size

(Waters, Milford, MA, USA). Chromatographic conditions were the same as described in

Figure 3.18.
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would be separation of a siRNA duplex from non-hybridised single strands, or other

competing structures. Possible secondary structures other than the duplex could be

hairpins formed by one or both of the strands as well as triple-helices or multimeric

aggregates of one or both of the strands. A more complex task would be the

identification of an aptameric structure or a G-tetrad-containing structure. In the

analysis of siRNA, non-denaturing IP techniques have yet to achieve the level of peak

separation that is commonly achieved using denaturing chromatography of single

strands. Chromatographic separation of the optimal duplex (NPS/NGS) from unwanted

duplex variants is not easy to achieve because the physico-chemical properties of both

species are usually very similar. Insufficient chromatographic resolution is currently

the main reason why non-denaturing techniques do not permit detection and quantifi-

cation of individual duplex impurities. Several IP-RP-HPLC methods have been

reported which allow high-resolution separations of siRNA or their metabolites under

non-denaturing conditions and are also compatible with ESI-MS detection. The most

common buffer systems are either HAA [64] or TEA/HFIP [22, 55]. Improved duplex

separation has been reported by McCarthy et al. [63] who replaced the weaker ion-

pair reagent TEA/acetate with the stronger ion-pair reagent HA/acetate in the

chromatographic separation of siRNAs, obtaining higher separation efficiencies.

GS-Luc purified

GS-Luc crude 75.5%

93.7%

GS-Luc

i

ii

iii

Figure 3.20 Denaturing IP-RP analysis of crude and purified GS-Luc (upper and lower trace,

respectively). Peak ‘i’: 59(N-2) shortmer. Peak ‘ii’: N+G longmers and N+U/C longmers. Peak

‘iii’: N+A longmers and N+U/C longmers. Samples were separated by methanol-gradient

elution on an XBridge C18 OST 2.1 3 50 mm column with a 2.5 �m particle size (Waters,

Milford, MA, USA). Chromatographic conditions were the same as described in Figure 3.18.

(Source: Modified from Nucleic Acid Technol., 21, Noll, B., Seiffert, S., Hertel, F., Debelak,

H., Hadwiger, P., Vornlocher, H.P., Röhl, I., Purification of small interfering RNA using non-

denaturing anion-exchange chromatography, 383–393, Copyright 2011.)
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Another non-denaturing IP-RP system containing HA/HFIP has been described

that further improved the separation efficiency of siRNA [68]. A buffer system

containing 25 mM HA and 100 mM HFIP was used to analyse samples containing a

siRNA and three duplex variants (variant 1 to variant 3, Table 3.9). Peak resolution

(Rs) for variant 1 using the HA/HFIP system was improved (Rs ¼ 1.34 versus

Rs ¼ 0.82 using the HAA system), whereas no separation was obtained for the TEA/

HFIP system (Figure 3.22). The observed effects were attributed primarily to the

increased alkyl chain length and hydrophobicity of the IP reagent HA compared to

TEA and its impact on the retention of the oligonucleotides [69]. A comparison of

buffer compositions was performed using different concentrations of HA in mobile

phase A. Average peak resolution values were calculated and plotted (Figure 3.23). At

HA concentrations of 5–10 mM, resolution between the optimal duplex and its

variants was poor. Increasing the HA levels to 15 mM resulted in a significant

improvement in resolution, with the best separations achieved at a maximum HA of

20 mM (Rs ¼ 1.46). At even higher HA levels, peak resolution began to decrease

because the sorbent surface may have become saturated, or micelles may have formed

PS-2PS-1 GS-1GS-1

i

ii

iii

iv

II

v

11
22
33
44

MinutesMinutes

ii

i

16.0016.00 17.0017.00 18.0018.00 19.0019.00 20.0020.00 21.0021.00 22.0022.00 23.0023.00

Figure 3.21 Denaturing IP-RP-HPLC of siRNA-1 (left panel) and siRNA-2 (right panel) after

incubations at room temperature (trace 1), 608C (trace 2), 708C (trace 3) and 858C (trace 4).

All incubations were carried out for 4 h using 100 �M siRNA solutions in water. The full-

length guide strand peak (GS-1) and passenger strand peaks (PS-1 or PS-2) are indicated by

arrows. Impurity peaks are marked by upper case (guide strand) and lower case (passenger

strands) letters. ‘I’ indicates 29,59-isomers of GS-1; ‘i’ indicates 29,59-isomers of PS-1 or PS-

2; ‘ii’ and ‘iii’ indicate HF-elimination products of PS-2 (Mr(parent)-2 and Mr(parent)-4); ‘iv’

and ‘v’ indicate HF-elimination products of PS-2 (Mr(parent)-20). Samples were separated by

methanol-gradient elution on a XBridge C18 OST 2.1 3 50 mm column with a 2.5 �m
particle size (Waters, Milford, MA, USA). Chromatographic conditions were the same as

described in Figure 3.18. (Source: Modified from Analyt. Biochem., 414, 1, Seiffert, S.,

Debelak, H., Hadwiger, P., Jahn-Hofmann, K., Röhl, I., Vornlocher, H.P., Noll, B., Character-

ization of side reactions during the annealing of small interfering RNAs, 47–57, Copyright

(2011), with permission from Elsevier.)
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in solution, leading to a reduced availability of adsorption sites and hence decreased

retention.

In addition to the beneficial effect of HA on duplex separation, the hydrophobic

character of HFIP itself may have led to a higher adsorbed concentration of HA on the

stationary phase, resulting in improved IP efficiency and, in turn, higher separation

selectivity [50–52].

3.5.3.2 Separation of Duplex Variants
Non-denaturing IP-RP-HPLC can be optimised to separate a wide variety of duplex

variants using HA and HFIP added to both the aqueous and organic mobile phases. In

the example in Figure 3.24, four sets of siRNA duplex variants were analysed using

15 mM HA and 50 mM HFIP (variant 1 to variant 16, Tables 3.9 and 3.10). All duplex

variants containing shortmers (variant 1 to variant 4) were separated from optimal

duplex (Figure 3.24, upper left panel). A similar level of peak separation was observed

for the two duplex variants containing one phosphodiester linkage (PO) in either

passenger or guide strand (variant 5 and variant 6; Figure 3.24, upper right panel). Of

the five duplex variants containing longmers (variant 7 to variant 11), four were

separated from the optimal duplex. One duplex variant (variant 9) eluted with the

optimal duplex (Figure 3.24 lower left panel). Three of five duplex variants containing

29,59-isomers in either passenger or guide strand were separated from the optimal

duplex (variant 12, variant 13 and variant 16; Figure 3.24 lower right panel).

Table 3.9 Passenger and guide strands of siRNA-Luc duplex variants and respective relative

retention time (RRT). Base sequences of the respective strands are listed in Table 8. nd ¼ low

peak separation, RRTwas not determined (for base sequences see Table 3.10).

Duplex ID Passenger ID Guide ID RRT

siRNA-Luc PS-Luc GS-Luc 1.000

Variant 1 PS-Luc Short-G1 0.984

Variant 2 PS-Luc Short-G2 0.967

Variant 3 Short-P1 GS-Luc 0.950

Variant 4 Short-P2 GS-Luc 0.945

Variant 5 PS-Luc GS-PO 0.974

Variant 6 PS-PO GS-Luc 0.984

Variant 7 Long-P1 GS-Luc 0.952

Variant 8 Long-P2 GS-Luc 1.045

Variant 9 Long-P3 GS-Luc nd

Variant 10 PS-Luc Long-G1 0.977

Variant 11 PS-Luc Long-G2 0.985

Variant 12 Iso-P1 GS-Luc 0.975

Variant 13 Iso-P2 GS-Luc 1.025

Variant 14 PS-Luc Iso-G1 nd

Variant 15 PS-Luc Iso-G2 nd

Variant 16 PS-Luc Iso-G3 0.939
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3.5.4 Strategies for Sample Preparation

Rational approaches on sample preparation of oligonucleotides are often under-

represented in the scientific literature. As discussed previously, DNA and RNA

molecules are chemically complex and have the propensity to form secondary and

tertiary structures. By nature, many oligonucleotides are likely to engage in structure

formation when in solution. In solution, the natural tendency of many oligonucleotides

is to engage in some degree of structure formation and the configurations adopted may

vary from simple base stacking in a ‘linear’, single-stranded molecule, to bulges in

hairpins or partially double-stranded helix, parallel and anti-parallel stranded multi-

Single strands Double strands

1

2

3

iii
ii i

i & ii

iii & iii

iv1

2

3

siRNA-Luc

iii

Figure 3.22 Comparison of non-denaturing IP-RP-HPLC methods. UV traces of buffer

systems containing 25 mM HA and 100 mM HFIP (trace 1), 25 mM HAA (trace 2) or

16.5 mM TEA and 100 mM HFIP (trace 3) are shown. The analysed samples were siRNA-Luc

spiked with 10% short-P1. Non-hybridised single strands eluted earlier than the duplex (single

strands). Peak ‘i’ indicates variant 1; peak ‘ii’ indicates variant 2, peak ‘iii’ indicates variant 3

(see Table 3.9) and peak ‘iv’ indicates late eluters. Samples were applied to an Ultimate 3000

RS series HPLC system (Dionex, Sunnyvale, CA, USA) using UV-detection at 260 nm.

Samples were separated by methanol-gradient elution on an Acquity UPLC OST C18 OST

2.1 3 100 mm column with a 1.7 �m particle size (Waters, Milford, MA, USA). Column

temperature was 208C. Injection volume was 2 �L of a 50 �M RNA solution in 1 3 PBS.

(Source: Modified from J. Chromatogr. A, 1218, 33, Noll, B., Seiffert, S., Vornlocher, H.P.,

Röhl, I., Characterization of small interfering RNA by non-denaturing ion-pair reversed-phase

liquid chromatograhy, 5609–5617, Copyright (2011), with permission from Elsevier.)
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mers, as well as combinations thereof. Many factors influence the stability of these

structures (such as temperature or content of organic solvents or salt) and have been

described in more detail in earlier sections. The concentration of the oligonucleotide

itself can also have a significant impact on a secondary structure. These factors have

to be kept in mind when preparing samples for non-denaturing IP-RP-HPLC. Figure

3.25 depicts an example where non-denaturing analysis of a hybridised siRNA was

attempted and the addition of buffer salts to the sample was required to maintain the

stability of the duplex in the diluted sample. To ensure completely non-denaturing

conditions, the addition of salt or ionic buffers such as 1 3 PBS is recommended in

the analysis of duplex oligonucleotides.
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Figure 3.23 Effect of buffer composition on peak resolution. Average peak resolutions of

optimal duplex, variant 1, variant 2 and variant 3 (see Table 3.9) peaks in non-denaturing IP-

RP-HPLC using the indicated HA concentrations and 100 mM HFIP in mobile phase A.

Mobile phase B consisted of 80% ACN. For the 25 mM HAA system, peak resolutions were

calculated using optimal duplex, variant 1, variant 2 and variant 4 peaks, since variant 2 and

variant 3 peaks were co-eluting. ‘nd’ indicates that, owing to low peak separation, peak

resolution values could not be determined. The gradient was run from 15 to 35% of mobile

phase B in 25 min at a flow rate of 250 �L/min. Other chromatographic conditions were as in

Figure 3.18. (Source: Modified from J. Chromatogr. A, 1218, 33, Noll, B., Seiffert, S.,

Vornlocher, H.P., Röhl, I., Characterization of small interfering RNA by non-denaturing ion-

pair reversed-phase liquid chromatograhy, 5609–5617, Copyright (2011), with permission

from Elsevier.)
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V5
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Longmers

V11
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V7

V9
V8 V16

V12

V13
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Figure 3.24 Chromatographic separation of duplex variants from optimal duplex. Solid lines

indicate unspiked samples of siRNA-Luc; dashed and dotted lines indicate siRNA-Luc

samples spiked with duplex impurity markers. Upper left: siRNA-Luc spiked with shortmers.

Upper right: siRNA-Luc spiked with PO. Lower left: siRNA-Luc spiked with longmers.

Passenger strand variant long-P3 (Mr ¼ 7123) was identified under the main peak by ESI-MS

(variant 9). Lower right: siRNA-Luc spiked with isomers. Samples were applied to an

Ultimate 3000 RS series HPLC system (Dionex, Sunnyvale, CA, USA) using UV detection at

260 nm. Oligonucleotides were separated by ACN-gradient elution on an Acquity UPLC OST

C18 2.1 3 100 mm column with a 1.7 �m bead size (Waters, Milford, MA, USA). Mobile

phase A consisted of 15 mM HA, 50 mM HFIP and 5% ACN. Mobile phase B consisted of

15 mM HA, 50 mM HFIP and 50% ACN. The gradient was run from 30 to 62 % of mobile

phase B in 25 min at a flow rate of 250 �l/min. Column temperature was 208C. (Source:

Modified from J. Chromatogr. A, 1218, 33, Noll, B., Seiffert, S., Vornlocher, H.P., Röhl, I.,

Characterization of small interfering RNA by non-denaturing ion-pair reversed-phase liquid

chromatograhy, 5609–5617, Copyright (2011), with permission from Elsevier.)
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3.5.5 Artefacts and Contaminants Observed in IP-RP-HPLC

The high sensitivities that can be achieved in chromatographic methods using UV

detection can sometimes lead to the presence of unspecific signal, due to contaminants

and other artefacts which absorb light in the employed wavelength range. These

contaminants can bind to the RP column and elute within the range of the gradient.

They can originate from a number of sources, for example the use of low-purity

buffering reagents, wash solutions containing contaminated components, dirty buffer

containers and flasks, contaminated pipettes, diluents and other sources. In IP-RP-

HPLC, chromatographic buffers usually contain a significant amount of organic

solvents and often other potentially corrosive chemicals, which may affect the surfaces

of vials and plastics used in sample preparation and storage. Figure 3.26 shows

chromatograms obtained with different samples using IP-RP-HPLC. In a number of

sample solutions a contaminant peak was repeatedly observed when the injection

system was used. Conversely, the peak was not present in any of the solvents and

Table 3.10 Single strands and impurity markers of siRNA-Luc. Upper case letters indicate

29-OH RNA nucleotides, lower case letters indicate 29-O-methyl nucleotides, TT indicates

two 29-deoxy-thymidine nucleotides connected via a phosphorothioate linkage, G underlined

indicates the additional guanine-nucleotides. Italic letters indicate the position of the 29, 59-

linkage.

Strand

ID

Sequence Orientation Description Molecular mass

(calculated)

PS-Luc cuuAcGcuGAGuAcuucGATT Passenger Full-length 6778.5

PS-PO cuuAcGcuGAGuAcuucGATT Passenger PO variant 6762.4

Short-P1 uuAcGcuGAGuAcuucGATT Passenger 59(n � 1)

shortmer

6459.2

Short-P2 uAcGcuGAGuAcuucGATT Passenger 59(n � 2)

shortmer

6139.0

Long-P1 cuuAcGGcuGAGuAcuucGATT Passenger N+G (Pos 1) 7123.7

Long-P2 cuuAcGcuGGAGuAcuucGATT Passenger N+G (Pos 2) 7123.7

Long-P3 cuuAcGcuGAGuAcuucGGATT Passenger N+G (Pos 4) 7123.7

Iso-P1 cuuAcGcuGAGuAcuucGATT Passenger 29,59-Isomer 6778.5

Iso-P2 cuuAcGcuGAGuAcuucGATT Passenger 29,59-Isomer 6778.5

GS-Luc UCGAAGuACUcAGCGuAAGTT Guide Full-length 6752.4

GS-PO UCGAAGuACUcAGCGuAAGTT Guide PO variant 6736.3

Short-G1 CGAAGuACUcAGCGuAAGTT Guide 59(n � 1)

shortmer

6446.3

Short-G2 GAAGuACUcAGCGuAAGTT Guide 59(n � 2)

shortmer

6141.0

Long-G1 UCGGAAGuACUcAGCGuAAGTT Guide N+G (Pos 1) 7097.6

Long-G2 UCGAAGuACUcAGCGuAAGGTT Guide N+G (Pos 5) 7097.6

Iso-G1 UCGAAGuACUcAGCGuAAGTT Guide 29,59-Isomer 6752.4

Iso-G2 UCGAAGuACUcAGCGuAAGTT Guide 29,59-Isomer 6752.4

Iso-G3 UCGAAGuACUcAGCGuAAGTT Guide 29,59-Isomer 6752.4
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Figure 3.25 Impact of sample preparation on a siRNA in non-denaturing IP-RP analysis.

Sample in 1 3 PBS (trace 1) and sample in water (trace 2). Dissociation of the duplex is

observed in trace 2, single strand and duplex peaks are indicated. Chromatographic conditions

were the same as described in Figure 3.24.
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Figure 3.26 IP-RP-HPLC chromatograms of samples containing either water (trace 2), buffer

A (trace 3) or an oligonucleotide sample (trace 4). No injection was performed in chromato-

graphic run (trace 1). The upper panel depicts full chromatograms, the lower panel depicts

zoomed curves. Chromatographic conditions were the same as described in Figure 3.24 (FLP

denotes full-length product).
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chemicals used in the analysis; instead it appeared to originate from the vials and caps.

When vials and caps made from different materials were examined, this impurity

could only be detected when polypropylene (PP) vials or caps containing PTFE

membranes were used (Figure 3.27). Other materials such as polymethylpentene

(TPX) (for vials) and Teflon/silicon (for membranes) were free of these contaminants.

3.6 Size Exclusion Chromatography

3.6.1 Principles of Separation

SEC is widely used in purification and analysis of DNA, RNA, oligonucleotides,

oligonucleotide complexes and conjugates. SEC separates peaks according to the

hydrodynamical size of the analytes and its relative rate of diffusion into the pores of

the stationary-phase resin. Hence, larger molecules elute earlier than smaller ones.

Typically, the elution order in SEC is the reverse of the other commonly used

chromatographic techniques and this is a key feature of SEC. The principles governing

the mechanisms of separation in SEC have been thoroughly described in various

publications [70, 71] and only a brief description will be presented in the following

sections.

In SEC, the stationary phase is a heterogeneous phase system, consisting of a

liquid phase, usually aqueous, which is contained within the pores of a solid phase.

The pores of the solid-phase particles are comparable in size to the hydrodynamic size

Figure 3.27 Chromatographic vials and respective caps used in the sample preparation for

RP-chromatography. Vials made from polypropylene (left, opaque) or polymethylpentene

(right, clear). Caps containing Teflon/silicon membranes (left, white inside surface) or

polytetrafluorethylene membranes (right, dark (actually blue when seen in colour) inside

surface).
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of the analytes. During the chromatographic process, only small molecules with the

appropriate size can diffuse into the pores of the matrix from the surrounding solution.

Molecules that exceed the size of the pores cannot diffuse into the matrix and thus

pass through the column with the mobile phase solvent front, also known as the total

exclusion or void volume (V0). In SEC, V0 is equivalent to the volume of the interstitial

space. Molecules with complete access to the pores elute at the total permeation

volume (Vt), which is the void volume V0 plus the pore volume Vi (equation (3.12)).

V t ¼ V 0 þ V i (3:12)

Molecules of intermediate sizes, which are able to diffuse into the matrix, are delayed

in their passage through the column, eluting between these two volumes, proportional

to their sizes (equation (3.13)).

VR ¼ V 0 þ KsecV i (3:13)

where Ksec is the SEC distribution coefficient and can be defined in equation (3.14)

Ksec ¼ S½ �i= S½ �0 (3:14)

where [S]i is the solute analyte concentration in the pore volume and [S]0 is the

average solute concentration in the void volume. Ksec values can range from 0 to 1.

Ksec ¼ 0 is the case when a large molecule is excluded from the pores and elutes with

the void volume; when Ksec ¼ 1 the sample elutes with the permeation volume, which

is the case for very small compounds, such as buffer salts.

The most important characteristic of a SEC column is the way the matrix has

been packed. The resolution of analytes using SEC is very sensitive to inhomogene-

ities in the stationary phase. Moreover, ionic strength of the buffer can also have a

positive effect in SEC, where at an ionic strength of 0.15 or greater, unwanted ionic

interactions between the analytes and the column matrix can be avoided. In contrast to

most of the other chromatographic methods, the volume of the column (and the

respective Vt) determines the resolution that can be achieved with a SEC column. The

length of the column is therefore significant, since it affects both the resolution and

the time taken to elute it.

3.6.2 Application of SEC in Sample Preparation

When considering using SEC for sample preparation of oligonucleotides, there are a

number of factors that need to be considered. First, the sample loading capacity in

SEC is low to moderate with maximum sample load of 0.5–1 mg/mL of packing

material, hence SEC columns are often 4–5 times the size of a standard RP or AEX

column; second, SEC column size also defines the maximal volume of the sample;

third, sample concentration is limited by the viscosity of the sample and this should be

low enough not to cause inconsistencies in the hydrodynamic flow of the mobile

phase; fourth, the composition, pH and ionic strength of the sample are of lesser

significance, as long as they do not affect the sizes or stability of the analyte molecules

and are not outside the stability range of the stationary phase.

142 Analysis of Oligonucleotides and their Related Substances

ChemGenes Exhibit 2024 - Page 142



3.6.3 SEC Performance for Different Analytes

SEC does not have the same high-resolution power of other chromatographic

techniques such as AEX or IP-RP-HPLC; however, it does have the resolving power to

separate duplex oligonucleotides from monomers and multimers, as well as unstruc-

tured monomers from hairpin structures. As a result, SEC is well suited for the non-

denaturing analysis of oligonucleotides. This is largely due to the unusually mild

experimental conditions that are typically employed in SEC analysis which, in some

cases, resemble physiological conditions.

The analysis of intact oligonucleotide duplexes and multiplexes (such as

triple helices and tetramers of G-rich oligonucleotides involving Hoogsteen bind-

ings) is often challenging, since most analytical chromatographic techniques (AEX

or IP-RP-HPLC) exert some degree of destabilising effects on the non-covalent

bindings between the components of the complex. The presence of IP reagents,

low amounts of inorganic buffer salts, as well as high amounts of chaotropic salts

in the mobile phases, and also high pH and temperature during analysis, can

result in dissociation of the complex or at least a significant change in the duplex

to monomer or multimer ratio. In SEC, however, conditions like high pH, high

temperatures or high concentration of buffer salts are seldom used. Instead,

ambient temperature, physiological buffer compositions and pH are common, and

make this chromatographic technique an ideal tool to analyse secondary or tertiary

structures of nucleic acids such as siRNA, duplex decoy or aptamers. SEC buffers

are often the same as those commonly used for storage or formulation of the

respective drug products. Hence SEC is the method of choice for analysing

oligonucleotide aggregation.

In the case of PEGylated aptamers, where the presence of a polydispersed

synthetic polymer (e.g. polyethylene glycol (PEG)) greatly complicates the analysis

using other techniques, SEC has greater utility. The same is true for lipophilic

conjugates such as oligonucleotides containing a cholesterol moiety, where the

significantly altered adsorption characteristics to the functionalised surfaces impede

analysis by AEX or IP-RP-HPLC. In SEC, the analysis of these large hydrophobic

conjugates can be enhanced when organic solvents are used in the mobile phase (see

Section 3.6.9).

3.6.4 Impact of Flow Rate on Resolution

Improvement in resolution in SEC can be achieved by varying the flow rates through

the column rather than column temperature. Owing to the separation principle

described earlier, the employed flow rate should allow diffusion of analytes into the

pores. Generally, the lower the flow rate, the better the resolution, at least for large

molecules. This is demonstrated in Figure 3.28, where flow rate was reduced gradually

from 750 �L/min to 200 �L/min. Resolution between the peaks for 35mer, 18mer and

9mer oligonucleotides increased correspondingly (Table 3.11).
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3.6.5 Impact of Buffer Salt Concentration on Resolution

Other than flow rate, the concentration of buffer salt has a moderate impact on peak

resolution in SEC. When a 20 mM phosphate buffer at pH 7 was supplemented with

increasing amounts of sodium chloride, separation time increased, but peak resolution

decreased (Table 3.12 and Figure 3.29). The increase in separation time may reflect

1

2

3

4

5

6

Flow: 750 µL/min

Flow: 600 µL/min
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Figure 3.28 Effect of different flow rates on SEC separation. Trace 1: flow ¼ 750 �L/min;

trace 2: flow ¼ 600 �L/min; trace 3: flow ¼ 500 �L/min; trace 4: flow ¼ 400 �L/min; trace 5:

flow ¼ 300 �L/min; trace 6: flow ¼ 200 �L/min. SEC was carried out on a Dionex Ultimate

3000 series HPLC system (Dionex, Sunnyvale, CA, USA) using UV detection at 260 nm.

Oligonucleotides were separated on a Superdex 75 column, 10/300 GL (GE Healthcare,

Pollars Wood, UK) at room temperature. Mobile phase consisted of 1 3 PBS containing 10%

ACN. Injection volume was 5 �L of a 50 �M RNA solution in 1 3 PBS.

Table 3.11 Peak resolutions between peaks of 36mer and 18mer oligonucleotides (Rs1) and

peaks of 18mer and 9mer oligonucleotides (Rs2) in SEC analyses using flow rates between

750 �L/min and 200 �L/min. Chromatographic conditions were as described in Figure 3.28.

Flow (�L/min) Rs1 Rs2

750 2.84 2.57

600 2.98 2.69

500 3.20 2.85

400 3.40 3.00

300 3.57 3.12

200 3.84 3.30
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the reduction in hydrodynamic size of the analytes in solutions of higher salt

concentration. The reduction in resolution appears to be attributable primarily to an

increase in peak width, rather than differences in elution volume. The increase in peak

width may be the result of larger inconsistencies in the mobile phase flow over the

course of the column, caused by the increased viscosity of the solutions containing

higher salt concentrations.

Table 3.12 Peak resolutions in SEC. Mobile phases containing increasing concentrations of

sodium chloride were used (0 to 500 mM NaCl). Rs1 is the resolution between peaks of 36mer

and 18mer oligonucleotides. Rs2 is the resolution between peaks of 18mer and 9mer

oligonucleotides. Chromatographic conditions were as described in Figure 3.29.

NaCl (mM) Rs1 Rs2

0 3.01 3.14

25 3.03 3.01

50 3.01 2.90

150 2.89 2.66

500 2.75 2.44
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0 mM NaCl

25 mM NaCl

50 mM NaCl

150 mM NaCl

500 mM NaCl

Figure 3.29 Effect of salt concentration on SEC separation. Mobile phase is 20 mM sodium

phosphate pH 7 containing (i) 0 mM NaCl (trace 1); (ii) 25 mM NaCl (trace 2); (iii) 50 mM

NaCl (trace 3); (iv) 150 mM NaCl (trace 4); (v) 500 mM NaCl (trace 5). SEC was carried out

on a Dionex Ultimate 3000 series HPLC system (Dionex, Sunnyvale, CA, USA) using UV

detection at 260 nm. Oligonucleotides were separated on a Superdex 75 column, 10/300 GL

(GE Healthcare, Pollars Wood, UK) at room temperature. Mobile phase consisted of 20 mM

phosphate buffer containing the indicated amount of NaCl and 10% ACN. Injection volume

was 5 �L of a 50 �M RNA solution in 1 3 PBS. Flow rate was 750 �L/min.
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3.6.6 Separation of Duplex and Single Strand

Generally, SEC can provide good separation between duplex siRNA and its non-

hybridised single strands. Figure 3.30 shows the separation of samples containing

duplex only (trace 3), duplex including a small excess of guide strand (trace 2) and

duplex including a small excess of passenger strand (trace 1). When chromatograms

are enlarged, different separation efficiencies for the single strands can be identified.

Improved separations were observed for the passenger strand from duplex when

compared to that of the guide strand. Nevertheless, in both cases, good separation

between duplex and single strands was achieved.

Figure 3.31 shows a chromatogram of a crude duplex, generated by annealing of

crude guide and passenger strand after oligonucleotide synthesis. Compared to a

purified duplex, this mixture contains larger amounts of single-strand impurities such

as shortmer and longer, as well as non-optimal duplexes containing one or two

impurity strands. In this example, single strands and shortmer sequences were resolved

using SEC, whereas non-optimal duplexes, which have only a small difference in

hydrodynamic size compared to the optimal duplex, are detected only as a shoulder of

the main duplex peak. Aggregates, due to the larger size differences, are visible as

distinct peaks, eluting earlier than the main peak.

3.6.7 Strand Titration Using SEC

During the manufacture of a siRNA, the final siRNA duplex is formed by mixing the

two purified single strands in near equimolar concentration in aqueous solution,

1
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ii

Double strands

Single strands

1
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3

Double strands

ii

i

Figure 3.30 SEC of samples containing a small excess of passenger strand (trace 1), a small

excess of guide strand (trace 2) or equimolar amounts of guide and passenger strand (trace

3). Peak ‘i’ indicates non-hybridised passenger strand; peak ‘ii’ indicates non-hybridised

guide strand. Chromatographic conditions were as described in Figure 3.28. Flow rate was

750 �L/min.
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typically followed by a heating and cooling phase (i.e. annealing). Strand association

is mediated non-covalently via base-pairing and stacking interactions. The resulting

siRNA typically contains a duplex fraction, including optimal duplex (two full-length

single strands), non-optimal duplex variants (containing at least one single-strand

impurity and/or mismatched sequences) as well as non-hybridised single strands. In

theory, a 1:1 molar mixture of guide and passenger strand should result in the

formation of the maximal amount of optimal duplex. In practice, this is not always the

case since each strand contains significant amounts of longmer and shortmer impu-

rities, some of which may not form stable duplexes. Thus, the molar equivalents

needed to form a maximal amount of duplex depend not only on the full-length purity

of the strands, but also on the nature of the impurities present. Hence, determination

of optimal strand ratio solely by theoretical calculations based on the extinction

coefficients of the full-length strands and UV absorption measurements of the respec-

tive solution may prove inaccurate or impractical during the manufacturing process.

In practice, more often than not, accurate strand ratio is adjusted experimentally

during the manufacture of duplex oligonucleotides by determining content of a non-

hybridised strand. SEC is an excellent tool to determine duplex and single-strand

content in a sample under non-denaturing conditions. The optimal strand ratio can be

determined either in real time, at different stages of the annealing process, or by

siRNA-Luc90.8%

90.4%

1

2

siRNA-Luc and
shortmer duplexes

Single strands

Longmer duplexes
and aggregates

Figure 3.31 Non-denaturing analysis of the crude single-strand mixture before and after

annealing. Equimolar amounts of desalted crude GS-Luc and crude PS-Luc were mixed and

analysed using SEC. Chromatography was performed before (solid line) and after (dashed

line) annealing (858C, 10 min). Full chromatograms (left panel) and enlarged chromatograms

(right panel) are depicted. Chromatographic conditions were as described in Figure 3.28. Flow

rate was 750 �L/min. (Source: Modified from Nucleic Acid Technol., 21, Noll, B., Seiffert, S.,

Hertel, F., Debelak, H., Hadwiger, P., Vornlocher, H.P., Röhl, I., Purification of small

interfering RNA using non-denaturing anion-exchange chromatography, 383–393, Copyright

2011.)
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preparing analytical samples of different mixing stoichiometries and plotting the

results to determine the endpoint of the titration. Figure 3.32 displays a plot of

percentage single-strand peak area over percentage molar excess of guide strand (GS-

Luc). In this case, the lowest amount of non-hybridised single strand was reached at

an 8% excess of passenger strand.

3.6.8 Separation of Encapsulated Liposomal siRNA from Free
siRNA

Therapeutic oligonucleotides, in particular unmodified analogues, can be encapsulated

into liposomes or nanoparticles for better bioavailability and pharmacokinetic profile

[72–74]. Free and encapsulated oligonucleotides can be measured by SEC due to their

significant size difference. Delivery systems such as liposomes typically display size

ranges from 50 to 500 �m, whereas oligonucleotides show sizes that are more in the

2–10 �m range. Figure 3.33 shows a chromatogram of a liposomal solution containing

encapsulated siRNA as well as free siRNA. Note that the recorded UV absorption of

the encapsulated siRNA may not be an accurate reflection of the concentration of

encapsulated oligonucleotides, since other components of the liposome such as the
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Figure 3.32 Titration of excess single strands of siRNA. Percentages of single-strand peak

areas were plotted over the molar excess of guide strand GS-Luc employed in the preparation

of the duplex sample. SEC was carried out on a Dionex Ultimate 3000 series HPLC system

(Dionex, Sunnyvale, CA, USA) using UV detection at 260 nm. Injection volume was 5 �L of

a 50 �M RNA solution in 1 3 PBS. Chromatographic conditions were as described in Figure

3.28. Flow rate was 750 �L/min.
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lipids may absorb at the recorded wavelength. In addition, the liposomal particles may

cause light diffraction in the detector cell of the HPLC system, further reducing the

recorded signal.

3.6.9 Separation of Lipophilic-Conjugated Oligonucleotides

In some applications, oligonucleotides are chemically conjugated to other chemical

entities, such as biotin, galactose, cholesterol or other moieties that can improve

receptor binding or bioavailability. Conjugation to lipophilic moieties can significantly

complicate chromatographic analysis of oligonucleotides. Interactions of the lipophilic

moiety by hydrophobic interactions with the size-exclusion matrix can cause poor

resolution of the conjugated analytes, delayed passage through the column or, in the

worst case, complete retention of the analyte on the column. Figure 3.34 shows

examples of SEC separations where cholesterol-conjugated oligonucleotides did not

elute from SEC columns when the usually employed mobile phase (1 3 PBS contain-

ing 10% ACN) was used. After the mobile phase was gradually supplemented with a

solvent of higher lipophilicity such as methanol, hydrophobic interactions of oligonu-

cleotide-conjugates with the size-exclusion matrix could be suppressed. However, high

content of organic solvent in the mobile phase can affect the hydrodynamic size of the

analytes, as well as the diffusion behaviour during chromatography, and may affect

resolution (Figure 3.35).

Liposomes

Double strands

Liposomes

Double strands

Single strands

Figure 3.33 Separation of encapsulated siRNA (liposomes) and free siRNA. The full

chromatogram (left panel) and an enlarged section of the chromatogram are depicted (right

panel). SEC was carried out on a Dionex Ultimate 3000 series HPLC system (Dionex,

Sunnyvale, CA, USA) using UV detection at 260 nm. Samples were separated on a Superdex

75 column, 10/300 GL (GE Healthcare, Pollars Wood, UK) at room temperature. Mobile

phase consisted of 1 3 PBS containing 10% ACN. The flow rate was 750 �L/min.
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3.6.10 Future Trends

3.6.10.1 UHPLC
The main focus of this chapter has been on the application of IP-RP-HPLC methods

for the quantitation and characterisation of oligonucleotide samples. By optimising

the method conditions and parameters, a high degree of resolution can be achieved

between oligonucleotides and related substances using conventional HPLC systems.

However, further increases in separation efficiency can be achieved by reducing

particle size and increasing column length. While commercial columns with particle

sizes between 3 and 10 �m are common in conventional HPLC, improvements in

system stability towards extreme pressures led to the introduction of UPLC. UPLC

uses sub-2-micron resin particles in columns of up to 150 mm length and can operate

at back pressures of up to 1200 bar, compared to 400 bar in standard HPLC. Owing

to very high plate counts, UPLC shows very high chromatographic resolution, higher

sensitivity and narrow peaks at significantly faster separations [75]. More information

on UPLC can be found in the review by Neue et al. [76]. UPLC can be particularly

beneficial in separations involving analytes with a large molecular weight, such as

oligonucleotides. A four- to ten-fold increase in speed can be obtained compared to

conventional HPLC, with less buffer consumed, reducing time and cost of a

separation [77].

Chol-duplex

Chol-strand

Guide-strand

Chol-duplex

Chol-strand

Guide-strand

Figure 3.34 Separation of a siRNA containing a strand conjugated to a cholesterol-moiety.

Chromatograms depicting separations of the duplex (straight line), guide strand (dashed line)

and conjugated passenger strand (dotted line). Chromatographic conditions were as in Figure

3.35. Mobile phase was 1 3 PBS containing 30% ACN.
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For the separation of oligonucleotides, UPLC is typically used in IP-RP applica-

tions. A number of columns suitable for UPLC applications for oligonucleotides are

available to date. A comprehensive list is available by Cramer et al. [78]. Examples of

separations on RP-UHPLC resins are shown in this chapter (Figures 3.22 to 3.26). The

development of small-particle AEX chromatography has not progressed as rapidly;

however, the first commercial SAX columns suitable for UPLC applications have been

introduced recently [79] and significantly improved resolution and speed compared to

commonly used AEX columns has been demonstrated. Taken together, owing to its

improved resolution and speed, as well as its capability of reducing time and cost of a

separation, it is expected that in the future, UPLC application will play an increasingly

important role in the analysis of oligonucleotides.

3.6.10.2 LC-MS
Compared with AEX or SEC analysis, IP-RP-HPLC offers not only higher separation

efficiency, but also compatibility with MS. HPLC coupled with ESI-MS has increas-

ingly become the method of choice for impurity profiling of oligonucleotides. ESI-MS

generates intact, multiply charged gas-phase ions of high-molecular-weight biomole-

cules [80, 81]. Owing to the multiple charges, the mass-to-charge rates of typical

1

2

1

2

Figure 3.35 Effect of organic solvent content on separation. A sample containing 36mer,

18mer and 9mer polyT oligonucleotides was separated on a Superdex 75 column, 10/300 GL

(GE Healthcare, Pollars Wood, UK) at room temperature. Chromatography was carried out on

a Dionex Ultimate 3000 series HPLC system (Dionex, Sunnyvale, CA, USA) using UV

detection at 260 nm. The flow rate was 750 �L/min. Mobile phase was 1 3 PBS containing

10% ACN (trace 1) or 30% ACN (trace 2).
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single- and double-stranded oligonucleotides are well within the mass range of most

commercial mass spectrometers (relative molecular mass, Mr , 4000–6000). ESI-MS

can provide accurate mass detection after chromatographic separation and can be used

to identify as well as quantify oligonucleotides, related substances, impurities and

degradants, even when the analytes are not or are only partially chromatographically

resolved. Consequently, HPLC using MS detection is becoming a popular character-

isation tool for oligonucleotide analysis.

The main prerequisite for LC-MS compared to regular LC applications is the use

of IP buffers that are compatible with ESI-MS detection [50]. To date, a large number

of denaturing IP-RP-HPLC methods [39, 50, 51, 54, 63, 68] have been reported for

the characterisation of single- and double-stranded oligonucleotides. Among the

described IP systems TEA/HFIP and HAA systems were reported as giving the best

separation [53, 63, 68]. The use of HFIP as counter ion of the IP agent is particularly

attractive because it is compatible with ESI-MS and often provides excellent separa-

tion [51, 52]. Another important feature of HFIP appears to be that it reduces the

impact of oligonucleotide hydrophobicity upon retention [64] and suppresses diaster-

eomeric resolution [52, 53].

In addition to denaturing LC-MS applications, several IP-RP-HPLC methods

have been reported which allow high-resolution separations under non-denaturing

conditions. These include ESI-MS compatible methods using

• an HAA buffer system [63]

• a TEA/HFIP buffer system [22, 53, 55]

• an HA/HFIP buffer system [68].

All three buffer systems showed high separation efficiencies for single, as well as

duplex oligonucleotides. As in denaturing applications, using HFIP as counter ion

allowed for significantly higher mass sensitivity. In the future, a combination of both

UPLC and MS detection is likely to gain importance in routine quality control analysis

of oligonucleotides.
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Analytical Characterisation of
Oligonucleotides by Mass

Spectrometry

4
Patrick A. Limbach

4.1 Introduction

During the past decade there has been increased application of oligonucleotides in the

biotechnology market. Oligonucleotides are used as diagnostic tools and as a drug

development platform allowing for the modulation of gene expression. Unmodified

oligodeoxyribonucleotides and oligoribonucleotides typically have low specificity and

therapeutic efficacy in vivo due to nuclease-mediated degradation. Those problems

can be overcome by chemical alteration of their native structure via modifications of

the phosphodiester backbone, ribose sugar and the heterocyclic bases [1].

Analytical methods are required to verify both the composition and sequence of

synthetic oligonucleotides, especially those destined for therapeutic use. Despite

significant progress in solid-phase oligomerisation chemistry, synthetic oligonucleo-

tides still contain multiple classes of low-level impurities (refer to Chapter 2 for more

details). These impurities, when present in oligonucleotide therapeutics, can influence

not only their efficacy and toxicity but also lead to potential regulatory issues due to

potential changes in the impurity profiles. Impurity profiles can be used to better

understand solid-phase oligomerisation chemistry, yielding better control over the

manufacturing process.

This chapter describes the use of mass spectrometry (MS) for the analysis of

synthetic oligonucleotides, including modified oligonucleotides, and the impurities

created during their synthesis. The chapter provides a brief overview of the common

MS platforms used for oligonucleotide analysis, a discussion of the important

analytical considerations during MS method development, a presentation of
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oligonucleotide gas phase properties and selected illustrations of applications of MS

for oligonucleotide characterisation.

There are a number of relatively recent review articles and book chapters focused

on particular areas of MS as applied to the characterisation of oligonucleotides [2–

11], and the interested reader is referred to those for additional details and informa-

tion. A few of those references deserve highlighting because of the detailed coverage

they provide on selected fundamental characteristics or applications of MS. Beverly

[10] has recently reviewed the field of MS used for the characterisation of small

interfering ribonucleic acids (siRNAs) and provides a nice discussion of the use of MS

specifically focused on double-stranded RNA. The ability of MS to obtain quantitative

information from oligonucleotide metabolite profiles has been reviewed through 2007

[7]. Among the most comprehensive reviews of the past several years, Banoub et al.

[4] covered nearly the entire field of nucleoside, oligonucleotide and nucleic acid MS.

That review then formed the basis for a recent book dedicated to the use of MS for

these biomolecules [9].

This chapter is organised to provide the reader analytically useful information

relating to the use of MS for characterising synthetic oligonucleotides. To start, a brief

primer on modern MS instrumentation is given. Readers familiar with MS are

welcome to omit this section. Next, the gas phase properties of oligonucleotides are

discussed. This section primarily focuses on single-stranded oligonucleotides and

includes an overview of the known fragmentation behaviour of oligodeoxynucleotides,

oligoribonucleotides and selected modified oligonucleotides. That information is

followed by a brief overview of analytical method development as applied to

oligonucleotide analysis. Methods covered include the more common high-perform-

ance liquid chromatography–MS (HPLC-MS) and matrix-assisted laser desorption/

ionisation–MS (MALDI-MS) methods used for oligonucleotide characterisation. The

remainder of this chapter highlights selected applications from the recent literature.

Whilst this section is not comprehensive, owing to space limitations, each application

is chosen to provide the interested reader with guidance and insight into the common

analytical challenges faced when characterising oligonucleotides, along with success-

ful approaches for identifying the scientific information of interest from such samples.

4.2 MS Instrumentation

MS is a powerful tool for obtaining valuable analytical information such as molecular

composition and structural information from biomolecules such as oligonucleotides.

MS is most notable for its ability to provide absolute molecular weight measurements

with relatively high sensitivity. Historically, however, the application of MS to the

analysis of oligonucleotides was limited to nucleosides and low molecular weight

oligonucleotides (, 2000 Da) because the polyanionic character of these samples did

not allow for the efficient generation of gas-phase ions of such samples.

The development of two so-called ‘soft ionisation’ techniques, electrospray

ionisation (ESI) [12, 13] and MALDI [14], provided practitioners of MS with the

means to generate gas-phase ions from oligonucleotides and nucleic acids of moderate
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to high molecular weights. No clearer measure of the importance of these two

ionisation methods for MS can be found than the awarding of the Nobel Prize in

chemistry in 2002 to Koichi Tanaka for laser desorption/ionisation MS and the late

John Fenn for ESI-MS. Without question, these two ionisation techniques have

revolutionised the mass spectrometric analysis of oligonucleotides. In fact, further

developments and refinements to ESI-MS and ultra-violet (UV) MALDI-MS have led

to the current situation wherein MS is a routine analytical technique for the

characterisation of oligonucleotides and their constituents.

Every commercial mass spectrometer will have one (or more) ionisation sources

and one (or more) mass analysers. The ionisation source is responsible for generating

the gas-phase ions which are then separated based on the ion’s mass-to-charge ratio

(m/z) by the mass analyser. Because these two components are both ubiquitous and

important for MS-based characterisation of oligonucleotides, each will be treated in

more detail in the sections that follow. In addition to an ionisation source and a mass

analyser, commercial mass spectrometers will typically have some means of sample

introduction (e.g. HPLC), a detector to register the m/z values present in the sample,

and software and associated electronics for instrument control, sample acquisition and

data analysis.

4.2.1 Ionisation Sources

4.2.1.1 MALDI
MALDI-MS [14–16] is one of the most useful techniques for determining the mass of

oligonucleotides. A number of recent reviews can be consulted for more detailed

discussions regarding the processes in MALDI-MS [8, 17, 18]. MALDI-MS offers

high mass accuracy, good sensitivity, simplicity and speed, all of which make MALDI

a suitable technique for the analysis of oligonucleotides. Conceptually, sample analy-

sis using MALDI-MS is a relatively straightforward procedure. As will be discussed

in further detail below, the analyte of interest is mixed with an appropriate matrix,

spotted on a sample plate and analysed. Normally, singly charged ions of oligonucleo-

tides are observed in MALDI-MS, which makes MALDI mass spectra very easy to

interpret and simplifies the analysis of mixtures.

Currently, MALDI-MS can be used to analyse oligonucleotides at the 120mer

size and below, although it is most practical and effective when used for the rapid

identification and characterisation of synthetic oligonucleotides at the 50mer level and

below. In fact, this approach has replaced Maxam–Gilbert chemical degradation

followed by polyacrylamide gel electrophoresis for the sequence verification of

smaller oligonucleotides [19]. MALDI-MS requires fmol to low pmol per microlitre

amounts of oligonucleotides for analysis. Because MALDI is capable of analysing

mixtures, synthetic oligonucleotides (usually less than 30mers) can be characterised

by their failure sequences [20, 21]. Alternatively, exonuclease digestion has proven to

be a versatile approach to the sequence determination of moderate length oligonucleo-

tides [22, 23]. Both of these techniques will be covered in more depth at the end of

this chapter.
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4.2.1.2 The MALDI Laser
Among the various commercial vendors of MALDI-based mass spectrometers, each

system can be equipped with lasers of different laser wavelength, repetition rate and

laser spot size. The pulsed nitrogen laser (º ¼ 337 nm) and the frequency-tripled

neodymium-doped yttrium aluminium garnet (Nd:YAG) laser (º ¼ 355 nm) are the

most common lasers used in UV-MALDI-MS [24]. Operationally, laser fluences

(fluxes) of the order of 106–107 W/cm2 are common in MALDI-MS. The best results

are achieved by working at or just above the threshold irradiance necessary to generate

analyte signal. To achieve the appropriate laser irradiance, some means of attenuating

the laser output are typically employed and are common accessories on commercial

instruments. Lasers are available in a wide range of repetition rates, ranging from the

Hz range for nitrogen lasers up to modern Nd:YAG lasers with rates . 1000 Hz.

Typically, sample throughput increases with increasing laser repetition rate as the

number of co-added scans per sample can be increased (thereby increasing signal-to-

noise (S/N) ratio) without an increase in analysis time. Laser spot sizes from 5 �m up

to 150 �m are available, depending on the beam focusing technology used. Except for

specialised applications not typically encountered during oligonucleotide analysis,

there are no advantages to very tightly focused lasers.

4.2.1.3 Matrix
The MALDI technique involves the process of desorption, dissociation and ionisation

of the analyte and the matrix under high laser energy. The essence of MALDI-MS is

the matrix. Generally analyte compounds are embedded in a surplus of matrix (around

1000-fold molar excess) and are co-desorbed upon laser excitation. The general

features of effective MALDI matrices are well known: they must dissolve (liquid

matrix) or co-crystallise (solid matrix) with the sample, strongly absorb the laser light,

remain in the condensed phase under high-vacuum conditions, stifle both chemical

and thermal degradation of the sample, and promote the ionisation of the sample via

any of a number of mechanisms [25].

As with other biomolecule compound classes, a large number of candidate

matrices have been investigated in MALDI-MS analyses of oligonucleotides. Over the

years, only a handful have found widespread use within the field: picolinic acid, 3-

hydroxypicolinic acid (3-HPA), 2-amino thiothymine (ATT), 3,4-diaminobenzophe-

none (DABP) and 2,4,6-trihydroxyacetophenone (THAP). The de facto standard for

small oligonucleotides for many years was THAP together with di- and tri-ammonium

salts of organic or inorganic acids [26]. A mixture of THAP in acetonitrile and

aqueous triammonium citrate in a 1:1 molar proportion was found to be a good matrix

for the detection of synthetic oligodeoxynucleotide samples [27]. A high proportion of

volatile solvent as well as the high salt content ensured fast co-crystallisation of the

matrix, co-matrix and analyte molecules. ATT, co-crystallised with ammonium citrate,

has been shown to be a suitable matrix for the analysis of oligonucleotides and short

DNA fragments [28]. The major advantages of ATT over other conventional matrices,

for example THAP and 3-HPA, were improved resolution and mass accuracy, easy

sample preparation, and applicability to crude or partially purified samples.
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Although DABP was originally introduced as a novel matrix for the analysis of

peptides and proteins by MALDI-MS, it was also demonstrated to be useful in the

analysis of oligonucleotides [29]. Intact oligonucleotide ions with this matrix can be

readily produced with lower laser powers, resulting in better detection limits, less

fragmentation and fewer alkali metal ion adducts compared to conventional matrices,

for example 3-HPA and THAP (Figure 4.1). This matrix can be used for the analysis

of small oligonucleotides (, 30mers) without any co-matrices, providing the sample

is sufficiently desalted. Minimal fragmentation and fewer alkali metal ion adducts

were detected even at low concentrations of oligonucleotides. It was also found that

samples prepared with DABP are highly homogeneous, which resulted in excellent

shot-to-shot reproducibility, better resolution and a higher S/N ratio.
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Figure 4.1 MALDI mass spectra of d(T)6 obtained using (a) DABP, (b) 3-HPA and (c) 2,4,6-

THAP as the matrix, respectively. The quantity of d(T)6 loaded was 1.4 pmol without adding

extra NaCl to the sample solution. (Source: Fu, Y., Xu, S., Pan, C., Ye, M., Zou, H., Guo, B.,

A matrix of 3,4-diaminobenzophenone for the analysis of oligonucleotides by matrix-assisted

laser desorption/ionization time-of-flight mass spectrometry, Nucleic Acids Res., 2006, 34,

e94, by permission of Oxford University Press.)
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A unique aspect of MALDI-MS analysis of nucleic acid components is the

advantages one gains by adding a co-matrix to minimise cation adduction and improve

oligonucleotide signals. The effect of ammonium salt in the detection of oligonucleo-

tides was systematically investigated using several matrices with ammonium salt

additives [30]. The results showed that the presence of ammonium salt in the matrix

had a beneficial effect on protonation and deprotonation of oligonucleotides in

addition to suppressing alkali-ion adducts. The addition of a co-matrix of sufficiently

high proton affinity can serve as a proton sink to reduce oligonucleotide fragmentation

in MALDI-MS [31, 32]. A direct correlation between the co-matrix proton affinity

and the oligonucleotide molecular ion stability was found. The polyamine co-matrices

(spermine tetrahydrochloride, spermine, spermidine trihydrochloride and spermidine)

were evaluated for their effectiveness at enhancing the mass spectral quality of

oligonucleotides [33, 34]. In general, polyamine co-matrices were found to be more

effective than monofunctional amines for improved mass spectral data.

The oldest and original sample preparation method introduced in 1988 by Karas

and Hillenkamp [15], which has remained, with minor modifications, in place for

nearly two decades is the ‘dried droplet method’. The approach is simple – a freshly

prepared saturated solution of matrix compound is mixed with analyte solution and

dried at ambient temperature – but aggregation of higher amounts of analyte/matrix

crystals in a ring around the edge of the drop yields inhomogeneous and irregularly

distributed crystals on the MALDI target. This inhomogeneity requires the search for

‘hot’ spots to generate good-quality spectra [35, 36].

Various methods were subsequently developed in attempts to reduce the prepara-

tion inhomogeneity. The ‘crushed crystal’ [37], ‘fast evaporation’ [38], ‘overlayer’

[36] and ‘sandwich’ [39, 40] methods are the more common examples. Among these,

the two-layer (‘overlayer’, ‘sandwich’) approaches wherein matrix is first spotted on

the sample target followed by the analyte and additional matrix or analyte–matrix

mixture are most commonly used for solid matrix preparations. These approaches

provide high detection sensitivity and excellent spot-to-spot reproducibility, which are

mainly due to the increase of the matrix-to-analyte ratio and improved isolation

between analyte molecules as a result of analyte/matrix deposition features.

Owing to difficulties in preparing homogeneous samples using the solid matrix

techniques, alternatives based on the use of liquid matrices have also been investi-

gated. Room-temperature ionic liquids (RTILs) are salts with melting points close to

or below room temperature. They look like a classical liquid but they do not contain

any molecules: they are made of ions. Typically, a RTIL consists of nitrogen- or

phosphorus-containing organic cations and large organic or inorganic anions [41].

They have good thermal stabilities, remain liquid over a range of 200–3008C and have

practically no vapour pressure [42]. They produce homogenous solutions with great

vacuum stabilities and are good solvents for a variety of organic, inorganic and

polymeric substances [43].

It has been demonstrated that ionic liquids and solids make useful MALDI

matrices [44]. With ionic matrices, it is possible to combine the beneficial qualities of

liquid and solid matrices. Ionic liquids produce a much more homogeneous sample

solution (as do all liquid matrices), yet they have greater vacuum stability than most
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solid matrices. In most cases, an ionic matrix can be found that produces greater

spectral peak intensities and lower limits of detection than comparable solid matrices.

While most ionic liquids readily dissolve biological oligomers, such as oligonucleo-

tides, they can vary tremendously in their ability to promote analyte ionisation.

Therefore, while they have previously been investigated as UV-MALDI matrices for

oligonucleotides, their performance has not yet matched the performance already

available using conventional solid matrices (Figure 4.2) [45–47]. However, their

potential advantages suggest further investigations may be warranted, especially for

selected applications of MALDI-MS for modified oligonucleotides.

4.2.2 Electrospray Ionisation

The analysis of biomolecules such as nucleic acids and proteins by MS is a rather

difficult process due to the high molecular weight and thermal lability of these

molecules. Two of the major problems in such analyses are the need for a ‘soft’

ionisation method capable of generating intact molecular ions and the limited upper

mass range of most mass analysers. In the mid-1980s, Fenn et al. [48] demonstrated

that ESI could be used to analyse molecules with molecular weights (Mr) larger than

the m/z limit of the mass analyser. Later work on oligonucleotides opened the door for

accurate and high-resolution analysis of these compounds by ESI-MS [49].

ESI allows for the analysis of high molecular weight compounds through the

generation of multiply charged ions in the gas phase. Because the basis of the mass

spectrometric measurement is the m/z value of the molecule, the presence of multiple

charges on the molecule will result in a decrease in the m/z values and allow

characterisation using mass analysers with limited m/z ranges. An example of a typical

electrospray mass spectrum one obtains for oligonucleotides is shown in Figure 4.3.

As is illustrated in the top mass spectrum, each of the oligonucleotide species is

detected as multiply charged negative ions. After spectral deconvolution, the molecu-

lar weights of each of the three oligonucleotides can be determined, as well as the

presence of sodium adducts.

A necessary requirement for ESI is that the analyte molecules be charged in

solution. The negatively charged phosphate backbone of oligonucleotides allows for

negative-ion mode analysis of ESI-generated ions. Transfer of ions from solution

phase to the gas phase is accomplished by generating an electric field between a

spraying needle, which is held at a high negative potential, and a counter electrode

held at ground or a positive potential some distance from the needle. The solution

being sprayed exits the needle as a conical distribution of droplets (‘Taylor cone’),

each containing excess negative charge. A heated drying gas, such as nitrogen, is

typically used to assist evaporation of the solvent sheath from the ion. The desolvated,

multiply charged ion is then introduced into the mass spectrometer for analysis [50].

ESI performance is directly related to the inner diameter (i.d.) of the spraying

needle (capillary) [51]. Spraying capillaries with a 1–2 �m i.d. spraying orifice, so-

called ‘nanoelectrospray’ sources, have several advantages over the traditional ESI

needle, particularly in biomolecular analyses. This small spraying orifice requires low

flow rates (nL/min), which aids in sample conservation. In addition, there is an
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Figure 4.2 MALDI mass spectra of the three oligonucleotides (d(pT)10, d(pC)11 and d(pC)12)

in different matrices: (a) 3-HPA – 10% ammonium citrate, (b) ionic solid 21 and (c) ionic

solid 26. Spectra obtained cumulating 100 UV 237 nm laser shots. For the three experiments,

the oligonucleotide-to-matrix molar ratio was 1:500 000 and the laser fluence was the same

(attenuation 10). The signal strength is expressed in arbitrary units corresponding to the

accumulation of 100 shots on a good spot. The 3-HPA scale (top spectrum) differs eight times

from that for the two salts (bottom spectra). (Source: Carda-Broch, S., Berthod, A.,

Armstrong, D.W., Ionic matrices for matrix-assisted laser desorption/ionization time-of-flight

detection of DNA oligomers, Rapid Communs Mass Spectrom., 2003, 17, 553–560, by

permission of John Wiley and Sons.)
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increased overall efficiency in desolvation, ionisation and transfer efficiency. The

small size of the droplets generated results in one analyte molecule per droplet.

Because the size of the droplets is significantly reduced, desolvation is easily achieved

without the need of a drying gas. The overall charge-to-volume ratio of the droplets is

also higher than in conventional ESI, thereby improving ionisation. Transfer of ions

into the mass analyser is improved because the spraying tip can be placed close to the

orifice of the analyser (1–2 mm). Other important advantages of the nanoelectrospray

source are that it has a higher tolerance to salt adduction than conventional ESI and

can be operated under high pH conditions. As described in the sample preparation

section below, both of these characteristics can aid in the analysis of oligonucleotides.

ESI is a gentler ionisation technique compared to MALDI and generally produces

multiply charged ions of intact molecules. Non-volatile cation adduction (e.g. Naþ

and Kþ) is a major problem with ESI-MS analysis of oligonucleotides. The negative

charge on the phosphate backbone of oligonucleotides results in a large degree of

Coulombic strain. In solution, solvent molecules help to reduce these Coulombic

interactions. In the gas phase, where solvent molecules are absent, relief of this strain
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Figure 4.3 (a) ESI mass spectrum of three oligonucleotides (A: d(pT)20, B: T7 promoter

(59-TAATACGACTCACTATAGGG-39), and C: T7 terminator (59-TAGTTATTGCT-

CAGCGGTGG-39) illustrating typical charge state distribution for oligonucleotides that are

generated during electrospray. (b) Deconvoluted mass spectral data from (a). The parent ions

plus sodium adducts are detected for each oligonucleotide.
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is achieved by neutralisation or cation adduction. These adduct peaks reduce the

sensitivity of mass measurement as the ion current is dispersed among multiple

cationised ions and can also result in peak broadening in spectra if the mass analyser

has insufficient resolving power. Without question, sample preparation becomes the

key to obtaining reliable and accurate analytical information when performing ESI-

MS of oligonucleotides [52].

4.2.3 ESI-MS or MALDI-MS for Oligonucleotides?

A brief comparison of the two approaches for oligonucleotide analysis is presented,

and a summary is provided in Table 4.1. The advantages of ESI-MS include ease of

coupling to on-line separation methods, and the ability to characterise non-covalent

interactions. It is also the preferred method for gas-phase MS sequencing (tandem

MS). MALDI-MS is more tolerant of sample contaminants, can handle complex

mixture analysis and is the preferred method for sequencing by an exonuclease

digestion protocol. In general, both methods are capable of providing molecular weight

and sequence information from oligonucleotides, and the choice of ionisation method

depends on the available instrumentation, type of analyses desired and user preference.

4.2.4 Mass Analysers

The most common instrument configuration is the MALDI ion source coupled to a

time-of-flight (TOF) mass analyser. Separation of ions of different m/z values in a

TOF mass analyser is accomplished by accelerating the ions through a short 20–

Table 4.1 Summary of characteristics of MALDI-MS versus ESI-MS.

Parameter or characteristic MALDI-MS ESI-MS

Mass errors 0.05–1.0% 0.005–0.1%

Upper mass limit ca. 50 000 Da ca. 120 000 Da

Ionisation (polarity/distribution) Positive/primarily

singly charged ions

Negative/primarily

multiply charged ions

Feasibility of:

Mixture analysis Yes Difficult (without prior

LC separation)

Easy coupling to separation

methods

Difficult Yes

Exonuclease sequencing Preferred Possible

Sequencing via gas-phase

dissociation (MS/MS)

Possible (with

MALDI-TOF/TOF)

Preferred (with tandem

MS platform)

Characterisation of noncovalent

interactions

No Yes

Note: TOF denotes time of flight.

166 Analysis of Oligonucleotides and their Related Substances

ChemGenes Exhibit 2024 - Page 166



30 kV electric field, allowing these ions to drift through a field free region, and

measuring the total flight time from ion formation to impact on an electron multiplier

detector. Lower-mass ions have shorter flight times than do higher-mass ions and thus,

by calibration of the ions’ flight times through the instrument with standards, a mass

spectrum can be obtained.

The sensitivity, resolution and mass accuracy depend on the particular TOF

utilised. MALDI was first coupled with a basic linear TOF (L-TOF) instrument. In

L-TOF, ions are accelerated for less than a few hundred nanoseconds. Once ions leave

the acceleration region and enter the field-free region, any fragmentation that occurs

will not be detected. In this case, less fragmentation is observed in L-TOF as this

instrumental configuration cannot differentiate the parent and fragment ions. A signifi-

cant disadvantage of the L-TOF is that it cannot reduce peak broadening occurring

from the initial velocity distribution of ions. Time-lag focusing, commonly referred to

as delayed-extraction (DE), was coupled to TOF as a means of reducing the initial

velocity spread of ions while they are still in the accelerating region of the mass

spectrometer [53–55]. In the DE mode of operation, a second electrostatic gate is

included in the ion source region. During the laser pulse, this electrode is held at a

potential sufficient to prevent the acceleration of the laser-desorbed ions into the field-

free region of the mass spectrometer. After a suitable delay period, which is mass

dependent [55], the ions are then accelerated into the field-free region and analysed as

usual. DE L-TOF instruments achieve extremely reasonable resolution (ca. 1000

FWHM (full width at half maximum)) and lower mass errors (ca. 0.01–0.1%) for

oligonucleotides up to the 50mer level [56].

A common instrumental approach for increasing the flight path, and an approach

that also addresses a higher order ion focusing problem, is the addition of an

electrostatic mirror at the end of the flight tube that reverses the ion’s direction and

refocuses the ion toward the detector. This ‘reflectron’ TOF (re-TOF) mass analyser

effectively doubles the path length of the ion, yielding longer flight times and, hence,

higher mass spectral resolution. The electrostatic ion mirror compensates for the

initial energy spread of the ions thereby improving focusing of ions of a single m/z

more effectively at the detector. In addition, DE can be combined with a re-TOF mass

analyser to yield a ‘high-performance’ MALDI mass spectrometer with resolution

approaching 15 000 FWHM and ppm mass errors. The use of a reflectron can resolve

metastable dissociations, but unless certain parameters are adjusted [57], these ions

appear as broad uninformative peaks.

ESI can be coupled with a large variety of mass analysers. Table 4.2 lists the

analysers most often coupled to an ESI source. Quadrupole ion trap (QIT) and

linear ion trap (LIT) mass analysers are the most popular configuration, owing to

their ease of operation and low cost. Triple quadrupole (QqQ) instruments are used

primarily for quantitative studies. Fourier transform-based mass spectrometers

(Fourier transform ion cyclotron resonance (FTICR) or Orbitrap) are configurations

which offer the highest resolution and mass accuracy. ESI-TOF and ESI Q-TOF

mass spectrometers offer high sensitivity, extended upper m/z range, adequate

resolution and mass accuracy, along with a high duty cycle compatible with liquid

chromatography.

Analytical Characterisation of Oligonucleotides by Mass Spectrometry 167

ChemGenes Exhibit 2024 - Page 167



4.2.5 Tandem MS

Tandem MS, or MS-MS, is a now generic description of an instrumental method for

obtaining structural information from gas-phase ions. In this section, the discussion

will be limited to the various options in instrument configuration that allow for MS-

MS analysis. Later sections will describe the fragmentation processes that can occur

with oligonucleotides during MS-MS analysis, as well as selected applications in

oligonucleotide characterisation by tandem MS approaches.

In MS-MS experiments, the ion of interest (i.e. the precursor ion) is first

separated or isolated by a mass analyser and then internally excited (by various means)

to enable bond dissociation reactions to occur. The charged products of those bond

dissociation events (i.e. product ions) are subsequently mass analysed and the

information from the precursor ion mass along with the product ions can be used to

characterise the structure of the precursor ion. Thus, MS-MS experiments require two

separate steps of mass analysis with an intermediate step of ion dissociation.

Instrumentally, a number of options exist for mass analysis and ion dissociation, and

while the discussion here will be limited to those approaches most commonly found in

oligonucleotide analysis, the interested reader is referred to a variety of resources for

more detailed information on MS-MS instrumentation, ion activation and MS-MS

methods [2, 9, 58–69].

MS-MS can be implemented using a variety of different mass analysers. Tandem

‘in space’ instruments require multiple mass analysers. Conceptually, the simplest

example is the QqQ instrument, where Q(1) and Q(3) are quadrupole mass analysers

and q(2) is a quadrupole-based collision cell where the fragmentation process occurs.

A more common platform used in oligonucleotide analysis is the hybrid mass spectro-

meter, the Qq-TOF, where Q(1) is a quadrupole mass analyser, q(2) is a quadrupole-

based collision cell, and the TOF serves as the second mass analyser.

With tandem ‘in time’ instruments, only one mass analyser is required and the

steps of precursor ion selection, ion dissociation and product ion analysis occur within

that single mass analyser sequentially in time. The most common example here is the

ion trap, either a QIT or an LIT. Other examples include the FT-based mass analysers,

Table 4.2 Mass analysers typically coupled to ESI source.

Analyser Resolution Sensitivity Mass

accuracy

Upper m/z

limit

Tandem MS

capability

TOF Good High High ca. 50 000 No

Quadrupole Fair Good Fair 3000 No

QqQ Fair High Fair 12 000 Yes

QIT Fair Good Fair 4000 Yes

LIT Good High Good 4000 Yes

Q-TOF High High High ca. 50 000 Yes

Orbitrap Very high High Very high 4000 Yes

FTICR Very high Good Very high 15 000 Yes

168 Analysis of Oligonucleotides and their Related Substances

ChemGenes Exhibit 2024 - Page 168



either FTICR or orbitraps, although both of these are more commonly used in a hybrid

configuration where the isolation and dissociation steps can occur in separate mass

analysers.

In addition to the variety of instrumental configurations that are available for

tandem MS, a number of options exist to generate the bond dissociation processes

required to fragment the precursor ion so that structural information can be obtained.

The most commonly encountered dissociation technique is collision-induced dissocia-

tion (CID). In this technique, the precursor ion of interest is accelerated and undergoes

one or more collisions with neutral gas atoms or molecules. These collisions result in

the conversion of translational energy into internal energy. When sufficient internal

energy is deposited within the ion, bond dissociation can occur leading to the

fragmentation of the precursor ion. All of the various tandem mass spectrometer

configurations described above allow for CID, typically using nitrogen or argon as the

collision gas.

4.3 Oligonucleotides in the Gas Phase

4.3.1 Types and Structure

The various types and nomenclatures used to represent oligodeoxynucleotide (DNA),

oligoribonucleotide (RNA) and modified oligonucleotides (e.g. phosphorothioate

oligonucleotides) are discussed in Chapter 1. Of particular interest here is the

nomenclature used to characterise oligonucleotides of any type during mass spectral

analysis, specifically during sequencing by CID or other fragmentation techniques.

McLuckey et al. [70] proposed a systematic nomenclature for the identification of

oligonucleotide dissociation products that is similar to the nomenclature proposed by

Roepstorff and Fohlman [71] for peptide fragmentation, and which is now universally

used to identify specific fragment ions from oligonucleotides (Figure 4.4).

Within the McLuckey nomenclature, fragment ions are denoted as a, b, c, or d if

the charge remains on the 59-terminus of the oligonucleotide, and w, x, y or z if the

charge remains on the 39-terminus of the oligonucleotide. The specific letters used to

identify fragment ions represent different bond dissociation, with complementary pairs

being created (e.g. a and w, b and y, etc.) depending on the location of the charge.

Each specific fragment ion is also annotated with a subscript following the identifying
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Figure 4.4 Oligonucleotide fragment ion nomenclature of McLuckey et al. [70].
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letter. This subscript identifies the location in the primary sequence that the bond

dissociation occurs.

Presentation of oligonucleotide dissociation assignments within the literature is

often simplified using the shorthand notation shown in Figure 4.5. In this example, the

assigned fragment ions (c1 –c3 and y1–y4) are identified on the oligoribonucleotide

sequence without including the phosphodiester linkages. The McLuckey nomenclature

can be adapted to any modified oligonucleotides where the linkages between nucleo-

tide residues remain consistent with the phosphodiester linkage of standard oligo-

nucleotides.

4.3.2 Fragmentation Mechanisms

A significant number of studies have been published on the gas-phase fragmentation

mechanisms of oligonucleotides and the interested reader is referred to recent

publications that summarise or review these mechanisms [73–76]. While a consistent

nomenclature is used in the field of MS to identify oligonucleotide fragment ions, the

specific types of fragment ions one will actually detect during MS depends in great

part on the type of oligonucleotide being characterised. It is important to note that

fragmentation mechanisms can be influenced not only by the composition of the

oligonucleotide (that is, whether it is an oligodeoxynucleotide or an oligoribonucleo-

tide), but is also influenced by the instrumental and experimental conditions used

during analysis. As such, several general rules are described below, but the fragmenta-

tion of model oligonucleotides of interest should always be examined on the
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tase improves oligonucleotide sequence coverage of RNase digestion products analyzed by

collision-induced dissociation mass spectrometry, Rapid Communs Mass Spectrom., 2011, 25,
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instrument of choice to best identify what types of fragment ions are to be expected

during analysis.

The fragmentation behaviour of ESI-generated oligodeoxynucleotides was first

studied in detail, resulting in the conclusion that DNA-based oligonucleotides

fragment via nucleobase loss. The nucleobase can be lost as a neutral or a charged ion,

depending on the overall charge state of the oligodeoxynucleotide being fragmented.

Generally, neutral loss occurs at low parent ion charge state, with charged ions lost as

the parent ion charge state increases [77]. Loss of the nucleobase is then followed by

cleavage of the 39 C–O bond of the deoxyribose at the site of nucleobase loss. This

cleavage leads to the generation of (a-Base)- and w-type ions. These complementary

fragment ion products are very useful in assigning sequence products for oligo-

deoxynucleotide dissociations.

Oligoribonucleotides were found to exhibit different fragmentation behaviour,

most often attributed to the presence of the 29-OH group [74, 76, 78–80]. Those

reports concur that oligoribonucleotide fragmentation, unlike oligodeoxyribonucleo-

tide fragmentation, is not influenced by the nucleobase. Rather, the predominant

pathway arises from cleavage of the 59-P-O bond to generate c- and y-type comple-

mentary ions. In addition, cleavage of the 39-P-O bond after nucleobase loss can also

occur to generate (a-B)- and w-type complementary ions, although these are far less

prevalent in oligoribonucleotides than in oligodeoxyribonucleotides. McLuckey and

co-workers [79] also have shown that the relative abundances of c/y and (a-B)/w

fragment ions depend on the overall charge state of the parent ion, with c/y-ions being

more prevalent at low to intermediate charge states.

Because chemistry plays on important role in oligonucleotide fragmentation, it is

not surprising that the various modified oligonucleotides can exhibit vastly different

fragmentation pathways – dependent on the chemical effects of the modification.

Phosphorothioate oligonucleotides have been shown to fragment via the same path-

ways as the unmodified analogue [81], which is not unexpected due to the minimal

change in replacing a backbone oxygen with a sulfur that has similar chemical

properties. In contrast, methylphosphonates, which eliminate the charge along the

oligonucleotide backbone, can result in rather significant changes to the fragmentation

pathways [75].

Locked nucleic acids (LNAs) were found to generate all possible 59-P-O and

base-loss initiated 39-P-O fragments yielding the complementary pairs (a-B)/w, b/x,

c/y and d/z [82]. Oligonucleotides containing a mixture of LNAs and DNA yielded

significantly different behaviour, which is discussed in more detail in Section 4.5.5.3.

Similarly, 29-fluoro- and 29-O-methyl modified oligonucleotides were also found to

exhibit no dissociation pathway preference and so, too, generated the same four

complementary pairs as LNAs [74].

Regardless of the type of oligonucleotide being analysed, fragmentation of ESI-

generated oligonucleotides is most effective when the size of the oligonucleotide is at

the 15mer or below [83]. Sequence information from oligonucleotides larger than this

size can be obtained by MS-MS, although as the size increases the likelihood that

sufficient fragmentation will occur to yield complete 59- and/or 39-sequencing reads

decreases.
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Because MALDI generates primarily singly charged ions (of either polarity),

there are some differences observed in the fragmentation behaviour of oligonucleo-

tides when using this ionisation source. In contrast to ESI, the desorption and

ionisation steps in MALDI can lead to energy being deposited into the oligonucleo-

tide, which may lead to bond cleavage and fragmentation, even in the absence of any

additional collisional activation steps. This source-derived fragmentation has been

classified into four differing timescales: prompt, fast, fast metastable and metastable.

Prompt dissociations occur on a timescale equal to or less than the desorption event.

Fast dissociations occur after the desorption event, but before or at the beginning of

the acceleration event. Fast metastable decays occur on the timescale of the accelera-

tion event. Metastable decays occur after the acceleration event, during the field-free

flight time of the ion. While a richer fragmentation spectrum is typically observed in

MALDI-MS, the predominant fragment products for oligodeoxynucleotides remain

the (a-Base)- and w-type ions that are also seen in ESI-CID fragmentation studies.

Although no detailed investigations have been undertaken, it appears that source-

generated dissociation of oligonucleotides is more effective at presenting complete

sequence information for longer oligonucleotides than is possible via MS-MS methods

of ESI-generated oligonucleotides.

4.4 Method Development

4.4.1 Sample Preparation

One reason most other ionisation methods are not useful for oligonucleotides and

nucleic acids is the substantial difficulty associated with generating a gas-phase ion

from such a polar analyte. Indeed, even with ESI or MALDI methods, a key concern

in generating gas-phase ions involves the charge neutralisation that occurs by adduc-

tion of cations during ionisation. Cations are adducted because oligonucleotides

possess a negatively charged phosphate backbone at neutral pH. In solution, Coulom-

bic repulsion due to adjacent charges is reduced by the presence of solvent. However,

once oligonucleotides are taken to the gas phase, solvent molecules are no longer

present. To reduce charge repulsion, neutralisation of the backbone charges occurs

through cation adduction. Cation adducts, except Hþ or NH4
þ, are undesirable as they

reduce the sensitivity by spreading the ion species in multiple mass values and also

cause peak broadening. Thus, a significant and general key to ionising oligonucleo-

tides efficiently is the need to reduce or eliminate the presence of cation adducts from

the sample or solution prior to analysis.

Because the cationisation of oligonucleotides deteriorates the quality of their

resultant mass spectra, sample preparation becomes critical to avoid cationisation. A

major goal of all the oligonucleotide sample preparation protocols is to remove or

minimise the presence of Naþ or Kþ or other metal ions within the sample. The

common protocols for metal cation removal include cation-exchange resin beads,

solid-phase microextraction pipette tips, HPLC, microdialysis or precipitation from

organic solvents [84–86]. Water or other solvents used in sample preparation must
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also have minimal amounts of cations, and in the case of RNA samples, must be

RNase free. Detailed protocols for oligonucleotide sample preparation prior to mass

spectrometric analysis are available [87, 88].

4.4.2 MALDI-MS Sample Preparation

Sample preparation/handling is often considered the most important step in MALDI-

MS. The quality of the preparation has a direct impact on the quality of the analytical

results. Different types of sample preparations are available for various types of

analytes and purposes [40, 89, 90]. Moreover, most instrument vendors now provide

pre-made MALDI sample targets to reduce both the labour involved in sample

preparation and to increase the reproducibility of analysis. A few of the more common

protocols used in sample preparation for MALDI-MS are briefly discussed. The

interested reader is referred to the following expanded discussion of MALDI matrix

preparations (both historical and modern) for more details [17].

Cations can arise from any source the oligonucleotide sample comes into contact

with, such as solvents, buffers, the sample probe, solution storage containers or pipette

tips. Doubly distilled and deionised (‘nanopure’) water should always be used to

reduce cation contamination. Organic solvents used in the preparation of the matrix

solutions may need to be desalted by distillation or by activated ion-exchange resin

beads (e.g. BioRad AG501-X8(d) resin beads) prior to their use [32]. Many buffers

simply interfere with ion formation without forming intense adduct peaks. The

tolerance limits for several common buffers have been investigated [91]. It was

determined that oligonucleotides could be analysed in the presence of up to 10 mM

concentration of salt or 500 mM concentration of buffer in the sample solution. It was

found also that positive ions are not affected by impurities as much as negative ions. A

simple method to remove minor cations (at concentrations less than 10 mM) is to add

an ammonium salt, such as ammonium citrate, tartrate or fluoride to the matrix

solution [26, 30, 92, 93]. Ammonium salt concentrations should be 10 mM or less

except with THAP; otherwise, the matrix does not crystallise well, limiting the ability

to find ‘hot spots’ that yield abundant ion signal.

Often the sample holder can be a source of contaminants. If the sample probe is

not cleaned, cross-contamination with the previous sample will interfere with the

newly deposited oligonucleotides. Therefore, sample plates should be cleaned care-

fully prior to use. Sonicating and washing in organic solvents, such as methanol and

acetone, effectively removes most matrices and analytes. Further, stainless steel

sample plates can be cleaned by polishing followed by acid oxidation in a dilute

inorganic solution (e.g. 0.1 M nitric acid). The sample plates should be rinsed with

nanopure water to eliminate the residual cations.

A popular and useful method for sample purification is to use a solid-phase

microextraction approach prior to sample and matrix spotting, based on commercially

available ZipTips (Millipore). A number of vendors (Millipore, Pharmacia, Boehrin-

ger Mannheim, Amicon) offer prepackaged purification systems. These purification

devices are typically 0.5–2.5 mL microcentrifuge tubes which contain coated particles

or filters that typically retain the oligonucleotide and allow contaminants to be washed
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off the sample. C18 reversed-phase (RP) cartridges utilise the strong binding affinity

of oligonucleotides to the stationary-phase packing material in the presence of 2M

triethylamine as the means of trapping the sample for purification. The oligonucleo-

tides are eluted with 20% aqueous acetonitrile. Sephadex G-25 spin column purifica-

tion is a very useful and quick method (ca. 5 min) to eliminate most salts and buffers

if the oligonucleotide is larger than a 10mer. Equilibration of spin columns in

nanopure water before desalting is necessary. Generally, one pass through a spin

column yields satisfactory results. Molecular weight cut-off filters or membranes

retain oligonucleotides above a certain molecular weight and allow the contaminants

to be washed through the membrane or filter. The membrane or filter is then inverted

and the oligonucleotide is eluted and lyophilised. The drawback to these protocols is

that the volume must be reduced prior to combination with matrix and spotting on the

MALDI sample target.

4.4.3 ESI-MS Sample Preparation

Nearly all of the approaches described above can also be used in sample preparation

for ESI-MS. In addition, Muddiman and co-workers [94–99] have utilised microdia-

lysis for efficient sample clean-up. They initially demonstrated the applicability of this

approach by characterising an 89 base pair polymerase chain reaction product with

ESI-FTICR-MS. HPLC with a C18 RP column has also been used for desalting larger

oligonucleotides including intact transfer RNAs [100]. Gradient elution using triethy-

lammonium acetate (buffer A) and acetonitrile (buffer B) allowed for the acquisition

of a mass spectrum with a high S/N ratio and only minor salt adducts.

Because electrospray is a solution-based ionisation method, the solvents used in

the analysis of oligonucleotides and nucleic acids are important for the success of the

method. Typical solvents used for oligonucleotides analysis consist of a mixture of

nanopure water and an organic solvent. The most common organic solvents used are

methanol, isopropanol and acetonitrile. While the ESI process prefers solvents of low

surface tension (i.e. not water) [50], the upper limit to the organic solvent content is

often determined by the oligonucleotide solubility. Typically a stock solution of the

oligonucleotide in water is prepared and then this stock solution is diluted into the

appropriate volume of organic solvent.

In addition to the off-line approaches to sample purification mentioned above,

organic additives (typically organic bases) have also been used for the suppression of

cation adducts, the enhancement of the S/N ratio, and for the reduction of the charge

state distribution [85, 94, 101–103]. Piperidine and triethylamine strongly suppress

cation adduction, but the increase in the overall pH of the sample solution can lead to

a decrease in the total ion current from the oligonucleotide sample. Imidazole has

been found to yield increases in the total ion current from oligonucleotide samples

and, thus, is often used in combination with piperidine or triethylamine allowing for

efficient cation reduction without loss in total ion current.

An illustration of the effectiveness of organic base solutions for cation reduction

is shown in Figure 4.6. Figure 4.6(a) is the electrospray mass spectrum of a

phosphorothioate 20mer obtained after ethanol precipitation. As noted in this spec-
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trum, the ion abundance is low and there are a large number of cation adducts. Figure

4.6(b) is the electrospray mass spectrum of the same sample now obtained with the

co-addition of 25 mM imidazole and 25 mM piperidine. As seen, the co-addition of

imidazole and piperidine yields a 15-fold increase in ion abundance and a dramatic

reduction in cation adduction [101].

Care must be exercised if organic bases are utilised with oligoribonucleotide

samples, such as siRNAs. RNA is less stable in basic solutions and is subject to strand

cleavage upon the addition of imidazole. Furthermore, many RNAs have a strong

affinity for divalent metal ions such as Mg2þ: To remove divalent metal ions and to

reduce alkali metal cations, a combination of a chelating agent, such as trans-1,2-
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Figure 4.6 Electrospray mass spectra of DNA oligomer 1 precipitated from 10 M ammonium

acetate: (a) control; (b) with dissolution in a buffer containing 25 mM imidazole and 25 mM

piperidine. (Source: Greig, M., Griffey, R.H., Utility of organic bases for improved electro-

spray mass spectrometry of oligonucleotides, Rapid Communs Mass Spectrom., 1995, 9, 97–

102, by permission of John Wiley and Sons.)
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diaminocyclohexane-N,N,N9,N9-tetraacetic acid (CDTA), can be used with low

amounts of triethylamine [85]. CDTA (or ethylenediamine N,N,N9,N9-tetraacetic acid

(EDTA)) has a high binding affinity for Mg2þ and other divalent metal ions, and

addition of CDTA results in a substantial improvement in the analysis of intact transfer

RNAs and larger nucleic acids.

4.4.4 HPLC-MS

Probably the most common hyphenated instrumental platform used in oligonucleotide

analysis is HPLC-MS, which is possible using an ESI source. While the ESI source

can be readily coupled to other separation techniques such as capillary electrophoresis

[104] and capillary electrochromatography [105], HPLC-MS has proven to be not only

the most popular combination but also among the easiest to implement.

The most popular HPLC-MS method for the analysis of oligonucleotides involves

the use of ion-pairing agents in the HPLC mobile phase and non-polar stationary

phases, such as C18 (see Chapter 3 for more details) [2, 106]. When coupling

separation techniques to electrospray ionisation sources for the analysis of oligo-

nucleotide or nucleic acid mixtures, particular attention must be paid to the buffer

and/or solvent systems utilised in the separation step [107–109]. Many stand-alone

chromatographic methods utilise salt gradients for oligonucleotide separation. These

salt gradients are typically incompatible with the electrospray technique due to

substantial cation adduction, as previously discussed. The most commonly used

separation buffers will utilise volatile ammonium salts (e.g. triethylammonium acetate

(TEAA)) [110], or hexafluoroisopropanol with triethylamine (HFIP/TEA) [111, 112]

as ion-pairing agents in an IP-RP HPLC method.

There are a large number of published chromatographic methods and approaches

for the analysis of oligonucleotides, each having their own strengths and weaknesses

[2, 111, 113–119]. RP chromatography can be used for the rapid cleaning and

desalting of oligonucleotides in addition to being used in the IP-RP-HPLC mode

[120]. Different ion pairing agents with a RP column successfully separate oligo-

nucleotides and the choice of IP agent and its concentration should be assessed from a

mass spectral perspective. For example, a direct comparison of the separation of

polythymidylic acids reveals that the IP agent triethylammonium acetate (TEAA) was

more effective at separating small oligonucleotides than is the HFIP/TEA IP agent

[87]. Conversely, mixtures of larger oligonucleotides will be more effectively sepa-

rated by the use of HFIP/TEA than the TEAA ion pairing agent [107]. Given the large

number of publications describing HPLC-MS for oligonucleotide separation, it is

often easiest to start at HPLC conditions that have proven appropriate previously and

then optimise the buffer, gradient and flow rates appropriately for the experiment or

analytes of interest.

Optimal HPLC-MS methods provide baseline separation of components via

chromatography with minimal increase in mass spectral background, ion suppression,

cation adducts to analytes, and damage to the instrument. Online HPLC-MS analysis

with ESI provides an inherent advantage by concentrating analytes as they elute from

the column. However, the continuous introduction of the column eluent lends an
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inherent disadvantage of the coupling of these systems, as buffer salts and IP agents

sprayed into the instrument, especially at high amounts, increase the need for frequent

cleaning, degrade instrument components and decrease instrument performance.

4.5 Applications

4.5.1 Synthesis Confirmation

One of the simplest applications of MS to determine indirectly the sequence of an

oligonucleotide is to use the accurate measurement of mass to define the base

composition, which may be compatible with an expected sequence [121]. Although an

accurate mass measurement does not permit the determination of the oligonucleotide

sequence, it is a very powerful way to confirm rapidly whether a predicted or an

expected sequence may be present [87, 88]. The quality of the molecular weight

information obtained during MS depends both on the sample purification step and the

performance of the mass analyser.

Either MALDI-MS or ESI-MS are appropriate platforms for confirming oligo-

nucleotide synthesis [107, 122–126]. As MALDI-MS is predominately implemented

using TOF mass analysers, differences in mass accuracy will depend on whether

linear, linear with delayed extraction, or reflectron with delayed extraction instruments

are used. Mass accuracy increases in the order listed directly above with reflectron

instruments equipped with delayed extraction providing molecular weight information

with mass measurement errors at the ppm level for smaller oligonucleotides increasing

to the 0.5–1.0% level for intact nucleic acids. For ESI-MS, the mass analyser will also

determine the mass accuracy of the measurement, and typically hybrid Q-TOF or

FTMS (ICR or Orbitrap) mass analysers are preferred for synthesis confirmation [126,

127].

4.5.2 Synthesis Purity and Optimisation

As discussed in detail in Chapter 2, the solid-phase synthesis of oligonucleotides is

known to result in formation of the failure sequences and synthesis impurities in

addition to the desired full-length product (FLP) (Figure 4.7) [128, 129]. MS is an

extremely useful analytical method for the identification and characterisation of such

components. The most common method involves the use of HPLC-MS or HPLC-MS-

MS for the selective detection and/or characterisation of synthesis impurities. Repre-

sentative examples are discussed below.

4.5.2.1 Failure Sequences
Internal (n � 1) deletion sequences (Figure 4.7(a)) belong to a class of impurities

typically linked to non-quantitative removal of the dimethyl trityl (DMTr) group or

inefficient coupling followed by inefficient capping [130]. These impurities can be

mitigated by adjustments to the synthesis process parameters (contact time and the

reagent composition). Such impurities are among the easiest to identify by MS, as
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they result in a sequence ladder of products with each successive peak differing by the

mass of the nucleoside lost in the step-wise synthesis [131].

4.5.2.2 Synthesis Adducts
Detection of isobutyryl protected FLPs is a signature that synthesis deprotection

conditions were less than optimal. This adduct (Figure 4.7(b)) results in a 57 Da mass

increase over the expected molecular weight, and therefore is also readily identified by

standard MS approaches. The trichloroacetaldehyde modified FLP indicates the

presence of trichloroacetaldehyde in the detritylating solution, which can lead to

chloral (Cl3CCHO) adducts (Figure 4.7(c)) along the oligonucleotide backbone. MS

in combination with nuclear magnetic resonance was used by Capaldi and co-workers

[132] to characterise the presence and location of such adducts (Figure 4.8).

N3-cyanoethyl adducts (Figure 4.7(e)) are related to an inefficient removal of the

cyanoethyl protecting groups from the phosphorothioate triester linkages followed by

generation of acrylonitrile and its subsequent addition to thymidine residues. Capaldi

et al. [133] used MS to identify the presence of acrylonitrile on thymidine from the

synthesis of a 20mer phosphorothioate. As this adduct results in a 53 Da mass increase
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over the expected molecular weight of the final product, identification by standard

MALDI- or ESI-MS is straightforward.

4.5.2.3 Polymerisation
Synthesis impurities that are significantly higher in mass than expected from the FLP

can arise due to polymerisation and/or cross-linking reactions [119]. In general, such

products are easily amenable to MS characterisation, and it should be possible to use

any of a number of sequencing strategies (discussed in subsequent sections) to identify

these products.

4.5.2.4 Depurination/Deamination
Depurination and/or deamination can result from improper synthesis conditions,

sample purification conditions, or sample storage. Base depurination of the FLP will

generate secondary peaks 135 Da (Ade) or 151 Da (Gua) less than the major peak

along with dehydrated versions of the same. These effects are easily identified by MS,

either ESI- or MALDI-MS (Figure 4.9) [125, 134]. Care must be taken when

examining depurination peaks in ESI-MS. Nucleobase loss from negatively charged

oligodeoxynucleotides or phosphorothioates can occur within the electrospray source

region, and such depurinated products could be interpreted as arising from synthesis

or sample handling. Often source-derived depurination can be identified by varying

the instrument tuning parameters to reduce any in-source CID of the sample [135].

4.5.2.5 Phosphorothioate Impurities
Phosphorothioates have been extensively characterised, and, in addition to the various

impurities described above, these oligonucleotides yield additional impurities (see

Chapter 2 for more details). Such impurities include n � 1 terminal thio-monopho-

sphates, which arise from the direct coupling of nucleoside phosphoramidites to the

silanol groups of the solid support or reaction of the residual phosphitylating agent

present in the phosphoramidite synthons, and desulfurised FLP (containing one or

multiple insertions of the phosphodiester linkages). These impurities again can be

Figure 4.9 Experimental mass spectra for unpurified 5-hydroxyuracil (HOU)-containing

oligonucleotide, purified oligonucleotide, and oligonucleotides damaged by depurination and

oxidation. (a) Oligo sequence can be read from the crude DMT-off 12mer HOU with the

failure sequence ladder. Note that the numbering of the sequence is from the 30 end, opposite

from the standard 50 numbering but reflecting the direction of synthesis. (b) Pure 12mer HOU.

(c) Depurination of the oligo was detected by MALDI-TOFMS. Peak 1: 12mer with HOU;

peak 2: 12mer with HOU minus A; peak 3: 12mer with HOU minus G; peak 4: 12mer with

HOU minus G minus H2O; peak 5: 12mer with HOU minus G minus A; peak 6: 12mer with

HOU minus G minus A minus H2O; peak 7: 12mer with HOU minus G minus A minus 2H2O.

(d) Oxidation product of 12mer HOU was detected by MALDI-MS. The peak that is 12 Da

smaller than 12mer HOU corresponds to 5-hydroxyhydantoin. The –68-Da peak corresponds

to the ring-fragmented urea derivative. (Source: Cui, Z., Theruvathu, J.A., Farrel, A., Burdzy,

A., Sowers, L.C., Characterization of synthetic oligonucleotides containing biologically

important modified bases by matrix-assisted laser desorption/ionization time-of-flight mass

spectrometry, Anal. Biochem., 2008, 379, 196–207 with permission from Elsevier.)
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characterised by either MALDI- or ESI-MS (with or without on-line HPLC separation).

For example, Capaldi et al. [118] used HPLC-MS to identify a series of 59-phosphonate

modified phosphorothioates. MS analysis was straightforward due to the presence of

sequencing ladders that could be used to localise sites of phosphorothioate and

phosphonate linkages (Figure 4.10 and Table 4.3).

4.5.3 Impurity Profiling

In addition to using MS to identify specific classes of synthesis impurities, recently

there have been several reports describing the combination of HPLC with high-

resolution MS for impurity profiling [135, 136]. In these reports, the use of a higher

performance mass spectrometer makes it possible to identify synthesis impurities in a

single HPLC-MS or HPLC-MS-MS experiment. Profiling is possible because the

accurate mass measurement of impurity peaks allows such peaks to be identified on

the basis of their elemental formulas (Table 4.4), which can then be confirmed when

necessary by MS-MS data.

4.5.4 Quantitative Analysis of Impurities

In general, MS methods are not recommended for the quantitative analysis of

synthesis impurities. In MS, ion abundance is related to both the concentration of the

analyte in the sample and the ionisation efficiency of the analyte. As ionisation

efficiencies are influenced by the chemical nature of the analyte, impurities that are,

for example, more (or less) hydrophobic than the FLP will generate different ion

responses than the FLP, even when present at the same concentration [126, 137]. If
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Figure 4.10 Electrospray ionisation mass spectrum of late-eluters 2 and 3. Shown are -5, -4

and -3 charge states. Specific sequences of oligonucleotides are listed in Table 4.3. (Source:

Capaldi, D.C., Gaus, H.J., Carty, R.L., Moore, M.N., Turney, B.J., Decottignies, S.D.,

McArdle, J.V., Scozzari, A.N., Ravikumar, V.T., Krotz, A.H., Formation of 4,4’-dimethoxy-

trityl-C-phosphonate oligonucleotides, Bioorg. Med. Chem. Lett., 2004, 14, 4683–4690 with

permission from Elsevier.)
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Table 4.3 Comparison of masses found in the late-eluters 2 and 3 and deletion sequences of

PS-d(GCCCAAGCTGGCATCCGTCA) (1). (Source: Capaldi, D.C., Gaus, H.J., Carty, R.L.,

Moore, M.N., Turney, B.J., Decottignies, S.D., McArdle, J.V., Scozzari, A.N., Ravikumar,

V.T., Krotz, A.H., Formation of 4,4’-dimethoxytrityl-C-phosphonate oligonucleotides, Bioorg.

Med. Chem. Lett., 2004, 14, 4683–4690 with permission from Elsevier.)

Compound, mass 1 and its 59-deletion sequences, mass (calc’d) ˜m

2a, (not found) GCCCAAGCTGGCATCCGTCA, 6368

3a, (not found)* 271

2b, (not found) CCCAAGCTGGCATCCGTCA, 6023

3b, (not found)

2c, 6085 CCAAGCTGGCATCCGTCA, 5718 367

3c, 5990 272

2d, 5780 CAAGCTGGCATCCGTCA, 5412 368

3d, 5684 272

2e, 5474 AAGCTGGCATCCGTCA, 5107 367

3e, 5375 268

2f, 5144 AGCTGGCATCCGTCA, 4778 366

3f, 5048 270

2g, (not found) GCTGGCATCCGTCA, 4449

3g, 4720 271

2h, (not found) CTGGCATCCGTCA, 4103

3h, 4373 270

2i, 4166 TGGCATCCGTCA, 3798 367

2k, 3845 GGCATCCGTCA, 3478 367

*Note: 59-O-DMTr-3a (6941 Da) is the most abundant DMTr-C-phosphonate diester 3 in crude product.

Table 4.4. Impurities found for FLP PS-d(TCGTCGTTTTGTCGTTTTGTCGTT) during

single-run HPLC-MS impurity profiling by high-resolution MS. While all short-mers were

detected, only (n � 1) included as representative in the table. DMTr: 4,4-dimethoxytrityl; CE:

2-cyanoethyl; IBU: isobutyryl. (Source: Nikcevic, I., Wyrzykiewicz, T.K., Limbach, P.A.,

Detecting low-level synthesis impurities in modified phosphorothioate oligonucleotides using

liquid chromatography-high resolution mass spectrometry, Int. J. Mass Spectrom., 2011, 304,

98–104 with permission from Elsevier.)

Compound m/z (observed) m/z (theoretical)

n � 1 short-mer 1842.15354 1842.15287

(n � 1) PS 1866.13788 1866.13872

FLP depurination product 1888.39372 1888.39506

FLP with PO linkage 1918.17083 1918.16439

FLP CE adduct 1935.66233 1935.66722

FLP IBU adduct 1939.93134 1939.92979

FLP chloral adduct 1958.90085 1958.88796

59-DMTr OGN 1997.94883 1997.94321
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quantitative analysis of synthesis impurities is desired, then appropriate internal

standards [138] or calibration curves [139] must be developed. A more detailed

discussion of the use of MS for the quantitative analysis of oligonucleotides is

presented later in this chapter.

4.5.5 Oligonucleotide Sequencing

Sequence information from synthetic oligonucleotides can be obtained using several

different approaches. Two of the easier approaches to implement are failure sequence

analysis and exonuclease digestion. These approaches are well suited for MALDI-MS

as they depend on the formation of a ‘mass ladder’ for determining oligonucleotide

sequence [21, 140]. However, when the original synthesis product has been purified or

when it contains backbone or other modifications that inhibit enzymatic digestion,

alternative instrumental methods for oligonucleotide sequencing, such as CID-MS, are

required.

4.5.5.1 Failure Sequence Analysis
One of the simplest methods for characterising the chain length and sequence of

synthetic oligonucleotides is the detection of failure sequences from the original

synthesis step [20, 124, 141, 142]. This procedure takes advantage of the fact that

automated solid-phase synthesis of oligonucleotides, especially those that contain

modified internucleotide linkages such as methylphosphonates or phosphorothioates,

is not 100% efficient. Sequence determination of oligonucleotides by an analysis of

the failure sequences is an extremely simple and straightforward method. The mass

spectrum will contain a series of peaks that corresponds to the final product and to

each one of the failure sequences, each of which differs in mass by the appropriate

nucleotide residue value (Figure 4.11). The sequence of the oligonucleotide is

determined in the 59 to 39 direction from the mass ladder of the synthesis failure

products.

Sequence information arising from the formation of a mass ladder is obtained by

determining the mass difference between successive peaks in the mass spectrum. As is

the case for all sequence determination methods that rely on the mass measurements

of successive n-mers, oligodeoxynucleotides are easier to characterise due to the

relatively large differences in mass among the four oligodeoxynucleotide residues.

The ribonucleotide residues are more difficult to sequence by creating mass ladders

due to the small mass difference between Ura(U) and Cyt(C) containing nucleotides (a

mass difference of only 1 Da). Here, methods take advantage of higher mass accuracy

measurement, uridine-specific cleavage [143], or differences in ion abundances [144]

to correctly distinguish Us from Cs. Furthermore, all mass ladder methods have a

distinct advantage for sequence determination because it is the difference in two mass

measurements that results in the desired information – the identity of the nucleotide

residue.
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4.5.5.2 Exonuclease Digestion
The use of exonucleases to generate mass ladders of oligonucleotides that are suitable

for analysis by MS is now a standard method for sequencing small to moderate length

unmodified oligonucleotides (up to 30-mer for L-TOF without DE and 50-mer for

DE-TOF) [21, 23]. Unlike the failure sequence analysis method described above, this

approach is also suitable for the sequence analysis of naturally occurring oligonucleo-

tides. Snake venom phosphodiesterase (SVP) is a 39-59 exonuclease and will generate

39-59 sequence information. Calf spleen phosphodiesterase (CSP) is a 59-39 exo-

nuclease and will generate 59-39 sequence information.

SVP digestion of an oligonucleotide is generally more rapid than CSP digestion

and is not inhibited by the presence of base- or sugar-modified nucleosides. CSP is

inhibited by 29-O-methyl-modified nucleosides [26]. Such inhibition may be advanta-

geous when base- and sugar-methyl-modifications must be distinguished in the overall

sequence. Digestion with SVP would locate methyl-modified nucleosides, and diges-

tion with CSP would distinguish between a base- or sugar-modification. Typically,

complete sequence coverage of moderate length (15–50 nucleotide) oligonucleotides

can be achieved within a 20–40 min reaction period, depending on the enzyme and

digestion conditions used [143, 145].
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Figure 4.11 Positive ion MALDI-TOF mass spectrum of extracted failure sequences from the

crude synthesis of a 17mer (59 ggauu(RXL)ggIggguacagT 39) composed primarily of 29-O-

methylribonucleotides and a single non-nucleosidic linker. Note: upper case letters denote

deoxyribonucleotides, lowercase letters denote 29-O-methylribonucleotides, and RXL denotes

non-nucleosidic linker. (Source: Alazard, D., Filipowsky, M., Raeside, J., Clarke, M., Majilessi,

M., Russell, J., Weisburg, W., Sequencing of production-scale synthetic oligonucleotides by

enriching for coupling failures using matrix-assisted laser desorption/ionization time-of-flight

mass spectrometry, Anal. Biochem., 2002, 301, 57–64 with permission from Elsevier.)
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4.5.5.3 CID Tandem MS (CID-MS-MS)
In MS-MS, molecules are allowed to dissociate in the gas phase, and analysis of the

resulting fragmentation pattern yields insight into the structure and, in the case of

oligonucleotides, sequence of the molecule. Thus, CID-MS-MS is a routine approach

to characterise synthetic oligonucleotides, both unmodified as well as modified,

providing instrumentation with MS-MS capabilities is available [81–83, 146–148].

The fundamentals of oligonucleotide fragmentation have already been covered in an

earlier section of this chapter, with an emphasis on fragmentation mechanisms

identified based on the type of modification present. Hence, it is now described how

such information was used in a specific case to obtain more complete sequencing

information from a modified synthetic oligonucleotide.

McLuckey and co-workers [82] have demonstrated the utility of MS-MS for

sequencing LNAs, and in the process have explored the influence of parent ion charge

state on fragmentation behaviour. Model LNAs could be readily sequenced by CID-

MS-MS with no influence of the parent ion charge state on fragmentation. However,

when chimeric LNA-DNA oligonucleotide mixmers were analysed, these researchers

found that MS-MS information obtained from low parent ion charge states (e.g. �1 or

�2) was limited due to fragmentation occurring at the 39-C-O bond(s) of the

deoxynucleotides in the oligonucleotide. Using a specialised MS approach, they then

demonstrated that by dissociation of parent ions at higher charge state (. �5) of these

same mixmers, more complete fragmentation from both 59- and 39-bond cleavages

could be obtained. The specialised MS approach involved reducing the charge states

of the fragment ions to �1 or �2, which enabled their identification and interpretation

on the Q-TOF mass spectrometer used in this study. While such capabilities are not

available routinely on most commercial MS instruments, the use of a high-resolution

MS platform, such as an FTMS, should also make it possible to identify fragment ion

charge states and m/z values sufficiently that this general approach could be used by

other investigators.

4.5.5.4 Sequencing Modified Oligonucleotides
Several methods have been developed for the sequence characterisation of modified

oligonucleotides [75, 107, 125, 149–154]. The approaches used include chemical

digestion, enzymatic digestion, CID or various combinations of two or more of these

approaches. Because synthetic oligonucleotides for therapeutic applications are often

modified to increase biological stability, enzymatic digestion is often of limited utility

or used to confirm sequence location of known, unmodified nucleosides. CID, as

discussed previously in this chapter, can be used to generate sequence-specific

fragment ions from modified oligonucleotides. However, CID spectra from hetero-

geneously modified oligonucleotides are significantly more difficult to interpret than

spectra obtained from homogeneously modified oligonucleotides, such as phosphor-

othioates or methylphosphonates.

Presently, the most useful approach for sequencing heterogeneously modified

oligonucleotides requires a combination of approaches, with chemical digestion being

a necessary step for generating sequence-specific information from the sample [152–

154]. Farand and co-workers [153, 154] have illustrated the utility of such a combined
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approach by characterising a set of oligonucleotides that contain a mixture of 29-

deoxy, 29-fluoro, 29-O-methyl, abasic and ribonucleotides. In their initial publication,

a double-stranded-siRNAwith these modifications was characterised using a variety of

chemicals either alone or in combination as noted in Table 4.5 [153]. By characteris-

ing the known and expected reactivity of these chemicals to the specific modified

nucleosides present in the sample, a series of digestion products could be generated

and analysed using MS. Because MS yields base composition information and mass

differences in digestion products yield nucleoside identities, the resulting digestion

products could be re-assembled into final sequences for both the guide (sense) and

passenger (anti-sense) strands of the ds-siRNA.

This general approach was then expanded to utilise both chemical digestion and

precise analysis of nucleoside composition to achieve the de novo sequencing of two

heavily modified oligonucleotides [154]. As before, chemical digestion along with

MS-MS were used to generate a proposed oliognucleotide sequence for the unknown

Table 4.5 Chemical reactivity of modified oligonucleotide (iB-dG-fluU-dG-fluU-fluU-fluU-

dG-dG-fluC-dA-dG-fluC-dG-dG-fluC-dA-dA-fluC-fluU-dT-dT-iB) to chemical digestion. iB:

reverse abasic nucleotide; dN: deoxynucleotide; fluN: 29-fluoro nucleotide. a denotes no

H2PO3 at 59-end; b denotes with H2PO3 at 59-end. (Source: Reprinted with permission from

Farand, J., Beverly, M., Sequence confirmation of modified oligonucleotides using chemical

degradation, electrospray ionization, time-of-flight, and tandem mass spectrometry, Anal.

Chem., 80, 7414–7421. Copyright (2008) American Chemical Society.)

N-x

(59 39)
Digested nt

(59 39)
C5H11N NaOH C2H6O4S,

C5H11N

DEPC,

C5H11N

NH2OH,

C5H11N

Aniline

N-1 iB a

N-2 dG b b

N-3 fluU b b b

N-4 dG b b b

N-5 fluU b b b b

N-6 fluU b b b b

N-7 fluU b b b b

N-8 dG b b b b

N-9 dG b b b

N-10 fluC b b

N-11 dA b

N-12 dG b b b

N-13 fluC b b

N-14 dG b b b b b

N-15 dG b b b b b

N-16 fluC b b

N-17 dA b b b

N-18 dA b b b

N-19 fluC b b

N-20 fluU b b b b b

! !
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sample (Figure 4.12). Then, after digesting the oligonucleotide to nucleosides for

analysis by ultra-performance liquid chromatography, quantitative confirmation of the

amounts of each individual nucleoside was obtained. These amounts could be

converted into relative numbers for each nucleoside, and that information was used to

confirm the proposed sequence obtained by chemical digestion and MS-MS. Although

not examined in their work, this latter step should be amenable to the absolute

quantitation methods described below, which would allow one both to characterise the

sequence of modified oligonucleotides and determine the absolute concentration of

the oligonucleotide in the sample.

While the approaches described above were conducted using HPLC-MS and

HPLC-MS-MS, a similar method for sequencing siRNAs has been reported by Bahr et
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Figure 4.12 Deconvoluted fragments between 4000 and 6912 u after chemical digestion with

NH2OH/piperidine (a,b). Masses corresponding to loss of nucleotides and nucleosides (n,

without 59 phosphate) were observed. (Source: Reprinted with permission from Farand, J.,

Gosselin, F., De novo sequence determination of modified oligonucleotides, Anal. Chem., 81,

3723–3730. Copyright (2009) American Chemical Society.)
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al. [152] using MALDI-MS and MALDI-MS-MS. In that report, only acid hydrolysis

was used to chemically digest the siRNA samples. Because MALDI generates singly

charged ions, mass ladders could be obtained that enable a straightforward interpreta-

tion of the oligonucleotide sequence. However, while this approach is certainly easy to

implement and yielded high-quality sequencing ladders (Figure 4.13), the model

siRNAs were not heavily modified as compared to those analysed by Farand and co-

workers [153, 154], so the overall utility of an acid-only chemical digestion approach is

more limited than the various chemical digestion schemes used by those researchers.
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Figure 4.13 (a) MALDI mass spectrum of the 21mer double-strand ON-2AB after acid

hydrolysis. (b) Section of the mass spectrum: ‹ assigns fragments from single-strand ON-2B,

› from ON-2A of the double strand; the arrows indicate 59-fragments or 39-fragments,

respectively. (Source: Reprinted with permission from Bahr, U., Aygun, H., Karas, M.,

Sequencing of single- and double-stranded RNA oligonucleotides by acid hydrolysis and

MALDI mass spectrometry, Anal. Chem., 81, 3173–3179. Copyright (2009) American

Chemical Society.)
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4.6 Quantitative Analysis

While the MALDI process itself is not inherently suited for quantitative measure-

ments, quantitative analysis of low molecular weight oligonucleotides has been

demonstrated [155–157]. The key to quantitative analysis is the choice of appropriate

internal standards or use of isotope labelling. The ideal internal standard would have

the same solubility, desorption and ionisation efficiencies as the sample of interest.

For those reasons, known, stable oligonucleotides are the best internal standards to use

for quantitative analysis of oligonucleotides.

By far the most common MS method for quantitative analysis of oligonucleotides

involves the use of targeted scans (e.g. selected reaction monitoring (SRM)) during

HPLC-MS-MS with quantitation typically achieved by use of calibration standards [7].

The basis for targeted scan quantification is the identification of an oligonucleotide

fragmentation pathway that is unique to the analyte of interest. Using a triple-

quadrupole mass spectrometer (typically), SRM assays using the specific fragmentation

pathway are readily able to provide limits of quantitation in the range of 1–100 ng/mL.

While this approach is typically utilised in the pharmaceutical industry for analyte and

metabolite characterisation of oligonucleotides, it can also be used for oligonucleotide

quality control when necessary, provided that the appropriate HPLC-MS-MS instru-

mentation is available.

Other approaches exist for using MS for the relative quantification of oligo-

nucleotides [6, 45, 158–160]. One useful example is the work by Bahr et al. [160]

who described the relative quantification of siRNA double strands by MALDI-MS.

Using ATT as the matrix with at least 100 mM but not more than 150 mM

diammonium hydrogen citrate as the co-matrix, native ds-RNAs were readily detected

by MALDI-MS. Importantly, because ATT is a neutral, water-soluble matrix, the

sample preparation conditions necessary for high-quality MALDI could be adapted to

maintain non-covalent interactions that maintain the double-stranded nature of the

sample. Other matrices or sample preparation conditions led to denaturing of the

ds-RNA. Quantification could then be achieved by using a single-stranded oligo-

nucleotide reference, which was added to the ds-RNA of interest. Analysis of the

mixture under native and denaturing conditions enabled the relative quantification of

the ds-RNA from the original sample. Because MALDI-MS is often used to confirm

the purity and quality of synthetic oligonucleotides, this method could be easily

incorporated into analytical laboratories that address ds-RNA products as well as

single-stranded oligonucleotides.

Isotope dilution MS (IDMS) has been used for the absolute quantification of

oligonucleotides [159, 161, 162]. The general protocol has involved digestion of

the target oligonucleotide using phosphodiesterases and/or nucleases with phospha-

tase treatment to generate a mixture of deoxynucleoside monophosphate or

deoxynucleosides that can be separated and analysed using HPLC-MS. IDMS-

based quantification requires the addition of a known, isotopically labelled standard

that is then used to quantify the desired unknown sample. O’Connor et al. [161]

described the initial proof-of-concept experiments for this quantitative method.

That initial publication focused on the quantitative analysis of deoxynucleoside
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monophosphates that were generated after enzymatic digestion of a target oligonu-

cleotide (Figure 4.14).

More recently, Kinumi et al. [159] compared the results obtained for quantifying

a 21mer failure sequence product in a mixture with a 20mer synthetic oligonucleotide

target sequence using a variety of analytical methods. They reported that the IDMS

technique provided good agreement with quantitative data obtained by either induc-

tively coupled plasma-optical emission spectroscopy (measuring total phosphorus

content) or ion chromatography. They also noted that the IDMS technique was more

accurate than conventional UV-based quantification approaches.

4.7 Future Developments

Ion mobility-MS (IM-MS) is a relatively recent commercialised instrument that has

proven to provide unique benefits for the separation and analysis of complex mixtures

of biomolecules [163, 164]. Unlike more conventional chromatographic separations,

IM provides for the separation of gas-phase ions based roughly on the size and shape

of the ion. Separation is effected by moving the ion through a neutral background gas.

Ions with low surface area (i.e. small or compact ions) will undergo fewer collisions
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Figure 4.14 Electrospray mass spectrum of (a) natural deoxynucleotides and (b) isotopically

enriched deoxynucleotides. (Source: Reprinted with permission from O’Connor, G., Dawson,

C., Woolford, A., Webb, K.S., Catterick, T., Quantitation of oligonucleotides by phosphodies-

terase digestion followed by isotope dilution mass spectrometry: proof of concept, Anal.

Chem., 74, 3670–3676. Copyright (2002) American Chemical Society.)
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with the background gas than ions with high surface area (i.e. large or denatured ions).

Because the time-frame for IM separation is compatible with both upstream chromato-

graphic separation and downstream MS analysis, HPLC-IM-MS-(MS) offers unique

possibilities for multi-dimensional separation and characterisation of complex mix-

tures.

To date, the use of IM-MS for analysing oligonucleotides has been limited [165–

169], and primarily these reports are focused more on the capabilities of IM-MS, per

se, than on any applications related to the analysis of synthetic oligonucleotides.

Among the most recent publications, Fenn et al. [170] demonstrated that the collision

cross-section of oligonucleotides (deoxynucleotide trimers and tetramers of various

isomeric sequences) is sufficiently different from other biomolecules to enable their

separation via IM-MS. Moreover, certain isomers (e.g. 59-d(CGAT)-39 and 59-

d(TGCA)-39) adopted different gas-phase conformations as they yielded different

collisional cross sections within IM. These results are promising, as they suggest that

isomeric oligonucleotides (which cannot be differentiated by MS alone) may be

separated under appropriate IM-MS conditions. Even more intriguing is the possibility

of using IM-MS to characterise double-stranded oligonucleotides, as well as its

potential for characterising polyplexes used as drug delivery vehicles for nucleic acids

[171].
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Analytical Characterisation of
Oligonucleotides by NMR

Spectroscopy

5
Elena Bichenkova

5.1 Introduction

Nuclear magnetic resonance (NMR) spectroscopy is recognised as one of the most

powerful and versatile analytical tools, which is broadly used for identification and

characterisation of both small molecules and functionally significant biopolymers.

In oligonucleotide chemistry, biochemistry and structural biology this method

offers a broad variety of strategies that can be applied to confirm the identity and

purity of oligonucleotides and their pharmaceutically relevant analogues. NMR

spectroscopy offers many different levels for probing oligonucleotide samples, ranging

from very simple ‘fingerprint’ analysis of complicated oligonucleotide mixtures to

comprehensive study of oligonucleotide structure, dynamics and interactions. In

contrast to other analytical approaches that are routinely used for elucidation of

structural properties of nucleic acids (e.g. X-ray crystallography or neutron diffrac-

tion), NMR offers the advantage of structural analysis in solution, thus more closely

resembling biological systems. In addition, NMR is the only method capable of

providing a complete interpretation of a chemical structure and conformation in a

single experiment, which became possible after the development of sequence-specific

signal assignment strategies. The knowledge of three-dimensional (3D) structures of

folded oligonucleotide conformations, duplexes and their structure–function correla-

tions offers a basis for manipulation with these functionalities and can potentially be

exploited for the design of novel therapeutic and diagnostic tools, especially if NMR

structural studies are complemented by high-level computational techniques.

The aim of this chapter is to provide an overview of the most recent NMR-based

strategies that can be utilised by analytical chemists and used as guidance for probing

primary, secondary and tertiary structures of synthetic oligonucleotides. By providing
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some practical examples, this chapter demonstrates how different one-dimensional

(1D) and two-dimensional (2D) NMR formats and techniques can be applied for each

particular case in order to gain a desirable level of information. These examples and

strategic approaches can then be extended to other applications in the area of

oligonucleotide chemistry, biochemistry and structural biology.

5.1.1 Basic Concepts of NMR Spectroscopy

The NMR phenomenon is based on the magnetic properties of atomic nuclei that can

be used to provide some essential information about chemical and structural properties

of oligonucleotides and their analogues. Sub-atomic particles such as protons,

neutrons and electrons have magnetic properties. The magnetic moment of the nucleus

depends on the quantum properties of the atom. Any atom with an odd number of

neutrons and/or an odd number of protons has magnetic properties (i.e. nuclear spin

and magnetic moment) [1, 2].

5.1.1.1 Different Nuclei Used in NMR of Oligonucleotides
The most important isotopic species that are present in nucleic acids, oligonucleotides

and their derivatives include 1H, 13C, 15N, 19F and 31P, all of which have a non-zero

nuclear spin of 1
2
that can be detected by NMR. In contrast, 12C and 16O nuclei, which

are highly abundant in oligonucleotides, possess zero nuclear spin and are considered

to be ‘NMR silent’ [2].

Spinning nuclei possess an intrinsic angular momentum, P, and, as with any

charged object, the spinning nucleus (e.g. 1H, 13C, 15N. 19F or 31P) generates a

magnetic field around it, giving rise to an associated magnetic moment �

� ¼ ª � P (5:1)

where ª is the magnetogyric ratio, which is a specific constant for any particular

nucleus and is responsible for its magnetic properties [1, 2] (see Table 5.1).

Table 5.1 NMR properties of selected isotopes with spin 1
2
, which are often used for

characterisation of nucleic acids and their synthetic analogues [1, 3].

Isotope Nuclear

spin

Natural

abundance

(%)

NMR

frequencya

(MHz)

Magnetogyric ratio,

ª 3 107

(rad/s per T)

Sensitivityb

1H 1
2

99.9885 400.00 26.7522 1.0
13C 1

2
1.07 100.6 6.7283 1.76 3 10�4

15N 1
2

0.37 40.5 �2.7126 3.85 3 10�6

19F 1
2

100 376.3 25.1623 0.83
31P 1

2
100 161.9 10.8394 6.63 3 10�2

aResonance frequencies are given for a 9.4 Tesla magnet (400 MHz spectrometer).
bRelative sensitivities are given at constant field and for an equal number of nuclei relative to 1H

observation.
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5.1.1.2 Key Principles of the Resonance Experiment
When a nucleus with an angular moment of P and a magnetic moment of � is placed

in an external static magnetic field B0, the nuclear magnetic moments align themselves

relative to the externally applied magnetic field in a discrete number of orientations

[1, 2]. For the nucleus possessing a nuclear spin quantum number I there are 2I + 1

possible spin states. For example, for a single nucleus with nuclear spin quantum

number of 1
2
(e.g. 1H, 13C, 31P, 19F or 15N) there are two possible spin orientations

relative to the external magnetic field, namely +1
2
and �1

2
(Figure 5.1). Nuclei

corresponding to the +1
2
spin state, which are aligned with the applied external field,

have the energetically preferred orientation, whereas nuclei with �1
2
spin state are

energetically unfavourable due to their orientation against the field [2]. These spin

states are separated in energy given by

˜E ¼ h � � ¼ h � ª � B0

2�
(5:2)

where ˜E is the difference in energy between two states, h is Planck’s constant, ª is

the magnetogyric ratio and B0 is the strength of the applied magnetic field [1, 4].

The ratio between the number of the aligned nuclei (NÆ) corresponding to a low

energy state and those aligned against the applied magnetic field (N�) associated with

a high energy state is given by the Boltzmann distribution (equation (5.3))

NÆ=N� ¼ exp DE=kTð Þ (5:3)

E
ne

rg
y

No applied external
magnetic field

B0

�-spin

α-spin

m 1/2� �

m 1/2� �

Energy difference
corresponds to
radio frequency

Applied magnetic field strength

Figure 5.1 Schematic diagram showing the energy levels of a nucleus with spin quantum

number 1
2
. When there is no applied static external magnetic field, there is no energy difference

between the two states. However, when the external magnetic field (B0) is applied, nuclear

spins align themselves relative to the externally applied magnetic field in a discrete number of

orientations corresponding to two different energy levels. Paler, curved arrows represent the

spinning directions of the nucleus around itself and the black arrows represent the alignment

with or against the applied magnetic field.
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This indicates that at equilibrium there will be an excess of nuclei with the spin

orientated with the applied magnetic field as compared with those orientated against

the field.

According to a model of classical mechanics [1, 2], the magnetic moment �
associated with a spinning spherical charge will precess in an external magnetic field

around the direction of the applied magnetic field B0 at specific angular velocity

(Figure 5.2). The rate of the precession corresponds to the angular velocity ø0 (rad/s)

and is proportional to the strength of the magnetic field B0 in accordance with equation

(5.4) [1, 4]

ø0 ¼ �ªB0 rad=sð Þ (5:4)

The frequency ø0 is called the Larmor frequency of the nucleus and can also be

expressed in Hz via equation (5.5) [1, 4]

�0 ¼
v0

2�
¼ ª � B0

2�
Hzð Þ (5:5)

The direction of the precession is determined by the sign of magnetogyric ratio ª.
Nuclear magnetic resonance occurs when the nucleus changes its spin state as a

result of the absorption of a quantum of energy following electromagnetic radiation,

whose frequency exactly matches the Larmor frequency �0 of the nucleus. The sample

will generate an NMR signal only at a particular combination of radio frequency and

magnetic field strength to satisfy resonance conditions described by equation (5.5).

This absorption of energy during the transition between spin states forms the

basis of NMR spectroscopy.

μ

B0

Spinning
spherical
charge

Figure 5.2 Schematic representation of a precession of the magnetic moment � of a spinning

spherical charge in an external magnetic field B0 around the direction of the applied magnetic

field.
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5.1.1.3 The Vector Model of NMR Experiments
The behaviour of nuclear spins in pulsed NMR experiments can be more easily

understood using the vector model of NMR. Since the energy difference between the

two spin states is very small, their corresponding population differences are also very

small, as described by equation (5.3). However, this excess in population at the lower

energy level gives rise to a resultant ‘bulk’ magnetisation vector M0 along the

direction of the magnetic field B0 (Figure 5.3), which behaves according to the rules

of classical mechanics [1, 2].

During the standard 1D NMR experiment a sample is subjected to irradiation by

a non-selective 908 pulse of radio-frequency field B1, which is applied along the X axis

to rotate the bulk magnetisation vector M0 into the X, Y plane perpendicular to B0: The
transverse magnetisation in the X, Y plane precesses under the influence of static

magnetic field B0 at Larmor frequency, which corresponds to the resonance frequency

�0 (see equation (5.5)). This induces an electric current in the detection coil of the

NMR probe and thus produces the NMR signal. Since the system tends to return to

thermodynamic equilibrium with the bulk magnetisation vector M0 to be parallel to

the direction of the static magnetic field B0, the transverse magnetisation decays with

time as a result of spin relaxation to produce free induction decay (FID). The

frequency-domain NMR spectrum is then generated by Fourier transformation of the

corresponding time-domain data.

5.2 Different Formats of NMR Used for Nucleic Acids

5.2.1 Key Aspects of 1D NMR Spectroscopy

Conventional 1D NMR spectra could be sufficient to provide some essential informa-

tion about the identity and purity of synthesised single-stranded oligonucleotides and

their derivatives, which can be achieved via careful identification of the 1H, 31P and (if

necessary) 13C signals. Also, a complete sequence-specific resonance assignment of

the oligonucleotide protons is the first step in the subsequent structural analysis of

nucleic acids.

YX

Z

X

M0

Y

Z

Figure 5.3 The orientations of the resultant bulk magnetisation vector M0 along the direction

of the external magnetic field B0:
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There are a number of important points that should be considered when

interpreting 1D NMR spectra of oligonucleotides. These include the number and

position of peaks in the spectrum, the area under each peak (an integral), splitting

patterns of the peaks and their shapes.

5.2.1.1 Chemical Shift
The number of resonance lines in the NMR spectrum usually correlates with the

number of chemically non-equivalent nuclei; however, some signals may overlap in the

spectrum leading to a reduced number of resonance lines. The positions of the NMR

signals indicate the electromagnetic environment of the nuclei, which generate these

signals. Each nucleus in a molecule is surrounded by a number of electrons and atoms,

which are capable of generating local magnetic fields. Therefore, the resonance

frequency of each nucleus in the static magnetic field is influenced by its chemical and

magnetic environment. Since the nucleus is shielded by its electronic environment, the

magnetic field experienced by each nucleus (Beff ) is reduced as compared with the field

generated by the applied magnetic field B0, which is illustrated by equation (5.6) [5]

Beff ¼ B0 � �B0 ¼ 1� �ð ÞB0 (5:6)

where � is defined as a shielding factor.

Since chemically non-equivalent nuclei in a molecule have different electronic

environments, they experience different shielding effects from surrounding electrons,

hence generating separate resonance signals which depend on the values of the

shielding factor �. The variation of resonance frequency �0 with chemical environ-

ment of the nucleus is known as a chemical shift. Differences in resonance frequency

�0 are much greater than resonance line widths. As a result, for the same type of

nuclei, distinct NMR resonance lines can be observed for chemically different nuclei.

Conventionally, chemical shift � is measured against a standard reference (e.g.

tetramethyl silane for organic solvents or 3-trimethylsilyl-propionate (TSP) for

aqueous solutions) and quoted in parts per million (ppm) units

� ––¼ �sample � �reference
�reference

3 106 (5:7)

where � is the chemical shift (ppm) of a sample peak, �sample is the resonance

frequency (Hz) of a sample peak and �reference is the resonance frequency (Hz) of the

reference.

5.2.1.2 Relative Integral Intensities
For most nuclei present in nucleic acids (e.g. 1H or 31P), the relative integral

intensities of the NMR signals are directly proportional to the number of nuclei

responsible for these signals. However, this is not the case for 13C NMR spectra,

owing to the fact that relaxation times may strongly differ for various 13C nuclei.
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5.2.1.3 Signal Multiplet Structure and Shape
Fine multiplet structure of proton NMR signals depend on their spin–spin coupling

interactions with other nuclei, which are transmitted by electrons through intermediate

chemical bonds. The shape of NMR signals often depends on the dynamic properties

of the oligonucleotides in solution. Also, some signals arising from exchangeable

protons may show considerable line broadening due to exchange with the media.

5.2.2 General Principles of 2D NMR

The most useful information that can be obtained from NMR spectroscopy comes

from the interactions between two or more nuclei, either through bonding interactions,

which could be detected via J-coupling interactions (also termed indirect dipole–

dipole coupling), or through space connectivities by way of observation of the nuclear

Overhauser effect (NOE). It is possible to follow these interactions one at a time,

while irradiating one resonance in the 1D NMR proton spectrum (either during the

relaxation delay or during acquisition) and looking at the effect on the integral

intensity or coupling pattern of a resonance signal from another proton. However, this

can be achieved in a more efficient and informative way using 2D NMR spectroscopy,

which allows simultaneous irradiation of all nuclei of the same type in the sample

(e.g. protons) in order to generate a 2D map of all affected nuclei. In 2D NMR

spectroscopy two dimensions refer to two frequency dimensions, although higher-

dimensionality NMR approaches (e.g. 3D or four-dimensional) are also available.

Generally, any 2D-NMR technique consists of the following key experimental

steps, namely, preparation, evolution, mixing and detection [2]. The preparation period

consists of an appropriate delay time during which the thermal equilibrium is reached,

followed by 1 or more radio-frequency pulses (e.g. 908, 1808 and/or 458 pulses) to flip

the net magnetisation M0 in order to produce transverse magnetisation in the X, Y

plane. This step is followed by evolution, which is the time period in a 2D pulse

sequence during which a net magnetisation is allowed to precess in the X, Y plane

during t1 time period prior to mixing and detection. (Note that in the case of

correlation spectroscopy (COSY) experiments, the evolution and mixing times occur

simultaneously [2].) Variation of the t1 delay in a 2D pulse sequence, which is

incremented by a fixed amount, generates the t1 time domain. During the mixing time,

which is usually a combination of radio-frequency pulses and/or delay periods, the

phase-encoded spins are allowed to mix with each other via exchange of t1-encoded

phase information from one nucleus to another, either through J-coupling (in COSY

type NMR experiments) or through dipole–dipole interactions (in nuclear Overhauser

effect spectroscopy (NOESY) experiments). The final step is the detection period,

during which the NMR spectrometer collects the FID of excited nuclei when they are

relaxing back to equilibrium state. The collected matrix data are then subjected to two

Fourier transformations to produce the frequency domain 2D spectrum. This 2D NMR

spectrum usually contains cross peaks that correlate information on chemical shifts on

one axis with those on the second axis. There are a number of 2D NMR techniques

currently available in modern NMR spectroscopy; however, most of them can be

classified into two different categories. The first category is represented by COSY type
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NMR spectroscopy, whereas the second type involves NOESY type experiments; both

are briefly outlined in the following sections.

5.2.2.1 COSY
COSY type techniques (e.g. 1H-1H COSY, total coherance transfer spectroscopy

(TOCSY), double quantum filtered-COSY (DQF-COSY), heteronuclear single-

quantum correlation spectroscopy (HSQC) or heteronuclear multiple-bond correlation

spectroscopy (HMBC)) detect correlations between nuclei via scalar spin–spin inter-

actions, thus giving information about their connectivity through chemicals bonds.

Using this type of spectroscopy, it is possible to map nuclei sharing a mutual scalar

coupling and thus establish a net of interacting nuclei involved in integrated spin

systems.

Homonuclear Correlation Spectroscopy
A homonuclear 2D COSY NMR spectrum (e.g. 1H-1H COSY) normally shows

chemical shifts from the same type of nuclei on both the F1 and F2 axes.

Signals usually appear on the diagonal of the 2D spectrum, where the analogous

1D spectrum contains resonances. Off-diagonal signals in COSY spectra are called

cross-peaks and correlate the resonance lines corresponding to spins that are coupled

to each other. The intensity of COSY cross-peaks qualitatively reflects the magnitude

of the J-coupling between the two nuclei, but does not allow spin-coupling constants

to be measured precisely. Accurate measurements of J-coupling constants can be

achieved, however, by using other COSY-related techniques (e.g. DQF-COSY). This

offers the opportunity to evaluate associated torsion angles and thus extract essential

structural information.

In oligodeoxyribonucleotides and oligoribonucleotides H5 and H6 protons of

cytidines and uridines, H6 and -CH3 protons of thymidines as well as H19, H29, H20,

H39, H40 and H59/H50 sugar ring protons (see Figure 5.4 in the colour insert) form

unique spin systems and thus can be recognised and assigned using J-correlation

spectroscopy (see Figure 5.5). COSYexperiments allow detection of relatively strong

spin coupling interactions via two or three chemical bonds. However, weak spin–spin

interactions via four or more chemical bonds might not always be detectable in COSY

[4] and require running different types of correlation spectroscopy experiments (e.g.

TOCSY). TOCSY allows observation of spin–spin interactions between distantly

located nuclei, which are separated by up to six chemical bonds, and thus it is possible

to observe long-distance correlations, in addition to usual J-coupling interactions seen

between closely located spins. Although both COSY and TOCSY spectra are broadly

used for signal assignments, they do not provide any structural information since they

are recorded in the absolute mode. Recording COSYexperiments in a phase-sensitive

mode may generate very broad diagonal peaks which hinder the assignment of cross-

peaks near the spectral diagonal. To overcome this problem, DQF-COSY can be used

to eliminate this effect. DQF-COSY allows the recording of spectra in an anti-phase

mode in order to generate cross-peaks showing fine structural elements, from which a

coupling constant could be measured. Figure 5.5 shows an expanded region of a DQF-
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COSY spectrum of an oligonucleotide showing fine structural components of cross-

peaks.

Cross-peaks in a DQF-COSY spectrum may reflect the sugar ring conformations

and thus provide vital information about the dominant conformation of oligonucleo-

tides. Another advantage of DQF-COSY is the ability to eliminate strong signals of

uncoupled protons, such as undesirable signals from solvent.

Heteronuclear Correlation Spectroscopy
Heteronuclear correlated spectroscopy allows the detection of spin–spin coupling

interactions between different types of nuclei (e.g. 1H-13C, 1H-31P or 1H-15N) via one

or even more bonds. This type of spectroscopy (see Figure 5.6 as an example) is

particularly important for nucleic acids, as in many cases evaluation of structural

information of oligonucleotides and their derivatives requires measuring torsion

angles that involve heavy atoms such as 31P or 13C, which constitute vital structural

elements of the sugar-phosphate backbone. For example, coupling of 31P nuclei to the

attached protons may provide valuable structural data on the nucleic acid backbone

conformation that can potentially be used as experimental constraints for subsequent

restrained molecular modelling.

The examples of this type of spectroscopy include HMQC and HSQC (Figure

5.6). Cross-peaks in HMQC and HSQC spectra represent 1-bond correlations between
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Figure 5.5 The expanded region of the DQF-COSY spectrum of the oligonucleotide analogue

showing the H19-H29 and H19-H20 region along F2 axis. Some cross-peaks show fine splitting

patterns, from which J-coupling constant can potentially be measured. The digital resolution

of this spectrum in F2 axis is 0.3 Hz/point.
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a heteronucleus (e.g. 13C, 31P or 15N) and the attached proton (demonstrated by dashed

lines on Figure 5.6 for selected 1H-31P correlations). In contrast, HMBC allows long-

range correlations to be obtained between a heteronucleus and the attached proton via
2J and 3J coupling interactions (in addition to one-bond correlations). Therefore, a

cross-peak in a HMBC spectrum represents a long-range bond correlation between the

heteronucleus and the attached proton.

5.2.2.2 NOESY
NOESY (e.g. 1H-1H NOESY, 1H-1H rotational frame NOESY (ROESY) is based on

dipole–dipole interactions of different nuclei through space and thus allows detection

of the close proximity between nuclei that are not necessarily connected by chemical

bonds. These techniques allow for the detection of the spatial connectivity between

closely located nuclei, which are separated by less than 5 Å. By measuring distances

between 1H-1H protons through space, it is possible to extract valuable structural

information, which is even more beneficial when combined with high-label computa-

tional techniques. Figure 5.7 gives an example of 2D NMR pulse sequences, which

are used to generate a NOESY experiment. A typical NOESY experiment requires

three 908 pulse pulsations in order to record the cross relaxation intensities [6]. It starts

with a preparation period in order to ensure that nuclear spins have attained their
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Figure 5.6 1H -31P HSQC NMR spectrum of the oligonucleotide conjugate recorded at 58C

(400 MHz) showing the coupling between the protons and connected phosphorus atoms of the

sugar-phosphate backbone. The X-axis corresponds to the 1H dimension (F2), while the Y-axis

represents the 31P dimension (F1). In this figure, the reference signal from trimethyl phosphate

(TMP) in the 31P dimension was referenced to 0.0 ppm.
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thermal equilibrium. After the preparation period the first 908 pulse is applied in order

to flip the longitudinal Z-magnetisation into the X, Y plane. After the first pulse the

evolution time, t1, is allowed, during which the transverse magnetisation precesses in

the X, Y plane.

The signal sampling during this period gives the chemical shifts or the first

dimension of the spectrum. By applying a second 908 pulse some of the magnetisation

is transferred to the Z axis to give new longitudinal magnetisation. During the mixing

time, 	m, the cross relaxation occurs between nuclei closely located in space. Each

longitudinal polarisation of each spin is labelled with its resonance frequency at which

its signal appears in the spectrum. The third 908 pulse creates transverse magnetisation

from the unrelaxed longitudinal magnetisation. The detection period, t2, of the final

spectrum starts immediately after the third 908 pulse, and the transverse magnetisation

is recorded as a function of time t2: An example of 2D NOESY spectrum is given in

Figure 5.8, which demonstrates the most important resonance regions used for the

subsequent assignment of the 1H signals.

The importance of NOESYexperiments in structural analysis of oligonucleotides

and their derivatives comes from the fact that the cross-relaxation rate �ij between the

interacting protons is inversely related to the sixth power of the inter-nuclear

separation [1, 3] (see equation (5.8)).

� ij ¼
"2ª4

10

1

r6ij

6	c
1þ 4 ø	cð Þ2

 !
� 	c (5:8)

where �ij is the cross-relaxation rate between the interacting protons i and j, rij is the

distance between them, ø is the spectrometer frequency in radians and 	c is the

correlation time of the molecular species. The intensity of the NOESY cross-peak

formed by the interacting protons i and j is proportional to the cross-relaxation rate �ij

and is related to the interproton distance by the following equation

NOEij /
1

rij

� �1=6

3 f 	cð Þ (5:9)
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Figure 5.7 Schematic representation of a typical pulse sequence used to carry out a NOESY

experiment. During the preparation period with relaxation delay D1, the thermal equilibrium

is achieved followed by the first 908 pulse, which produces transverse magnetisation in the

X,Y plane. During the evolution period with the t1 duration, a net magnetisation is allowed to

precess in the X,Y plane followed by the second 908 pulse. The mixing time 	m allows the

magnetisation to be distributed among the various spin states of interacting nuclei. The third

908 pulse returns the magnetisation vector into the X,Y plane leading to subsequent detection

of the signal in the final period, t2:
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where f (	c) is the function of the correlation time that takes into account the effect of

the molecular motions on the observed NOEs in the NOESY experiment. However,

very often experimental evaluations of the correlation times is difficult or impossible;

therefore, an alternative approach is to estimate the relative 1H-1H distances using

some fixed reference distances rref , which are independent from the conformation of

the molecule

rij ¼ rref
aref

aij

� �1=6

(5:10)

where rij is the unknown distance between nuclei i and j, aij is the intensity of a

NOESY cross-peak formed by these two interacting nuclei, rref is a known distance
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Figure 5.8 An example of 2D NOESY spectrum (500 MHz) of 6mer oligodeoxynucleotide

sequence, showing the most important resonance regions used for the subsequent assignment

of the 1H signals. Region A shows cross-peaks corresponding to the NOE interactions

between H19 and H29/H20. Regions B and C show cross-peaks between aromatic protons (A

H8, C H6 and T H6) and sugar protons H29/H20 and H19, respectively.
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between two reference protons and aref is the intensity of a NOESY cross-peak

generated by these two nuclei. In the case of oligonucleotides, the distance between

aromatic protons H5 and H6 of cytidine can be used as a reference distance, which is

constant, independent from the oligonucleotide structure and equal to 2.46 Å [7].

An approach that considers NOE to be the result of interactions between the

isolated pair of nuclei i and j is called an ‘isolated spin-pair approximation’. In reality,

each proton is usually integrated into a complicated net of interacting protons. This

means that the cross-relaxation between the two neighbouring spins i and j occurs not

only through direct magnetisation transfer mechanisms, but also via indirect cross-

relaxation pathways through the closely located spins (see Figure 5.9 for illustration).

This phenomenon is known as multi-spin diffusion [8] and can be influenced by

mixing time 	mix used in NOESYexperiments. The longer 	mix, the higher the impact

of multi-spin diffusion on cross-peak intensities. Substantial interference from multi-

spin diffusion may potentially lead to incorrect evaluation of inter-proton distances,

and therefore generate less precise 3D structures of oligonucleotides.

The main disadvantage of the ‘isolated spin-pair approach’ in calculation of

interproton distances using equation (5.10) is that the multi-spin diffusion effect is not

taken into consideration. One way to minimise the impact of spin-diffusion mechan-

isms is to record NOESY spectra at relatively short mixing times. However, this may

result in losing some valuable long-distance NOE interactions, which could be vital

for structure determination. An alternative approach can be based on analysis of the

full relaxation matrix to calculate 1H-1H distances more precisely. One example of the

full relaxation matrix approach is matrix analysis of relaxation for discerning
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Figure 5.9 Schematic diagram showing a network of through-space NOE interactions

between nuclei i, j, k and l, which may lead to multi-spin diffusion.
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geometry of an aqueous structure (often shortened to MARDIGRAS), which generates

a proton–proton distance network taking into consideration all possible multi-spin

diffusion pathways [9].

5.2.2.3 Combination of NMR and Molecular Modelling for 3D Structure
Calculation of Oligonucleotides

The proton–proton distance constraints and sugar-ring torsion angles obtained from

NMR spectroscopy can then be used as input structural parameters for the subsequent

structure calculation utilising molecular modelling techniques. Molecular modelling

is a mathematical approach that uses the equations of classical physics and often

experimentally derived parameters (e.g. obtained from NMR) to represent 3D struc-

tures and energetics of molecules numerically [10, 11].

Molecular Mechanics Force Field
Molecular mechanics force field is a modelling approach based on classical

physics, which attempts to calculate the total energy (Etotal) and thus predict the

geometry of a chemical structure. To decrease computational time, molecular mech-

anics treats the molecule as a collection of interacting point masses with harmonic

forces [11]. Equation (5.11) represents a simple molecular mechanics equation used to

calculate the total energy.

Etotal ¼ Estretching þ Ebending þ Etorsion þ Evdw þ Eelec (5:11)

The components of this equation, together with the parameters which are

necessary to describe the behaviour of atoms and bonds, are called a force field. For

example, equation (5.11) represents the general force field used in molecular mech-

anics. Each term of this equation represents the contribution of the specified energy to

the total energy as described below [11]

Estretching ¼ 1=2kb b � b0ð Þ2 (5:12)

Ebending ¼ 1=2kŁ Ł� Ł0ð Þ2 (5:13)

Etorsion ¼ 1=2kj 1þ cos nj� j0ð Þ
� �

(5:14)

Evdw ¼
X Aij

r12ij

� Bij

r6ij
(5:15)

Eelec ¼ �
X

ij

1

�

QiQj

rij

(5:16)

where Estretching is the energy of bond stretching, kb is the bond stretching force

constant, b0 (the equilibrium value) is the unstrained bond length and b is the actual

bond length in the molecule or molecules (5.12). kŁ is the angle bending force

constant, Ł is the actual value of the angle and Ł0 is the equilibrium value for the angle

in the angle bending force field term (5.13). kj is the torsion barrier, j is the actual

torsion angle value, j0 is the reference torsion angle, which is 08 in the cosine
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function, with an energy maximum at 08, and n is the periodicity (the number of

energy minima at the full cycle completion) in the torsion angle force field term

(5.14). Aij is the repulsive coefficient, Bij is the attractive coefficient and rij is the

distance between the two atoms i and j in the van der Waals’ (denoted vdw) force field

term (5.15). � is the dielectric constant, Qi and Qj are the atomic charges of the two

atoms i and j, and rij is the distance between the two atoms in the electrostatic force

field term (5.16).

The force field parameters, the force constant and the equilibrium values of the

bond lengths and angles, are used to calculate the total energy of the molecule.

Deviation from the equilibrium values results in an increase of the total molecular

energy, which is a measurement of the intramolecular strain energy relative to that of a

hypothetical ideal molecule. Different force field parameters could be used in the

equations (5.12) to (5.16). Accordingly, some force fields are specific to small organic

molecules, which represent a wide range of molecular classes, while other force fields

are targeted at biomolecules (e.g. oligonucleotides) with specifically tuned force field

parameters [11].

Molecular Dynamics
To ensure that molecules are able to find their lowest energy conformations and/

or overcome energy barriers, molecular dynamics (MD) can be used to monitor

molecular motion and thus explore the conformational space of a chemical structure

[10]. This method combines the energy derived by the force field with the Newtonian

law of motion. MD simulation is carried out by solving Newton’s equations of motion

over small time steps. Newton’s second law is represented in equation (5.17) [12]

ai ¼ Fi=mi (5:17)

where ai and mi are the acceleration and the mass of atom i, respectively, and Fi is the

force on atom i. Since the force is related to the negative gradient of the potential

energy, Newton’s equation can relate the derivative of the potential energy to the

changes in the position of an atom as a function of time [12]

d2xi

dt2
¼ 1

mi

� dV

dxi

� �
(5:18)

where V is the potential energy of the system, xi and mi are the position and mass of

atom i, respectively, and t is the time. Integration of equation (5.18) obtains xi as a

function of time

xi ¼ ait
2 þ �0t þ x0 (5:19)

where t is time, ai and �0 are the acceleration and the initial velocity of atom i, xi is

the position of the atom i after time period t and x0 is the initial position of the atom.

Acceleration can be calculated from the gradient of the potential energy function. It is

therefore possible to generate a dynamics trajectory of the molecule based on the

initial atom velocities, initial atom positions and the acceleration, which could be

obtained from the potential energy. The initial velocities are assigned from a
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Maxwell–Boltzmann distribution at a given temperature [13, 14]. Applying MD

simulations for the calculation of 3D structures of oligonucleotides, their complexes

and derivatives are rather expensive since they have a relatively large number of

atoms, especially if explicit water is used in solvating these biomolecules. However,

new advances in computational power (for example using graphics processing units)

enable simulation of biomolecules on the microsecond timescale, and hence facilitate

a better understanding of the structure and dynamic properties of oligonucleotides.

Restrained MD
A variant of MD simulation, restrained MD (rMD) searches the conformational

space to find a final conformation of the biomolecule (e.g. oligonucleotide) that

satisfies the experimental restraints obtained from NMR spectroscopy (e.g. proton–

proton distances (from NOESY) and torsion angles (from DQF COSY). Different

random starting conformers are needed to test the convergence into one or more

molecular ensemble(s), which satisfy the experimental constraints. In rMD, the

simulation is carried out at constant temperature using the full empirical force field in

the calculations in combination with pseudoenergetic terms, which penalise violation

of the experimental restraints [12]. However, performing rMD at a constant tempera-

ture can trap the system in a local minimum, which might prevent finding a global

conformation minimum of the molecule. Therefore, simulated annealing can be used

to assist the system to escape local minima [12].

Simulated Annealing Algorithm
A simulated annealing algorithm can be used to search the conformational space

of the biomolecule. To achieve this, the annealing process is simulated by heating the

system up to a certain high temperature in order to ensure that all conformers are

energetically accessible. This initial stage is followed by cooling the system down to

room temperature (or below) to find the natural conformation at that temperature [12].

This algorithm requires a starting structure which can be built in an extended form or

in starting biomolecule conformations such as the A- or B-form for nucleic acids and

oligonucleotides. Often, an implicit rather than explicit solvent is used in this type of

simulation, which substantially decreases the computation time. The force field used

in simulated annealing experiments includes the pseudoenergy terms, which incorpo-

rate distance and torsion angles constraints obtained from NMR.

5.2.2.4 Diffusion-Ordered Spectroscopy
Diffusion-ordered spectroscopy (DOSY) is a smart 2D NMR technique that allows the

evaluation and measurement of diffusion coefficients of various molecular species in

an NMR sample. DOSYexperiments [15–18] are often used to resolve compounds in

a complicated mixture according to their diffusion constants, which depend on the

hydrodynamic radii of the corresponding molecular species. These experiments are

often used in a non-quantitative fashion (e.g. using DOSY spectra), to resolve compo-

nents of a mixture qualitatively. However, this type of spectroscopy can also be used

to measure diffusion coefficients.
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The diffusion constant D of a molecular species is related to its shape and size by

the Stokes–Einstein equation (5.20) [17]

D ¼ KT

6�
rs
(5:20)

where D is the diffusion coefficient, K is Boltzmann constant, T is the temperature, 

is the viscosity of the solution and rs is the hydrodynamic radius of the particle.

The concept of the DOSY experiment is based on the idea of ‘coding’ each

proton spatially in the NMR sample tube followed by ‘decoding’ it after allowing the

sample to diffuse for a certain period of time. This could be achieved by applying a

field gradient pulse, which introduces a gradient magnetic field along a desired axis,

mainly along the Z-axis. In the absence of a magnetic field gradient, spins experien-

cing the same chemical environment evolve with the same frequency, regardless of

their relative location within the sample, and thus have the same chemical shift and

phase. However, in the presence of a magnetic field gradient, the same spins would

evolve with different frequencies that depend on their relative position in the sample.

In addition, phases of individual spins would directly depend on their physical

location in the sample, and this dependence becomes stronger with the increased field

gradient, which can be achieved by using specialised diffusion probes. In other words,

in a DOSYexperiment each spin becomes ‘spatially labelled’.

Generally, a DOSYexperiment relies on the effect of a couple of gradient pulses

separated by a refocusing pulse (Figure 5.10). During the first gradient pulse, the spins

precess in one direction, thus generating zero net signals at the end of this gradient

pulse, as they are completely distributed in phase. However, the overall signal has not

been lost, and it is possible to refocus it. If the second gradient pulse is applied for the

same period of time, which has opposite polarity, but equal strength, the spins will

evolve in exactly the opposite direction to become ‘refocused’. The NMR signals of

those spins that are significantly relocated in the sample due to diffusion processes

1H

90° 180°

Gradient
δ δΔ

Figure 5.10 The pulse sequence of a typical DOSYexperiment, which consists of a 908 pulse,

two gradient pulses and a 1808 pulse. The pulse sequence starts with the 908 pulse, which

produces the net magnetisation in the xy plane followed by the first gradient pulse to ‘encode’

each spin spatially. The applied 1808 pulse reverses spins’ evolution, which is followed by the

second gradient pulse (with the same strength, but with opposite sign) that refocuses spins’

signals. The diffused spin will not recover the full (initial) signal intensity, which leads to the

signal intensity attenuation.
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will not be refocused, since during the second gradient pulse they experience a

different strength of the gradient field as compared with the original gradient used

during the first gradient pulse. Therefore, the total signal for spins that have diffused

during this experiment will be considerably decreased as compared with the signals of

those spins that moved to a lesser extent. This means that the attenuation of the NMR

signals can be modulated by the diffusion properties of the corresponding molecular

species. The specialised diffusion probes use a much higher power than standard

probes which is generated by a gradient amplifier. As a result, the diffusion probes can

generate a maximum gradient strength of 1200–1500 Gauss/cm, whereas usual probes

will produce a much lower gradient field (a maximum of 50 Gauss/cm). Therefore, the

linear distortion in the magnetic field is much greater with the specialised diffusion

probes.

The ratio between the intensity of the attenuated NMR signal I and the initial

signal I0 is related to the diffusion properties of the molecule by the Stejskal–Tanner

equation (5.10) [18]

I

I0
¼ e�Dª2g2�2(˜��=3) (5:21)

where D is the diffusion coefficient, ª is the gyromagnetic ratio, g is the gradient field

pulse strength, � is the gradient field pulse length and ˜ is the diffusion time.

The data obtained in DOSY experiments can be used to generate a 2D spectrum

(see Figure 5.11) with a chemical shift axis in the F2 dimension (as in the usual 2D

experiment), but with diffusion coefficients in the indirect dimension. Alternatively,

numerical values for the diffusion constant at a given chemical shift can be obtained

using a different way of processing the generated data. Indeed, plotting the Stejskal–

Tanner equation at different gradient strength values results in a correlation, which

allows calculation of diffusion coefficients for different molecular species [17].

In some cases, diffusion coefficients of the components of the sample mixture

have similar values, which results in producing one broad peak due to a continuous

distribution of particle sizes, thereby reflecting contributions from various diffusion

coefficients. In these cases an inverse Laplace transform known as a CONTIN

algorithm can be used to resolve the individual diffusion coefficients [19]. CONTIN is

a program, which allows an inversion of data represented by linear algebraic or

integral equations through an inverse Laplace transform. This mathematical algorithm

uses the regularisation method by utilising least-squares analysis in order to approx-

imate the solutions, and then the simplest solution that is consistent with the

experimental data can be selected [19]. Analysis of the signal attenuation in the DOSY

experiment by the CONTIN algorithm results in evaluation of the distribution of the

diffusion coefficients in the complex sample mixture [17].

5.2.2.5 Modern NMR Instrumentation
Modern NMR spectrometers are based on a pulsed field Fourier transform NMR

spectroscopy technique (FT-NMR), which was first introduced in the 1960s. Similar to

the old continuous wave (CW) NMR spectrometers, pulsed field NMR spectrometers
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use a magnetic field to align the nuclei. However, instead of applying the external

magnetic field followed by scanning through the frequencies, modern NMR spectro-

meters excite all the resonant nuclei by utilising a single pulse of radio-frequency

energy followed by collecting the time-domain response, which is then converted to

the frequency-domain spectrum using Fourier transformation.

The application of Fourier transformation to NMR spectroscopy allowed consid-

erable enhancement of the sensitivity of this method by increasing the signal-to-noise

ratio, which is a major concern of any analytical technique. Moreover, the use of FT-

NMR offered the opportunity to develop correlational multi-dimensional NMR

spectroscopy.

5.3 Application of 1H NMR for Oligonucleotides

5.3.1 Use of 1D and 2D 1H NMR Techniques

The main problem in application of 1D NMR spectroscopy for identification and

characterisation of oligonucleotides and their analogues is associated with the fact that

they often produce highly overlapping resonance regions in the 1H NMR spectra due

m /s2
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Figure 5.11 An example of a 1H DOSY spectrum of the oligonucleotide recorded in D2O

(400 MHz) with internal reference (TSP). Impurities are highlighted by the dotted line boxes.
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to a large number of protons, some of which display a close similarity in chemical

shifts. Spectra interpretation can also be complicated by the fact that the assignment

of specific nuclei to particular nucleotide residues might be a challenging task,

especially without implementing 2D (or even higher dimensionality) NMR techniques.

However, even 1D NMR spectra may provide invaluable information on the composi-

tion of oligonucleotide sequences and on the overall quality of samples.

5.3.1.1 Main Types of Oligonucleotide Protons Detectable by NMR
Figure 5.4 shows the chemical structures of four DNA (A, G, C and T) and RNA (A,

G, C and U) nucleotides bases along with the deoxyribose and ribose sugar moieties.

Two types of protons could be recognised in the DNA and RNA, namely, non-

exchangeable and exchangeable protons (the latter are labelled in red).

Non-exchangeable Protons from Nucleotide Bases
In the case of DNA, cytidine (cytosine attached to ribose sugar) and thymidine

(thymine attached to ribose sugar) (Figure 5.4) constitute two unique spin systems

(CH5 $ CH6 for cytidine and TH6 $ T(CH3) for thymidine), which are not

J-coupled to the sugar ring protons. Cytosine is the only nucleotide base in DNA

containing vicinal protons (H5 and H6) on adjacent carbons, which are usually split

into doublets and expected to produce an intensive cross-peak in COSY and TOCSY.

In addition, these two protons are located in close proximity as they are separated by

only 0.25 nm (2.5 Å) (Figure 5.12, see colour insert). Therefore these protons can also

be recognised via corresponding cross-peak in the NOESY spectrum. TH6 and TCH3

protons within the same thymidine nucleotide residue usually display a very weak J-

coupling constant (ca. 1.2–1.5 Hz), and thus are seen in the NMR spectrum as broad

singlets. Despite this poor spin–spin coupling interaction, TH6 and TCH3 often

generate a low-intensity cross-peak in J-correlated spectra (e.g. COSY and especially

in TOCSY). These protons are closely located in space with the distance of 2.5 Å

between them (Figure 5.12), and thus can be detected via a NOESY spectrum in a

form of a medium intensity cross-peak.

In RNA the two pyrimidine bases (uridine, which replaces thymidine, and

cytidine) form similar spin systems (CH5 $ CH6 and UH5 $ UH6). In a 1D NMR

spectrum CH5, CH6, UH5 and UH6 protons are seen as doublets and could be

detected in both COSY (or TOCSY) and NOESY. The remaining non-exchangeable

aromatic protons (i.e. AH8, GH8 and AH2) usually appear as singlets and are not

involved in any spin–spin connectivity.

Non-exchangeable Sugar Ring Protons
Sugar ring protons of both deoxyribose and ribose moieties usually form isolated

spin systems for each nucleotide residue, which are involved in a net of J-coupling

interactions indicated by arrows in Figure 5.13 (see colour insert). In the case of DNA,

H19 protons of the deoxyribose moiety are expected to produce doublets of doublets

due to their J-coupling interactions with H29 and H20 protons of the same sugar ring.

Their resonance region (5.2–6.4 ppm) is usually isolated from the spectral areas of

other sugar ring protons. Geminal protons H29 and H20, which are attached to the
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same C29 carbon, are normally seen as multiplets due to their additional spin–spin

coupling with H19 and H39 protons. The resonance area for H29 and H20 protons of

deoxyribose is located between 1.7 and 3.0 ppm. H39 are also seen as multiplets due

to their J-coupling interactions with H49, H29 and H20 from the same nucleotide

residue as well as with 31P atom of the 39-phosphodiester group. The resonance areas

for H39 protons range between 4.6 and 5.1 ppm, which partially overlap with the HOD

signal (note that a NMR water signal in aprotic solvents is seen as an H2O signal,

while in protic solvents it is seen as a HOD signal from a water molecule in which one

of the protons has been exchanged for a deuterium of the solvent) of the residual water

signal. H49, H59 and H50 usually form a strongly overlapped region between 3.6 and

4.6 ppm. H59 and H50 display 1H–31P coupling interactions with the 31P atom of the

59-phosphate group.

In RNA, H20 is absent, whereas H29 is shifted considerably downfield (4.4–

5.0 ppm) due to the presence of the electron withdrawing OH group at the 29 position.

As a result, the resonance area of the H29 protons substantially overlaps with that

observed for H39, H49, H59 and H50 protons, which are usually seen between 3.7 and

5.2 ppm (see Table 5.2).

Exchangeable Amino and Imino Protons
Amino and imino protons are exchangeable protons, as they usually exist in a fast

exchange with the solvent. Exchangeable protons are usually not observable in D2O,

Table 5.2 Summary of proton chemical shifts in DNA and RNA.

Protons DNA, � (ppm) RNA, � (ppm)

GH8, AH8, AH2 7.3–8.4 7.3–8.4

CH6, TH6 and/or UH6 6.9–7.6 6.9–7.6

CH5 and/or UH5 5.3–6.0 5.3–6.0

T-CH3 1.2–1.6 a

AH19, GH19, CH19, TH19 and/or UH19 5.2–6.4 5.0–6.0

AH29 and GH29 2.3–2.9 4.4–5.0

CH29, TH29 or UH29 1.7–2.3 4.4–5.0

AH299 and GH299 2.4–3.1 a

CH299, TH299 2.1–2.7 a

AH39, GH39, CH39, TH39 and/or UH39 4.3–5.2 4.3–5.2

AH49, GH49, CH49, TH49 and/or UH49 3.8–4.3 3.8–4.3

AH59/599, GH59/H599, CH59/H599, TH59/H599 and/or

UH59/H599

3.8–4.3 3.8–4.3

G(N1H)b 11.5–13.6 11.5–13.6

T(N3H) and U(N3H)b 13.0–14.0 13.0–14.0

A(NH2), C(NH2) and C(NH2)
c 6.6–9.0 6.6–9.0

aAbsent in RNA.
bExchangeable imino protons, which are involved in formation of hydrogen bonding and can only be

detected in stable duplexes in H2O-based solutions.
cExchangeable amino protons which can be detected only in H2O-based solutions.
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but could be detected in H2O-based buffers (typically 90–95% H2O and 10–5% D2O

to ensure deuterium field lock) using experiments with selective non-excitation of the

water resonance (e.g. water suppression by gradient-taylored excitation experiments).

There are a number of new pulse sequences currently available for the efficient

and selective suppression of a water signal without considerable distortion of other

spectral regions. Figure 5.14 shows expanded regions of two NMR spectra of synthetic

oligonucleotides after HPLC purification, recorded with and without suppression of

the water signal ((a) and (b), respectively). This example clearly demonstrates that the

undesirable HOD signal dominating the NMR spectrum can successfully be elimi-

nated by selecting an appropriate pulse program.

Although amino protons can in principle be observed even in the single-stranded

form of nucleic acids, imino protons can only be detected by NMR in a double-

stranded (duplex) form. In Figure 5.15 (see colour insert) imino and amino protons

involved in the hydrogen bond formation are highlighted in blue. The presence of

imino proton signals in the 1H NMR spectrum of oligonucleotides usually signifies the

(a)

(b)
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Figure 5.14 Expanded regions of the NMR spectra of synthetic oligonucleotide recorded

after HPLC purification (a) without and (b) with suppression of residual water signal.
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formation of specific hydrogen bonding, which may confirm the presence of folded

conformations for single-stranded nucleic acids and/or the formation of complemen-

tary double-stranded complexes.

The number of imino proton resonances corresponds to the number of hydrogen-

bonded base pairs formed during the hybridisation process of two complementary

regions, whereas the line widths indicate the relative stability of the corresponding

base-pairs and their accessibility to water molecules, which may facilitate the

exchange. The G and T imino protons in canonical Watson–Crick G.C and A.T pairs

are found at 11.5–13.6 ppm and 13.0–14.0 ppm, respectively, while the imino proton

signals in protonated cytidines and unpaired thymidines are located around 14–

16 ppm and 10–11 ppm, respectively (Table 5.2). Figure 5.16 shows an example of

the 1H NMR spectrum of the 6mer duplex recorded in phosphate buffer prepared

using a H2O:D2O mixture (90%:10%), which shows the region of the exchangeable

imino protons involved in the formation of Watson–Crick hydrogen bonds. The

exchangeable imino protons are visible only when they are involved in the hydrogen

bonding [20, 21] and start broadening when the exchange rate with the bulk solvent
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Figure 5.16 1H NMR spectra of the hybrid complex between 6mer p1T2C3A4A5T6C and

RNA target 50GCGAUUGAAAACG30 recorded at different temperatures (indicated above

each spectrum), which show the resonance region of the exchangeable imino protons. The

spectra were recorded in 90%H2O:10%D2O phosphate buffer (10 mM phosphate, 200 mM

NaCl, 0.1 mM ethylenediaminetetraacetic acid, pH 7.0) at 500 MHz. (The complementary

region within the RNA target is underlined and shown in bold.)
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exceeds 200/s [20]. It is seen from Figure 5.16 that increase of the temperature of the

NMR sample induces thermal denaturation of the oligonucleotide duplex, leading to a

decrease of the imino proton signals with their eventual disappearance. Therefore, the

presence of any secondary structures within oligonucleotide sequences and their

relative stability can easily be monitored using NMR spectroscopy.

Exchangeable amino protons involved in Watson–Crick hydrogen bonding can

also be detected in H2O-based solutions. However, their resonance signals, which are

usually seen between 6.6 and 9.0 ppm, often overlap with the aromatic protons of the

nucleotide bases, making it difficult to monitor them by 1H NMR during thermal

denaturation experiments.

Another approach for detecting internal structures within oligonucleotide chains

and/or monitored hybridisation events between different oligonucleotide species

could be melting temperature profiles obtained using variable temperature (VT)

NMR experiments (see Chapter 6 for fuller details). This can be achieved by

following the chemical shifts of the non-exchangeable protons of the oligonucleotide

residues against temperature. An example of such Tm (melting temperature) profiles

is shown later in Figure 5.17(a) for the hybrid complex (1:1) between 6mer

pdTCAATC and RNA target 50rGCGAUUGAAAACG30 obtained by plotting the

chemical shift of the 1T(CH3) protons of the nucleotide residue as a function of

temperature. A sigmoidal-like character of the melting temperature profile usually

indicates a co-operative transition within the double-stranded regions of nucleic

acids. In contrast, the NMR-based Tm profile recorded for the equimolar mixture of

the same 6mer oligodeoxynucleotide pdTCAATC and the non-complementary oligor-

ibonucleotide (5
0
rCACUGGGAAGUUU30) shows nearly linear character of the tem-

perature-induced change in chemical shift (Figure 5.17(b)), thus demonstrating the

absence of any stable secondary structures formed by these two oligonucleotides.

The advantage of performing VT NMR experiments for these purposes is that this
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Figure 5.17 NMR-based melting temperature profiles obtained for the equimolar

mixtures of the 6mer oligodeoxynucleotide pTCAATC with (a) complementary RNA

target 50GCGAUUGAAAACG30 and (b) non-complementary RNA sequence
50CACUGGGAAGUUU30 in phosphate buffer. The melting profiles were obtained by

plotting the chemical shifts of the selected protons of the 6mer oligodeoxynucleotide

against temperature.
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method allows monitoring of the participation of individual nucleotide residues in

the formation of double-stranded structures by following signals of corresponding

proton signals.

VT 1H and 31P NMR-based experiments have been used by Jaroszewski et al.

[22] to investigate duplex stability of phosphorothioate and phosphorodithioate DNA

analogues, in which all phosphodiester linkages were replaced by phosphorothioate or

phosphorodithioate backbones. They also used NMR spectra of exchangeable imino

proton resonances recorded at different temperature regimes to look at thermal

stabilities of individual Watson–Crick base pairs of the mono- and the dithioate

duplexes. Temperature dependence of the imino proton resonances and 31P signals of

the phosphorodithioate allowed detection of the heterogeneity of the base-pairing,

compatible with the presence of a hairpin loop. The phosphorothioate analogue

showed strongly reduced base-pair lifetimes evident from NMR experiments.

Chemical shifts for the most important oligonucleotide protons are given in Table

5.2, but these can serve only as guidance as they strongly depend on oligonucleotide

sequences and their interactions with complementary counterparts. Media (e.g. ionic

strength, pH, concentration, presence of metal ions) may also strongly affect proton

chemical shifts.

5.3.1.2 Typical 1D NMR Spectra of Oligonucleotide Samples
Figure 5.18 shows a typical 1H NMR spectra of two complementary oligonucleotide

sequences, (a) dp1T2T3T4T5C6A7A8T9C and (b) dp1G2A3T4T5G6A7A8A9A, in their

single-stranded forms, demonstrating the characteristic resonance areas for each type

of oligonucleotide proton. It can be seen from this example, that even 1D 1H NMR

spectra of oligonucleotides can provide essential information on nucleotide composi-

tion and purity. For example, within the aromatic region of 1H NMR spectrum of

dp1T2T3T4T5C6A7A8T9C contains eleven protons, namely, five T(H6) broad singlets

(due to 4J-coupling interactions with corresponding T(CH3) protons), two doublets

from two C(H6), two A(H8) singlets and two sharp singlets from A(H2) protons. The

upfield region of the spectrum between 1.2 and 1.6 ppm contains three intensive

signals from five T(CH3) protons, two of which have an integral intensity of 3H,

whereas the most intensive signal at 1.9 ppm has an integral intensity of 9H due to

overlapping T(CH3) signals.

The second oligonucleotide, dp1G2A3T4T5G6A7A8A9A, produces a substantially

different 1H NMR spectrum, and facilitates the distinguishing of two separate oligo-

nucleotides samples. The aromatic area of the 1H NMR spectrum of

dp1G2A3T4T5G6A7A8A9A contains eleven separate signals including two T(H6)

broad singlets, two singlets from G(H8), five A(H8) singlets and five sharp singlets

from A(H2) protons. The aliphatic region of the spectrum between 1.2 and 1.8 ppm

contains only two intensive signals from –CH3 groups of two thymidines.

This quick overview of 1H NMR spectra also allows some important assessments

regarding the purity of these oligonucleotides samples. For example, sharp peaks at

around 3.4 ppm seen in both spectra (labelled by asterisk) signify the presence of an

impurity in each sample, presumably from triethylamine (see Chapter 2). The other,
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Figure 5.18 1H NMR spectra of the 9mer oligonucleotides (a) dp1T2T3T4T5C6A7A8T9C and

(b) dp1G2A3T4T5G6A7A8A9A showing the characteristic regions of the oligonucleotide

protons. The spectra were recorded in D2O at 208C using 500 MHz NMR (Bruker). Insertions

on the top of each spectra show expanded areas of aromatic and T(CH3) protons. Sharp peaks

at ,3.4 ppm in both spectra labelled by * indicate an impurity.
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very minor impurities seen, for example in the aromatic region of

dp1G2A3T4T5G6A7A8A9A (Figure 5.18(b)) do not exceed 1%.

However, 1D NMR spectra do not always confidently confirm the exact oligo-

nucleotide sequence of the oligonucleotide sample since this method does not provide

direct information on how the individual nucleotide blocks are connected to each other

within the oligonucleotide chain. There are two main reasons of this. First, regardless of

the quality of the spectra produced, full identification of oligonucleotide protons from

1D NMR spectra alone remains challenging, especially for relatively long oligo-

nucleotide sequences. Although some information about proton spin–spin interactions

can be gained from the fine multiplet structures of signals as well as frommeasurements

of J-coupling constants, complete identification of individual spin systems entirely from

1D NMR spectra is usually problematic. The second reason is that 1D NMR spectra

provide only limited information on long-distance interactions between different nuclei,

and, thus, it is difficult (if possible at all) to make any confident judgement on the mutual

orientation of individual nucleotide residues within the oligonucleotide strand.

This essential information can be obtained from 2D NMR experiments by using

both J-correlated-based spectroscopy techniques (e.g. COSY, TOCSY, DQF-COSYor

their analogues) and NOE-based methods (e.g. NOESY, ROESYor alternative variants

of these techniques), which constitutes the main focus of the following sections.

5.3.1.3 Sequence Specific Assignment of Proton Signals in Nucleic Acids
The first step of the assignment strategy for oligonucleotides involves the identifica-

tion of each signal in the spectrum to a specific type of spin system followed by the

assignment of these systems to their sequential positions in the oligonucleotide chain.

In most cases this is done using a combination of COSY (see Figure 5.19 as an

example), TOCSYand DQF-COSY.

Sequence-specific assignment of oligonucleotide protons using NOESY is based

on a very distinctive interaction network of aromatic bases and sugar ring protons within

the double-stranded regions of nucleic acids. Figure 5.20 (see colour insert) represents

the 3D structure of the short fragment of the DNA duplex, showing only one

oligonucleotide strand for reasons of simplicity. The structure maintains typical �–�
stacking interactions between nucleotide bases, which, together with Watson–Crick

hydrogen bonding (not shown for clarity), maintain a relatively stable helical conforma-

tion. Figure 5.20 also highlights the most important protons, which are normally

involved in through-space interactions and usually generate cross-peaks in 1H NOESY

spectra.

The main strategy for sequential assignment of oligonucleotide protons is outlined

in Figure 5.21 (see colour insert), which shows some typical intra- and inter-residue

NOE-connectivities (indicated by red and blue arrows, respectively) seen in the NOESY

spectra of oligonucleotides. The main network of the key interactions involves through-

space contacts between H19, H29, H20 and H30 sugar ring protons of the residue n with

its own aromatic H6/H8 protons, as well as with the H6/H8 protons of the next (n + 1)

residue
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$ H6=H8n $ (H19, H29=H2 0, H39)n $ H6=H8nþ1

$ (H19, H29=H2 0, H39)nþ1 $ . . .

In addition, aromatic H8/H6/H5 protons and CH3 protons of thymidine can form the

additional network of intra- and inter-residue interactions

. . . $ H5=H6=H8=CH3ð Þn $ H5=CH3H6=H8nþ1 $ . . .

The starting point of this sequential assignment could be, for example, the 59 terminal

residue, as it will have only intra-residue H6/H8-H19, H6/H8-H29, H6/H8-H20 and

H6/H8-H39 NOESY cross-peaks. However, each sugar ring proton of the 59 terminal

residue (H19/H29/H20 and H39) will have an additional (inter-residue) cross-peak with

the aromatic protons of the 39-adjacent residue. Taking this as a starting point, the

other aromatic and sugar ring protons can be assigned in a sequential manner by

following this strategy.

There are usually several independent assignment pathways of sequential assign-

ment, which provides a resolution to spectral overlap. Any over-looked connectivity

(as a result of spectral overlap) in one region can be compensated by results from the

other regions.
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Figure 5.19 COSY spectrum of single-stranded oligonucleotide dp1T2T3T4T5C6A7A8T9C

recorded in D2O at 208C using 500 MHz NMR (Bruker).
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Recently, it was demonstrated that this strategy, previously used predominantly

for double-stranded nucleic acids, could also be applicable for single-stranded

oligonucleotide sequences, which in aqueous solutions often maintain relatively rigid

conformations similar to those found in analogous duplex forms.

An example of the sequence-specific assignment of aromatic and H19 protons as

well as -CH3, H29 and H299 protons of the single-stranded dp1G2A3T4T5G6A7A8A9A

sequence is demonstrated in Figure 5.22, which shows the expanded regions of the 1H

NOESY spectrum of this oligonucleotide with indicated H8/H6–H19 (a) and H8/H6–

H29/H20/CH3 connectivities (b).

By following the dashed lines in Figure 5.22, it is possible to track the most

important NOE-interactions in this oligonucleotide (e.g. H6/H8n$(H19, H29/H20,

H39)n$H6/H8nþ1$(H19, H29/H20, H39)nþ1).

5.4 Application of 31P NMR Spectroscopy for
Oligonucleotide Analogues

31P NMR spectroscopy [23,24] is broadly used for the characterisation of oligonucleo-

tides and their derivatives, as phosphorus atoms are the key components in the sugar-

phosphate backbone of nucleic acids. 31P has a 100% natural abundance and nuclear

spin quantum number of 1
2
, which makes it detectable by NMR spectroscopy [24]. The

relative sensitivity of the phosphorus nucleus is considerably lower than that of the

proton (i.e. 6.63% of the proton sensitivity see Table 5.1). However, the 31P NMR

spectra of oligonucleotides are relatively simple and may provide vital information

about oligonucleotide purity, identity and conformation of the sugar-phosphate back-

bone. The concepts that have been discussed above in application to proton NMR

spectroscopy in Sections 5.1.1–5.1.3 can also be applicable to 31P NMR spectroscopy.

The integral intensity of the peak is indicative of the number of phosphorus atoms

responsible for this peak. Furthermore, each phosphorus functional group has a

distinct region in the 31P NMR spectrum, which extends over 500 ppm (from �180 to

+220 ppm) [23]. A slight change in the chemical structure around the phosphorus

nucleus results in a significant chemical shift difference. Furthermore, the torsion

angles around the phosphorus atom strongly affect its chemical shift [23]. A proton-

decoupled 31P NMR spectrum of the 6mer oligonucleotide with R modification group

attached to 59-terminal phosphate group via the phosphoramidate bond is shown on

Figure 5.23 as an example.

As demonstrated in Figure 5.23, phosphodiester 31P signals of oligonucleotides

and their analogues are usually seen in the upfield area of the NMR spectrum as

compared with the TMP signal and especially with that observed for phosphoramidate
31P nucleus. Therefore, chemical modification of oligonucleotides via covalent attach-

ment of various functional groups through terminal 59- or 39-phosphate groups can

easily be tracked using 31P NMR spectroscopy. Phosphorothioate oligonucleotide

derivatives, which are broadly used as therapeutic oligonucleotide analogues, can also

be analysed and quantified by following distinctive 31P NMR signals of phosphor-

othioate groups at around 55 ppm.

This method also allows the evaluation and quantification of some degradation
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products and/or impurities of oligonucleotide nature via integration of isolated 31P

NMR signals. Cieslak et al. [25] used 31P NMR spectroscopy to investigate the

desulfurisation process of oligonucleoside phosphorothioates induced by ‘aged’

trichloroacetic acid solutions in the solid-phase synthesis of oligonucleoside phos-

phorothioates. It was demonstrated that the 31P NMR signal of phosphorothioate

diesters appeared as a broad signal at 56 ppm, whereas the resonance corresponding to

desulfurised phosphodiesters appeared at around 0 ppm, thus allowing quick and

unambiguous detection of the degradation products. Based on the findings of this

research it was recommended that the deblocking solutions should be prepared from

solid TCA prior to use in the solid-phase synthesis to ensure the integrity of

phosphorothioate diesters.

The phosphorus atom can also be involved in spin–spin coupling interactions

with nuclei (e.g. protons) connected to it via chemical bonds. These coupling

Figure 5.22 (page 230) Expanded (a) H8/H6–H19 and (b) H8/H6–H29/H299/CH3 regions of

the 1H NOESY spectrum of the single-stranded dp1G2A3T4T5G6A7A8A9A sequence recorded

in D2O (500MHz). This figure shows the sequential assignment of inter-nucleotide and intra-

nucleotide NOE interactions within the oligonucleotide part involving the H6/H8 aromatic

protons and sugar ring protons.

0.
92

5.
00

9 8 7 6 5 4 3 2 1 0 �1 �2 �3 �4 ppm

TMP

5 resonance
signals of the
phosphodiester

P nuclei311 resonance
signal of the
phosphoramidate

P nucleus31

Figure 5.23 1D (proton decoupled) 31P NMR spectrum of the oligonucleotide synthetic

analogue R—NH-pTCAATC with covalently attached modification group R via phosphorami-

date linker. TMP was used as internal reference with chemical shift set to 2.92 ppm. The

spectrum shows the integration of the 31P resonance signal corresponding to six phosphorus

atoms for the oligonucleotide part.
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interactions and associated coupling constants can potentially be exploited to deter-

mine torsion angles of the sugar-phosphate backbones in nucleic acids. The applica-

tion of the 2D 1H-31P 2D NMR techniques provides further details about structural

features of oligonucleotides and their structural analogues. Therefore, 31P NMR,

together with the 1D and 2D 1H NMR spectroscopy, is often used to extract some

important structural parameters, which might be essential for conformational analysis

of nucleic acid.

5.5 Diffusion-Ordered Spectroscopy for Oligonucleotide
Characterisation

In the area of nucleic acids, DOSY techniques [15–18] can be used, for example to

analyse the purity of the synthesised oligonucleotide products and their analogues.

Very often post-synthetic reaction mixtures contain many different starting materials,

intermediates and products and thus produce complicated NMR spectra with strongly

overlapping signals. This makes it difficult (if possible at all) to characterise the

reaction products. This issue might potentially be resolved by applying DOSY, as

NMR signals from each individual molecular species can be easily identified using

this type of spectroscopy. This technique can also be used for detection of self-

assembly and/or aggregation of nucleic acids and their analogues [17]. If particulate

matter exists in equilibrium between aggregated forms and individual unbound

species, they may have different diffusion properties, which could be measured by

DOSY. Finally, DOSY can also be used to detect the interaction of oligonucleotides

with bigger biomolecules (i.e. proteins), since bound forms might have diffusion

properties close to those of the large biomolecules and very different from those of the

unbound oligonucleotide species.

5.6 Application of NMR for Structural Analysis of
Oligonucleotides with Therapeutic or Diagnostic
Potentials

This section provides only a limited number of examples to illustrate powerful and

versatile application of NMR spectroscopy (both alone and in its combination with

other analytical and computational techniques) to oligonucleotide chemistry, biochem-

istry and structural biology. Although it was impossible to review here all recently

published advances in NMR characterisation and structural analysis of oligonucleotide

analogues, these examples make it possible to demonstrate the opportunities that this

type of spectroscopy could offer in the area of oligonucleotides with potential

therapeutic and diagnostic properties.

It has been demonstrated in recent research that NMR spectroscopy could be

extremely useful to examine a structural basis of the increased affinity of some

oligonucleotide derivatives towards target DNA and/or RNA sequences. This informa-

tion could be crucial to elucidate structure–activity relationships and potentially
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improve the therapeutic potential of antisense oligonucleotides. Using 1H and 31P

NMR as well as 2D 1H NMR spectroscopy (e.g. NOESY, COSY, TOCSY, 1H-31P

HMBC) Thiviyanathan et al. [26] studied the effect of R and S stereochemistry on

structural properties of chirally pure methyl phosphonate oligonucleotides that could

potentially be used as antisense or antigene agents with high resistance towards

cellular nucleases. Figure 5.24 represents 1D 31P NMR spectra of two heteroduplexes

containing Sp and Rp isomers of methyl phosphonate oligonucleotides ((a) and (b),

respectively) showing only the phosphonate region. It is seen that the methyl-

(a) (b)

36.3 36.336.0 36.035.7 35.735.4 35.4 ppm

O B

H C3 O
P

O O

Sp

O B

OH

O B

O O

O

P

H C3

Rp

O B

OH

Figure 5.24 1D 31P NMR spectra of (a) Sp and (b) Rp isomer heteroduplexes. Only the

phosphonate region of the spectra is shown. The 31P NMR spectra were collected at 162 MHz

and at 258C. Chemical shifts were referenced to 85% H3PO4 at 0.0 ppm. (Source: Reprinted

with permission from Thiviyanathan, V., Vyazovkina, K.V., Gozansky, E.K., Bichenkova, E.,

Abramova, T.V., Luxon, B.A., Lebedev, A.V., Gorenstein, D.G., Structure of hybrid backbone

methylphosphonate DNA heteroduplexes: Effect of R and S stereochemistry, Biochemistry,

41, 827–838. Copyright (2002) American Chemical Society.)
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phosphonate 31P nuclei resonates downfield between 35 and 37 ppm with the Sp

phosphonate centre resonating further downfield compared to the phosphorus atoms in

the corresponding Rp isomer.
1H-1H distance restraints obtained from integrating the NOESY cross-peaks were

used in the rMD structure calculations using the iterative hybrid-matrix MORASS

program to calculate the most probable conformations of the heteroduplexes incorpor-

ating chirally pure Sp and Rp isomers of methyl phosphonate oligonucleotides (Figure

5.25, see colour insert). NMR provided experimental evidence that the methylpho-

sphonate strands in the heteroduplexes showed increased dynamics compared to the

DNA strand. This research revealed that substitution of one chiral centre from Rp to

Sp exhibited a profound effect on the hybridisation ability of the methylphosphonate

strand. The significant differences in physical properties and hybridisation abilities

observed between the Rp and Sp diastereomers have been correlated with the structural

properties of these oligonucleotide analogues within their hybrid complexes with

DNA. This research provided the first NMR analysis demonstrating structural differ-

ences between the diastereomeric methylphosphonate duplexes, thus providing a

conformational basis for improved design of antisense and/or antigene agents (Figure

5.25).

Seth et al. [27] investigated the effect of R and S stereoisomerism on biophysical

and biological properties of the R- and S-59-Me-LNA modified oligonucleotides.

While both of these modifications showed an increased resistance toward exonu-

cleases, only the S-59-Me-LNA analogue showed hybridisation properties similar to

those of LNA. Moreover, the R-59-Me-LNA analogue showed a destabilising effect

compared to the parent LNA derivative. NMR studies (i.e. 1H, 13C, 31P 1D NMR and
1H-1H NOESY) indicated that the R-59-Me group changes the orientation around

torsion angle ª, and this might be responsible for the poor hybridisation abilities seen

for this type of modification. S-59-Me-LNA modified antisense oligonucleotides

showed slightly reduced potency relative to the parent LNA analogues, but improved

the therapeutic profile. The structural data obtained from NMR contributed to further

evaluation of the S-59-Me-LNA modification for potential diagnostic and therapeutic

applications.

Nauwelaerts et al. [28] investigated cyclohexenyl nucleic acids, which represent

a new class of nucleic acid based biomimetics with a potential for antisense

therapeutic activity. The conformational flexibility of cyclohexenyl nucleosides was

assessed by NMR spectroscopy (e.g. NOESY, TOCSY, DQF-COSY and 1H-31P

heteronuclear correlation spectroscopy (often abbreviated to HETCOR)) in combina-

tion with the HexRot program in order to calculate possible conformations using

scalar coupling constants of cyclohexenyl moieties. It was demonstrated that the

conformational equilibria and the thermodynamic parameters of the cyclohexenyl

nucleoside were very similar to those observed for the natural ribose nucleosides. The

NMR experiments carried out in this research demonstrated for the first time that a

synthetic nucleoside was capable of adopting different conformations when incorpo-

rated in different double-stranded DNA sequences.

High-field NMR was also used to investigate the influence of the incorporation of

highly fluorescent tricyclic cytosine base analogue (tC) on DNA duplex conformation
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after hybridisation [29]. This fluorescence tag can potentially be used for preparation

of highly selective DNA and RNA detection probes for application in molecular

diagnostics and single nucleotide polymorphism detection. Some of the most impor-

tant properties required for fluorescent-based analogues include: the ability to form

specific base pairs with the naturally occurring complementary base, having a minimal

effect on the overall DNA structure and also to give sufficient fluorescent quantum

yield, both for unbound oligonucleotide probe and after the hybridisation event with

the biological target. These challenges inspired structural analysis of the selected

oligonucleotide model system containing fluorescent tricyclic cytosine base analogue.

The NMR structure determination of the self-complementary sequence 59-

CTC(tC)ACGTGGAG showed that the DNA double-stranded structure was consistent

with the B-form for the entire duplex. The NMR experiments confirmed the formation

of the correct Watson–Crick hydrogen bonding for tC by the observation of NOE

interactions for both the intra-strand and interstrand iminoproton. The collected NMR

data provided experimental evidence that that tC behaves as a cytosine analogue by

forming hydrogen bonds with guanosine residues in the complementary strand without

considerable distortion of the sugar-phosphate backbone conformation, thus providing

structural justifications of this fluorescent tag in hybridisation bio-assays.

Another example of a fruitful application of NMR spectroscopy (1D 1H NMR,

COSY TOCSY, NOESYand 1H-13C HSQC) to oligonucleotide structural analysis was

provided by Quang Do and co-workers [30], who studied inter-residue interactions

within G-quadruplexes seen for G-rich oligonucleotides. The importance of this

research was underpinned by the recently recognised therapeutic potential of this type

of oligonucleotide structure against HIV and cancer, although the structural data

remained to be conflicting. The oligonucleotides chosen for this study are shown in

Table 5.3.

Interestingly, the analysis of the imino proton regions of the 1H NMR spectra of

T40214 (Figure 5.26(a)) and T30695 (Figure 5.26(b)) showed very similar shift

patterns although there had been a cytidine-to-thymidine substitution. Also, 1H

resonances of both non-exchangeable and exchangeable imino protons of these two

oligonucleotides were strongly overlapped, presumably due to the quasi-symmetry of

the structure resulting from the repetitive nature of the sequences. This could

potentially complicate the NMR structure determination. However, the authors

demonstrated that a single substitution of the guanosine residue at the 2 position to

inosine (to produce the J19 oligonucleotide) resulted in improved spectral resolution

(Figure 5.26(c)), presumably due to a disruption of the symmetry of the structure. This

single nucleotide substitution considerably enhanced spectral quality and facilitated

Table 5.3 DNA sequences used in high-field 2D NMR study (NOESY) [30].

Name Sequence (59–39)

T30695 GGG T GGG T GGG T GGG T

J19 GIG T GGG T GGG T GGG T

T40214 GGG C GGG C GGG C GGG C
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detailed NMR structural analysis of the G-quadruplexes by the example of J19

oligonucleotide.

The combination of high-field NMR spectroscopy (e.g. NOESY, TOCSY, COSY,
1H-13C HSQC) and rMD demonstrated that a DNA sequence derived from the G-rich

oligonucleotides (Table 5.3) adopts a dimeric G-quadruplex, formed by the stacking

of two identical propeller-type parallel stranded G-quadruplex subunits at their 59-

terminals. The structure of the stacking interface that formed stacking interaction

between the two subunits was disfavoured by extension of non-G residues from the

terminals (Figure 5.27, see colour insert).

5.7 Future Perspectives for NMR Characterisation of
Oligonucleotides

The future direction of applying NMR to characterising oligonucleotides is focused

mainly on improvements in magnetic fields strengths (currently, up to 23.5 Tesla)

using supercooled superconducting magnets. The consequence of this innovation,

especially when combined with Fourier transformation, was further improvement in

spectral resolution and sensitivity, which allowed observation of nuclei with low

natural abundance (e.g. 13C or 15N). The development of cryogenically cooled probes

(e.g. CryoProbes) in the last decade offered a further considerable jump in NMR

(a)

(b)

(c)
ppm 13.5 13.0 12.5 12.0 11.5 11.0 10.5

Figure 5.26 Imino proton region of the 1D NMR spectra of (a) T40214, (b) T30695 and (c)

J19 in Kþ solution at 258C. (Source: Do, N.Q., Lim, K.W., Teo, M.H., Heddi, B., Phan, A.T.,

Stacking of G-quadruplexes: NMR structure of a G-rich oligonucleotide with potential anti-

HIV and anticancer activity, Nucleic Acids Res., 2011, 39, 9448–9457, by permission of

Oxford University Press.)
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sensitivity, which provided the opportunity to bring down NMR detection limits and

work with significantly lower sample concentrations.

The world’s first 1 GHz NMR spectrometer (1000 MHz, 23.5 Tesla) with ultra-

high resolution capabilities and sensitivity (Figure 5.28) was installed by Bruker

BioSpin in 2009 at the Centre de RMN à Très Hauts Champs in Lyon (France). The

ultra-shielded superconducting NMR magnet incorporated into the AVANCE

1000 MHz NMR spectrometer brought unique 1 GHz technology to the NMR field.

The AVANCE 1000 system incorporated a record-breaking 23.5 Tesla UltraStabilized

superconducting magnet. The high field strength and high field stability in combina-

tion with the triple resonance CryoProbe enabled unique application of 1 GHz NMR

to study structure, function and dynamics of complex biological molecules, including

proteins and nucleic acids.

The development of numerous numbers of new pulse NMR techniques as well as

pulsed field gradient selected spectroscopy has offered further improvements in the

quality and sensitivity of NMR spectra. These advancements have fundamentally

changed the way of data collection via mapping different types of interactions between

different nuclei.

Hyphenation of NMR with other analytical techniques such as HPLC and MS

offers another promising strategic direction to enhance power, speed and reliability of

analysis and characterisation of nucleic acids alone and with other biomolecules. As

discussed earlier, HPLC chromatography, mass spectrometry and NMR spectroscopy

represent the key analytical techniques for characterisation of purity and identity of

oligonucleotides and their synthetic analogues. The emergence of hyphenated techni-

ques, such as HPLC-NMR (Figure 5.29) and/or MS-NMR, opened doors to application

of coupled analytical methods in order to eliminate the rate-determining, time-

consuming isolation step and gain as much as possible information in a single

Figure 5.28 AVANCE 1000 MHz NMR (23.5 T) spectrometer with the first 1 GHz CryoProbe

installed. (This figure was kindly provided by Bruker BioSpin specifically for this book.)
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analytical run. This synergetic combination of vital analytical techniques can signifi-

cantly accelerate the characterisation process of valuable samples available only in

small quantities in complicated reaction mixtures.

HPLC-NMR, which can be applied either in continuous-flow mode or in stop-

flow mode, represents a powerful, well-established laboratory tool. In the latest

development of the HPLC-NMR system, solid-phase extraction (SPE) cartridges can

be used to immobilise selected fractions after the chromatographic separation. The

solvents used during chromatography can then be removed followed by elution of the

samples from the cartridges using fully deuterated solvents for subsequent NMR

analysis. The most recent development of hyphenated methods includes a synergetic

combination of three analytical techniques (i.e. liquid chromatography, magnetic

resonance and MS) into an HPLC-NMR/NMR-MS system (Figure 5.30), which was

first introduced by Bruker BioSpin in 1999. An HPLC-NMR system was initially

coupled with a Bruker Daltonics esquire series ion trap mass spectrometer via a

Bruker NMR-MS interface. However, now the more advanced Bruker Daltonics

microTOF-HPLC time-of-flight mass spectrometer can be integrated into an HPLC-

NMR system to provide the mass spectra of the eluted peaks, thus facilitating full

characterisation of all components of the complicated analyte sample. Suitable

configuration of the system allows the mass spectrometer to be used as an experi-

Figure 5.29 HPLC-NMR system. The liquid chromatography system is coupled to the NMR

spectrometer. The sample is transferred into the NMR during the chromatographic separation

followed by NMR spectra acquisition. (This figure was kindly provided by Bruker BioSpin

specifically for this book.)
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mental control device to trigger the time-consuming NMR experiment. During

chromatographic separation microTOF-HPLC generates the mass spectra of the eluted

peaks, thus initiating the collection of chromatographic peaks into loops (in the case

of HPLC-NMR), or SPE cartridges (in the case of HPLC-SPE NMR) based on

molecular masses of the eluted components.

A broad variety of versatile NMR techniques available nowadays together with a

powerful arsenal of sophisticated NMR instrumentation not only makes routine analy-

sis of therapeutic oligonucleotides quick, reliable and cost-efficient, but also offers a

great opportunity to explore their structural and dynamic properties for future

applications in therapy and molecular diagnostics.

Figure 5.30 The HPLC-NMR/NMR-MS system (Bruker BioSpin). (This figure was kindly

provided by Bruker BioSpin specifically for this book.)
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Analytical Characterisation of
Oligonucleotide using Thermal

Melting Curves

6
George Okafo, David P. Elder and Mike Webb

6.1 Introduction

The thermodynamic stability of an oligonucleotide duplex (self-association of two

complementary single strands) is a function of the H-bonding between the comple-

mentary nucleotide base pairs and the stacking efficiency of the aromatic rings.

Certain fundamental thermodynamic parameters, for example, enthalpy (˜H) and

entropy (˜S) can be measured utilising thermal denaturing (often called melting and

designated as Tm, the melting temperature) using a variety of different measurement

techniques, for example, ultra-violet spectroscopy (UV), differential scanning calori-

metry (DSC), nuclear magnetic resonance spectroscopy (NMR), etc., where Tm is

defined as the temperature at which half of the oligonucleotide strands are in the

double-helical state and half are in the ‘random-coil’ state. The Tm depends on the

length of the oligonucleotide as well as the specific nucleotide sequence, but can also

be affected by several intrinsic variables of the measurement technique [1].

Historically, the vast majority of these polynucleotide molecules that have been

studied have 2-dimensional (2D) structures that are either monomolecular (single-

stranded hairpins) or bimolecular (duplexes). Importantly, the supporting theoretical

equations necessary to translate the measured Tm data into the derived thermodynamic

parameters, for example, ˜G (Gibb’s free energy) and ˜H, are well known [2–4].

The performance and outcome of several molecular biology techniques are

dependent on the accurate prediction of Tm: This is particularly true for those

techniques involving simultaneous use of several oligonucleotides. For example,

deoxyribonucleic acid (DNA) microarrays of fixed-length, short sequences, typically

termed ‘affymetrix chips’ [5], quantitative polymerase chain reaction (PCR) [6] and

Analysis of Oligonucleotides and their Related Substances, edited by George Okafo, David Elder and Mike

Webb.# 2013 ILM Publications, a trading division of International Labmate Limited.
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multiplex PCR all rely on accurate prediction of Tm, as errors can lead either to

inappropriate hybridisation performance or to increases in non-specific products [7].

In this chapter different methods for determining Tm will be discussed, including in-

silico approaches, different spectroscopic detection modes and thermal techniques. A

brief overview of the analytical approaches, applications and advantages/disadvan-

tages is provided in Table 6.1.

6.2 In-Silico Modelling Approaches

Historically, there has been a wide variety of different methods employed to estimate

Tm theoretically. Early approaches based theoretical Tm determinations on the relative

cytosine/guanine (C/G) contents [8], see equation (6.1).

Tm ¼ 64:9þ 41:0x(yGþ zC–16:4)=(wAþ xTþ yGþ zC) (6:1)

where x, y, w and z are the number of T, G, A and C Watson–Crick bases, respectively.

Equation (6.1) assumes annealing occurs under standard conditions in a buffered

solution of 50 mM Na+ and 50 mM oligonucleotide, with pH close to 7.0, and that Tm
is unaffected by pH in this region due to lack of titratable groups.

This equation was later modified to account for the impact of salt concentrations

[9], see equation (6.2).

Tm ¼ 64:9þ 41:0x(yGþ zC–16:4)=(wAþ xTþ yGþ zC)

�(820:0)=(wAþ xTþ yGþ zC)þ 16:6 log [Na�þ
� 	 (6:2)

The second term in equation (6.2) adjusts for G/C base content; whereas the third term

adjusts for the oligonucleotide sequence length. However, it has become apparent that

the sequence order of nucleotide bases has a significant impact on calculated Tm
values [10] (see equation (6.3)).

This led to the adoption of the nearest neighbour (NN) model [11]. This model

postulates that the ˜G of duplex formation is dependent on (i) the impact of reduction

in entropy (˜S) as a result of decrease in translational freedom as a consequence of

the first nucleotide base pair formation and (ii) the summation of complementary base

pair formation between the two single oligonucleotide sequences [11]. In addition,

there is a further ˜S constraint which accounts for the maintenance of symmetry in

self-complementary sequences.

Tm ¼ [�(˜Hd)þ ˜H i]=[�(˜Sd)þ ˜Si þ ˜Sself þ Rx lnCt=b] (6:3)

where sums of enthalpy (˜Hd) and entropy (˜Sd) are calculated over all internal NN

doublets, ˜Sself is the entropy impact of self-complementary sequences, and ˜Hi and

˜Si are the sums of initiation enthalpies and entropies, respectively. R is the gas

constant (1.987 cal/K mol), Ct is the total strand concentration in molar units

(typically fixed at 50 mM), b is a constant with value of 4 for non self-complementary

sequences or 1 for duplexes. Two-state transition is assumed.
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Information obtained from naturally occurring DNA and ribonucleic acid (RNA)

molecules, as well as model synthetic oligonucleotides have allowed thermodynamic

databases to be established that have helped to characterise all ten Watson–Crick NNs

for both RNA [2, 12–14] and DNA [2, 15].

An in-depth comparison of different tabulated data is difficult because several

independent variables are utilised in each derivation, but some efforts have been made

[16, 17]. The findings of SantaLucia [17] seemed to show significant consensus

amongst the different approaches. However, in contrast, Panjkovich and Melo [10]

appeared to show the opposite and that large differences in the predicted Tm were

likely to be based on inherent differences in the input thermodynamic parameters.

Panjkovich and Melo [10] summarised the potential biases that may be encountered,

as follows.

1. Oligonucleotide length is important, that is short-length 10mers are over-

represented in the published data sets.

2. C/G content is between 40 and 60%, with few examples of the extremes.

3. A large percentage of oligonucleotides represented in the database have used

their own experimental Tm data to validate these predictions, thus biasing the

datasets towards oligonucleotides of similar properties.

4. Some large oligonucleotides are known to not follow the 2-state melting

requirement of the NN model.

Panjkovich and Melo [10] indicated that these limitations were not disclosed to

potential users of web-based software packages. Only 4 out of 17 web-based software

packages made potential users aware of these limitations. They suggested that users

should:

1. be aware of intrinsic limitations

2. use oligonucleotide sequences that fall in the middle of CG content with chain

length less than 20–22mers

3. avoid oligonucleotide sequences inadequately covered by existing datasets

4. where a 2-state transition might reasonably be expected not to apply, use a

consensus Tm method.

Experimental approaches, for example, crystallography, NMR, etc., are not yet

capable of direct study of the 3-dimensional (3D) structure of oligonucleotides which

are capable of forming a prototype double helix, that is ca. 30mers in length. Recently,

ab initio molecular dynamics (MD) simulations of DNA oligonucleotides of inter-

mediate length in aqueous solution have become possible allowing the modelling of

helix-phasing sequences of different compositions allowing the determination of

sequence-dependent DNA curvature and flexibility as a function of temperature [18].

Beveridge et al. [18] performed MD simulations of a 25mer oligionucleotide in

solution, at eight different temperatures between 273 and 338 K. They were able to

show that there is a temperature discontinuity between 310 and 330 K, where the

overall curvature of the DNA sequence decreases as a function of temperature. This

phenomenon occurs very near the B9 to B pre-melting transition, which is between
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228 and 230 K. The MD simulation also predicts a transition in the key YpR steps

(pyrimidine–purine) from a high roll, open hinge to a low roll, closed hinge substrate.

6.3 Spectroscopic Methods for Determining Tm

6.3.1 UV Spectroscopy

UV spectroscopy (sometimes termed UV hyperchromicity) has been used to determine

Tm for over 50 years and it is still the simplest and often the most accurate approach.

The aromatic nucleotide bases, for example purine or pyrimidine, absorb strongly in

the UV region of the spectra with absorbance maxima at about 260 nm. Typically, the

UV absorption of oligonucleotides is lower than the corresponding nucleotides

(attributed to �–� interactions due to base-pair stacking, which affect the transition

dipoles of the bases) and this is called the hypochromic effect or hypochromicity.

Conversely, when moving from a double-stranded duplex to a single strand the

opposite effect is observed, that is hyperchromicity [19]. Absorbance readings of the

oligonucleotide are taken as the temperature of the solution is incrementally increased.

The Tm is determined based on the first derivative of the resultant temperature versus

absorbance plot (melting curve). The inflection point (Tm) is derived using the first

derivative sign change [1] (see Figure 6.1). In addition, 2-point averages or non-linear

fit criteria can be applied. The advantages/disadvantages of all three approaches have

been reviewed by Simonian [20].

Identical heating and cooling curves indicate that the processes of association

and dissociation of the single and double strands are rapid relative to the heating

gradient employed. In contrast, where this is not the case and heating and cooling

curves show hysteresis, this may be attributable to either slow kinetics or to the

presence of other secondary (or higher) structures. In the latter case, the assessment of

the melting temperature from the heating or cooling curves should be approached with

UV Abs

labs

Single-stranded DNA

Double-stranded DNA

TemperatureTm

Figure 6.1 A typical absorbance versus temperature melting curve for an oligonucleotide [1].
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caution. Mergny and Lacroix [21] used the heating and cooling curves to determine

the kinetic constants for association and dissociation (Kon and Koff , respectively) from

which the corresponding activation energies could be ascertained, which can then be

used to determine the theoretical Tm:
If the fraction of single strands in the duplex is also defined as Æ, where Æ ¼ 0.50

at Tm, then any typical absorbance versus temperature melting curve can be converted

into the corresponding Æ versus temperature curve (see Figure 6.2).

Thus the enthalpy of transition (˜Ht) can then be determined as follows (see

equation (6.4)) [2]

˜H ¼ RT2 3 d lnK=dT (6:4)

where K is expressed in terms of Æ, and it is assumed that the transition proceeds in a

2-state fashion

K ¼ Æ=[(Ct=n)
n�1

3 (1� Æ)n� (6:5)

For the special case of Æ ¼ 0.5 at the transition temperature, substitution can be

carried out to obtain

KTm ¼ 0:5=[(Ct=n)
n�1

3 (0:5)n] ¼ 1=[(Ct=n)
n�1

3 (0:5)n�1] ¼ 1=(Ct=2n)
n�1

(6:6)

where n is a constant with value of 1 for monomolecular, for example, single strand of

hairpin, or 2 for duplexes, and Ct is the total strand concentration in molar units

(typically fixed at 50 mM).

KTm can now be expressed in terms of Æ, by substituting equation (6.5) into

equation (6.4)

1.0

0.5

0

α

Tm Temperature

Figure 6.2 A typical fraction of single strands in the duplex (Æ) versus temperature melting

curve for an oligonucleotide [2].
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˜H ¼ (2þ 2n)3 RT2
m 3 dÆ=dT (6:7)

For single strands or hairpins (n ¼ 1) this simplifies to

˜H ¼ 4RT2
m 3 dÆ=dT (6:8)

And for duplexes (n ¼ 2) this simplifies to

˜H ¼ 6RT2
m 3 dÆ=dT (6:9)

Some of the possible factors that can affect accurate Tm measurements were delineated

and investigated by Carmody [1] including variability in both buffer and sample

preparations, buffer and sample concentration and data sampling rates. Carmody [1]

used a wavelength of 260 nm, a starting temperature of 258C and an end temperature

of 958C, with a heating rate of 18C/min and a reading rate of 18C. Ten 20-mer

oligonucleotides were assessed in buffer concentrations ranging from 342.5 to

343.3 mM sodium phosphate and sample concentrations ranging from 0.0195 to

0.0201 mg/ml. Then a further six 20mer oligonucleotides were evaluated in buffer

concentrations ranging from 175 to 1750 mM sodium phosphate and sample concen-

trations ranging from 0.01 to 0.06 mg/ml. She found that sample/buffer preparation

had a minimal impact on Tm: In contrast, there was a 4–68C increase in Tm when the

buffer concentration was increased from 2- to 5-fold. There was less of an impact of

sample concentration on Tm: The Tm increased 1–28C with a 2–5-fold increase in

sample concentration. Finally, the read rate was assessed over the range 0.3–1.08C and

found to have limited impact on the absolute value, but lower read rates gave better

precision.

Carmody [1] also showed the profound impact of changes in nucleotide base

sequences on Tm: She assessed two 16mer oligonucleotides with nucleotide base

complements differing at one location (59-****GGAGC****-3 versus 59-

****GGCGC****-3). All other factors were constant. The former gave a Tm of

56.48C, whereas the latter gave a Tm of 65.38C, that is an 8.98C difference.

Nelson et al. [22] assessed DNA and RNA thermodynamic stabilities, together

with the effect of mismatched bases on double-helix stability, using UV spectro-

photometric-derived melting curves. They showed that deoxyoligonucleotides are

more stable than the corresponding RNA oligomers, owing to more favoured enthalpy

considerations. Double helices can be formed with mismatched base pairs, and can

form several atypical 2D structures. They found that structures with a dangling

mismatched base were more favoured than a helix with a bulging base, the energy

differential being about 1.6 kcal/mol at 108C.

6.3.2 UV/Resonance Raman Spectroscopy

UV/resonance Raman spectroscopy (UVRR) has been used to facilitate better under-

standing of the 2D structure before and after the melting transition [23]. Raman yields

information about both vibrational and rotational changes within an oligonucleotide;

therefore, the individual contribution of the various oligonucleotide components (e.g.
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nucleotide base, sugar or phosphate) to the overall stability of the duplex can be

assessed. Thus, the change of the oligonucleotide conformation can be studied by

assessing the temperature dependency of a specific vibrational modality [19]. For

example, it is well known that both poly(G) and poly(rI), can form 4-stranded

structures, containing guanine or inosine tetrads, see Figure 6.3.

In addition, it is known that the stability of these tetrads is cation-dependent [24].

Mukerji et al. [23] investigated the structure of poly(rI) in the presence of K or Na

ions and assessed the relative stabilities with Tm measurements using UVRR. The

UVRR studies revealed that the K-stabilised-poly(rI) is more stable with a Tm of 478C

versus 308C for the Na-stabilised-poly(rI) (see Figure 6.4).

They demonstrated using Raman that the ribosyl conformation and the coordina-

tion of the carbonyl groups are cation-dependent. The C6¼O stretching frequency

demonstrates that the Na cation binds more strongly than K (1672 cm�1 for Na versus

1684 cm�1 for K) (see Figure 6.5). In addition, it appears that the Na-stabilised-poly(rI)

exhibits a C39-endo ribose conformation; whereas, in contrast, the K-stabilised-poly(rI)

exhibits a C29-endo ribose conformation; possibly arising from the larger ionic radius

of the K cation.

Chan et al. [25] demonstrated that poly(dA).poly(dT) and DNA duplexes with

four or more adenine bases in a row exhibit a broad, solid-state structural transition at

358C. They correlated this transition with ‘bent-DNA’ (the base-pairs are twisted and

form a third hydrogen bond, a balance between the gain in electronic energy arising
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Figure 6.3 Expected H-bonding pattern for inosine tetrad. (Source: Mukerji, I., Sokolov, L.,

Mihailescu, M-N., A UV resonance Raman investigation of poly(rI): Evidence of cation-

dependent structural perturbations, Biopolymers, 1998, 46, 475–487, by permission of John

Wiley and Sons.)
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from H-bond stabilisation versus an increase in mechanical strain energy arising from

base pair twist). They performed temperature-dependent UVRR measurements utilis-

ing poly(dA).poly(dT) under physiological conditions and identified changes asso-

ciated with the C4 carbonyl stretching mode of the thymine ring and the N6 scissors

stretching vibration of the amine in the adenine ring of the duplex. These observations

supported the ‘bent-DNA’ model involving a set of cross-strand bifurcated H-bonds

between consecutive dA/dT pairs.

6.3.3 Fluorescence Spectroscopy

The fluorescence method for measuring Tm relies on the change in fluorescence of an

intercalating dye, for example fluorescein, as the oligonucleotide moves from duplex

to single-stranded or from higher state, for example quadraplex, triplex to intermediate

states to single-stranded DNA [26]. The standard UV spectrophotometric approach for

Tm determination suffers several shortcomings.

1. The absorbance changes are relatively small (ca. 25%) and the approach has low

throughput.

2. The approach requires large volumes (1–3 ml) with absorbances of about 0.2

(i.e. ca. 20 nmol of nucleotide bases).

3. Higher order oligonucleotide structures, for example triplexes and quadruplexes,

typically show complex transition phenomena, such as triplex!
duplex! single strands, which often overlap and are difficult to resolve.

4. The formation of some triplexes are not accompanied by changes in absorption

[27].

Several researchers have investigated using oligonucleotides labelled with acri-

dine [28], malachite green [29], fluorescein [30, 31], 5-carboxyfluorescin [31], tetra-

methyrhodamine [31] at the 59 end and tetramethylrhodamine [31], ethidium [28] at the

39 end, to study the formation of triplexes in solution and in real time (Figure 6.6).

Yang et al. [31] described the melting behaviour of a DNA triple helix using both

fluorescence spectroscopy and UV spectrophotometric approaches. The tri-

plex ! duplex and duplex! single-strand transitions are monitored as temperature

increases. For a triplex containing a fluorescent label (fluorescein or tetramethylrhoda-

mine) the efficiency of the non-radiative energy transfer decreases as the first

transition occurs, resulting in an increase in the fluorescence intensity of the donor

group. The fluorescence melting curve was measured by measuring the fluorescence

intensity of fluorescein at 518 nm with an excitation wavelength of 485 nm. The UV

melting curve was obtained by subtracting the absorbance at 260 nm of the DNA

duplex (F1.2; flurescein labelled) at 1.0 �M from that of mixture of F1.2 duplex and

the R5 oligonucleotide rhodamine labelled. The melting temperature of the fluorescein

labelled duplex (66.38C) and the normal duplex (66.68C) were essentially similar,

indicating that the fluorescent probe does not affect the stability of duplex. The

melting temperatures of the F1.2*R5 oligomer show good agreement by both UV and

fluorescence measurements and indicate that this is the triplex! duplex transition

(see Figure 6.7).
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Xu et al. [32] used a fluorescence probe (2-aminopurine (2-AP)) to provide an

optical probe of local and global DNA conformational changes. DNA with 2-AP in

place of adenine exhibits fluorescence which is easily detected at ambient temperature.

This substitution does not inhibit the classical 3D �-helical structure of these

oligonucleotides. Thus 2-AP can be placed at any position in the duplex sequence to

measure local conformational changes. The method is very sensitive, the fluorescence

can be determined in the presence of large amounts of non-fluorescent natural DNA.
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Figure 6.6 Structures of molecular probes used to study formation of triplexes in solution

and real time.
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Figure 6.8 shows the melting curves for the decamer (21 �M) measured at 260 nm for

the UV melting curve and at 330 nm for 2-AP absorption.

A plot of fluorescence-quenched fraction versus temperature is shown in Figure

6.9. The melting temperatures measured by UV at 260 nm (28.3 � 0.58C), UV at

330 nm (28.6 � 1.08C) and fluorescence quenching (288C) are all very similar.

6.3.4 NMR

The temperature dependence of specified chemical shifts can be used to assess the Tm:
The melting behaviour of aptamers can be monitored by assessing the impact of H-

bonding on the imino protons involved in base-pairing of the duplex versus those same

protons in the single-stranded oligonucleotide. Resonances in the region of 12–

16 ppm using one-dimensional 1H-NMR were used to demonstrate formation of a

secondary duplex structure. NMR (like DSC) has the advantage that highly concen-

trated oligonucleotide solutions, often in the formulation matrix, can be directly

measured [33]. Patel et al. [34] used NMR and DSC to assess the helix-to-coil

transition (Tm) of the duplex formed by a self-complementary 12mer containing the

standard Watson–Crick base pairs (dG-dC) at the 3-position (12mer GC duplex)

versus the synthetic 12mer oligionucleotide with non-standard Watson–Crick base

pairs (dG-dT) at the 3-position (12mer GT duplex). The three broad thymidine H6

singlets in the 12mer GT duplex were well resolved in a 500 MHz NMR spectrum

between 7.1 and 7.4 ppm at ambient temperature and could be independently
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Figure 6.8 Melting curves for decamer at 260 nm (normal base pair absorption) and 330 nm

(2-AP absorption). (Source: Reprinted with permission from Yang, M., Ghosh, S.S., Millar,

D.P., Direct measurement of thermodynamic and kinetic parameters of DNA triple helix

formation by fluorescence spectroscopy, Biochemistry, 33, 15329–15337. Copyright (1994)

American Chemical Society.)
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monitored through the melting transition. The Tm data from NMR and DSC showed

essentially equivalent data. Both techniques revealed that a replacement of dG-dC by

dG-dT gave rise to an approximately 208C difference in Tm (12mer GC Tm ¼ 71.38C

versus 12mer GT Tm ¼ 51.38C). The authors concluded that, as the enthalpies were

similar in the two oligonucleotides, the destabilisation was entropic in nature. The

authors showed that, for both oligonucleotides, the derived enthalpies were much

smaller than the calorimetrically measured enthalpies (˜Hderived , ˜Hcal) and con-

cluded that the transitions involved partial opening of the helix prior to the cooperative

constituent of the transition rather than in an all-or-none fashion.

Temperature-dependent conformational changes of deoxyoligonucleotides can

also be monitored by measuring the 31P chemical shifts, spin-lattice relaxation times

(T1) and
31P[H] nuclear Overhauser enhancements (NOEs), see Figure 6.10 [35]. In

parallel the Tm (328C) was assessed using UV spectrophotometric techniques.

NMR spin echo techniques have also been used to assess Tm: Lubas et al. [36]

assessed both the longitudinal spin–lattice (T1) and the transverse spin–spin (T2)

relaxation times and showed similar Tm to the UV spectrophotometric approach.

Additional information on the non-rotational hydration of the DNAwas obtained using

the NMR approach.

6.3.5 Circular Dichromism

Circular dichromism (CD) is based on the differential absorption of left/right

circularly polarised light caused by chiral molecules. CD has seen extensive applica-

tions in the evaluation of secondary structure of proteins. In addition to its use for
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determining the Tm of oligonucleotides [37], it can be used in the empirical measure-

ment of secondary structure, particularly conformational analysis. CD is extremely

sensitive, allowing low-concentration (20 �g/ml) analysis, which is particularly useful

for low-solubility samples, for example long, G-rich DNA fragments. It is also chain-

length independent (short-chain oligonucleotides and long-chain RNA/DNA). The

impact of agents causing conformational changes (e.g. salts, acids, bases, alcohols,

drugs) can easily be assessed. Measurements are fast and inexpensive, unlike other

comparative techniques, such as X-ray diffraction, NMR.
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Temperature dependence of the terminal phosphate chemical shifts. (i) d(pA)8, 2.1 mM in

strands; (ii) d(pA)8, 37.7 mM, pH 7.28; (iii) d(pT)8, 23.3 mM, pH 7.29; (iv) d(pT)8,

16.98 mM, pH 6.95; (v) d(pA)3pGpC(pT)3, 8.6 mM, pH 7.86 in strands. Tm ¼ melting

temperature. Source: Davanloo, P., Armitage, I.M., Crothers, D.M., 31P NMR spin lattice

relaxation studies of deoxyoligonucleotides, Biopolymers, 1979, 18, 663–680, by permission

of John Wiley and Sons.
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Kamiya et al. [38] evaluated the melting characteristics of both triple-stranded

and single-stranded oligonucleotides. They assessed the melting temperature of four

15mer/23mer triplexes: T.AT, T.TA, A.TA and A.AT. The triplexes with a base-pair

mismatch were less stable than the T.AT triplexes. The melting temperatures were

T.AT (Tm ¼ 708C) . A.AT (Tm ¼ 588C) . A.TA (Tm ¼ 538C) . T.TA (Tm ¼ 488C),

see Figure 6.11.

They also assessed the melting temperatures of the single-stranded oligonucleo-

tides to see if there were any temperature-dependent conformational changes. They

concluded that alternating T/C sequences were much more stable (Tm 27–308C) than

mixed T/C sequences (Tm 5–108C).

In contrast, Plum et al. [39] assessed the relative stability of a family of 13mer

duplexes (with and without 8-oxydeoxyguanosine (G*)) and used CD to assess the 3D

structure of the resultant duplexes. Despite quantitative differences in the CD spectra,

the authors found that the four duplexes formed with dG* (G*C, G*A, G*G and

G*T), together with the corresponding dG base (GC, GA, GG and GT), all formed a

�-like 3D structure. The authors showed that, despite these structural similarities, the

dG to dG* modification does somewhat influence the duplex thermal and thermo-

dynamic properties and some of this is dependent on the nature of the base opposite to

dG*.

The different conformations adopted by both r(purine).d(pyrimidine) and

d(purine).r(pyrimidine) hybrids in �-DNA and Æ-DNA have been assessed using CD

[40]. Similarly, CD was used to ascertain whether individual strands could form self-
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Figure 6.11 Melting profiles of the 4 15mer/23mer triplexes: T.AT (solid line), T.TA (dash

line), A.TA (dotted line) and A.AT (dashed-dotted line), measured by CD. The solution

contains 10 �M of each strand in 10 mM sodium acetate/10 mM cacodylic acid, pH 4.8, 0.2 M

NaCl and 20 mM mgCl2. Source: Kamiya, M., Torigoe, H., Shindo, H., Sarai, A., Temperature

dependence and sequence specificity of DNA triplex formation: an analysis using isothermal

titration calorimetry, J. Am. Chem. Soc., 1996, 118, 4532–4538, by permission of the

American Chemical Society.
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complexes that could in turn compete with duplex or triplex formation [41]. CD has

also been used to understand concentration dependence of higher structure formation.

Davis et al. [42] used CD to follow a duplex! hairpin! single-strand transition (via

two well-defined transitions by CD); in comparison UV melting studies only showed a

single transition.

6.3.6 Dynamic Light Scattering

Dynamic light scattering (DLS) techniques allow for the assessment of gross changes

in particle size during DNA denaturation. It is well established that large deviations

from a spherical shape are required to invalidate the Stokes–Einstein relationship;

hence this equation can be used to provide a good estimate of DNA size during the

denaturation process. Although DLS has been used to determine melting temperatures

[43], it appears to have more general usage in determining higher-order structures, for

example supercoiled and nicked DNA [44], or in a complementary fashion with other

techniques, such as CD and UV melting experiments [45].

Wilson et al. [45] used DLS measurements of single-stranded DNA as a function

of sodium chloride concentration to reveal the presence of two dynamic decaying

components. This was correlated with the CD and UV melting data, which indicated a

decrease in flexibility and internal motions due to increases in both base stacking and

the stability of stacked regions with increasing salt concentrations.

6.4 Thermal Method for Determining Tm Values

6.4.1 DSC

DSC can also be utilised to determine the Tm: In this case it is the heat capacity (˜Cp)

that is measured rather than the absorbance, and enthalpy can be determined using a

modified version of the van’t Hoff equation [2] (see equation (6.10))

˜H ¼
ð
˜Cp dT (6:10)

The enthalpy can thus be directly obtained from the area under the melting

endotherm.

Thus, in contrast to the model-dependent nature (typically two states) of UV

determination of enthalpy, the calorimetrically derived enthalpy is model-independent

and enthalpy (Figure 6.12) and entropy (Figure 6.13) can be directly obtained from the

primary measurements [2]. The van’t Hoff transition enthalpy can also be calculated

from the calorimetric data. Values derived in this manner do not agree with either the

directly measured calorimetric values [34] or the corresponding measured values

derived by UV measurements [46, 47].

Thus comparison of the UV (model-dependent) and calorimetric (model-

independent) enthalpies gives an insight into the nature of the transition [2]. If

˜HUV , ˜Hcal then the transition involves a high proportion of intermediate states;
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Figure 6.12 A typical heat capacity versus temperature melting curve for an oligonucleotide.

(Source: Chakrabarti, M.C., Schwartz, F.P., Thermal stability of PNA/DNA and DNA/DNA

duplexes by differential scanning calorimetry, Nucleic Acid Res., 1999, 27, 4801–4806, by

permission of Oxford University Press.)
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Figure 6.13 A typical heat capacity/temperature versus temperature melting curve for an

oligonucleotide. (Source: Chakrabarti, M.C., Schwartz, F.P., Thermal stability of PNA/DNA

and DNA/DNA duplexes by differential scanning calorimetry, Nucleic Acid Res., 1999, 27,

4801–4806, by permission of Oxford University Press.)
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whereas, in contrast, if ˜HUV ¼ ˜Hcal then the transition proceeds in a 2-state

manner.

Chakrabarti and Schwartz [48] evaluated the impact of peptide nucleic acids

(PNAs) on duplex stability, where the four nucleotide bases are attached via a N-(2-

aminoethyl)glycine backbone in PNAs rather than the negatively charged deoxyribose

phosphate backbone in naturally occurring DNA. They used DSC to measure the Tm of

some 10mer oligonucleotides and hence were able to directly determine thermo-

dynamic parameters (see Figure 6.14).

The PNA/DNA Tm of the 10mer oligonucleotides ranged from 329 to 343 K and

the calorimetrically derived transition enthalpies ranged from 209 � 6 to

283 � 37 KJ/mol. In contrast, the corresponding DNA/DNA melting temperatures

were 7–20 K lower and the transition enthalpies were also lower, ranging from

72 � 29 to 236 � 24 KJ/mol [34]. Figure 6.15 shows DSC heating curves of the

PNA(TG)/DNA duplex and the DNA(TG)/DNA duplex showing the intrinsically

higher enthalpy values of the PNA/DNA duplex.

The authors [48] showed good agreement between the DSC- and UV-derived

transition enthalpies, supporting the conjecture that a 2-state transition model was

applicable. In contrast, Plum et al. [39] assessed the relative stability of a family of

13mer duplexes (with and without 8-oxydeoxyguanosine) and demonstrated that

transition enthalpies from DSC data (model independent) were higher than UV

spectrophotometrically derived enthalpies (model dependent), which indicated that the

underlying 2-state transition model was inaccurate.

Although the requirement for larger sample sizes for DSC (versus UV spectro-

scopy) is usually considered a disadvantage, it can be a significant advantage when

analysing highly concentrated oligonucleotide solutions (1–200 mg/ml) [19].
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Figure 6.14 DSC heating curve of a 0.06 mM 10mer PNA(TC)/DNA duplex solution at a

scan rate of 60 K/h, with a cell volume of 0.51 mL. The fit of a 2-state (AB ¼ A + B) is shown

by the broken lines. (Source: Davanloo, P., Armitage, I.M., Crothers, D.M., 31P NMR spin

lattice relaxation studies of deoxyoligonucleotides, Biopolymers, 1979, 18, 663–680, by

permission of John Wiley and Sons.)
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6.4.2 Isothermal Titration Calorimetry

The real value of isothermal titration calorimetry (ITC) lies in the assessment and

understanding of intermediate structures and classical melting temperature assessment

is better studied using UV hyperchromicity or DSC assessment [49]. ITC offers

further insight into the low-temperature (,Tm) structural transitions of the single-

stranded states, which have been classically difficult to observe [49]. In addition

several groups have applied ITC to higher order structures [50, 51]. Diamond et al.

[50] used ITC to circumvent the non-classical non-2-state behaviour that was evident

from the UV melting data. Mikulecky et al. [51] used ITC to interrogate the enthalpic

and entropic contributions to folding.

There is emerging evidence that simple 2-state models may not be adequate to

describe triple helix formation. Kamiya et al. [38] studied triple helix formulation

using low-temperature ITC. Use of ITC allows direct determination of thermodynamic

parameters, for example heat capacity and enthalpy; in addition, the binding free

energy and entropy change can be assessed simultaneously. Kamiya et al. [38]

evaluated triplex formation between a 23mer double-stranded homopurine–homopyr-

imidine oligonucleotide and a single-stranded 15mer homopyrimidine oligonucleo-

tide, which formed T.AT and C.GC triads at pH 4.8. They found that the reaction was

driven by a large negative enthalpy change accompanied by a large negative entropy

change. The authors were able to postulate that the triplex formation is a coupled

process involving conformational transitions in the single-stranded oligonucleotide

and then binding to the double-stranded oligonucleotide.

�0.21

0

0.21

0.42

0.63

293 313 333 353 373

E
xc

es
s 

he
at

 c
ap

ac
it

y 
(m

J/
K

)

Temperature (K)

DNA/DNA PNA/DNA

Figure 6.15 DSC heating curves of 0.0344 mM of 10mer PNA (TG)/DNA duplex solution

(right-hand side) and a 0.0303 mM of DNA (TG)/DNA duplex solution (left-hand side) and

buffer (pH 7.0, 10 mM sodium phosphate containing 100 mM sodium chloride and 0.1 mM

EDTA), together with repeat scans. Scan rate of 60 K/h, with a cell volume of 0.51 mL.

(Source: Reprinted with permission from Kamiya, M., Torigoe, H., Shindo, H., Sarai, A.,

Temperature dependence and sequence specificity of DNA triplex formation: an analysis

using isothermal titration calorimetry, J. Am. Chem. Soc., 118, 4532–4538. Copyright (1996)

American Chemical Society.)
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6.5 Future Directions

One of the more interesting trends from the literature is immobilisation of oligo-

nucleotides onto surfaces (rather than in solution), allowing high-throughput assess-

ments of melting temperature, to support genotyping and other high-volume activities.

Russom et al. [52] assessed the use of rapid solid-phase melting curve analysis

for accelerated genotyping of single nucleotide polymorphism (SNP). The authors

indicated that the melting curve analysis is based on the approach of dynamic allele-

specific hybridisation. The DNA duplexes are attached to a bead-support and then

immobilised onto the surface of a micro-heater chip with integrated temperature/

heater sensors; this allows in situ melting temperatures of the duplexes to be

performed. This further allowed ultra-fast heating times (608C/min), so that analyses

could be performed in less than 1 min. The authors commented that ‘the dramatic

volume reduction and rapid analysis time is promising for the development of highly

cost-effective and ultrahigh throughput method for SNP analysis based on arrays of

single beads.’

Biswal et al. [53] observed that surface bound oligonucleotide complexes show

reduced melting temperatures versus their bulk melting temperature and that this

difference becomes more pronounced at higher ionic strengths and with longer

oligonucleotide chain lengths. Immobilisation of oligonucleotides to surfaces ob-

viously has energetic and entropic effects, but the authors sought to minimise these

effects by ensuring that the surface coverage was about 33 nm2, with an effective

radius of 3.3 nm. These absolute changes in melting temperature for immobilised

oligonucleotides are probably not an issue, as the technique will be used as part of a

high-throughput screen looking at relative differences in melting temperature. The

authors felt that this approach (nanomechanical detection of DNA melting on

cantilever surfaces) was a complementary alternative to calorimetric or fluorescence

approaches.

Oligonucleotide melting analysis is traditionally a time-based approach. How-

ever, a recent approach (spatial DNA melting analysis) monitors fluorescence as a

function of position, rather than time. This is achievable by use of a characteristic

gradient (chemical or temperature) within the sample and fluorescent imaging of the

output via a detector array. Liedl and Simmel [54] reported on the fast, reproducible

determination of oligonucleotide melting temperature, with single-nucleotide resolu-

tion using microfluidics. They utilised stable, linear continuous diffusion gradients of

a chemical denaturing agent, formamide. The denaturing agent lowers the Tm and a

given formamide concentration can then be correlated to a virtual Tm along the

diffusion gradient. The authors applied this approach to the determination of Tm of

several sets of dye-labelled and quencher-labelled oligonucleotides of differing chain

lengths. The method demonstrated good specificity and could detect single nucleotide

mismatches in a complementary sequence. Importantly, comparative assessment of

this technique with the standard melting curve approach yielded good results for

oligonucleotides of varying chain length (11mer to 17mer), and deviations between

the 2 approaches were always ,2%. Both approaches overestimated the melting

temperature compared with the calculated results obtained by NN determinations.
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The low sample consumption and the relatively short time span of the experiments

(,2 h), without any loss in performance, demonstrated the promise of this approach.

The authors highlighted the need to circumvent costly and time-consuming labelling

of the oligonucleotides and suggested the use of UV absorption measurements along

the gradient, the use of double-strand specific dyes or the utilisation of molecular

beacons as areas for potential future improvement of the method. Spatial DNA

melting using a temperature gradient was first utilised by Mao et al. [55], who utilised

a glass substrate with multiple micro-channels that were each independently heated to

a unique temperature. These channels were filled with both double-stranded oligonu-

cleotides (30mer) and a DNA dye. They found the method capable of differentiating a

single base mismatch near the centre of the oligonucleotide strand via the resultant

melting curve. Similarly, Baaske et al. [56] generated a radial temperature gradient of

808C within a microfluidic device using an infra-red laser. The resultant thermal

denaturating of the dye-labelled DNA-hairpin (33mer) was then measured.

This approach was also utilised by Crews et al. [57], who developed a contin-

uous-flow, temperature gradient microfluidic device and applied it to spatial oligo-

nucleotide melting analysis for both genotyping and SNP variant screening. The

authors used a steady-state temperature gradient over a 108C sample range (20–308C)

and melting curves were constructed from changes in the fluorescent output (amplicon

approach). This approach uses unlabelled probes (in contrast to Liedl and Simmel

[54]) to fully genotype single base changes with good signal-to-noise ratios and a

temperature resolution as fine as 0.048C/pixel. The authors validated the approach by

genotyping 12 blinded DNA samples at 3 warfarin related sites with 100% accuracy.

Lastly, Fiche et al. [58] assessed the opportunities offered by plasmon imaging

coupled with temperature scanning for the assessment of single point mutations from

the analysis of their melting curves under non-equilibrium conditions. Hybridisation

of oligonucleotides or DNA/protein interactions can be detected by simply measuring

the change in reflectivity. In addition, the imaging option enables parallel analysis

using a DNA chip format. Thus this approach is a low-cost technique allowing for

high throughput and detection of hybridisation in real time. The principle of detection

lies in the differences in melting behaviour between perfectly matched and mis-

matched duplexes. All results were in good accord with NN modelling.

6.6 Conclusions

Thermal assessment of secondary, tertiary or higher structures of oligonucleotides

(particularly naturally occurring DNA and RNA) have played a key role in our current

understanding of base pair and strand–strand interactions. The classical melting

temperature (Tm) of duplexes (defined as when half of the oligonucleotide strands are

in the double-helical state and half are in the ‘random-coil’ state) can be determined

using a number of different analytical techniques.

UV hyperchromicity or optical melting studies appear to be the method of choice

for determining the melting temperature. Other key thermodynamic properties, such

as ˜H or ˜S, can then be derived using a model-dependent assumption, which is that
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there is a 2-state model (duplex! single strands) in operation. Other thermal

techniques, such as DSC and ITC, can be used to generate these thermodynamic

parameters directly; that is the comparison of the model-dependent and model-

independent data can either substantiate or repudiate the underlying hypothesis. ITC

offers further insight into the low-temperature (,Tm) structural transitions of the

single-stranded states, which have been classically difficult to observe. In addition

several groups have applied ITC to higher order structural elucidation.

There are several other constraints to the universal applicability of the UV

hyperchromicity method, as listed below.

1. The absorbance changes are relatively small and the approach has low

throughput.

2. The method requires large volumes (1–3 ml) with absorbances of about 0.2.

3. Higher order oligonucleotide structures, such as triplexes and quadruplexes,

typically show complex transition phenomena, for example triplex ! duplex !
single strands, which often overlap and are difficult to resolve.

4. The formation of some triplexes are not accompanied by changes in absorption.

This often leads to the use of the UV hyperchromicity method in conjunction with

other methods (allowing for complementary synergistic output). UVRR has been

useful to facilitate better understanding of the 2D and 3D structure before and after

the melting transition. Mukerji et al. [23] investigated the structure of poly(rI) in

presence of cations and showed that the K-stabilised-poly(rI) is more stable than the

Na-stabilised-poly(rI). CD can also be used in the empirical measurement of second-

ary structure, particularly conformational analysis. CD is extremely sensitive allowing

low-concentration analysis. Additionally, it is oligonucleotide chain-length indepen-

dent and the impact of agents causing conformational changes (e.g. salts, acids, bases,

alcohols, drugs) can be easily assessed. Measurements are fast and inexpensive, unlike

other comparative techniques, such as X-ray diffraction or NMR.

The fluorescence method for measuring Tm is often used in conjunction with UV.

This method relies on the change in fluorescence of an intercalating dye, for example

fluorescein, as the oligonucleotide moves from duplex to single stranded or from

higher state (e.g. quadraplex, triplex) to intermediate states to single-stranded DNA.

In addition, fluorescent base pairs, such as 2-AP, can be used to understand the binding

forces within a duplex. This substitution does not inhibit the classical 3D �-helical
structure of oligonucleotides and 2-AP can be placed at any position in the duplex

sequence to measure local conformational changes. The method is very sensitive and

the fluorescence can be determined in the presence of large amounts of non-

fluorescent natural DNA.

The temperature dependence of specified NMR chemical shifts can be used to

assess the Tm: Temperature-dependent conformational changes of deoxyoligonucleo-

tides can also be monitored by measuring the 31P chemical shifts, spin–lattice

relaxation times (T1) and
31P[H] NOEs.

DLS techniques allow for the assessment of gross changes in particle size during

DNA denaturation. Although DLS has been used to determine melting temperatures,

it appears to have more general utility in determining higher-order structures (e.g.
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supercoiled and nicked DNA [35]) or in a complementary fashion with other

techniques (e.g. DLS, CD and UV melting experiments [36]).

Finally, experimental approaches such as crystallography, NMR and so on, are

not yet capable of direct study of the 3D structure of oligonucleotides, which are

capable of forming a prototype double helix, that is ca. 30mers in length. Recently, ab

initio MD simulations of DNA oligonucleotides of intermediate length in aqueous

solution have become possible, allowing the modelling of helix-phasing sequences of

different compositions and thereby allowing the determination of sequence-dependent

DNA curvature and flexibility as a function of temperature [18].

Some of the most interesting future directions are centred on immobilisation of

oligonucleotides on a chip, allowing high-throughput microfluidics applications of

melting temperature assessments. These approaches are aligned with the need to

support genotyping, for example SNP and other high-volume activities.
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Oligonucleotide Stability
and Degradation 7

Daren Levin

7.1 Introduction

While a discussion on stability of oligonucleotides can refer to many different types of

stability, such as in-process manufacturing, storage and metabolic, this chapter will

focus solely on storage stability as it applies to oligonucleotide therapeutic develop-

ment. Oligonucleotide storage stability needs to be controlled at both the active

pharmaceutical ingredient (API) and drug product stages. The International Confer-

ence on Harmonization (ICH) of technical requirements for registration of pharma-

ceuticals for human use provides a stability guidance document, Q1A(R2), which is

directly applicable to oligonucleotide therapeutics [1]. While this guidance lays out

the framework for exposure conditions and duration of storage for formal registration

stability studies, it does not provide any guidance around physicochemical changes on

stability and stability indicating methods which are specific to oligonucleotides. The

ICH guidance document Q5C, Stability Testing of Biotechnological Products, provides

some valuable guidance which can be applicable to synthetic oligonucleotides, making

this document a good reference [2]. It is important to note that synthetic oligonucleo-

tides are specifically not identified within the scope of this ICH guidance; however,

topics covered such as secondary/tertiary structure, biological activity and use of

multiple methods to determine purity can provide beneficial guidance for oligonucleo-

tide therapeutics. This chapter will attempt to fill in the gaps of the ICH stability

guidance documents as they pertain to oligonucleotide therapeutics and provide an

overview of the physicochemical changes which can take place during the storage of

oligonucleotides and the methods which can be used to detect these changes.

The primary concern for oligonucleotide stability is whether or not changes to

purity and secondary structure during storage can impact the safety and/or efficacy of
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the drug product. Similar to protein therapeutics, oligonucleotide degradation can be

separated into chemical degradation and the formation of high molecular weight

species. High molecular weight species are typically referred to as aggregates and are

the result of multiple oligonucleotide strands which have associated into a stable

structure larger than that of the original. The term chemical degradation is used to

encompass all degradants formed through chemical reactions resulting in the breaking

and/or forming of covalent bonds. Figure 7.1 provides an example of several

oligonucleotide functionalities which are labile to chemical degradation under certain

environmental conditions. Evaluation of oligonucleotide secondary structure and its

impact, if any, on safety and efficacy, is not as straightforward as discussing

degradation and changes to purity. The next section will explore this topic as it relates

to stability and the different classes of oligonucleotide therapeutics.

7.2 Secondary Structure Considerations

There are many different classes of oligonucleotide therapeutics and each class has its

own unique stability considerations. In particular, the secondary structure of the

oligonucleotide can be an extremely important stability indicator for some classes and

not others. Just as is the case with protein therapeutics, secondary structure (i.e. the

proper 3-dimensional arrangement) can play a role in the biological activity of

oligonucleotide therapeutics. The secondary structure of an aptamer is its foundation
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for therapeutic activity, which is based on the selectivity and affinity of binding to a

therapeutic target [3]. While likely not as critical as it is for aptamers, the secondary

structure of double- and single-stranded-based oligonucleotide therapeutics can also

be important for their activity [4, 5]. In this regard, consideration should be given to

developing an understanding of the impact that changes in secondary structure on

stability may have for each oligonucleotide.

The importance of secondary structure for non-aptamer-based oligonucleotide

therapeutics can be seen in their sequence design. For antisense therapeutics,

sequences which can result in intramolecular strand hybridising (folding up) are

typically avoided at the design stage to achieve maximum therapeutic activity [6]. In

addition, double-stranded oligonucleotides such as short interfering ribonucleic acid

(siRNA) are designed to form a complementary duplex structure with an ideal binding

affinity to achieve therapeutic activity [7–12]. While the design of sequence is critical

in determining the resulting secondary structure of an oligonucleotide, it is not the

only factor. The formation of oligonucleotide secondary structure is a thermodynami-

cally driven event. The polyanionic backbone of oligonucleotides provides electro-

static repulsion between the phosphate or phosphorothioate groups. The presence of a

counter ion such as sodium shields this repulsion, allowing for stronger interactions

between the nucleobases. As such, salt concentration and temperature, as well as the

type of ions present in solution can be critical to forming and maintaining the optimal

secondary structure [11–13]. The solution pH is also an important factor as changes to

the ionisation state of the bases will affect their ability to H-bond. In most cases, the

formation of the secondary structure in oligonucleotides is considered to be a

reversible process, whereby when the solution conditions such as temperature, salt

content and pH are adjusted, the oligonucleotide secondary structure will change in

accordance in a reversible manner. However, there are clearly manufacturing condi-

tions and processes which are tightly controlled to ensure proper annealing of double-

stranded oligonucleotides during the manufacturing process (such as salt concentration

and rate of temperature change), indicating that if not properly followed then a non-

optimal duplex product would be formed [11, 12]. Of particular interest is the warning

found in several protocols that the process of lyophilisation, for a siRNA duplex

solution, can lead to aggregated and/or large super structures [11, 12, 14]. In addition,

one study with G-rich oligonucleotides indicated that the process of dialysis can result

in the formation of aggregated structures [15].

The same factors which can alter oligonucleotide secondary structure during

manufacturing can potentially alter it during storage. Factors such as pH, temperature

and ionic strength can influence a change in secondary structure during storage. The

critical piece to this, however, is the state of the secondary structure as it is delivered to

the patient and whether it has any impact on biological activity and safety. In that regard,

any sample preparation associated with the analysis of secondary structure of the final

drug product should aim to mimic the concentration and solution conditions of the

sample given to the patient. As an example, if microcalorimetry analysis is being used

to investigate secondary structure of a drug product which simply contains oligonucleo-

tide in water, then the analysis should be performed in water and not a buffered system.

For aptamers, enzyme-linked immunosorbent assays are considered ideal for evaluating
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secondary structure due to the specificity of the secondary structure required to achieve

binding to the substrate. However, for other single- and double-stranded oligos, thermal

gradient ultra-violet (UV)-visible spectroscopy, microcalorimetry, nuclear magnetic

resonance (NMR) spectroscopy and circular dichroism are techniques which may be

able to indicate if changes to secondary structure have taken place. Chapters 5 and 6

provide valuable insights into the applicability of these techniques for monitoring

secondary structure. A change in secondary structure could also be associated with the

formation of aggregates. Aggregates are identified as a class of impurities/degradants

and will be discussed in the next section in more detail.

7.3 Types of Degradation Products

7.3.1 Chemical Degradation

Oligonucleotides can be quite labile in certain environmental conditions, resulting in

significant chemical degradation. It is recommended to investigate the formation of

oligonucleotide degradation products early in the development process via a forced

degradation study, as shown by Calvitt et al. [16]. Table 7.1 provides the type and

structure of some of the known oligonucleotide degradation products as well as the

environmental conditions that favour their formation. Modifications to the oligo-

nucleotide backbone such as phosphorothioates in place of phosphates and 29

O-methoxyethyl, 29 O-methyl or 29 F in place of ribose or deoxyribose sugars are

commonly used to improve nuclease resistance and enhance systemic circulation.

Many of the backbone modifications can impart their own unique degradation

chemistry, whereas others clearly provide enhanced stability. The phosphorothioate

modification can undergo desulfurisation back to a phosphate, and the 29 F modifica-

tion can form a 2,29-anhydroribonucleotide under thermal stress or acidic conditions.

However, the electron withdrawing nature of many of the 29 modifications reduces the

ability for acid or oxidative catalysed depurination compared to deoxyribose. As

shown in Table 7.1, the presence of the 29OH on the ribose construct can result in

strand cleavage in alkaline conditions. Table 7.1 highlights that many environmental

conditions, such as acidic, alkaline, thermal stress, oxidative stress and photolytic

stress, can facilitate oligonucleotide degradation.

Given the infancy of oligonucleotides as therapeutics, there is a limited amount

of literature describing the effects that environmental conditions, such as those

described in the stress testing section of ICH Q1A(R2), can have on oligonucleotides.

The majority of data available is related to degradation occurring during synthesis,

which is typically not representative of environmental conditions that the drug

substance or product would experience on storage or in use. Because of this, it is

important for the sponsor to establish an understanding of the realistic degradation

pathways that could be experienced for their particular oligonucleotide chemistry. The

benefit to this is that once those pathways are well understood they should be

applicable to all oligonucleotides with the same modification chemistry, regardless of

sequence.
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Table 7.1 List of several literature-identified degradants and the environmental drivers and

structural considerations for the degradation pathway.

Degradant

description

Structure Environmental

and structural

considerations

References

Depurination

O

N N

N N

NH2

O

O

PO

O

O

O

O

PO

O

O

O

O
N N

N
N

O

NH2

PO

O

O

OH

OH

OH

Driven by low pH,

primarily impacts

DNA,

electronegativity

of RNA and other

29 modifications

reduce this effect

[16–18]

Backbone cleavage post

depurination

O

N N

N N

NH2

O

O

PO

O

O

OH

PO

O

OH

O

O

O

O
N N

N
N

O

NH2

PO

O

O

OH

OH

�

Driven by thermal

stress

[19]

(continued)
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Table 7.1 (continued )

Degradant

description

Structure Environmental

and structural

considerations

References

39 to 29 Isomerisation

O

N N

N N

N

O

O

PO

O

O

O

PO

O

OH

N N

N N

N

O

O

O

O
N N

N N

O

N

PO

O

O

OH

OH

Driven by low pH,

29 OH needed to

facilitate reaction

[16, 20]

Backbone cleavage via

29,39 cyclic phosphate

O

N N

N N

N

O

O

PO
O

OH

OH

O

O
P

O

OH

N N

N N

N

O
O

O

O
N N

N N

O

N

PO
O

O

OH

�

Driven by both low

and high pH

conditions, 29 OH

needed to facilitate

reaction

[16, 20]

(continued)
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7.3.2 Aggregate Degradants

In addition to oligonucleotide degradants which arise from the breaking and forming

of covalent bonds, there is also the possibility that degradants can be formed through

non-covalent interactions, resulting in the formation of aggregates or higher ordered

oligonucleotide constructs such as dimers, trimers and tetramers. Aggregated oligo-

nucleotide impurities may be of greater concern than other oligonucleotide impurities

due to their observed link in eliciting an immunogenic response, and for this reason

their presence in the drug substance or drug product should be carefully evaluated

[26, 27]. To date, there is very little understanding around what drives the formation

of aggregated impurities during manufacture or on storage. The present author has

found that for double-stranded oligonucleotides, aggregates are more likely to form in

the solid state than the solution state, and there is a correlation between the melting

temperature (Tm) of the duplex and the degree of aggregate formation, with the lower

melting temperature duplexes generating more aggregates [28]. This melting tempera-

ture dependency indicates that the sequence of the oligonucleotide is an important

factor in the formation of aggregated impurities. It is well documented that single-

strand oligonucleotide sequences with four guanidines (G-quartet) in a row have a

greater propensity for forming aggregated species [29]. The ability of a single-strand

oligonucleotide to hybridise with itself due to self complementation of sequence may

be linked to the formation of aggregated impurities during manufacture or on storage.

Analysts should use caution when developing methods to detect/quantify the presence

of aggregated impurities, as sample preparation and method conditions can signifi-

cantly alter the amount of aggregates present. As an example, some aggregated

species may dissociate in pure water where they would otherwise remain intact in

physiologically buffered conditions [30]. An ideal approach would be to use solution

conditions representative of your final drug product as your sample solvent/diluent for

analysis. Size exclusion chromatography (SEC) is typically used to evaluate for the

presence of aggregated species in drug substance and drug product.

7.3.3 Oligonucleotide-Conjugate Degradants

Some oligonucleotide therapeutics exist as an oligonucleotide chemically conjugated

to another molecule. The most prevalent type of chemically conjugated oligonucleo-

tide is seen in the conjugating of polyethylene glycol (PEG) to aptamers, as is the case

for Macugen, an anti-angiogenic PEGylated aptamer approved for age-related macular

degenerative disease [31]. Other types of conjugates being explored in clinical

development include small molecules [32], peptides [33] and proteins [34]. Considera-

tion needs to be given to the degradation pathways of the conjugated molecule, as well

as the chemical linker attaching the molecule to the oligonucleotide. As an example,

many drug developers are exploring the use of di-sulfide bonds, which are susceptible

to being reduced and broken under acidic conditions, to attach the conjugate to the

oligonucleotide [35, 36]. In some cases it may be necessary also to evaluate the

stability and degradation profile of the oligonucleotide and conjugated molecules

independently if chromatographic specificity is not sufficient for the impurity/

degradant analysis of the intact oligonucleotide-conjugate.
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7.3.4 Excipient Degradants

While individual drug product excipients are typically not evaluated for chemical

stability to the same extent that the drug substance is, some excipients may require the

same level of scrutiny. More and more in oligonucleotide therapeutic development we

are seeing the use of ‘biologically active’ excipients. That is, the excipient is required

to elicit a biological response in the body, which is necessary for the oligonucleotide

to be active. In most cases these excipients are being used to target specific cell or

tissue types and/or facilitate cellular uptake of the oligonucleotide into the cytoplasm

or nucleus [37]. The US Food and Drug Administration (FDA) Guidance for Industry:

Liposome Drug Products is a valuable reference for the type of control likely to be

required for such excipients [38]. In addition to the degradation of the excipients

themselves, an understanding of how the excipients affect the degradation of the

oligonucleotide should also be considered. As an example, Isis Pharmaceuticals found

that a PEG-derived surfactant excipient being explored in a topical antisense formula-

tion was responsible for desulfurisation of the phosphorothioate backbone [39].

With an increase in the development of complex formulations occurring through-

out the oligonucleotide industry, control over excipient purity becomes a critical issue.

The use of a wide variety of phospholipids, customised cationic lipids, cholesterol and

PEGylated lipids has become commonplace in the area of oligonucleotide formulation

development [40–42]. This increases the potential for reactive impurities from these

excipients to be carried through into the final drug product. Oligonucleotide degrada-

tion products, which may be outside those covered in forced degradation testing of the

API alone, can be generated as a result of these reactive impurities. Reactive

impurities in batches of excipients such as PEG and polysorbate have been linked to

the formation of new API impurities for several small molecule drug products

[43, 44]. Forced degradation studies can be designed to focus solely on the interactions

of a single excipient and the API to evaluate the potential for reactive impurities or

excipient induced degradation.

Development of oligonucleotide therapeutics is in its infancy with regards to

chemistry, manufacturing and controls. As such, there are no standard practices yet

which sponsors can adopt for the control of impurities and degradation products. It is

up to the sponsor to identify the risk associated with each likely degradant and build

an appropriate control strategy around that risk. As an example, many degradants are

also metabolites, possibly providing an early look into the safety profile of those

impurities and a justification for setting appropriate reporting, identification and

qualification thresholds [45, 46].

7.4 Considerations for the Analysis of Degradation
Products

7.4.1 Quantifying and Reporting of Degradation Products

Quantifying levels of single-strand oligonucleotide impurities within drug substance

and drug product is typically performed via reversed-phase, ion-pairing chromatogra-
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phy and/or anion exchange chromatography [47, 48]. Reversed-phase, ion-pairing,

high-performance liquid chromatography (RP-IP-HPLC) has its advantages in that it

is typically compatible with mass spectrometric detection, enabling structural char-

acterisation and the ability to quantitate co-eluting impurities [49]. The use of ultra-

performance liquid chromatography (UPLC) systems and columns has emerged as an

attractive approach for impurity analysis of oligonucleotides owing to the significant

improvement in chromatographic resolution over conventional HPLC. As an example,

the use of a RP-IP-UPLC-based method enabled the baseline separation of several

isomeric impurities (ca. 20 Da difference from parent) away from the parent peak and

each other for a 21mer oligonucleotide (approximately 6.8 KDa) [50].

Both ICH-Q3A(R2), Impurities in New Drug Substances and ICH-Q3B(R2),

Impurities in New Drug Products, highlight how degradation products should be

reported, identified and qualified for small molecule drugs [51, 52]. While oligo-

nucleotide therapeutics are explicitly excluded from these guidance documents, the

concepts of reporting, identifying and qualifying degradation products are still

applicable to the development of oligonucleotides. As an example, appropriate thresh-

olds need to be in place with regards to reporting, identifying and qualifiying new

degradation products which arise during storage stability studies, in particular

registration stability batches. In most cases, any degradation product which is not also

a process impurity would likely not be present in batches used for safety and clinical

studies. This would trigger the thresholds necessary to report, identify and qualify this

degradation product if it had not been previously qualified in other batches. It is

important to keep in mind that oligonucleotide impurities and degradants exist as

classes (i.e. n � 1, n + 1) and that all degradants within a class may or may not elute

as a single peak. As such, it may be appropriate to establish thresholds for the entire

class of impurity/degradant rather than each individual peak.

7.4.2 Method Specificity as Impacted by the Degradation
Product Profile

Impurity analysis of oligonucleotide therapeutics is quite challenging owing to the

magnitude of closely related process impurities which are not easily resolved from the

main peak (chromatographically). As such, specificity is usually a concern for

impurity analysis, and mass spectrometric characterisation of impurities is commonly

needed to evaluate method specificity. The detection and quantification of degradation

products in stability samples further adds to the analytical complexity. As mentioned

in Section 7.3, the use of forced degraded samples early in development is valuable

not just for understanding degradation pathways and products, but also for properly

developing stability indicating methods. The use of stressed samples will provide the

ability to fully interrogate the specificity of a method. It may be found that an impurity

method can provide suitable specificity for release but that it may not adequately

detect all the expected degradation products on stability. In such a case, a decision

could be made early in development to utilise an additional orthogonal impurity

method for stability studies, whereby the combination of the two methods provides

suitable specificity.
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7.4.3 Single-strand Degradant Analysis for Double-stranded
and Conjugated Oligonucleotide Therapeutics

Depending on the type of oligonucleotide therapeutic, achieving suitable impurities

analysis for a drug substance or drug product on stability can be significantly more

challenging than at release. For release of double-stranded oligonucleotides, impurity

testing is typically performed on the individual single strands prior to annealing [53].

This is primarily due to the fact that the chromatography is typically less complicated

for a single strand compared to a double-stranded oligonucleotide via a denaturing

method owing to the lack of co-eluting peaks from the 2 strands. Figure 7.2 (see

colour insert) shows the overlay of chromatograms for individual sense and antisense

siRNA strands on a denaturing RP-IP method showing the co-elution of impurities

from both strands. However, depending on the siRNA chemistry and chromatography

optimisation, it may be possible to develop denaturing RP-IP-HPLC methods capable

of completely separating the sense strand impurities from the antisense strand

impurities, as shown in Figure 7.3 (see colour insert). The significance of achieving

the best possible separation can be seen in comparing resolution of the impurity peaks

in Figures 7.2 and 7.3, and in particular the added peak complexity present for the

stability sample in Figure 7.3. Regardless of the potential for co-elution of the

impurities, a denaturing method to look at the single-strand impurity profile of a

double-stranded oligonucleotide would be necessary to provide the best possible

impurity/degradant analysis of stability samples. Because of this, the use of a

denaturing method would be required at the initial stability time point, which in many

cases coincides with release.

For oligonucleotides which utilise a conjugated moiety, such as a PEG-aptamer,

purity and impurity analysis can be difficult owing to the lack of specificity with

regards to detecting individual impurities. This is primarily due to the large size of the

conjugate and in many cases its heterogeneity, which results in poor chromatographic

resolution of impurities associated with small chemical differences on the oligo-

nucleotide portion of the molecule. As a result, for conjugated oligonucleotides it may

be advantageous to cleave off the conjugate prior to the analysis of stability samples to

enable the detection of oligonucleotide related impurities. Another approach may be

to place the unconjugated oligo upon stability in parallel with the conjugated oligo in

order to achieve better control of the oligonucleotide degradant profile across the

various storage conditions.

7.4.4 Use of Non-Denaturing Techniques for Stability Samples

Non-denaturing analytical techniques are used on stability for several reasons. One of

the primary reasons is to monitor any changes in the formation of aggregated species.

The potential for the formation of aggregates is a concern across all the different

classes of oligonucleotide therapeutics. SEC is commonly used to detect and quantify

the presence of aggregates as it is a size-based separation, provides good sensitivity

and imparts less influence on the structural conformation of the analyte compared to

other separation techniques (see Chapter 3 for more details).
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Beyond the analysis of aggregates, non-denaturing chromatographic techniques

are used on stability to measure any changes in the assay/purity of double-stranded

oligonucleotides. One of the challenges for these types of methods is to demonstrate

that they are actually stability indicating; that is, they can accurately detect a change

in the assay/purity of the duplex content of the double-stranded oligonucleotide. For

double-stranded oligonucleotides the majority of related impurities and degradants

exist in the duplex state. Since SEC is a size-based separation technique, it only

provides a determination of total duplex and is unable to detect changes in assay/

purity for the target duplex of interest. As such, it has significant limitations when

used to determine assay/purity of double-stranded oligonucleotides. The present

author compared purity values obtained with three different methods for a lyophilised

siRNA drug substance placed on stability at 258C with 20% relative humidity (RH)

headspace for 6 months [28]. The three methods were non-denaturing SEC, non-

denaturing strong anion exchange (SAX) and denaturing RP-IP-UPLC. The non-

denaturing SAX method was developed to provide as much resolution as possible for

the target duplex of interest away from the other duplex variants/impurities. Figure 7.4

(see colour insert) shows the non-denaturing SAX chromatography for the siRNA at

initial and after the six months on stability, highlighting the separation of the target

duplex from the related duplex impurities. Figure 7.5 shows the plotted purity data for

the three different methods over the 6-month period. The SEC method provides purity

of the total duplex, the SAX method purity of the target duplex and the denaturing

RP-IP-UPLC method combined purity of the sense and antisense strands. As can be

seen, both the non-denaturing SAX and denaturing RP-IP-UPLC methods are able to

quantify a significant change in purity over the 6-month period. The non-denaturing

SAX method was the most sensitive stability-indicating method, detecting greater than

a 20% nominal decrease in purity. In contrast, the SEC method was unable to detect

any change in purity, clearly identifying that it was not a suitable stability-indicating

method for the determination of assay/purity. In line with these findings, Murugaiah

details the use of UV measurement corrected for water content and purity by SEC for

assay determination of siRNA, whereby he notes that this approach is not a responsive

indicator of stability owing to the lack of specificity offered by SEC [54].

Caution should be taken in attempting to use non-denaturing chromatographic

techniques to determine if a loss in duplex secondary structure is occurring on

stability. The difficulty arises in that there is a strong likelihood that the non-

denaturing method being used to measure assay and purity of the duplex can bias the

results. Non-denaturing techniques by nature attempt to stabilise the secondary

structure of the analyte. SEC and SAX can use varying concentrations of salt in the

mobile phase to stabilise the secondary structure of oligonucleotides. However, if the

intent of the method is to be able to detect a decrease in the content of duplex

secondary structure on stability, it may not be able to, as mobile phase conditions can

enhance the duplex content ‘on-column’ prior to separation and detection. Because of

this it is critical to understand method limitations with regards to their intended use.

As discussed in Section 6.2, it may be appropriate to use additional techniques such as

Tm analysis, microcalorimetry, circular dichromism or NMR, to identify if changes to

secondary structure are taking place on stability.
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7.5 Storage of Oligonucleotides

Very few stability data exist in the public domain for oligonucleotide therapeutic drug

substance and drug product. It is common for oligonucleotide API to be stored frozen

as a lyophilised solid, and the expectation is that several years’ stability is achievable

for that condition. While not commonly employed, solution storage of the API can be

a beneficial alternative, allowing for the removal of the costly and time-consuming

manufacturing process of lyophilisation. In addition, control of the solution buffer

may actually provide enhanced stability compared to the lyophilised solid which is

typically in a desalted state. This can be particularly true for double-stranded

oligonucleotides where the duplex conformation may be less susceptible to degrada-

tion than the dissociated single strands.

Thermo Scientific Dharmacon provided a product bulletin on the stability of their

Accell siRNA reagents stored in both the solid and solution state. While this study

only looked at the impact of product storage on in-vitro messenger RNA knockdown

and does not account for changes in siRNA purity, it provides valuable insight into
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Figure 7.5 Comparison of purity values for a lyophilised siRNA API placed on stability for

6 months at 258C with 20% RH headspace and analysed by non-denaturing SEC, non-

denaturing SAX and denaturing RP-IP UPLC [28].
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stability with regards to potency. They looked at both 1 mM and 10 �M solution

concentrations in their siRNA buffer, RNase-free water and 1X PBS (phosphate

bufferered saline with the same molarity as standard saline). The solid and solution

samples were placed for up to nine months at �808C, �208C, 48C, room temperature

and 378C. In general, no decline in knockdown activity was observed across all the

tested conditions except 378C, where a very slight decrease in knockdown can be seen

trending over time for both the solid and solution state samples.

One study looked at the ability to predict the storage stability of plasmid DNA as

a function of solution pH and temperature [55]. While the stability predictions for

supercoiled plasmid DNA are not directly applicable to synthetic oligonucleotides,

their approach of determining degradation rate constants for strand cleavage across a

range of temperatures and using those data to predict solution stability at a given pH is

applicable. Evans et al. [55] were able to demonstrate very good correlation between

predicted and actual stability for a plasmid DNA in solution at three different pHs. For

synthetic oligonucleotides there can be value in generating this type of predictive data

based on the type of chemical modification chemistries being used.

With regards to storage and shelf life of drug product only two oligonucleotide

products have been approved for marketed use, Vitravene and Macugen. Vitravene is a

6.6 mg/ml solution of the active Formivirsen sodium. Formivirsen is a 21mer

phosphorothioated antisense oligonucleotide. The inactive ingredients of Vitravene

include sodium bicarbonate, sodium chloride, sodium carbonate and water. The

Vitravene solution for injection has an osmolality of 290 mOsm/kg and a pH of 8.7.

The European Commission approved Vitravene back in 1999 with a shelf life of

two years at 2–88C, protected from light [56]. Macugen is a 3.47 mg/ml solution of

the active Pegaptanib sodium. Pegaptanib is a 28mer aptamer with a 40 kDa branched

PEG chain conjugated to the 59 end. The oligonucleotide is not phosphorothioated, but

does contain heavy use of the 29-methoxy and 29-fluoro modifications on the ribose

moiety. Macugen is a solution for injection, and the inactive ingredients include

sodium chloride, monobasic sodium phosphate monohydrate, dibasic sodium phos-

phate heptahydrate and water. The European Commission approved Macugen in 2006

with a shelf life of three years at 2–88C (with a note not to freeze) [57].

As can be seen in the examples above, oligonucleotide therapeutics can be quite

stable when stored at refrigerated conditions. As more products come to market it is

likely to be possible to build correlations between the different types of oligonucleo-

tide chemistries being used and their associated impact on storage stability.

7.6 siRNA Stability Case Study

This section will discuss some key findings from an investigational stability study

performed at GlaxoSmithKline on three different siRNA compounds. The intent of the

study was to evaluate the impact, if any, that the siRNA duplex binding affinity had on

stability. As such, it provides examples for some of the issues already discussed in this

chapter. The three siRNAs used in the study were composed of 21mer sense and

antisense strands with 2-nucleotide overhangs on the 39 end of each strand. All of the
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siRNA molecules incorporate 29-methoxy and 29-fluoro chemical modifications at

selected sites, as well as inverted abasic end caps (deoxyribose and phosphate). The

abasic endcaps are only used at the 39 and 59 ends of the sense strand and the O-

methylation modifications are only used on the antisense strand. In addition, all three

siRNAs incorporate three 59 terminal RNA nucleotides. The three siRNAs have Tm
values of 708C, 788C and 948C in 1X PBS.

The stability of the three siRNAs was evaluated in both the solid and solution

state. For the solid state storage, all three siRNAs were equilibrated to the same water

content of 15% (w/w) and sealed with a 20% RH headspace for the duration of the

study, unless the samples were to be exposed to the environment. In general, the

storage conditions would be considered accelerated and were intended to elicit a

change in purity to aid in understanding the dynamics of degradation. In that regard, a

major focus of the study was to monitor the integrity of the duplex conformation upon

exposure to the various solution storage conditions and correlate duplex integrity with

chemical degradation. The duplex conformation of the three siRNAs was evaluated

via both thermal gradient UV analysis and SEC over eight months at 258C in water,

0.1X PBS and 1X PBS. The SEC analysis provides a quantitative value for the amount

of duplex that has dissociated into the single-strand state (the SEC method was

optimised to detect duplex dissociation occurring in the sample, 0.5X PBS mobile

phase compared to 2X PBS normally). Whereas the UV analysis offers a qualitative

look at the presence of duplex via plotting of the absorbance shift from the duplex to

the single-strand state as a function of temperature, if no shift is present then it

indicates the duplex is already predominantly dissociated in the sample solution.

The three different siRNAs with Tm values of 708C (siRNA A), 788C (siRNA B)

and 948C (siRNA C), all demonstrated no change in duplex integrity when stored in

either 0.1X or 1X PBS for eight months at 258C. However, significant differences in

duplex integrity were observed when stored in neat water. The loss of duplex structure

in neat water is the result of increased electrostatic repulsion between the phosphate

backbones of the sense and antisense strands. In buffered solution, the cations present

quench the repulsion between the backbones and stabilise the duplex structure. Figure

7.6 shows both the SEC chromatography and thermal gradient UV plots for all three

siRNAs in water at the initial timepoint and after eight months of storage. siRNA A,

with the weakest binding affinity, displayed a significant loss of duplex integrity at the

initial timepoint. SEC revealed that 38% of the sample was detected as single strands

as opposed to duplex and thermal gradient UV analysis demonstrated a shortened shift

from the duplex to single-strand state, indicating that duplex dissociation was present.

In contrast, when siRNA A is prepared in a buffered solution only 3% residual single

strands are detected by way of SEC, indicating that the 38% observed in water is due

to dissociation of the duplex conformation. After eight months of storage in water,

siRNA A displayed very little data in support of any remaining duplex structure. The

percentage of single strand as measured by SEC increased to 84% and no shift was

present in the thermal gradient UV plot. siRNA B demonstrated a very slight loss in

duplex integrity at the initial timepoint via SEC (9% single strands versus 3% when in

buffered solution) but maintained a full shift via the UV plot. However, after eight

months of storage a significant loss in duplex integrity had occurred, as demonstrated
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by 56% single strands and almost non-existent shift via the UV plot. siRNA C, with

the highest binding affinity, demonstrated that its duplex conformation was well

maintained at the initial timepoint and was only slightly impacted after eight months

of storage compared to the other two siRNAs.

The before and after comparison of duplex conformation shown in Figure 7.6 is

quite striking, but it does not address the dynamic nature of the transition. It is

possible to imagine that a thermodynamically stable secondary structure is reached

rather quickly in a solution state at 258C (hours to days) and that eight months’ storage

is irrelevant. However, when the percent single-strand values from the SEC analysis

are plotted over time, as shown in Figure 7.7, it is clear that achieving the lowest

energy state of the siRNA secondary structure can be a very slow dynamic process.

For all three siRNAs a gradual transition from a state of more to less duplex

conformation can be seen over an 8-month period.

Chemical degradation of the three siRNAs was assessed via a denaturing RP-IP-

UPLC method. The change in total impurities for each siRNA was monitored over

time in the various storage conditions. Figure 7.8 shows the percent change in total

impurities for each siRNA in either water, 0.1X PBS, or in the solid state at 258C out

to six months. No appreciable difference in degradation occurred between the 0.1X

and 1X PBS solution conditions, so only the 0.1X data are plotted in Figure 7.8. As

can be seen, the degradation profile across the different storage conditions looks the

same for siRNAs A and B. That is, the most degradation occurred when stored in

water. However, siRNA C was able to maintain chemical stability in water similar to
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Figure 7.7 Percent single strand measured by SEC for siRNA: A (plus symbol (+) denotes

data for low Tm), siRNA B (square symbol denotes data for middle Tm), and siRNA C (circle

symbols denote data for high Tm) stored in water at 258C over an 8-month period. The increase

in single-strand content for all three samples over time demonstrates a continuous decrease in

the amount of duplex conformation present in the samples. The star value preceding t ¼ 0 is

the percent single strands for the same siRNAs in 1X PBS at initial (all were around 3%).
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that in 0.1X PBS. These findings correlate well with the differences in duplex stability

demonstrated across the three siRNAs in Figures 7.6 and 7.7, whereby the duplex

conformation for siRNAs A and B was significantly less stable in water than for

siRNA C. Based on these results, one can infer that the ability to maintain the duplex

conformation provides protection from chemical degradation. For all three siRNAs,

degradation was significantly worse in the solid state than in a solution of 0.1X PBS,

demonstrating that a stabilised duplex conformation in solution can provide more

stability than storage of the lyophilised solid at the same temperature. This is even

further emphasised by the fact that siRNA C is more stable in water than the solid

state, the only siRNA able to effectively maintain the duplex conformation in water.

These data suggest that the process of desalting and lyophilisation renders the duplex

in more of a dissociated single-strand state regardless of the siRNA’s binding affinity,

making it more susceptible to chemical degradation via the water present in the solid

�2.00

0.00

2.00

4.00

6.00

8.00

10.00

0 1 2 3 4 5 6 7

Water

0.1X PBS

Solid

�5.00

0.00

5.00

10.00

15.00

20.00

25.00

0 1 2 3 4 5 6 7

Water

0.1X PBS

Solid

�2.00

0.00

2.00

4.00

6.00

8.00

10.00

12.00

0 1 2 3 4 5 6 7

Water

0.1X PBS

Solid

%
 c

ha
ng

e 
in

 to
ta

l i
m

pu
ri

ti
es

 f
ro

m
 in

it
ia

l

Months

A

B

C

Figure 7.8 Percent change in total impurities measured by denaturing RP-IP chromatography

for siRNA A (low Tm), siRNA B (middle Tm), and siRNA C (high Tm) stored either in water,

0.1X PBS, or as a solid at 258C over a 6-month period. The stronger binding affinity of siRNA

C is able to maintain the duplex conformation in water imparting protection from chemical

degradation compared to siRNAs A and B.
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state form. This finding is in line with previous reports whereby the process of DNA

dehydration results in destacking of the bases and breaking of hydrogen bonds [58].

Figure 7.9 (see colour insert) shows the change in the chromatographic impurity

profile upon storage of siRNA B for two months at 258C in either 1X PBS, water, or

the solid state. Interestingly, it can be observed in Figure 7.9 that, by stabilising the

duplex in the 1X PBS solution, the formation of a main degradant group has been

halted. The present author and co-workers have identified that several isomers of the

anhydronucleotide impurity, resulting from the loss of HF (hydrogen fluoride gas), are

present as both process impurities and degradation products (peaks observed in the

13–18 min and 34–38 min regions of the chromatogram). Once the duplex is

stabilised in PBS, the reaction is sterically blocked from taking place. As a result, the

anhydronucleotide impurities present at the initial time point disappear owing to a

secondary degradation conversion to an arabinosyl nucleotide [16]. In addition, Figure

7.9 demonstrates that duplex stabilisation in the PBS solution reduces the chance for

hydrolytic cleavage of the backbone, which can be seen only in the water sample

associated with dissociation of the duplex (C, 44–46 min region), and not the 1X PBS

sample (B).

An additional study compared the formation of aggregates as a function of

siRNA binding affinities upon exposure of the lyophilised solid to high temperature

and high humidity. Four siRNAs with Tm values of 638C, 708C, 788C and 948C in 1X

PBS were exposed to 408C/75% RH conditions for 2 weeks (water content increased

to approximately 28% w/w for all). The solid samples were then prepared at a

concentration of 0.5 mg/ml siRNA in 1X PBS and analysed by way of SEC for total

percent aggregate impurities. Figure 7.10 shows the percent aggregates formed as a

function of Tm for the four different siRNAs. A clear trend between a lower binding

affinity and greater aggregate formation can be seen. While no additional data exist to

explain this relationship, it may be that the lower binding affinity results in more non-

specific intermolecular strand hybridisation, as an increase in both water content and

temperature provides greater mobility for the single strands. As discussed previously

in the context of chemical degradation, the siRNA conformation within the lyophilised
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solid may be in a more dissociated single-strand state rather than a duplex state. This

supports a hypothesis that as the solid becomes hydrated, pockets of super-saturated

single strands would become available to interact and, depending on the thermal

energy and binding affinity of the siRNA, would either re-form a stable duplex

conformation quickly or be susceptible to the formation of aggregated strands. The

nucleobase sequence and resulting susceptibility to form non-specific intermolecular

base pairing is likely to be a significant factor in the formation of aggregates, but was

beyond the scope of this study to investigate.

This siRNA case study demonstrates that oligonucleotide stability can be quite

complex if secondary structure is influencing the degradation. One of the primary

challenges is to accurately detect changes in the secondary structure without the

sample preparation and analysis procedures biasing the results. As an example, if the

Tm measurements for the water samples in the case study were diluted in any type of

salt solution versus water for analysis, the observed change in duplex integrity would

not have been present. In addition, the SEC method was optimised with the lowest salt

concentration mobile phase possible to prevent on-column annealing of dissociated

single strands, providing a more representative picture of the actual duplex integrity in

the sample solution. Optimising these two methods with the intent of being able to

detect a change in duplex integrity enabled quantification of the changing duplex

structure in the samples over an 8-month period. This enabled the correlation between

changes in secondary structure as a function of siRNA binding affinity and chemical

degradation to be made.

7.7 Summary

Vitravene and Macugen have demonstrated that oligonucleotide drug products can be

stable for several years at refrigerated storage conditions. The class of oligonucleotide

therapeutic, the modification chemistries used and the nucleotide sequence all impact

the decisions made in establishing an appropriate stability control strategy. As

discussed in this chapter, utilising forced degradation studies early on in development

is critical to understanding degradation pathways and products associated with specific

oligonucleotide modification chemistries and to develop stability indicating methods.

Secondary structure of the oligonucleotide may be important to the stability of the

API and drug product and should be evaluated. The case study given in this chapter

highlighted the impact that secondary structure can have on stability, whereby the loss

of duplex structure resulted in increased chemical degradation of the individual

strands.
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homonuclear correlation spectroscopy 208–9

Hoogsteen bindings 143

HPLC see high-performance liquid

chromatography

human genome project 3

hybrid phase monolithic columns 114

hybridisation 264, 273, 281

hydrazine 72, 73–4

hydriodic acid 62

hydrogen bonds

adenine duplexes 251–3

hybridisation 223

imino protons 255

inosine tetrads 251

pH effects 125, 273

stability 243

Watson–Crick double-helix 103, 130,

224

hydrolysis 277

hydrophobicity 128, 135

hydroxide ions, deamination 76

39-hydroxyl impurities 29, 32, 40

59-hydroxyl protection 29, 31, 32, 56, 62

3-hydroxypicolinic acid (3-HPA) 160, 161

hyperchromicity 107–8, 248, 264–5

hyphenated methods 237–9

hypochromicity 107, 248

hypoxanthine 76

ICH see International Conference on

Harmonisation (ICH) guidance

identification test procedures 15, 16

imidazole 174, 175

imino protons 221, 223–4, 225, 235, 255

immune system 4–5

immunostimulatory oligonucleotide

drugs 4, 5

immunosuppressant oligonucleotide

drugs 5, 6

impurities

analysis 177–8, 182–4, 225–7

control strategies 25–7, 36–7, 87–9

mass differences 88, 139

origins 21–2, 29, 87, 177, 178

reactive 282

types 25–7, 29

impurity profiles

HPLC-MS 182

regulation 157

test methodology advancement 18

test procedures 15, 16, 17

inactive ingredients 287

indirect dipole–dipole coupling see J-coupling

inductively coupled plasma-optical emission

spectroscopy 191

industry expert group 14–15

test procedures 15–17

inflammatory disease 4

inflection point 248

inosine 76, 251

in-silico modelling 244–8

instrument related impurities 21

internal standards 190

International Conference on Harmonisation

(ICH) guidance 14–15, 271, 283

internucleotide adducts 26

intramolecular strand hybridising 273

inverse Laplace transform 218

iodide counterions 123

iodine solutions 44–5, 62

ion chromatography 191

ion exchange chromatography see also anion

exchange chromatography

categories 115

purification 13

separation principles 114–15

ion mobility mass spectrometry

(IM-MS) 191–2

ion pairing reverse phase chromatography

(IP-RP)

advantages 102, 127, 283
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buffers 128, 137

column temperature 129–30

contaminants 139–41

N 3-cyanoethyl-thymidine (CNET)

impurities 130, 132

degradation products 130, 282–3

denaturing vii, 129–30, 284, 285, 290,

291

duplex variant separation 133, 135

electrospray ionisation-mass

spectrometry 127, 128–9

lipophilicity 130

longmers (n + x impurities) 133, 138

mass spectrometry (MS) 151–2

mobile phases 127–8, 131–5

non-denaturing 131–5, 136

principles 127–9

retention times 128, 135

sample preparation 136–8, 140

shortmers (n � 1 impurities) 130, 132,

133, 138

single strand impurities 130

siRNAs vii, viii, 130, 131, 133–4, 138,

284

stationary phases 128–9

temperature control 129–30, 131

ionic liquids 162–3

isobutyric anhydride 46, 66

iso-butyryl groups

acetic anhydride 46, 66

ammonia 66, 70

depurination 41

impurities 72, 178

mass differences 88

isolated spin-pair approximation 213

isomerisation 272, 276

isothermal titration calorimetry (ITC) 247,

262, 265

isotope dilution mass spectrometry

(IDMS) 190–1

isotope labelling 190

J-coupling ii–iii, 207, 208, 210

kidneys 8

Larmor frequency 204

LC-MS see liquid chromatography-mass

spectrometry

linear ion traps (LIT) 167, 168

liner time-of-flight (L-TOF) mass

analysers 167

lipids 282

lipophilicity

conjugates 71, 72

ion pairing reverse phase chromatography

(IP-RP) 130

phosphorothioates (PS) effect 106

separation of conjugates 149

size exclusion chromatography

(SEC) 143

liposomes 148–9

liquid chromatography-mass spectrometry

(LC-MS) 152

liver 8

locked nucleic acids (LNAs)

fragmentation 171, 186

mass differences 88

melting temperatures 105–6

sequencing determination 186

stereoisomers 234

structure 86–7

long chain alkyl amines (LCAA) 39–40

longitudinal diffusion 113

longmers (n + x impurities)

anion exchange chromatography

(AEX) 117–18, 120

formation 56–7

ion pairing reverse phase chromatography

(IP-RP) 133, 138

purification 13

sequence effect 57

lutidine 44, 46, 56

lyophilisation viii, 13, 273, 285, 286

Macugen1 7, 83, 281, 287, 293

magnesium 175–6

magnetic field strength 204

magnetic moment 202, 203, 204

magnetogyric ratio 202, 203, 204, 218

malachite green 253, 254

MALDI see matrix-assisted laser desorption/

ionization

maleimide groups 41, 42

Mannich type reactions 46

manufacturing process 11–13

mass accuracy 177

mass analysers 166–7, 168, 177

mass differences of impurities 88, 139

‘mass ladders’ 184, 185, 189

mass spectrometry (MS) see also electrospray

ionisation-mass spectrometry

fragmentation 169–72

high-performance liquid chromatography

(HPLC) 36–7, 151–2,

176–7, 190
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instrumentation development 158–9

ion mobility 191–2

ionisation sources 159–63

isotope dilution 190–1

MALDI 158–63, 166–7, 172, 173–4,

188–9

mass analysers 166–7

methodology advancement 18

NMR spectroscopy 178, 237–8

NOESY iv, vi

overview 157–8

purity analysis 177–82

quantitative analysis 190–1

sample preparation 172–6

selected reaction monitoring (SRM) 190

sensitivity 158

sequencing determination 166, 170, 171,

184–9

siRNAs 158

synthesis confirmation 177

tandem 168–9, 171, 186

mass transfer 112, 113

matrix analysis of relaxation for discerning

geometry of an aqueous structure

(MARDIGRAS) 213–14

matrix-assisted laser desorption/ionization

(MALDI)

advantages 159, 166

contaminants 173

development 158–9

fragmentation 172

lasers 160

mass accuracy 177

mass analysers 166–7

matrices 160–3, 164, 173

quantitative analysis 190

sample preparation 162, 173–4

sequencing determination 159, 188–9

McLuckey fragmentation

nomenclature 169–70

medical use see drug use

Mello, Craig 5

melting curves 248–9

melting temperatures

29-fluoro modifications 105

aggregation 281

buffers 250

circular dichromism (CD) 247, 256–9,

265

definition 243, 264

determination 244

differential scanning calorimetry

(DSC) 247, 259–61, 262, 265

dynamic light scattering 259

ethylene bridges 106

fluorescence spectroscopy 246, 253–5,

265

future development 263–4

isothermal titration calorimetry 247, 262,

265

locked nucleic acids (LNAs) 105–6

model variations 245

NMR spectroscopy 246, 255–6, 265

phosphorothioates (PS) 105

salt concentrations 109

sample preparation 250

sequence dependence 245, 250, 266

in-silico modelling 244–8

single nucleotide polymorphisms

(SNPs) 263, 266

structural analysis 224

UV spectroscopy 246, 248–50, 253, 254,

255, 256

UV/resonance Raman spectroscopy

(UVRR) 246, 250–3

mercaptoethanol 76, 78

messenger RNA 3

metal ions 175–6

methacrylate supports 37

methanol 124

methoxy trityl chloride 31

N-acylated-39-O-methoxydiisopropylamino-

phosphoramidite- 59-O-DMT-

nucleosides 25, 34

29-O-methyl modifications 187

methyl phosphonates 233–4

methyl trityl chloride 31

methylamine 27, 72, 73, 82–3, 84, 88

�-N-methylamino acetamide (MAM) 26

N 4-methyldeoxycytidine 76

5-methyl-deoxycytidine 76

methylene bridges 86–7

N-methylimidazole (NMI) 46, 47, 66

methylphosphonates

analysis 171

synthesis 45, 73

microarrays 243

microbial limits testing 16

microcalorimetry analysis 273

microdialysis 174

microfluidics 264, 266

microRNA 3, 4, 5
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MMT see monomethoxytrityl (MMT)

protecting groups

mobile phases

anion exchange chromatography

(AEX) 104

ion pairing reverse phase chromatography

(IP-RP) 127–8, 131–5

pH effects 115–17

solvents 124

Van Deemter equation 112–13

velocity 112–13

‘mock pools’ 13

moisture control 22, 45

molecular dynamics (MD) 215–16, 245–8,

266

molecular mechanics force field 214–15

molecular modelling 214–16

molecular weight 4, 18

monochlorodimethoxytrityl chloride 31

monolithic columns 114

monomethoxytrityl (MMT) protecting

groups 72

n � 1 impurities see shortmers

n + x impurities see longmers

nanoelectrospray capillaries 163–5

nanoparticles 148

natural sources 29

nearest neighbour (NN) model 107, 244–5

Newton’s laws 215

NittoPhase 37

NMI see N-methylimidazole

NMR spectroscopy

1D principles 205–7

2D principles 207–19

advantages 246, 255

COSY 207, 208–10, 216, 220

disadvantages 219–20, 246

DOSY 216–18, 219, 232

Fourier transform 218–19

future development 236–9
1H 36, 219–29, 233

HPLC 237, 238–9

impurities classification 36

instrumentation development 218–19

mass spectrometry (MS) 178, 237–8

melting temperatures 246, 255–6, 265

methodology advancement 18

NOESY see nuclear Overhauser effect

spectroscopy

overview 201–5
31P 36, 38, 225, 229–32, 233–4, 256

process steps 207, 210–11, 217

proton decoupling 36

pulsed field gradient selected

spectroscopy 237

sequencing determination iv–v, 227–9
stereoisomers 233–4

structure–activity relationships 232–6

variable temperature (VT) 224–5

NOESY see nuclear Overhauser effect

spectroscopy

nomenclature 24, 169–70

non-exchangeable protons 224

non-reactive and non-critical impurities

29–31

nuclear Overhauser effect spectroscopy

(NOESY)

melting temperatures 256

principles 207, 210–14

restrained molecular dynamics

(rMD) 216

structure analysis iv, vi, 220, 234, 235

nuclear spin 202, 203

nuclease resistance 105, 157, 233, 234

nucleobases

nomenclature 24

orientation impurities 25, 33

nucleoside loaded supports 39–40

nucleus see cell nucleus

numbering system 24

O-6 modifications of guanine 26, 66

oligodeoxynucleotide synthesis 28, 41

oligoribonucleotide synthesis 28, 41

optical density see absorbance

Orbitrap mass analysers 167, 168, 177

orientation impurities 25, 33

over condensation 26

over-condensation 56, 57

‘overlayer’ method 162

oxalate linkages 39

oxaziridines 45

oxidation impurities 44–5, 50, 53–4, 60–2,

272, 278–80

oxidation stage 11

oxyphosphorane transition 81

PADS see phenylacetyl disulfide

PAGE see polyacrylamide gel electrophoresis

pancreatic ribonuclease 81

PCR see polymerase chain reaction

PEG conjugation see polyethylene glycol

(PEG) conjugations

Pegaptanib sodium 287

peptide bonds 107
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peptide nucleic acids (PNAs) 261

perchlorate 123

permeability 8

peroxides 45

pH

anion exchange chromatography

(AEX) 115–17

charge effect 104

column life 129

degradation products 272, 275–7

electrospray ionisation-mass spectrometry

(ESI-MS) 174

RNA synthesis 80

secondary structures 273

silica-based resins 128–9

storage 287

strand cleavage impurities 274

phenoxyacetic anhydride 46

phenoxyacetyl group 41, 46

3-phenyl-1,2,4-dithiazoline-5-one (POS) 45,

65

phenylacetyl disulfide (PADS) 45, 51, 60, 61,

63

phosphatase 190

phosphate diester, sulfurisation 60

39-phosphate fragments 50, 52

phosphate triester synthesis method 21, 24

phosphatediester synthesis method 21, 24

phosphite triester 60

phosphitylating reagents 29–31, 32, 35

phosphodiesterases 190

phosphodiesters (PO)

impurities 40, 41, 46, 61–2

mass differences 88

NMR spectroscopy 229, 231

phospholipids 282

H-phosphonate

phosphoramidite synthesis method 29, 36

strand breakage 75, 76

sulfurisation 60

H-phosphonate synthesis method 21, 28

phosphonium coupling agents 40

phosphonium ions 51, 55

39-O-DMT, 59-O-phosphoramidite 25, 34

39-O-t-BDMSi-phosphoramidite 25, 33, 34

phosphoramidite synthesis method

cycle 22, 67

development 21

impurities 29–37

moisture control 22

sulfur transfer reagents 45

phosphorodithioates 225

phosphorothioates (PS)

adduct formation 178

anion exchange chromatography

(AEX) 118

backbone stability 61–2, 70

cycle sequence 68

degradation products 274

electrospray ionisation-mass spectrometry

(ESI-MS) 174–5, 180–2

fragmentation analysis 171

impurities 40, 41, 70, 180, 274

iodine solutions 45

mass differences 88

matrix-assisted laser desorption/ionization

(MALDI) 182

melting temperatures 105

NMR spectroscopy 225, 229, 231

oxidation impurities 279

stability 106

stationary phases 106

stereoisomers 106

thiolation 60–2

phosphorylation reagents 40–1

physico-chemical properties 103–6

physiology 3

picoline 56

picolinic acid 160

P(III) triester linkage 44, 50, 60

piperidine 174, 175, 188

piston rods 125, 127

pivaloyl chloride 21

Planck’s constant 203

plasmon imaging 264

plate number 111

PO see phosphodiesters

polyacrylamide gel electrophoresis

(PAGE) 28, 53

polyamines as co-matrices 162

polyethylene glycol (PEG) conjugations 71,

72, 143, 281, 282, 284

polymerase chain reaction (PCR) 243–4

polymerase chain reactions 3

polymerisation 180

PolyOrg Sulfa 45, 65

polysorbate 282

polystyrene supports 37, 39, 40, 42

polythymidylic acids 176

pore size 114, 142

pore volume 142

potassium (K) 251, 252, 265

Primer Support 5G 37

process impurities 26–7

protecting groups

acetyl 73
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adenosine 41

benzoyl 41, 72, 73

t-butoxyphenylacetyl 50

cyanoethyl phosphate 39, 43, 51, 70, 178

exchange impurities 27

exocyclic amines 29

guanosine 41, 46, 70, 72

iso-butyryl 41, 46, 66, 70, 72

mild deprotection processes 72

purification 13

reactive but non-critical impurities 31

research historical development 24

selective removal 39, 40

protein binding, phosphorothioates (PS) 106

protein biosynthesis 3

protein kinase R 6

protonation 104, 162

protons

exchangeable 221–5

non-exchangeable 220–1

PS see phosphorothioates

PS/PO groups 40, 41, 42, 45, 60–2, 70

pulsed field gradient selected

spectroscopy 237

pumps 125, 127

purification

anion exchange chromatography

(AEX) 125

ion pairing reverse phase chromatography

(IP-RP) 130

microdialysis 174–5

process steps 13

solid-phase microextraction 173–4

trityl cation 72, 74–5

purine i, 24, 103

purity

excipients 282

mass spectrometry (MS) 177–82

NMR spectroscopy 232

size exclusion chromatography

(SEC) 285, 286

test procedures 15, 16, 17, 271

P(V) triester linkage 44, 50

pyridines 44, 46, 56

pyridinium hydrogen fluoride 80

pyridinium trifluoroacetate/N-

methylimidazole 57

pyrimidines

base pairing i, 103

NMR spectroscopy 220

nomenclature 24

structure 220

Q-linker 39

quadrupole ion traps (QIT) 167, 168

Quality by design (QbD) 13–14

quantitative analysis 188, 190–1

reactive and critical impurities 32–6

reactive but non-critical impurities 31–2, 33

reactive impurities 282

reagent impurities 26, 43–8

reflectron time-of-flight (re-TOF) mass

analysers 167, 177

registration stability batches 283

regulatory guidance 14–17, 271, 282

relative humidity (RH) headspace viii, 285,

286, 288

reporting thresholds 283

repulsive coefficient 215

research programme growth i, 10–11

residual solvents 16, 17

resistance to mass transfer 112, 113

resolution

column resin 122

definition 110

mass analysers 167, 168

matrix-assisted laser desorption/ionization

(MALDI) 160

method specificity 283

NMR spectroscopy 236

size exclusion chromatography

(SEC) 143, 144–5

temperature control 117, 118

ultra high-performance liquid

chromatography (UPLC) 150

Van Deemter equation 112–13

resonance frequency 205, 206, 211, 255

restrained molecular dynamics (rMD) 216,

236

results bias 285, 293

retention factor 111

retention times

anion exchange chromatography

(AEX) 115, 116

counterion effect 123

ion pairing reverse phase chromatography

(IP-RP) 128, 135

structural effect 106

retroviral enzymes 3

reverse phase chromatography (RP)

early analytical use 28

ion pairing see ion pairing reverse phase

chromatography

purification 13
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separation principles 127–9

separation techniques 176

reverse transcriptase 3

reverse transcription 3

ribolactones 50

ribonolactone 279

ribonuclease 81

ribonucleic acid (RNA) see also microRNA

cellular 3

chemical modification 105–6

editing 3

interference 4, 5, 6

isomerisation 80–1

messenger 3

pH control 80, 104

self-replicating viral 3

structure 2

synthesis methods 80

temperature control 80

translation inhibition 4

ribose modification 105

risk management 13

rMD (restrained molecular dynamics) 216,

236

RNAi 4, 5, 6

RNA-induced silencing complex 6

room-temperature ionic liquids

(RTILs) 162–3

RP see reverse phase chromatography

saccharin-based activators 57, 59

salmon fish milt 29

salt concentrations 108, 109, 123–4, 273

sample preparation

biological activity issues 273

contaminants 173

electrospray ionisation-mass spectrometry

(ESI-MS) 163, 166, 175–6

ion pairing reverse phase chromatography

(IP-RP) 136–8, 140

mass spectrometry (MS) 172–6

matrix-assisted laser desorption/ionization

(MALDI) 162, 173–4

melting temperatures 250

results bias 293

sensitivity 162

size exclusion chromatography

(SEC) 142

‘sandwich’ method 162

SEC see size exclusion chromatography

secondary structures

degradation issues 272–4, 293

dissociation 248

guidance documents 271

hairpins 133, 136

UVabsorption maxima 107

selected reaction monitoring (SRM) 190

selectivity 102–3, 110–11, 123, 125

self-replicating viral RNA 3

sensitivity

cation adducts 172

circular dichromism (CD) 247, 257, 265

electrospray ionisation-mass spectrometry

(ESI-MS) 166

mass spectrometry (MS) 158, 167, 168

NMR spectroscopy 202, 219, 229, 236–7

sample preparation 162

ultraviolet (UV) spectroscopy 246

separation techniques see also specific

techniques

buffers 176

capacity 110, 111

degradation products 130

denaturing 115–20, 129–30

duplex and single strands 146, 147

duplex variants 135

efficiency 110

flow rate 112–13

future development 102, 150–2

isomers 118

lipophilic-conjugates 149

liposomal siRNAs 148–9

non-denaturing 120–4, 131–5

overview 101–2

pH effects 104, 115–17

phosphorothioates (PS) 106, 118

principles 110–15, 127–9, 141–2

resolution 110, 112–13

retention times 106

selectivity 102–3, 110–11

single strand impurities 130

temperature control 129–30

sequencing determination

mass spectrometry (MS) 157, 166, 170,

171, 184–9

NMR spectroscopy iv–v, 227–9
research historical development 28

sequencing effect on impurities 70

sequencing effect on melting

temperatures 244, 250

shelf life 287

shielding factor 206

short interfering RNA oligonucleotide drugs

see siRNAs
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shortmers (n � 1 impurities)

anion exchange chromatography

(AEX) 117–18, 119

capping 56

control strategies 13, 14

coupling step 52–4, 56

detritylation 56

early analysis 28

ion pairing reverse phase chromatography

(IP-RP) 130, 132, 133, 138

origins 55

support-derived 56

silanol groups 40

silica-based resins 128–9

simulated annealing algorithm 216

single nucleotide polymorphisms

(SNPs) 263, 266

single-stranded oligonucleotides

ion pairing reverse phase chromatography

(IP-RP) 130

test procedures 15–16

UVabsorbance 108

siRNAs

29-fluoro modifications 83

aggregates 273, 292

anion exchange chromatography

(AEX) 122, 125, 126

annealing 147–8

binding affinities 273, 287, 289, 292

chemical modification 105

delivery issues 8

duplex formation 109

encapsulation 148–9

extinction coefficients 108

impurities vii, 139, 273, 284

ion pairing reverse phase chromatography

(IP-RP) 130, 131, 133–4, 138

liposomal separation 148–9

lyophilisation viii, 273, 285, 286

mass spectrometry (MS) 158, 187,

188–9, 190

mechanism 4, 5, 6

quantitative analysis 190

sample preparation 175

secondary structures 273

sequencing determination 187, 188–9

size exclusion chromatography

(SEC) 147–9, 285, 288, 290

stability vii, viii, 284, 285, 286, 286,

287–93

strand ratios 146–8

structure 5

test procedures 16–17

size exclusion chromatography (SEC)

advantages 102

aggregates 143, 281, 284

analysis conditions 143

buffers 143, 144–5

column selectivity 114

columns 142

conductivity detection 106

disadvantages 102, 285

distribution coefficient 142

duplex and single strand separations 146,

147

flow rate 143, 144

lipophilic-conjugate separation 143, 149

resolution 143–5

sample preparation 142

separation principles 141–2

siRNAs separation 147–9

stability studies 285, 286, 288, 289, 290,

293

stationary phases 141–2

strand titration 146–8

small molecule drugs 3, 4

snake venom phosphodiesterase (SVP) 28,

185

sodium (Na) 251, 252, 265, 273

solid supports

capping 40, 48

controlled pore glass (CPG) 37, 39, 40,

73

impurities 22, 25–6, 37–43

load capacities 37

methacrylate 37

NittoPhase 37

nucleoside loaded 39–40

polystyrene 37, 39, 40, 42

shortmers (n � 1 impurities) 56

types 39

universal 39, 41–3

solid-phase extraction (SPE) 238

solid-phase microextraction 173–4

solid-state synthesis

chain elongation 21

cleavage and deprotetection (C&D) 21,

23

overview 11, 22

research historical development 24, 28

solubility 4

solvents

electrospray ionisation-mass spectrometry

(ESI-MS) 174

eluting power 123

instrument life 44
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mobile phases 124

residual 16, 17

separation effect 150, 151

Southern Blot method 17

spatial DNA melting analysis 263–4

specificity 283

spermine 162

spiegelmers 4, 5

spin–spin coupling interactions 207, 209,

220, 221, 231–2

stability see also storage

analysis developments 18

buffer salts 137

case study 287–93

duplex variants 109, 115

hydrogen bonds 243

pH 129

product bulletins 286–7

refrigeration 293

registration batches 283

secondary structures 272

stereoisomers 234

stability modifications 105–6

stacking efficiency 243

stationary phases

anion exchange chromatography

(AEX) 106

granular resins 113–14

ion pairing reverse phase chromatography

(IP-RP) 128–9

monolithic columns 114

phosphorothioates (PS) 106

single strand interactions 103

size exclusion chromatography

(SEC) 141–2

Stec’s reagent 45, 63

Stejskal–Tanner equation 218

stereoisomers

locked nucleic acids (LNAs) 234

methyl phosphonates 233–4

phosphorothioates (PS) 106

Stokes–Einstein equation 217, 259

storage see also stability

secondary structure changes 273

solid state viii, 286, 288, 291, 293

solution viii, 286, 287, 291, 292

stability studies vii, 271, 283

support capping loss 41

water content 288

strand association 103

strand cleavage

cleavage and deprotetection (C&D) 74,

75, 76

pH effects 274, 287

phosphitylating reagents 27, 35

protecting group removal 21

temperature control 287

strand titration 146–8

stress testing 274

strong anion exchange (SAX) viii, 285

structure

acridine 254

aptamers 5

backbone 2, 103

base sequence 103, 109

bases ii, iii

carbonyl groups 251, 253

5-carboxyfluorescein 254

correlation spectroscopy (COSY) 208

decoy oligonucleotide drugs 5

deoxyribonucleic acid (DNA) 1, 2, 105

duplex form iv, 103, 109, 223, 225

ethidium bromide 254

exchangeable protons ii, 221–5

exon skipping oligonucleotide drugs 5

fluorescein 254

fragmentation analysis 169–70
1H NMR spectroscopy 220–9

immunostimulatory oligonucleotide

drugs 5

immunosuppressant oligonucleotide

drugs 6

locked nucleic acids (LNAs) 86–7

malachite green 254

melting temperatures 243

microRNA oligonucleotide drugs 5

molecular modelling 214–16

non-exchangeable protons 220–1

nuclear Overhauser effect spectroscopy

(NOESY) 210–14

nucleotides 1
31P NMR spectroscopy 229–32

phosphate linkage 1, 103

ribonucleic acid (RNA) 2

single strand 103

siRNAs 5

solution effects 136–7

spiegelmers 5

sugar rings ii, 220–1

target affinities 232–6

tetramethylrhodamine 254

UV/resonance Raman spectroscopy

(UVRR) 250–1

Watson–Crick base pairing iii

structure–activity relationships 232–6

succinate linkages 39, 42
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sulfonic acid derivatives 45, 65

sulfur loss 60–2, 68–9

sulfur transfer reagents 45, 60

sulfurisation 46

support release 68, 69–70, 72

surfactants 282

SVP see snake venom phosphodiesterase

synthesis methods

cycle 11–13, 22, 67

history 21, 22–8

synthesis yield 56

tandem mass spectrometry (MS-MS) 168–9,

171, 186

target affinities 232–6

Taylor cone 163

TBDMS see t-butyldimethylsilyl (TBDMS)

protecting group

TCA see trichloroacetic acid

TEA see triethylammonium

TEA-3HF see triethylamine-trihydrogen

fluoride

temperature control

anion exchange chromatography

(AEX) 117, 118

column life 129

degradation products 275, 277

ion pairing reverse phase chromatography

(IP-RP) 129–30, 131

RNA synthesis 80

secondary structures 273

storage 272, 287, 293

tetrabutylammonium fluoride 80

tetraethylthiuram disulfide (TETD) 45, 63

tetrahydrofuran (THF) 44, 46, 47

tetrahydropyran 28

tetramethylrhodamine 253, 254

tetrazole 57, 58

TFA see trifluoroacetamide (TFA) protecting

groups

THAP see 2,4,6-trihydroxyacetophenone

theoretical plates 111

thermal denaturing 243

thermal gradient ultraviolet (UV)-visible

spectroscopy 274, 288

thiocyanate counterions 123
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uronium coupling agents 40
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UV/resonance Raman spectroscopy
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variable temperature (VT) NMR

spectroscopy 224–5
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Figure 1.9 Oligonucleotides in research and development by type and clinical phase in 2012.

(Source: # Agilent Technologies, Inc 2013. Reproduced with permission, courtesy of Agilent

Technologies, Inc.).
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Figure 3.1 Structure of double-stranded (or duplex) nucleic acids.

Analysis of Oligonucleotides and their Related Substances i

ChemGenes Exhibit 2024 - Analysis Page i



C T

2.45Å
2.7Å

Figure 5.12 3D structures of cytidine and thymidine nucleotide residues. Arrows indicate

those protons of the aromatic rings (C(H5)–C(H6) and T(CH3)–T(H6)), which are involved

in J-coupling interactions via chemical bonds as well as in through-space dipole–dipole

interactions due to their close location.
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Figure 5.4 Chemical structures of DNA (A, G, C and T) and RNA (A, G, C and U) nucleotide

bases along with the deoxyribose and ribose sugar ring fragments. Exchangeable protons are

indicated in red.
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Figure 5.13 3D structure of the guanosine nucleotide residues demonstrating the sugar ring

spin system. Deoxyribose protons, which are normally involved in J-coupling interactions, are

indicated by arrows.
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Figure 5.15 Schematic representation of Watson–Crick base pairs A-T, G-C and A-U present

in nucleic acids. Imino and amino protons involved in the hydrogen bond formation are

highlighted in blue.
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Figure 5.20 3D structure of the short DNA duplex fragment showing only one strand for

reasons of simplicity. The most important protons, which are involved in through-space

dipole–dipole interactions and usually display 1H NOESY cross-peaks, are indicated.
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Figure 5.21 The strategy for sequential assignment of oligonucleotide protons in DNA. Intra-

and inter-residue connectivities are shown in red and blue, respectively.
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(a)

(b)

Figure 5.25 Final averaged structures of the heteroduplexes containing chirally pure (a) Sp

and (b) Rp isomers of methyl phosphonate oligonucleotides. The phosphorus atoms are shown

in red, the non-bridging phosphoryl oxygens are in yellow and the methyl groups of the

phosphonate centres are in cyan. (Source: Reprinted with permission from Thiviyanathan, V.,

Vyazovkina, K.V., Gozansky, E.K., Bichenkova, E., Abramova, T.V., Luxon, B.A., Lebedev,

A.V., Gorenstein, D.G., Structure of hybrid backbone methylphosphonate DNA heterodu-

plexes: Effect of R and S stereochemistry, Biochemistry, 41, 827–838. Copyright (2002)

American Chemical Society.)
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Figure 5.27 Determination of G-quadruplex folding topology of J19 in K+ solution. (a) H8/

H6–H10 region of NOESY spectrum (mixing time, 300 ms) at 258C. The assignments and

NOE sequential connectivities are shown. (b) Imino-H8 region of NOESY spectrum (mixing

time, 400 ms) at 258C. The characteristic guanine imino-H8 cross-peaks for G-tetrads are

framed and labelled with the imino proton assignment in the first position and that of the H8

proton in the second position. (c) Specific imino-H8 connectivity pattern around a G-tetrad

(Ga_Gb_Gg_Gd) indicated with arrows (connectivity between Gd and Ga implied). The

connectivities observed for G1_G5_G9_G13 (purple), I2_G6_G10_G14 (red) and

G3_G7_G11_G15 (green) tetrads are shown below. (d) The schematic structure of J19 dimeric

parallel-stranded G-quadruplex. (Source: Do, N.Q., Lim, K.W., Teo, M.H., Heddi, B., Phan,

A.T., Stacking of G-quadruplexes: NMR structure of a G-rich oligonucleotide with potential

anti-HIV and anticancer activity, Nucleic Acids Res., 2011, 39, 9448–9457, by permission of

Oxford University Press.)
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Figure 7.2 RP-IP chromatography overlay of individual sense (green) and antisense strands

(blue) of a 21mer siRNA, 0.25 mg/ml each. Overlay demonstrates co-elution of impurities

between the two strands and why impurities analysis on the individual strands prior to annealing

into the duplex may provide improved analysis. Method conditions: Waters Acquity UPLC

system, OST C18 2.1 3 100 mm 1.7 �m column, 20 mM triethylammonium (TEA) mobile

phase with 0.25%methanol/min gradient, 0.25 ml/min flow rate, 608C column temperature.
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Figure 7.3 Denaturing RP-IP chromatography of a 21mer siRNA at initial (green) and after 2

months of storage in neat water at 258C (blue). Chromatography demonstrates complete

separation between the sense and antisense groups of impurities. Method conditions: Waters

Acquity UPLC system, ethylene bridged hybrid (BEH) shield RP18 2.1 3 150 mm 1.7 �m
column, 10 mM TEA/10 mM propylamine mobile phase with 0.17% methanol/min gradient,

0.175 ml/min flow rate, 558C column temperature [50].
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Figure 7.4 Chromatography for non-denaturing SAX method showing lyophilised siRNA

API at initial (green) and after 6 months’ storage at 258C with 20% RH headspace (blue).

Method conditions: Agilent 1100 HPLC system, Dionex DNAPac PA200 2 3 250 mm

column, 12.5 mM mobile phase A: tris base, 1 M NaCl (pH 8.0 with 1M HCl), B: water,

gradient: 58% A at initial linear to 40.7% A at 80 min, 0.5 ml/min flow rate, 158C column

temperature, 5 �L injection, 0.25 mg/ml siRNA concentration.

�30

�25

�20

�15

�10

�5

0

5

10

R
es

po
ns

e

10 15 20 25 30 35 40 45
Retention time

A

B

C

D

Figure 7.9 Denaturing RP-IP UPLC impurity profile chromatograms of siRNA B (middle

Tm) at initial (A, green) and after 2 months’ storage at 258C in 1X PBS (B, black), water (C,

red), or in the solid state with sealed 20% RH headspace (D, blue). Method conditions: Waters

Acquity UPLC system, BEH shield RP18 2.1 3 150 mm 1.7 �m column, 10 mM TEA/10 mM

propylamine mobile phase with 0.17% methanol/min gradient, 0.175 ml/min flow rate, 558C

column temperature [50].
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