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Preface to the Series

A major challenge confronting pharmaceutical scientists in the future will be to
destgn successfol dosage forms for the next generation of drugs. Many of these
drugs will be compiex polymers of amino acids {e.g., peptides, proteins), nucleo-
sides {e.g., antisense molectles), carbohydrates {e.g., polysaccharides), or com-
plex Hipids. : :

Through rational drug design, synthetic medicinal chemists are preparing
very potent and very specific peptides and antisense drug candidates, These moi-
ecules are being developed with molecular characteristics that permit optimal
interaction with the specific macromolecules (e.g., receptors, enzymes, RNA,
IDNA) that mediate their therapeutic effects. Rational drug design does not nec-
essarily mean ratfonal drag delivery, however, which strives to incorporate into
a molecule the molecuiar properties necessary for optimal transfer between the
point of administration and the pharmacological target site in. the body.

Like rationa! drug design, molecular biology is having a significant impact
o the pharmnaceutical industry, For the fiest time, it 18 possible o produce farge
guastities of highly pure proteins, polysaccharides, and lipids for possible phar-
macecutical apphicaions. Like peptides and antisense molecules, the design of
successful dosage forms for these complex biotechnology products represents
a major challenge o phammaceutical scientists.

Development of 4n acceptable drig dosage form is a complex procsss
requiring strong interactions between scientists from many different divisions in
a pharmaceutical company, including discovery, development, and manufact-
ing. The series editor, the editors of the individual volwmes, and the publisher
hope that (his new series will be particolarly helpful to scientists in the develop-
ment areas of a pharmaceutical company, {e.g., drug metabolism, toxicology,
pharmacokinetics and phammacoedynamics, drag defivery, preformaiation, formu-
fation, and physical and analytical chemistry). In addition. we hope this series

vid
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will heip to build bridges between the developinent scientisis and scientists in
discovery {e.g., medicinal chemistry, pharmacology, immunology, cell biology,
malecular biology} and in nanufaciuring (e.g., process chemistry, engineering).
The design of successfu} dosage forms for the next generation of drags will
require not only a high level of expertise by individual scientists, but also a high
degree of interaetion between scientists in these different divisions of a pharma-
ceutical company.

Finally, everyone involved with this series hopes that these volumes will
alsc be useful to the educators who are training the next gencration of pharma-
ceutical scientists. In addition to having a high level of expertise in their respec-
tfive discipiines, these young scientisis will need to have the seieutific skifls
necessary fo communicate with their peers in other scientific disciphnes.

Rorarp T. BORCHARDT
Senes Tiditor




X Preface

native proteins from inchision bodies. By providing such great detail, the reader
can quickly identify the prior work that is most relevant io their curent needs.

"The third chapter, entitled “Physical Stabilization of Proteing in Aqueous
Schition”, is written by Brent Kendrick, Tiansheng Li, and Byeong Chang. A
fundamental principle in protein stabilization is the ability of additives
{excipients) to alter the thermodynamic stabiiity of a protein’s structure. These
thermodynamic effects arise from preferential binding or exclusion of the addi-
tive from the surface of the protein, as first described by Serge Timasheff and co-
workers. Thas chapter provides a detailed tutorial on the theory and then proceeds
to outline the impact of these effects on the stability of protein pharmaceuticais.
These effects are important in development of liguid formuiations, stabittzation
during lyophilization, and profein aggregation.

The next chapter imtroduces an emerging appreciation that susceptibility to
chemical degradation can be modulated by the conformation of the protem {or
even peptide). Entitied “Effects of Conformation on the Chemical Stability of
Pharmaceutically Relevant Peptides”, by Jefirey Mever, Bert Ho, and Mark
Manning, summarizes the data in the literature that indicate it is possible to min-
imize chemical degradation by altering confermation. One possible method for
accomplishing this would be to add preferentiaily excluded sofutes (as described
in chapter 3) to compact the siructure of the protein. This has worked to
diminish aggregation and is now being shown to be effective at slowing chemi-
cal decomposition as well. Altogether, this approach could provide a new sirai-
egy for developing lignid formulations of peptides and proteins.

The one area where our undersianding of protein behavior has truly
advanced is for freeze-dried formuiations. The aothors of the next chapter, John
Carpenter, Byeong Chang, Wiliiam Garzon-Rodriguez, and Theodore Randolph,
pravide an overview of what is required fo prodnee a stahle formulation of a
protein in a lyophilized cake. Not only do the anthors provide an excellent
summary of the advances that have been made in understanding the behavior of
proteins during freeze-drying, they translate that theoretical insight into a step-
by-step guide o producing reasongbie, practical formulations that should work
for most any protein pharmaceutical

Chapter 6, anthored by Geoff Lee, is an overview of the development of
spray-dried pzotein formuiations. This process has received a farge amount of
aitention in recent vears, and this chapter describes the process, the equipment,
and formulation concerns that need o be addressed if one is to use this approach
to make dried powders of proteins that will retain native structure and activity.

Chapter 7 focuses on the role of surfactants in stabilizing proteins. Over
the past few years, an increasing nwmber of mechanisms by which surfactants
can stabilize proteins have been described. This chapter, by Theodore Randoiph
and {.aToya Jones, provides an overview about the behavior of this important
class of excipients. Even the most experienced formulation scientist probably

Page 10 of 228







Page 12 of 228






v Contests

Appendix: List of Regulatory Documents . ............. Caee 22
G Lo 23
Chapter 2

Recombinant Production of Native Protetns from Fscherichia eoli
Tsusomu Arakawe, Tiansheng Li, and Linda O, Narhi

I Odueton. . . .. e 27

_ Distribition of Bxpressed Proteins . .. ... ... .. oo .. 28
i Cell Washingand Lysis .. ................... . 32
Purification of Soluble, Folded Pm{ems ........................ 34
Purification and Refolding of Soluble, Misfolded Proteins .. .. ... ... 35
: Purification and Refolding of Proteins from Inclusion Bodies .. ... ... 36
Washing and Solabilization of Inclusion Bodies ................ 36
Purification of Expressed Proteins from Inclusion Bodies . .. .. .. 36
Refolding Mechanismt .. .. oo i e 38
Disulfide Bond Formation ................. e 41
Removal of Depatrant .. ... ... . i e 41
Hifects of Teg Sequences . ... v e it iinneneeinn, IR 44
Effects of BRCIPIOIIS . .. 00 v ettt e it c e 44
Response Swrface Methodology .. .o v vv e v ciicincaansn., | 47
High Pressure Disaggregation and Refolding .. ......... fhiaaen 48
Methods t¢ Analyze Folded Strucures .. ...t in i 48
] BIosClVItY L. i e e e s 49
Binding £0 RECEPIOIS . ...\ttt e it e et 49
: Dilsutfide Bond Amalysis . ... ... ..o 50
SpeECHTOSCOPY . . ... e 30
Conformational Stability . ... ... ... . ... ... .. ... 5t
Limited ProteolysiR ... ... .. . e 51
References ..., o oo oo AP 51
Chapter 3
Physical Stabilization ¢f Proteins in Aquesus Solution
Brent S. Kendrick, Tiansheng Li, and Byeong §. Chang

Page 14 of 228



Contents

Thermodynamic Control of Protein Stability ... ... ... ...,
Kinetic Control of Protein Stability ., ., ............... R
Interactions of Bxcipients with Proteins .. ... ... ... ... ... ...
Preferentially Excluded Cosolvents . ... ..o iievnennviianns
BUers/Sals . . e s
Specific Binding of Ligands . ............... ... ... .. ..,
Protein Self-Stabilization .. ... ... Lo L. e .
Physical Factors Affecting Protein Stablh?y e e
Temperatie . ... e e e s
Preeve-Thawing . ... ..., ... .. ..
Agitation and Exposuge 10 Dmat}mng Iterfaces ... ..huan
Prosslre . . . e e e
Conclisions . ... ... e e
Appendix: Derivation of the Wyman Linkage Fanction and
Application fo the Tunasheil Preferential Exclusion
Mechanism ... . ... L e e e e s .
References ....... e e e e

Chapter 4
Ftfects of Conformation on the Chemical Stability of Pharmaceutically

Relevant Polypeptides
Feffrey D. Meyer, Bert Ho, and Mark C. Manning

Introduction . ... ... e e e e
Relationship Between Structure and Deamidation Rates ... ... . ...
Primary Structwre Effects .. ... . o o
Secondary Stracture Effects ... .. ... .. oo il
Tertiary Structure BEFects .. ... ... e .
Summary of Structure Effects on Deamidation . ............ e
Role of Structure in Protein Oxidation . .. . ..
Types of Oxidation Processes ... ... ... ... .. ... . . ..., e
Effacts of Oxidation of Surface and Buried Methionines on -
Protein Sttuctere .. ... ... ... e

Limiting Solvent Accessibility of Residues . ... ... .. . a0,

Conformational Control of Oxidation in Aquecus Solution ... ... ..

Structural Control of Oxidation in Lyophilized Products ... .......

Summazy of Structural Coatrol of Oxidation ... ...........
References . .....................

Page 15 of 228

62
a3
63
66
67
68
69
70
76
71
71
72
73

73
78

85
8o
87
89
81
92
92
93

83
26
97
59
100
101




Page 16 of 228

Acknowledgiments
References

Introduction: Why Spray-Dry a Protein?
Developments in the Last 103 Years
The Practice of Spray-Drying Proteins

i

Chapter 5

Rational Diesigr of Stable Lyophilized Protein Formulations:
Theory and Practice

John F, Carpenter; Beyong S. Chang, William Garzon-Rodriguer, and

Theodore W. Randolph

Introduction
Minimal Criteris for a2 Successful Lyophilized Formulation
Inhibition of Lyophilization-Induced Protein Unfolding

Storage at Temperatures Below Formulation Glass Transition
Temperatiure
The Water Content is Relatively Low
A Strong, Flegant Cake Structure is Obtained

Steps Faken to Minimize Specific Routes of Protein Chemical
Degradation |

Choiceof Bulfer .. .. . . i s e

Specific Ligands/pH that Optimizes rEhe}rmcuciyz'nmlc Stability of
Protein

Trehalose or Sucrose to Iihibit Protein Unfolding sud Provide
Giassy Mamix

Nonionic Surfactant to Inhibit Aggregation. .. ... .

Chapter 6

Spray-Drying of Proteins
Geoffrey Lee

Type of Bouipmment
Spray-Drying Conditions
Enfluence of Formulation
Pare Proieins

Formutated Systems
Use of Added Suwrface Active Substances

Rational Design of Stable Lyophiilized Formulations

Buliing Agent (e.g., Mannitol, Glycine or Hydroxyethy! Starch) . ...

Contents

109
11
112

113
114
114

li6
7
18

119

120
126
127
127
127

135
135
139
136
140
147
147
149
151




Contents

Concluding Remarks ....... ..
Beforences .. ...t vinennann

Chapter 7

Surfactani-Protein Interactions

Theodore W. Randolph and Laloya 8. Jones

IngroduchHon .. v e
Proteins and Surfactants at Surfaces

Protein-Surfactant Interactions in Solution . ..... ........
Surfactant Effects on Protein Assembly State ., . .........
Surfactant Effecis on Proteins During Freezing, Freeze-Drying

and Recomstistion ... .o oo

Enrzymatic Degradation of Non-Tonie Surfactants .. ...... ..
Recorymendations for Protein Formulation

=2 e o=

Chapter 8

High Throughput Formulation: Strategies for Rapid Devélopment of

Stable Protein Products

Rajiv Nayar and Mark C. Manning

fmodaction ......... . ... 0 i
Overall Souciure of the HI¥ Approach .. ....... ...

Role of an Established Decision Tree for Formulation Design
Constraints on a Pharmaceutically Acceptable Protein

Formulation .............
Proper Choice of Dosage Form
Preformulation Studies ... ..

Proper Choice of Excipients

Estimates of Resources Needed for Formulation Development | .., .
Use of Software and Databases to Assist in the HTF Process .. ... ...

Hysential Analyiical Methods

Bsdex , .......... ... ... ...

Page 17 of 228

Stability Protocols ............
Unified Strategy for HIF ... ..
References . ....... ........

Sk ke s

159
161
166
167

169
1
176
171

177
7%
183

182

- 183

185
186
188
189
191
193
194
193

199
















e e <107

om0 ek

Byeong S. Chang and Susaa Hershenson

Table 2.
Exampies of Information Useful for Designing Formulation Studies
Information Bramples
Chnical indication

Site of treatment (selfadministration, office visit, hospital), methods
of delivery, concomitant medieation, comperition.
Age, steongth, tolerability, capability to manipulate devices, seasitivity
10 excipient
Typical routes of delivery  Ijectables IV, SC, IM, [P, ICV, IT, 10}, topical, inhalation, nasat,
oral, ¢,
Dose requirement PX profile, frequency of dosing, verizble vs. fixed dose,
single-dose/muttidose
Drug interaciion Co-adnministeation with other drag, difation or teconstintion with other
sofution; presence of undesisable compounds lixe reducing sugars,
preservativas
Typical dosage forms Yicpnd, tyopliilized, spray-dried, acxosol by liquid or powder, otier
novel carrier; stabitity, physical properties, reconstitution art
Containet/closurs Vial/stoppers, prefilicd syzinges, profiled cartridges, dnad-chamber
cattriciges, blister packages, prodnet contact material, leacheates,
breakage, Jight sensifivity, molstare penetration
Syringes, prefilied syringes, pen injectors, anto-injectors, needie-free
injectoss, inhalation devices, infusion pemps

Patient population

Delivery devies

complications in the stability profile that is determined during formulation devel-
opment and testing.

Usefu! Information for DPresigning Formulutions

The configuration of a protein formulation js affected by how the dmg
will be used as a product. I such information is availabie when designing for-
mulation studies, i is recommended to consider the Imifstions and challenges

assoviated with each application. Exampies of such information are listed in
Table 2.

PREFORMULATION DEVELOPMENT

It is irmportant to nnderstand the critical properties of a protein before start-
ing Jarge studies to design and fest the final formulation. Preformulation studies
are designed to leara about the protein’s susceptibility to a variety of pharma-
ceutictily relevant stregses. The main objectives of preformuiation research
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all the degradation products that are ohserved will be significant nnder normat
handling, shipping and storage conditions. Farthermore, the rank order of differ-
ent degradation processes under accelarated stability testing will NOT be the
same under practical handling conditions, becanse each reaction has 2 different
feraperatare dependency, Le., reaction order and activation energy. Anocther
important thing & keep in mind when evaluating different degradation processes
15 the contribution to the pharmaceutical quality of the preduct, Critical degra-
dation products shoald be designated not on the quantity obtained doring
accelerated stability studies, but on a comprehensive undersianding of their
cortributions to the quality of the product.

Cmaniitative Assessment. Usnally, the rate of each degradation reaction
during real storage conditions {e.g., at 4-8°C) should be very slow. In order to
predict the rate under real storage conditions, reaction rates obtained under accel-
erated stability conditions can be extrapolated by using the Arrhenins equation,

Predicting the correct reaction rate yeqguires a proper understanding of the
reaction order, because the amount of the degradation product does not linearly
increase over Hme unless the reaction follows rero-order kinetics. One way fo
determine the reaction order is fo calculate the linearity between the concentra.-
tion of residual native protein and time. The reaction order can be calculated fromy;

dC] de =kC" D

where, C 1s the proteimn concentration, £ is the time, % is the reaction rate constant,
7 is the resction order. For a zero order reaction =0 and €y ~ C=k- 2. Fora
first order reaction 1 = 1 and log C; - log C = k-1, For a second order reaction a
== 2 and 1/C ~ LA, = k-4, For each resction order a characteristic transformation
of cencentration will show a linear relationship with time, e.g., log C will show
g Hnear relationship with time for a first order reaction, whereas 1/AC, will be linear
versus time for second order reactions. _

After obtaining the resction rate constants for different temperatures, the
activation epergy can be found by using with the Arthenins equation,

k= A‘é’tl"gﬁmf) . (2}

The activation energy is obtained by plotting Jogk} vs (1/T) and determining the
siope of the plot. Using the activation energy, the reaction rate constant for
real storage condition, e.g., 2-8°C for refrigerated storage, can be estimated by
exirapolation. :

Care must be taken when exirapolating the rate constants because there are
mmerous cases when the Arrhenins relationship does not apply. The Arhenius
reaction applies only to irreversible reactions where the produot is accumulated
as o single quantifiable species. If the degradation product is the resnit of serial
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ceactions, the resction order and rate constant will be determined only by the rate-
{imiting reaction at the testing condition. If the rate-limiting reaction changes or
anciber significant variable is introduced at the exirapolated condition, then the
extrapolated rate constant will be in error. Such complications routinely can be
found in various degradation pathways that are affected by temperature-sensitive
reactions such as structural changes, pH changes, by physical changes such as
the glass transition of an amorphous phase ir a Iyophilized formulation and by
changes in reactants like dissolved oxygen. For example, proteiss have relatively
high activation. energies for structural changes. Thus, many reactions that are
dependent on a major perturbation of the native protein structure tend to caase
substantial damage under accelerated storage condifions, ¢.g., higher temperature.
However, many of these reactions are not necessarily major problems when the
product is stored at 2.8°C where the protein maintains its native conformation.
In corerast, degradation reactions with Jower activation energies, which might not
be coupled to protein conformational changes {e.g., oxidation of surface methio-
nine residuss), tend to be much more problematic in the development of protein
formulations.

Results from stresses (e.g., agitation;} other than heat imposed in accelerated
stabifity studies potentially could be extrapolated in a simitar way to storage and
actual handing conditions. The major challenge is the ability to assess quantita-
tively the magnitude of the siress so that the stress-stability relationship can be
established. To date there are not published guidelines for such quantitation.

Oualitative Assessment. Not ali of the degradation products are equivalent
in terms of their contribution fo the pharmaceutical quality of the protein product.
Therefore, a qualitative assessment of each degradation product is important
when weighing their significance. Regardiess of their gaantity, some degradation.
products sre generally less acceptable thau others. i the degradation product
comprises the safety of the product, then it should be considered less acceptable.
For example, even at levels of a few percent or fess of the total protein popula-
tion, non-native aggregates can cause adverse seactions in patients such as
immune responses and even anaphylactic shock. Also, if the degradation reaction
results in the inactivation of protein, it needs to be considered more important
than other degradation reactions that do pot affect the activity. For example,
certain chemical changes (e.g., deamidation} may not alter the activity of 4 given
product, whereas other reactions {e.g., oxidation} may render that product inac-
tive, The relative impact of each degradation product on safety and efficacy
cannot be predicted and pst be determined for each protein therapeutic.

Information useful for the qualitative evaluation of degradation products
includes the identity, clinical and prectinical experiences. with the degradation
product, biclogical activity, stability and potential side effects. Regilatory docu-
ments also provide clear guidance about what assessment is necessary for protein
degradation products (Appendix, Regulatory Documents 2,3), The eriteria for

Page 27 of 228




il Byeoug S. Chang and Suzan Hershenson

identification, reporting and qualification of degradation products are set up based
on the total patient exposure and perceniage of the degradation products {Appen-
dix, Regulatory Document 3). When certain degradation products cannot be pre-
vented from forming in the formulation, their inclusion in the product must be
qualified, which may require that additional information on safety and efficacy
be obtained as recommended in the regolatory guidelines {Appendix, Regniatory
Docnments 2,3). Obtaining ¢his infonmation requires 2 significant amonnt of addi-
tional work, which may include clinical studies.

FORMULATION DEVELOPMENT

As discussed above, the critical parameters affecting the pharmacentical
quality of a protein therapentic are defined during the preformulation studies. In
formulation development, the effects of formulation variables on the defined cris-
ical parameters are examined fo optimize protein stability. Which variables are
most important depends of the formulation type chosen. For example, resistance
to agilation and/or accidental freezing is a critical property for an aqueous for-
mulation, which would not be a concemn for a lyophilized formulation. Simiiarly,
choosing excipients that provide a plassy matrix to sfabilize the protein is only a
concern for dried formutations.

Formulation Options for Proiein Pharmaceuticals

Different types of formuiations need to be developed based on clinical needs,
patient compliance, delivery method, stability of the drug, storage and distribu-
tion, and market competitiveness. Having a clear plan sboul what type of for-
muiation is desired will allow one 0 design better formuiation studies. Ligquid
formulations have been generally preferred due to the convenience of manufae-
turing and vse. However, proiein drugs may not be stable enough ¢o be handled
as a liquid formuiation. Dried formuiations (e.g., iyophilized) or sugpension for-
mulations {e.g., insulin zine suspension} have been successfully used #o overcome
stability problems. In addition, specific applications and delivery may demand
the appropriate type of formulation, e.g,, a spray-dried powder for pulmonary
delivery. As details of the stability issues are discussed in other chapters in this
book, only practical issues regarding these different types of formulations wilf be
summarized here. '

Liquid Fermulations, Il is important to understand that developing condi-
tions i keep proteins siable in a Hqnid form for 2 phammacentically relevant
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range of water conlents to provide flexibility in the manufacturg process. To
assure that the appropriate water content is maintain, the integrity of contames/
packaging should be monitorad in a high relative humidity egvironment. '

The identity and volmmne of the reconstitution medium should also be ¢learly
defined, becasse the use of injectable fuids other than the recommended one may
compromise the quakity of the product (e.g., solution fonicity or protein stabil-
ity). Reconstitution should be convenient and rapid, and the stability of the recon-
stitated solution during handling and delivery needs to be demonstrated,

Only recently have spray-dried formulations become commonly used with
the advent of novel protein delivery technologies. For example, spray-diied
powders hiave heen useful for developing products thal require uniform particle
gize {e.g., pubmonary mhalation for systemic delivery). Similar jssues to the
tyophilized formulation apply fo the spray-dried forrulation, and the details of
development of spray-dried formulations are presented in another chapter in thus
book, In addition 10 protein stability, physical properties pertinent o powder pro-
cessing and powder stabilify {e.g., Howablity, hygroscopicity, agglomweration,
density and crystaliization of excipients) need to be well characterized.

Siugle Dose and Muoltidove Forms. Most protein pharmacenticals are mar- -
keted as single dose forms. However, multidose formulations are useful when the
dose needs to be split (e.g., dose titration or dose combination). Multidose for-
mulations are distinguished by the presence of preservatives in the formulation,
which prevent microbial contamination and/or growth during multipie disruptions
of container closure mtegrity. In general, the addition of preservative(s), regard-
less of the preservative used, significanily changes the stability profiles of

proteins (Maa and Hsu, 1996, Fransson ef al.,, 1997, Lam et al, 1997). In some
extreme ¢ases, visible precipitation and aggregation have been reporied. There-
fore, the effect of various preservatives on the stability of protein should be
carefully examined, Other experiments reguired o gualify a multidose for-
mulations include the preservative effectiveness test and the stopper self-sealing
test, Detailed procedures and specification are available from the USP (U8,
Pharmacopeia), the Ph. Eur (European Pha:.macepeia) and the JP {Japan
Pharmacopeia).

Degired properties of the ideal preservative include: effectiveness at low
conceniration against a wide variety of organisms; chemical stabilisy; solubility:
compatibility with the protein drag, excipienis and auxilfary agenis, free from
uhjectionable odor, taste, coldr and stinging; and non-toxic and non-sensitizing
both internatly and extemally at the required concentration. Also, it mwist not
absorh, penetrate, or interact with containers or closures (Thompson, 1998). For
further details on preservalives, readers are referred to Regniatory Pocument 4
in the Appendix and Thompson (1988). Examples of typical preservatives used

for parenteral protein pharmacenticals ave benzyl atcohol, phenol, m-cresel and
beazalkonium chloride,
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Table 7,
Bwportant Components of Protein Férmulations

Formuiation

Variables Desired aftibutes Exsmples

plf Providss good physical properties of
protetn, minimize degradadons

Stabilizer Iohibit degradations, effective at low Surfuctants, sugas, salts,
CCECeRraions agtioxidants

Solubilizer Improve the solubility, effective at Salts, amino acids, surfactants
fow concentrations

Buffer Good pudfering capacity. stable to Phosphate, acetate, hisiidine,
temperaice change, stable to glutamate
freeping, good safety record

Fonicity moedifier; Tnert, good safety record Sodiur chloride, sorbitod,

hulking agent marmitol, glyclae

deamidation, eyclie imide formation, disulfide scrambling, peptide bond cleav-
age, and oxidation (se¢ reviews listed above). Other furictional excipients should
be also carcfaily evaluated for the benefit of the product (¢.g., use of sucrose to
stabalize protein during iyophilization and storage in the driad solid),

1n addition to their intended use, excipient candidates should be also quali-
fied as appropriate phamaaceutical ingredients. Generafly, it is preferred to select
excipienis that bave been vsed in marketed products with a relevant route of
delivery, Burther, it is preferable if these excipients have been used with sirpitar
frequency of dosing, history of chromic use and ¢imilar patient populstions,
Otherwise, the approval and safety of the excipients need to be carefully
examined. If the exciplent is considered safe with a solid scientific basis ot has
a proven clinical safety record, it can be cousidered equivalent to approved ex-
cipients: The list of excipients used for parenteral pharmaceunticals is availzble in
the literature (Powell et al., 1998, Nema et a1, 1997; Appendix Regulatory Doc-
ument 5). When i is necessary to introduce other excipients with mintmum safety
records, a significant risk assoctated with the excipients will be added to the
product development and additional pre-clinical and clinical stadies may be
needed,

Another important requivement in guaiifying an excipient is the putity of the
raw material. Depending on the historical use as a pharmaceutical ingredient,
several different pharmaceuticsl grades are available, e.¢., USP (U.8. Pharma-
copeia), Ph. Bur (European Pharmacopeia) and JP (Japan Pharmacopeia). These
pharteacentical grade materials should be considered as a primary ragource, bt
the quality provided may not be good enough for specific product development.
For example, significant stability problems can be found with some impurittes
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Practical Approaches o Protein Formulation Developmeni is

even at concentrations below their specification, e.g., metal ions, peroxides, pro-
teases and reducing sugars. These problems are more prominent in low proiein
concentration producis due to a high impaority-protein ratio, although problems
like visible precipitation of the proteim may be independent of protein concen-
tration. If adjustment in the existing specification is necessary, it is critical 1o Jook
into the availability of GMP quality raw materials with modified specifications
as early as possible, once the potential problem is identified.

The use of excipients derived from animals (e.g., Tweens) or humans {e.g.,
human serum alburmin} should be avoided if possible due {o the 1isk associated
with transmissible diseases Jike bovine spongiform encephalopathy, Creutzfeldi-
Jakob Disease, hepatitis virus and HIV, Numerous regulatory guidelines have
been issued to discourage the use of animaluman-derived excipients (Appen-
dix Reguiatory Documents 6,78}, When animal-derived excipients have to be
inciuded in the product, the manufacturer will need to deinonstrate that their
selection is fully justified.

Bresign of the Study. A design for the formulation optimization study should
be in place before commencing the work, A typical study profocol wilj inciude
ihe following information;

- Study title
- Smdy objective
— Source and quality of drug substance and excipients
~— Malerial preparation
— Formulation matrix
— Formulation variables
~ Protein concentrations or bracket
— Amnalytical methods
- Storage conditions (temperature, light, humidity}
-~ Additional sample handling conditions (temporary exposure {0 stresses,
container orientation, etc.)
— Sampling schedule and expected duration of the study
- Plan for data analysis and report

The study can be more efficiently desipned by utilizing experimental design
software packages, which will help to minimize the resources required for sample
preparation, analyses, and data analysis.

Necessary Stadies for Formulaiion Development

Storage Stability Study. Documenting that the frmulation wifl keep the
protein stzhle until the desired expiry can be the most time-cousuming part of
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formudation development. The expiry requirements are determined by distribu-
tion not regulatory requirements. One year 18 probably too short for effective
mapufacturing and distribution through normal channels, In general, a shelf life
of 18 month is considered acceptable for commercislization. Resulis obtained
from accelersted stability studies are nseful for predicting potential degradation
products and appropriate analytical methods, but whatever the actual shelf life,
it must be supported by sufficient real-time storage data to obtain regulatory
approval. Thus, it is important to establish a final formulation and start the real-

time storage studies as early as possible during product development. '

Process Pevelopment. Formulations that cdn be prepared on a small scale
without experiencing any problems may encounter significant problems during
the scale-up of the process. For example, mixing scletions in a large stainless
stee} fank, pumping solutions through stainless steel tubing, fltration and filling
through a high-speed filling machine can infroduce unexpected stresses to the
protein. Ag increase 1o the formation of particulates, along with a loss of proteins
due to surface adsorption and aggregation, has routingly been observed. It is
important o expose the formulation to eguivalent stresses and make sure thar
no formaiation adjustment is necessary {o accommodate the manufacturing
processes. Again, this testing should be done as early in the davelopment process
as possible.

Transportation, Handling and Delivery Study. Unexpected environmen-
tal changes can be encountered during the distribution and handling of products
(e.g.. accidental freezing, exposure fo temperatures diffetent from the recom-
mended conditions, vigorous agitation, stc). It is critical to develop the formala-
tion with these sfresses in mind because they can compromise the guality of the
product.

Also, during administration to the patient, proteins can be exposed to dif-
ferent types of stresses introduced by the device and the routes of delivery. Exam-
ples include inconmpatibility with the debivery device (e.g., protein aggregation
induced by exposure to tubing sefaces) andfor concomitant medication (e.g.,
protein aggregation induced by co-adiinistered antibiotics).

Preclimica! and Clinical Studies. Results documenting the maintenance of
the biophysical and biochemical properties of the protein are essential for a final
formulation decision. Before finalizing the formulation, it is also important to
confirm that it does not affect critical in vive biclogical properties of the protein
{e.g., activity, pharmacokinetic profile, and toxicity profile). Maintenance of a
protein’s biophysical properties can be examined using various structural analy-
ses {e.g., circular dichroism, flworescence and infrared spectroscopies, etc.). It is
possible to determine the biochemical equivalence of the protein pharmaceutical
by in virre activity and/or preclinical in vive bioassays. Results supporting the
toxicity profile of the formulation can be generated by both prechnical and
chinical stadies,
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Strategies 1o Overcome Diffical! Formulation Problems

Occasionally, probiems are enconutered that are difficult & overcome with
conventional formmuiation approaches. It is possible to conduct additional studies
to confinn that the problem is pharmaceutically acceptable. On the other hand,
unique formulation approaches can be iniroduced to address specific problems.
Exan:ples of this approach are provided below.

Qualifieation of Degradation Products. If decrsasing the amount of degra-
daticn product below ihe specified threshold is not feasible, then the degradation
product can be defined as a drug substance by demonstrating that it does not affect
the pharmaceutical quality of the drug preduct, i.e., safety and efficacy (Appen-
dix, Regulatory Document ). If thete is not sufficient information availabie,
additional qualification studies recommended in the regulatory guidance can be
camied out (see the discussion above}. The experience of having these degrada-
tiom products in the materials used for clinical studies can sometimes he very
usei because the results obtained can provide useful insight iufo the clinical
implication of the degradation products,

Site-directed Muiagenesis to Improve Properties. Some probiems related
to the intringic properties of a protein cannot be overcome unless a change in
the sequence is introduced. After careful research is carried out to identify the
problematic region or residue, the protein can be engineered for betier physical
and/or chemical properties. For serous problems like precipitation due to
insolubility or poor stability, changes in pratein sequencs have been proven effec-
tive for improving physical properties (Murby et al., 1993; Roig and Kennedy,
19853,

Chemical Modifications. The physical properties of proieins can be
improved by modifying problensatic amino acid side chaing with smail com-
pounds or large polymers {e.g., attachment of polyethylene glycol) (Fagain,
1995; Guerra et al., 1998; Prancis et al., 199%), In addition, there ars other
desirable improvements that can be achieved by the conjugation chemistry
{e.g., enhanced pharmacokinetic profiles, reduced immunogenecity, enhanced
adsotption, efc.).

Uncanventional Dosage Forms, Some protein stability problems can be
resolved by introducing novel approaches in the formmalation. Examples include
snspension formulations (Defelippis et al., 1998}, microencapsniation with
cyclodexirin (Brewster et al., 1991}, suspension of dry-powder in non-agueous
vehicle (Knepp et al., 1998), and use of non-aqueons vehicles with hydrophobic
ion-pairing {Manning et al., 1995).
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Regulatory Tssoes in Formulation Development

Incorporating regulatory guidelines into the formulation development is not
only uselul to develop high quality pharmacentical formulations for maximunm
benefit o the patients, but also critical to prepare complete documents necessary
for regulatory approval for commercializagion of the drug. Readers who wish to
obisin 3 comprehensive understanding of the guidelines are referred to the rele-
vant docurnents published by regulatory agencies. fn this section, a brief summary
of the puidelines related fo the formulation issues s provided.

Guidelines for Stability Stmdies. Comprehensive guidelines can be
obtained from regulatory agencies (Appendix, Regulatory Documents 9-12) and
review, articles in the literature (Grimm, 1998; Kommanaboyine and Rhodes,
1999, Matthews, 1999). These gudelines generally cover the formal stability
studies for bulk dmg material, in-process samples and final formulated product.
Although some issues may not be relevant for the earfier formulation develop-
meent work, these guidelines provide key elements for designing stability studies.
The guidelines provide information such as what types of experiments should be
inciuded in the study protocol, how o propose a stability-indicating profile, and
what analytical results are needed to define the purity of the product and the mol-
ecular characteristics of degradation products. Another important piece of infor-
mation provided in the guidelines is the definition of proper experimnentai
conditions, e.g., definition of storage temperature, humidity, light strength, and
accelerated and stressed conditions. The guidelines also provide the official pro~
tocols to evaiuate the resuls obtained from stability studies.

Resulis Bequired to Apply for Regulatory License Tor a Dirug Product,
Detailed information regarding the forraulation is presented at the Development
Pharmaceutics section in the CMC section of reguiatory apphications {Appendix,
Regulatory Docoments 13-16). All of the essential information required to apply
for reguiatory approval of protein formulations can be found in Note for Guid-
ance on Development Pharmaceutics {Appendix Regulatory Document 17) and
Development of Phampaceutics for Biotechnological and Biological Products
{Appendix, Regulatory Ddocument 8). It is important fo note that this is corrently
a Buropean requirement although the interpational harmonization process may
eventually introduce it to U8, regulatory requiremients. A brief sunmnary of the
important formulation information is shown in Table 8. '

Resuity Requived to Hile Formulation Amendments. A fornulation
change can introduce substantial potential adverse effects om the identity,
strengih, quality, pwity or potency of the product as relaied to the safety or effec-
tiveness of the product. For this reason, i is requized that a supplement to the
approved Hcense application be submitted. This supplement should include 2
detailed description of the proposed change. It should alse incfude metheds and
results for the studies performed to evaluate the effect of the change on the
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Derived Biological Products, Animal Plasma or Serumi-Derived Products,
FDA (2/99).

15. Guidance for Industry. INDs for Phase 2 and 3 Studies of Drugs, Including
Specified Therapeuniic Biotechnology-Derived Products Chemistry, Manu-
facturing, and Conrols Content and Formag (Draft guidance} FIDA (2/9593,

16, Content and Format of Investigational New Drug Applications (INDs) for
Phase | Studies of Drugs, Including Wefl-Characterized, Therapentic,
Biotechnology-Derived Products, FDA (11/95).

17. Note for Guidance on Development of Pharmaceutics (CPMP/BWP/328/99),

EMEA (01/1998).

18. Demonstration of Comparability of Human Biological Products, Including
Therapeutic Biotechnology-Derived Products, April, 1996.

19, Guidance for Indusiry; Changes to an Approved Application. For Specified
.Biotechnology and Specified Synthetic Biological Products, 21 CFR 601.12,
314.70; July 24, 1997, Vol 62. No. 142 .

20. Guidance for Industry: Changes to an Approved Application: Specified
Biotechnology and Specified Synthetic Biological Products; July 1997,
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required doring the refolding process. Expressed proteins located in the soluble
fraction of the bacteria usuaily are those that contain no disulfide bonds in the
native state. Howsver, there are some exceptions to this rale. Even disulfide-
containing proteins can be expressed in the folded conformation or in a soluble,
but misfolded, conformation. When the expressed proteins are already folded,
their disiribution in the supernatant should be maximized and the supematant
used as the source for purificarion. When the expressed proteins are soluble bwt
misfolded, they need to be denatured and refolded nsing & procedure simiiar to
that used for insoluble inclusion bodies. This paper will review the purification
ard sefolding procedures that have beer applied to insoluble inclusion bodies and
to proteins expressed in E eoli as soluble folded or misfolded forms.

DISTRIBUTION OF EXPRESSED PROTEINS

Bepending on the absence or presence of an N-terminal signal sequence, the
expression of heterologous protein in £ coli can be directed into cytoplasmic or
petiplasmic space. as summarized in Figure 1. All outer membrane and peripias-
mic proteins in B, coli are synthesized with a sigaal pepiide and secreted trough
the cytoplagmic membrane export machinery (Michaelis and Beckwith, 1982;
Pugsley, 1993, Wickner et al, 1991), Any signal peptides that are used by the
secretion machinery can be used to direct the heterologons proteins into the
periplasmic space (Chan et al., 1981; Talmadge ot al, 1980a, 1980b, Chang et
al, 1983, Ghrayeb et al., 1984; Colimer et al, 1985; Takahara et al, 1985
Duoffaud of al., 1987, Skerra and Plickthun, 1987; Beiter et gl., 1988). Success-
fal application of this strategy usually ccours when the foreign proteins that ave
fased to the signal sequence are also originally secretory proteins.

Some £ coli or foreign proteins exported through this machinery are known
o be secreted mio the culture media across ihe outer membrane {(Mackman and
Holland, 1984, Miiller et al., 1983; Kado et al., 1983; Abrahmsen et al, 1986,
Horuk et al., 1997, Nagahari ef 4., 1985), as shown in Figure 1. Althongh the
precise mediator of secretion of proteins into the cultre media is net known, the
outer membrane of £ colf possesses the OmpA and OmpG proteins, which can
serve ag passive diffusion pores for small hydrophitic molecules (Nikaido and
Vaara, 1985). Therefore, the hydrodynamic size and hydrophilicity of proteins
secreted into the periplasmic space appear to play critical roles in determining
the disirthution of the secreted protein between the culiure media and the peti-
plasmic space.

Successful application of this periplasmic secretion strategy results in the
expression of a correctly ¢leaved and folded protein, For example, periplasmic
secretion of anthrax toxin antigen was made with the OmpA signal, resulting in
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Figure k. Distribution of recoxnbinamt proteins oxpressed in £ cefl. 1B inclusion bodies.

formation of a soluble mature protein {Sharma et al., 1996}, However, a nuraber
of exceptions have been reporied. Erythropoietin binding protein was directed to
the periplasm as either a pelB or OmpT signal sequence. Both constructs resuited
in insoluble pellet, with the pelB signal partiatly retained (Fobnson ef al., 1996).
Granulocyie macrophage colony stimulating factor (GM-CS¥F) was expressed as
ant inseluble protein using the OmpA secretion system (Libby et al., 1987). An
even more complicated case is that of human interlenldr-18 AL-18} (Denefle et
al, 1989; Jung ot al., 1988). This proteia can be expressed in the cytoplasm in a
folded, active form with the signal peptide correctly ¢leaved, and & is released
from the cells by osmotic shock {fung ot al.. 1988). However, when the protein
was cxpressed as the PhoA fusion protein, processing did not occur, and the
protein was located entirely in the insoluble ceil peliet as the Tull-length tagged
profein. When the OmpA-IL-if} construct was expressed, the processing was
somewhat improved, with 50-100% of the protein existing as the mature B-1p.
However, the protein was stiil located entirely in the insoluble fraction. Frag-
ments of IE-18 expressed as OmpA-fusion proteins were found to be 100%
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processed, bat the processed fragments were also localized in inclusion bodieg,
Fusion proteins made using 1L-18 with the deletion of the fourtees C-teriming]
amino acids alse reselted in construcis that were localized in inciusion bodies,
As was seen for the full-length IL-13, the PhoA fusion protein was nof processad,
but isolated a3 the fuli-length protein, while the OmpA. fosion protein was iso.
iated as the matare C-terminally cleaved IL-13. When the standard protein
Omph-alkaline phosphatase was expressed at similar levels, it was localized ag
a mature, folded protein in the periplasmic space. Thus, the incomplete cleavage
of the signal peptide, and the lack of {ransport into the periplasmic space for some
of these constructs cannot be attributed to the level of expressed proteins over-
whelming the processing machinery. Instead, it suggests that interactions can
occur between the protein and the tag that interfere with expression as a soluble
protein and that are protein (sequence) spacific. This specificity depends on both
the tag and the protein.

Because of its highly efficient secretion (Halfmano et al, 1993}, the Malk.
fusion system has been one of the most frequently emaployed choices for soluble
fusion-profein expression. This system was successfully used to express the N.
terminal portion of the cytekine receptor homelogy (CRH) domain of granuio-
cyte colony stimulating factor (G-CSF} receptor {containing ~100 amino acids)
(Hiraoka et al, 1995). Maltose-bmding protein (MBP), with #s own sigaal
seguence, was fissed to this construct. Its expression resulted in secretion of MBP-
receptor fusion protein and, after processing, production of a receptor capable of
high affinity ligand biading. Tanakes et al. (1998) expressed the entive CRH
domain of G-CSF receptor using the PelB-fusion systein and reported that the
purification. vield from the system has almost 100-fold higher than that from
the MzlE-fusion system. However, while the CRH domain was secreted into the
petiptasm, it was inscluble and required 6M guasidine HCI for solubilization,
followed by refolding and purification.

A factor as specific as the £ coli strain used cap affect the success of
petiplasmic secretion. An Fe fragmment of a human antibody was recently
expressed in two different E. coli strains with the identical fusion protein cloned
into the bacteria. In one case, secretion of soluble, folded, and active protein
resulted. However, in the other case, soluble profein was isolated from the
petiplasm, but was found to be inactive, with differences from the native protein
in both secondary and tertiary structare as detected by circular dichroism, fluo-
rescence and infrared spectroscopies (Burgess, Wypyeh, Stevenson, Narhi and
Jiang, unpublished results).

Direct expression of matire proteins, with an initiation Met residue as the
N-terminus, resubts in either cytoplasmic soluble protein or insoluble inclusion
bodies. Foreign proteins, such as intraceilular enzymes, noclear receptors, sig-
nating regulators and their domains, ali of which are cytoplassuic in their native
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environment, are generally expressed as soluble proteins. Two cytoplasmic

enzymes, which were expressed s soluble proteins, were described by Yu et al.
{1996) and Fletcher et al. (1996). The dihydrofelate reductase domain of Leish-
mania major dihydrofolate reductase-thymidylate synthase bifunctional protein
was expressed as a solnble protein in E, coli strain PA414, The expressed protein
was purified 23 a single folded protein from the bacterial lysate using MTX-
sepharose affinity chromatography (Yu et al., 1996). HIV-1 recombingnt reverse
transcriptase was expressed as a scluble protein in E. coli strain TM109. This
protein was expressed in the bacterial lysate, and purified by using a combina-
tion of Q- and S-columns (Fletcher ef al., 1996).

Foreign proteins that are secretory proteins are usually expressed as insolu-
ble proteins localized in inclusion bodies. However, some subsets of this class of
proteins are efficiently accurnulated as active, folded proteins,

To our knowledge, basic proteins without disulfide bonds, such as fibroblast
growth factor (FGF} family memberz (Denefle et ai., 1989; Tung et al., 1988) and
interferon-’f (IFN-Y), tend to be expressed, at least in part, as soluble proteins.
Distribution between soluble and insoluble fractions depends on the specific pro-
teins and on the iysis conditions and solvents used, as weli as the fermentation
conditions, Even keratinocyte growth factor (KGF3, which has three intra-chain
disulfide bonds, can appear in both fractions. Distribution of expressed protein in
the saluble fraction can be improved by carefully choosing the soivents used for
cell Iysis, ete. (desciibed below). In addition, the level of soluble protein can be
increased by manipulating cell growth conditions. For example, growth of the
bacterial host at lower temperatures, rather than at 37°C, occasionally improves
protein sofubility (Wulfing and Plickihun, 1994; Schein, 1989}, as does varying
the iength, conditions and timing of induction {Sawyer et al,, 1994), Addition of
a specific tgand for the protein can also increase the expression leve! of a soluble
protein {Proudfoot et al., 1996}, Some success has also been reported with the
coexpression of chaperoning {Caspers, et al., 1994; Proudioot et al., 1996) or
thivredoxin (Yasukawa et al., 1995); the presence of these proteins at high
conceniration increased the expression level of soluble proteins. Proteins
expressed in a soluble form may not necessarily be folded comrectly, or active, m
which case refolding is required. An example i agouti-related protein, which was
found in the solubie fraction of E. coli as large, intermolecular disulfide-linked
aggregates (Rosenfeld ef al., 1998). Fellowing denaturation, reduction, and then
oxidation and refolding, an active, folded molecule was obtained. Another
example of this behavior is u KGF receptor fusion protein. This protein was
focalized in the cytosol as very large, soluble aggregates conmsisting of DNA,
and covalent disulfide and non-disuHide Yinked oligomers {M. Snavely, private
commugication}.
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CELL WASHING AND LYSIS

Except for rare occasions when proteins are expressed and secreted into the
cultare medivm, £, coli cells must he chemically or mechanically lysed to release
the expressed proteins. Profein Jocalized in (he periplasm can also be refeased by
conventional osmetic shock (Koshland and Botstein, 1980} However, this pro-
cedure also results in the release of at least some cytoplasmic proteins (Dencfle
et al.,, 1989; Schilsira et ai,, 1984; Jacobson et al, 1976). When working with
proieins expressed 4 soluble, active molecules, it is important to maxinhize the
amount of the protein in the supernatant of lysed cells. Water is customarily used
o lyse the cells. However, other buffers can be used fo improve the recovery of
the protein in the sapematant. It is important that the folded siructure of the
expressed proteins be mainfained threughont this procedure. Hence, exposare to
harsh conditions should be avoided. Harsh conditions include low pH (e.z., below
53, high pH {abave 9), or exposure to strong detergent (e.g., SDS, deoxycholate),”
urea (e.g., above 2M) or guanidine HCI {e.g., above 1 M). However, there are
some proteins that are stable in low pH (Krensky and Nelson, 1997}

Many members of the PGF family have been purified from the supernatant
of lysed E. coli ceils, using water or ditute buffers to gencrate a supernatant con-
taining a large amount of the protein expressed in soluble form {Arakawa et al.,
1993; Fox ot al., 1988, Ha et al,, 1998). However, KGF (FGF-7) (Chen ot al.,
1994), FGFR-10 (unpublished) and FGF-16 (Danilenko et al., 1999) required dif-
ferent handiing than the other family members. FGF-7 (KGF) shows significant
localization in the soluble fraction when lysed in 3¢ mM sodium phesphate con-
tuining 0.1 M NaCl, a buffer that has a relatively high iontc strength (Chen et al.,
1994). FGF-16 is a novel member of the FGF family that was cloned using the
conserved sequence between FGF-3 and FOP-7 (Miyake st ab, 1988). When E.
coli cells expressing this gene, with either the full-length sequence or the protein
with the 34 N-terminal amino acids truncated, were lysed in water or dilute buffer,
little protein was found in the soluble fraction. However, the protein concentra-
tion in this soluble fraction was greatly enhunced when the cells were broken in
M ammonium sulfate. These types of observations clearly demonstrate the
importance of selecting optimal conditions for isolating recombinant proteins
expressed as soluble folded molecules in £, coli

Recently, Lindwall et al. {2000) uadertook the first systematic investigation
of the effect of solvents used in celi washing and ysis on the recovery of soluble
proteins. They observed that the washing procedure for E, cofi cells, as well as
the lysis buffer used, affects the protein distribution, Bacterial growth medimm or
the intraceilidar miliew may contain molecules, large oy smali, that can affect the
solubifization of proteins. This 15 one of the complicating factors in the isolation
of KGFR-fosion proteins, which were found in large soluble compiexes with
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DNA. Washing cells containing overexpressed protein in a buffer of moderate
ionic streagth (e.g., 10mM Tris, pH 8.5, 100 mM NaCl, 1 ;oM EDTA) before they
ate disrupted can help fo decrease the concentration of media compenents and
extracellular metabolic products. Employing a variety of additives, as described
above, can also help break up interactions between overexpressed protein and
extracellular companents. The wash step was found to be essential for obtaining
reproducibie recovery of soluble expressed proteins, The celi-washing step is
probably not important when incluston bodies are the protein scurce. Whes the
iysed cells are centrifuged to obtain the inchusion body pellet, any cell calture
medium contamination remaining after the cells are coilected is removed.

Lindwall et al. (2000) developed ¢ so-called “sparse mattix” of baffer con-
ditions for cell washing and lysis, grouping various solvent components into three
classes, as shown in Table 1. A series of buffer solutions containing one choice
from each list ave generated and tested, The first is a list of buffers for varying
the pH over the range where proteias are generally folded, The second is 2 ist
of salts appropriare for achieving a full range of chactrope behavior at a variety
of sait concenirations. The third is 2 list of additives that someatimes improve
protein sofubility in crude extracts. With this sparse matrix approach, together
with cell washing, they were able to impreve the sofuble expression of the wbulin
C-terminal fragment and the two forms of the avian sarcoma virus reverse ran-
seriptase.

One may screen varying conceatrzions of noon-chaotropic, slighily
chaotrepic and moderately chaotropic salls, as well as Tow concentrstions of
chaotropic salts, to find the best conditions. In a crude extract, the solubility

: Table 1.
Fhe Three Lists Used to Generate a Combination of Different Lysis Buffers®
list I: Buffors List 2: Stabilizing Soluies Last 3: Solubilizexs
Tits, pii 8.2 L-glutamate glyeerol
Trig, pH 7.6 LiC! isopropancl
HEPES, pH 7.0 (NH 804 Teiton X-100
wiethanolasine, pH 8.5 Kt CHAPS
K HPOLKH PO, pit 6,0 MNaCi #-ootyF8-D-ghucoside
KHLPOSKHPQ, pE 4.3 K HPO/KH,PO; deoxycholate
sodium acetate, pi 5.9 L-glatzmine dithiothreisol
EDTA
urea
doxtran sulfaie
4101 PN
calcium acetate
MgSO,

*Mocificd from Lindwall ct al. {2000}
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aptitun can perhaps best be thought of as a balance between profein aggrega-
tion and unfolding,

Other compouads can alse have w positive effect on protein solubility, Some
smail organic molecales such ag isopropanol, which might be denaturing at high
concentrations, can be used to break up nonspecific aggregation at low concen-
trations (Asakurs et al., 1978}, Glycerol can promote solubiization abd stability
at the same time and is generaily not considered to be denaturing at any con-
centration {Arakawsa and Timasheff, 1983, Gekke and Timasheff, 1981). Poly-

-valent ions like spermidine or dextran suifate (Hedman and Gostafsson, 1984}

may be able to inhibit nonspecific interactions of the expressed protein with
polysaccharides, nucleic acids, or abundant highly charged host proteins such as
histones, Polyethylene imine or other polycations bind nucleic acids. Sugars may
be able to act In & similar way and have the additional advantage of tending to
stabilize protein folding (.ee and Timasheff, 1982; Arakaws and Timasheff,
1982a)

Different saits have widely varying effects on protein stabifity and solubil-
ity (Arakawa and Timasheff, 1982b, 1984). Some have varying effects depend-
ng on the neture of the individual protein (Arakawa et al,, 1990), Detergents can
also be helpful in overcoming aggregation, perhaps by binding to hydrophobic
surface patches on the surface of the protein of mterest {Bam et al, 1996,
Charman et gl., 1993}, Detergents with high critical micelar concentrations can
be particuiarly helpful since they can be removed lafer by dialysis, if desired.

PURIFICATION OF SOLUBLE, FOLDED PROTEINS

There are a number of procedures that have been used fo pwify soluble,
folded proteins from E. colt, as summarized by Le and Trotta (19913, Crude cell
fysate or E, coli ceil culture media is often difficult to centrifuge or filter to obtain
& clear supernatant, Therefore, the first chromatographic step is best carxied out
in a batch-mode. In this procedure, the lysate supernatant is mixed with a resin
{lon-exchange chromatography, hydrophobic interaction chromatography, etc.) in.
an open container The mixture is allowed to incubate for abour 30 minutes, to
allow time for the protein to bind to the resin. The enfite suspension is then trans-
ferred to a filier, and extensively washed with the lysis or column buffer, After

washing, the resin is wansferred to an appropriate cohwmn for elution of the

protein, In addition to being able to process s large volume of sepernatant
and wash the resin, to which the protein is bound, moze extensively, this batch-
mode binding has another advantage. When & sample is loaded onto a colwmnn
by pumping, all the components can be bound to the top layer of the column
resin, This process by itself often causes irrevergible association and precipita-
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PURBFICATION AND REFOLDING OF PROTEINS FROM
INCELUSKEON BODIES

Washing and Solubilization of Inclusion Bodies

Contaminating proteins and other materials can be removed by washing
inclusion bodies with various aqueous solutions, containing miid detergents (at
UM to mM concentrations), such as Triton X-100, Tween 20, Tween 80 or deoxy-
cholate, and low concentrations of wrea oz GdnHCl, or EDTA. This washing step
may be repsated, as loog as the majority of the expressed profein stays in the
insoluble fraction {see Table I of Fischer ef al., 1993},

Incilusion bodies can then be solubilized with urea, GdnHCl or strong deter-
gents, such as Sarkosyl or SDS (see Table H and 1T of Fischer et al., 1993}, or
combinations of these denaturants with extremes of pH (Krensky and Nelson,
1997, Khan et al., 1998), For example, inclusion bodies containing an EE-2 frag-
ment were washed once with 1% Triton X-100, then with 0.25% Tween 20/1 mM
EDTA, then with 10% DOC, and finally with distitled water (Ras and Bodley,
19963, The washed inclusion bodies were solghilized by the slow addition of 6
M wrea, 50mM Tris pH 8.0 and SmM B-mercatoethanol. Simitarly, the fink
module protein inclusion bodies were solubilized in 8M GdsHCY, 50mM Tris
pH 8.0, 30mM dithiothreitol (DTT) and subjected to Sephacryl S100 gel filtra-
son i 6 M GdoHC and 20mM Tris (pH 8.0%, resulting in formation of two disul-
fide bonds (Day ct al,, 1996), Sigma transcription factor (40K) was solubilized
m 6.25% Sarkosyl and refolded by dialysis versus 36 mM Trs, pH 7.9, 10% glye-
arol, 0.1 mM EDTA and 0.1 mM DTT (Nguyen ot al., 1996),

Urea or guanidine-HCl at high concentrations and strong detergents can soi-
ubilize most inclsion bodies and prevent re-precipitation of the solubilized pro-
teins, Although producting visibly clear solutons, it js possible that the
solubilized proteins exist as assoctated oligomers, even under these highly dena-
turing conditions. Such aggregation, if present, will asually canse problems
during refolding.

Purification of Expressed Proteins from Inclusion Bodies

When urea is used for solubifization, any colurn chromatography, except
hyvdrophobic interaction, can be used as the next step in the purification proce-
dure. When ionic detergents or GdnHCl are used to dissolve inclusion bodies,
size-exclusion chromatography (SEC) or Ni-affinity chromatography is appro-
priate. For disulfide-containing proteius, the inclusion of reducing agents may be
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solubilized material were also unsuccessful. Rather, only solubilization by 6-7M
GdnHCL at pH 3-4.5 followed by SEC, in 5-6 M GdnHCI at pH 3-4.5, resulted
in a partially purified material that was refolded successfully. It appears that
mIFN-y purification and refolding is hindered by 2 contaminant that can only be

‘removed in the presence of GdnHCL. Tt is also possible that the urea-solubilized

material, thongh forming a visibly clear solution, may stiil have been severely
aggregated. Tn contrast, it appears fial aggregation did not accur in the presence
of GduHCL

REFOLDING MECHANISM

Profein folding in E, coli is mediated by molecular chaperones (Gething and
Sambrook, 1992; Martin ¢t al., 1991), and foldases, such as peptidyi-prolyl iso-
merase and protein disolide tsomerase, which catalyze proline isomerization and
disuifide bond formation, respectively (Thomas et al,, 1997, Ranson et al,, 1998;
Guise et al., 1996; Hendrick and Hartl, 1993). Therefore, iz vivo protein folding
has these two important ¢clements: 1) aggregation of folding intermediates ate
minimized # vivo by molecular chaperones; and 2) disulfide formation is facili-
tated by protein disulfide isomerase. Inchision bodies sofubilized by delergents
or denaturanis, before and after partial purification, must be refolded by remov-
ing these solubilizing and denaturing reagents and inducing disulfide bonds,
withoul the aid of these protein helpers. Due 0 the strong feducing environment
(Freedman, 1992), disulfide bonds are almost never formed in inclusion bodies
produced in E. coli (Tsuji et al., 1987). However, there are a few exceptions
(Rosenfeld et al., 1998; Fromage et al,, 1991; Sarmientos et al.,, 1939).

For proteins with so disulfide bonds in the native stracture, protein refold-
ing occurs by rapid formation of the native structure, either by direct conversion
to the nalive conformation or via an inteomediate conformation, as shown
schematically shown in Figure 3. Refolding is induced by the removal of the
denaturing agents that were used fo solubilize inclusion bodies info the denatured
“D’ state. There ore many ways to reove or reduce the desaturant concentra-
tion and these are described heiow. Since the conversion of D or the intermedi-
ate, I, to sggiegates 18 ireversible, the manmmer in which the denaturant
concentration is rduced has great impact on the rate of aggregation and, hence,
the refoiding efficiency (Mitraki et al., 1987; Brems, 1988; Mitraki el al, 1587,
Brems, 1988, Mitraki and King, 1989; Oberg et al. 1994; Speed et al.. 1996).
Slow removal of denatyrants or an equivzlent procedure that increases the pop-
clation of ¥ for a proloaged period might allow T fo proceed 1o the native state,
N, The denaturant concentration must be such that ¥ can coovert to N. However,
under these conditions a concentration of desaturant that favors a shift of the
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Detaited studies on reduced murine IL-6 demonstrated that soluble aggre-
gates are generated npon removal of denaturani. These aggregates have enbanced
finorescence intensity, about 70% of the o-helical content of the native protein,
and increased ANS binding, indicating loss of tertiary structure (Zhang et al,
1997). Despite the tendency to aggregate and possess minimal fertiary structure,
vpon ditation into an assay media marine H.-6 adopis the native disulfide struc-
tare and the fully aetive conformation. These results indicate that aggregation is
at feast partiaily reversible and that upon disaggregation this protein assumes an
active conformation (Zhang et al,, 1992).

Ovalbumin exhibits a different behavior The native conforrsation has one
disulfide and four sulfhydryl groups. When the fully reduced, the native or the
non-native protein containing a single disuifide is denatured in 9M urea and then
diluted 20-fold into a nentral refolding buffer {a final ureq conceniration of 0.45
M), there 13 an indtial barst of formation of an intermediate conformation with
about 60% of the CD signal of the native proteis, during which trme disulfide
rearrangement and oxidation take place (Onda et al,, 1997; 1997; Tatsumi ef al.,
1994), This zesult iroplies that the folding intermediate can adopt different con-
formations, allowing it & rearrange the disuifide pairing, instead of forming
soluble aggregates a5 was the case for marine I1.-6. However, the single disul-
fide appears norn-essential for refolding, since the reduced and single-disulide
native oyalbumin are similar n structure (Takahashi, 1991, 1992,

‘Studies of the unfolding and refolding of bovine pancreatic trypsin inhibitor
{BPTI), a protein which contains three disulfide bonds in the native state, set the
foundation for the analysis and understanding of the folding mechanism of
disnifide-containing proteins (Creighton, 1977, 1978; Creighton and Goldenberg,
1984; Weissman and Kim, 1991; Zhang and Goidenberg, 1993, Ma and Andes-
son, 1997). With this protein, the fully reduced species and various folding inter-
mediates are soluble and capable of disulfide exchange, uitimately resuiting in
the formation of the most stable three-disulfide species in aqueous buffer A
similar ebservation was made with insulin-like growth: factor, which also con-
tains three disaifide bonds (Rosenfeid et al,, 1997). In this case, the folding inter-
mediates appear to cormpete with the aggregation reaction,

The landmark studies on the protein folding pathways for the phage P22
tailspike protein also provide critical insight into protein refolding (Betis and
King, 1988; Danner and Seckler. 1993 Speed et al,, 1993, King et al, 1996;
Mitraki et al., 1991). In this case, refolding of the protein denatured in 5M urea
was initiated by diludon to & final wrea concentration of 0.8M. Off-pathway
aggregation was greatly reduced by incubating the refolded material at 0°C prior
1© ralsing the temperature o 20°C. This result suggests that the iatermediate
formed apon difution farther refolds at 0°C to a more stable structure (Betts and
King, 1998}



















4% Tsutomu Arekawa ¢f «l

profein by the equation ( 0]:’ ):; A, __L Ag Where g; is the concentration of
4 83
sojute. Agsuming A, is constant as ~0.3¢g water per ¢ protein, the negative value

( & \k means that A, is positive apd the term Aglgs is greater than A; at low
B2 .

concentrations, as shown in Figure 6. Since BSA is in the native state in the pres-
ence of ArgHClL, this resalt indicates that ArgHCl can bind to the native state of

the protein. As the ArgHCI concentration increases, ({1&) becomes positive,
which indicates that Ay/g, becomes vanishingly small. Taking all these results
together, ArgHCl appeass to have a weak, but satuzating binding to BSA. There-
fore, it may be possible for ArgHCI to bind to the pative-like siractures found
during the refolding process and stabilize them.

Polysthiylene glycol {(PEG} has been used to inhibit avgregaizoﬂ of folding
intcrmediates that zppear during the refolding process of carbonic anhydrasc and
bovine growth hormone (Cleland and Wang, 1990; Cleland et al,, 1992a; 19925
Cleland and Randolph, 1992; Cleland, 1993). PEG has two opposing etfects, a
safting-out etfect due fo excinded volume and hydrophobic binding to proteins
cue to its surfactant character (Arakawa and Timasheft, 1985; Kita ot al., 1994,
Lee and Lee, 1979, 1981). The concentration of PEG used in the refolding stadies
was much lower than that required for salting-out, and hence the mechanism of

NSRRI P—

(25} <a..

—_ A
36, g

A, Hydration

A,  Co-soluie binding

()7 ==

3 .
g, Co-solute concantration % \

Ay =0 salts, polycls, sugars, 2mino acids ;
Ay >0 ArgHCE

Figwre 6 Schernatic fitsstration of hydration and argraime-HC binding to BSA usad to interpret the
observed preferential hydration of BSA in arginine-HCl showa in Figare 3.
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Three interacting factors--protein concentration, pH and GdaHCl concentra-
tion—wiere selected as the variables of RSM. The protein concentration did not
affect the refolding yield within the selected rapge (50-340pg/ml) at low ten-
peratares of 4°C and ~15°C, bui was a crifical factor at 25°C where refolding
vield significantly decreased with increasing protein concentration. GdnHCI con-
centration and piH were sigaificant factors under all experimental conditions,
although there was no obvious trend towards an optimal pH. Depending on fem-
porature and additives, the optimum was simply at neutral pi. Glyoerol shifted
the optimal GdnHCi concentration to higher values, whereas arginine shifted it
to the lower concentrations. In this study, RSM made it possible to investigate
successfully the optimel conditions of in vitre refolding and to clucidate interac-
tions between refolding factors, with a minimem number of experiments, Under
the optimsi condifions determined by RSM, an approximately 90% refolding
vield was obtained, a 30% increase over that realized with the conventional
method.

High Pressure Disaggregation and Refolding

‘Recently, an altemative disaggregation and refolding procedure that employs
high hydrostatic pressure has been described (St. John et al., 1999). Application
of high pressure is used fo solubitize proteins from aggregates or inchusion bodies.
Under the appropriate pressure regime the molecules can then refold, without
reaggregating. This method requires relatively Iow concentrations of denatirants
or no depaturants to solubilize proteins; the denaturants, if sed, do not need to
be removed prior to refoiding, Another major advantage of high pressure pro-
cessing over conventional refolding methods is that recovery of native protein
appears to be insensitive fo protein concentration. Yields of native protein of
80--100% have been achieved with protein concentrations of 10mg/ml or greater.
Witk 2 redox mixture, this approach has even been applied to aggregates that are
covalently linked by disulfide bonds.

METHODS TO ANALYZE FOLDED STRUCYTURES

The above sections have discussed ways of optimizing the tecovery of
folded protem expressed in E. cofi. Initially, improvements iu the recovery of
folded protein can be inferred from improvements in the sotubility of the protein.
However, eventually a more rigorous characterization of protein structure and
function must be performed to deteyrmine how closely the refolded protein
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{gbles that of the aatural, native protein. Some techniques that are frequently

.miployed for this comparison include bioactivity measurement, determination of

ifide bond stractuze, CI, FFIR, and fluorescence spociroscopies, SDS-PAGE
“other electrophoretic techniques, liraited proteolysis, and chromatographic

ysis. A bief review of the application of these technigues to the analysis of
ins during and after folding is given below. For all of these technigues, the
parisei of the E. coli-derived, folded protein to that of the natural, native
=in is the most definitive in demonstrating that the recombinant protein
the appropriate structure and fubction. If the natural protein is not available,
iparison to the protein derived from mammalian cells, where refolding was
invelved, can alse be used. When the mammalian counterpart is nof avail-
1a and when expressed proteins distribute info both soluble and insoluble frac-

“When the aciivity of a protein is known, and there is a bivassay readily avail-
, the compazison of the activity of the E. coli-derived proteins to that of the

tural protein, or at least the protein expressed in marmmelian cells, provides a

od indication of how successful the refolding procedure has been. The recov-
of Wiological activity is the primary assay used to follow projein folding in
1y of the papers discussed in the section above. However, when naturaily-

rived proteins are glycosylated, and glycosylation is essential for bioactivity, a
ssay may be misleading, since even correctly folded E. coli proteins may be
tive due fo lack of glycosylation (e.g., ervthropoistin} {Goldwasser et &,
4: Takeuchi et al., 1989; Goto et al., 1988}, :

inding te Receplors

-Surface plaston resonance was used In studies on Human Fe, where
eased binding to the human Fe receptor was the first indication that the
protein purified from the periplasm of two different E. coli strains had differences
eir final structure relative to that of the natural, native protein (Wypych,
published results). Flow cytometry has also been employed to assess binding
folded proteins, in this case o authentic cefl-surface receptors. Kurucz and
Ueagues (1995) used this technique o develop a successful refolding scheme
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Dilsulfide Bend Analysis

As described above, proteins derived from E. coli maay reqaire disnlfide bond
formation to have a stable folded structure. Therefore, determination of the disul-
fide bonding paitern in the final product is commonly employed as another
demonstration of proper folding and oxidatien. Pisulfide boads can be deter-
mined by peptide mapping or more readily by reverse-phase HPLC. In general,
the elation position in reverse-phase HPLC shifts to a lower organic solvent con-
centration upon formation of correct disulfide bonds.

Nou-reducing SDS-PAGE can also be usad to follow disuifide bond forma-
ttonr. For large or average sized globular protein, formation of intra-molecalar
disulfides results in faster mobility, while small proteins often have reduced
mobilities apon disulfide formation. The use of disulfide bond structural deter-
mination to follow refolding was demonstrated elegantly in the work of Creighton
et al. (1977, 1978, 1989) and others (e.g., Woisman and Kim, 1991) on BPTL
This technique was also used in studies following the refolding and oxidation of
IL-6 (Zhang et al., 1992}, Py (Kurucz et al., 1995) and ovalbumin (Takahashi
1991, 1992), and can be found throughout the literatare, However, a correct dsut-
fide siructure does not necessarily correlate with correct refolding, Even with the

- comrect disalfide bonding pattern the protein can somelimes misfold and form

aggragate or have local regions of incoxrect tertiary structare,

Spectroscopy

it is not always possible to measure the activity of a refolded protein, and
often there 1s no natural reference protein available to compare to a protein ise-
lated following cloning into E. ceoli. In this case, other tools must be employed
to determine if the recombinant protein has a regular three-dimensional structure.
Various gpectroscopic techniques can be used for structural determination, €D,
fluorescence and FTIR spectroscopies are the techniques most often employed 10
foliow the course of profein refolding, and to assess the final structure, Far UV
CD and ¥FTIR specteoscopies can provide information on the secondary structure
of proteins, whereas near UV CD and intrinsic finorescence spectroscopies, and
fluorescent Gye binding assays can be used to provide information about the ter-
tiary struciure.

These techniques have commonly been used to follow protein folding path-
ways. For example, studies with {L-6 (Zhang et al,, 1992) and ovalbumin (Onda
et al., 1997, Tatsumi et al., 1994} employed CD spectroscopy to compare the
structure of folding intermediates to the native structure of the protein, ANS
binding, a techunigue that takes advantage of the increased fiuorescence upon
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binding to hydrophobic patches on the surface of proteins (Arakawa et al., 1991),
was also employed to follow changes in the structure of IL-6. CD, FTIR, and fiu-
orescence spectroscopiss were all employed to analyze the difference in struc-
tnte between Fo cloned into different strains of E. cof {unpublished observations},

Conformational Stability

Spectroscopic signals often arise from association of non-native struciures,
rather than from fokded structures. In this case, structural perturbation techniques
can distinguish distinet folded structures from misfolded ones. The misfoided
siricture often gives rise {0 a monotonic change in signal as a function of strengih
of perturbation {e.g., temperature or concentration of denaturant), rather than the
cooperative transition duoring unfolding of am initially native conformation. Heat,
pH or denatugant-induced unfolding can be used to prabe protein conformational
stabifity. CD and other spectroscopies can be used to follow these changes in
strocture. Differential scanning cajorimetry (I3SC) can also be employed sue-
cessfully, Snyder et al. {1996} used DSC {o demonstrate that the refolded CMV
proteinase had a different conformation than the molecule isolated as 2 soluble
protein.

Limited Profeolysis

{.imited proteclysis is another useful technique for probing the tertiary struc-
ture of a proiein. This fechnique is not dependent on the presence of particular
chromophores in the protein, but instead compares the susceptibility of proteins
to proteoiytic degradation {Fontana et al., 1997; Hubbard, 1998). This property
is a reflection of the fiexibility or stability of a protein. This technique can be
used not only to assess degree of folding but also to determine the relative con-
formational mobility of a protein (e.g., Arakawa et al., 1990).
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Although the chemical and physical siabilities of a protein may seem sepa-
rate parametess, they are actually closely tied to ome another {Brange, 1992,
Khossravi et al., 2000; McCrossin et al., 1998; Rahuel-Clermont et al., 1997),
Physical degradation of a pratein can fead to covalent changes {oxidatiou, hydro}-
ysis, dignlfide scrambling). The reverse is also true; reduction of disulfide bonds,
hydralysis, and other covalent changes can cause a Toss of the protein native state,
For chemical degradations that are liuked to physical degradation, formulations
that stabilize the native state will necessarily slabilize against the chemical degra-
dation, Understanding these relationships between physical and chemical stahil-
itles is currently a major goal in formuiation research,

OVERVIEW OF PHYSICAL STABILITY .

The physical stability of a protein relatcs {0 maintaining the native secondary
and higher order structures. To understand how o0 use formulation variables to

 stabilize the native strocture, one must understand the mechanisms by which a

protein adopts a folded conformation in solution. These mechanisms may be sep-
arated into thermodynamic and kinetic coniributions to protem stability (Baker
and Agard, 1994; Jaenicke, 1995},

Thermodynamic Control of Protein Stability

The traditional techniques of equilibrium unfolding have led fo a vast
amount of information on the thermodynamics invoived in protein stability (Pace,
1975; Pdvaloy, 1979; Schellman, 1987, Tanford, 1968). Equilibrium unfoiding
is typically accormpiished by varying temperature or pH, or by adding denatu-
rants such zs guanidine hydrochioride or urea (Pace, 1975}, To compare the sta-
bilities of vanious proteins, the energetics of the unfolding reactions are typically
extrapolated to conditions where the proteins exist predominantly in the native
state {neutral pH, room temperature, isofonic, etc.) These techniques bave given
informalion on the enthalpic and entropic forces that stabilize the solution native
state of proteins, and have generally shown that the free emergy of stabilization
of the native state is typically 5~20kcal/mol (D1}, 1990; Privalov, 1979}, Further
information on the forces involved in protein stability has besn obtained by
unfolding under varymg solution conditions {i.e. different pH, salt concentrations,
hydrogen-bond competing molecules, etc.}. The resulis of these experiments,
coupled with experiments on mode! peptides, has ed to an uuderstanding of the
contribulion of jonic, hydrogen bondmg and hydrophobic effects role in proiein
stability {for a review, ses {Ihll, 1990}).

Hydrophobic interactions are most likely the dominang forces in stabilizing
the native stractares of proteins (Dill, 1990, Kaszmann, 1859; Schellmar, 1987).
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Native molecules may combine with others to form dimers or higher order
native multimers. With very large N, crystals or amarphous precipitates can form.
In most cases these transitions are reversible, because there is no or fittle change
in protein secondary structure, and the N monormer can be formed by dilution in
an approptiate sodvent. The intermediate state (§) or fully unfolded (U} molecuies
may combine to form higher order agpregates that may either be soluble {low
value of i} or insoluble (large value of i). It is now generally accepted that under
non-denaturing solution conditions the pathway to I type aggregation is the most
likely (Georgioun et al,, 1994; Kendrick ef al., 1998; Lumry and Eyning, 1954,
Minton et al., 1992, Mutkerrin and Wetzel, 1989; Speed et al,, 1996}, This process
is imreversible under non-denaturing conditions, In a seminal paper by Lumry
and Eyring (Lumry and Eyzing, 19543, irreversibie aggregation was character-
ized by 4 reversible change in the native structure followed by an irreversible
aggregation to the low energy intermolecular P-sheet structure, This scheme
wis recently modified to include a transiently expanded conformation (Kendrick
etal, 1998y

N g Nt—> A, A+A, —>A,

Scheme 2.

In this scheme, N* is a transiently expanded conformation in equiiibrium
with N. The rate limiting siep is the isomenization of N* to the aggregate com-
petent species A, a first order reaction. The free enercy diagram is given in
Scheme 3. This reaction mode? is based on a protein that is not Jocked into a state
N, but fluctuates between N and N*, To envision why protein conformation fluc-
tuates about an averige mative structure, it is necessary fo put the tenm “native
structure™ into perspective. Privalov (Privalov, 19793 stated it elegantly: “For the
effective and reliable functioning of 4 protein, its structure must be defined over
& wide mange of conditions ... (However} the systern must not be too rigid: It must
permit a relative displacement of the struciure elements in the process of protein
functioning.” The very natnre of proteins necessitates that they exist as dynamic
structures. This has been well documented with hydrogen exchange measure-
ments (Barksdale and Rosenberg, 1983, Englander et al., 1980; Fricdman, 1594,
Eendrick et al., 1997a; Wang et al., 1995). Recent data sugpests that nnder native
conditions most amide groups vudergo local unfoiding reactions as opposed to a
giobal cooperative unfolding fluctuation (feng and Englander, 1991; Todd and
Freire, 1999).
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Preferentially Excluded Cosofvents -

Understanding the mechanism of protein stabilization by high concentra-
tions of preferentially excluded cosoivents {excipients) is a major area of
research, Timasheff and cofleagues have pioneered this effort (Timasheff, 1993},
using muiticomponent theory {see appendix to this chapter and (Casassa and
Eisenberg, 19643}, and have placed these siabilizing cosolvents into two cate-
gories. In the first, the interaction is totally independent of the chemical nature
of the protein surface, 1.e. it only depends on the amount of exposed surface area.
For protein stabilizers, examples of these are sugars, most nonhydrophobic amino
acids, and potent salting-cut salts such as (NH,3,50,. In the second category are
the cosolvents that act m a manner dependent on the chemical nature of the
pratein surface and the cosolvents. Examples of these types of cosclvents are
polyethyiene plycols, certain polyols (e.g., ethylene glycol), and alcohols. For
these cogolvents, it is difficult to predict their effect on protein stability, espe-
cially at elevated temperatures {i.e., greater than room temperature). These cosal-
vents have substantial hydiophobic character that can fosier greater binding with
protein malecules, especially the denatured state, ns temperature is increased. The
result is that a compound (e.g., ethanol) may be a protein stabilizer at low tem-
perature, but favor the denatured state at higher temperatures.

In terms of stabilizing interactions with proteins sucrose is the most studied
cosolvent/excipient {Kendrick et al, 1998; Kendrick et al, 1997a; Lee and
Timashefi, 1981; Liv and Bolen, 1995; Wang et al., 1995}, Itis a good modei to
explain the protective effect of the first category of preferentially exciuded
cosolvents, those for which the degree of preferential exclusion is a direct
function of prutein surface area. The interaction is thermodynamically unfavor-
able, primarily due to sucrose’s repulsion from the protein backbone (Lin and
Bolen, 1993}, resulting in an increase in pfotein chemical potential (see Appen-
dix). Thus, in the presence of sucrose, the protein state with the least surface
area will be thermodynamically favored; sucrose stabilizes proieins by driving
them towards a compact native state. Ag 4 result sucrose will stabilize the protein
against any siress that pertarbys the pative conformation towards a more expanded
state, In Scheme 1, in the presence of sucrose the equilibrium would be shifted
towards N and away from I or U. In Scheines 2 and 3, the AG of the N to N*¥
transition would increase in the presence of sucrose. As a resuit the fevel of N*
would be reduced ard the aggregation would be inhibited. Thus, thermodynamic
stabilization of the native state can increase the kinetic stability of a protein.

It is throngh the preferential exciusion mechanism that sucrose and
other excinded excipients stabilize proteins against themmal wnfolding (Lee
and Timasheff, 198%; Santoro et al, 1992}, denaturant unfolding (Foord and
Leatherbarrow, 1998}, aggregaion (Kendrick et al., 1997b}, and randomn confar-
mational fluctuations from the native state Foord and Leatherbartow, 1998;
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Kendrick et al,, 1997a; Wang et al., 1995}, Exciuded excipients may also reduce
the rates chemical degradation reactions that are coupled to protein conformas-
tion, e.g. they have the ability to reduce the chemical reactivity of buried side -
chains, such as cysteine (Kapoor and Parfeti, 1977; Kendfick et al, 1997s;
Yancey and Somero, 1979).

Buffers/Salts

The choice of a buffer may not depend only on having the appropriaie pK.,
for the formulation, Buffers with similar pK.s can have profoundly different
effects on protein stability, depending on the buffer’s interaction with the protein.
Salts and buffers can interact with proteins throogh three mechanisms: Changing
the enthaipy of jonization of various stde chains, a cosolvent exclusion mecha-
nism, and g Debye screening of charge fluctuations.

Preferentinl Exclusion of Salts, Many buffers and/or salts at high concen-
iretions ¢an also stabilize proteins through the preferential exclusion mechatism.
‘The ranking in effectiveness of stabilization follows the wel-known Hofmeister
series for amions (Collins and Washabaugh, 1985; Hofineister, 1888): citrate®
feitrate™ > PO = HPOS = 804 > OAc, B> Cl' > Br > 1" > ClO,~ Jons
above Br™ in this series have an increasing ability to stabilize proteins (Jemsen
et 2k, 1995; von Hippel and Schieich, 1969; von Hippel and Wong, 1963). For
example, the T,, of ribonuclease A increases by 8°C in 0.5M potassium phos-
phate, relative to a soluion without phosphate {von Hippel and Wong, 1965). The
B-lactoglobulin dimer is similarly stabilized against urea and temperatyre-
induced denaturatior by salts in the trend predicted by the Hofmeister series
{Jensen et al., 1995; Kelia and Kinsella, 1988). Interestingly, cations have little
effect on protein stability relative to the amons.

Although salts can have a remarkable effect on protein stzbility, they must
be used with care, since they can also dramatically affect protein solubility. The
stabilizing salts, through the preferential exclusdon mechanism, can drive the
mindmizatior of protein surface arca ¢xposed to solvent to the extreme by “salt-
ing-out” the protein {Arskawa and Timasheff, 1982). The influence of various
formuiation conditions on protein solubility 1s discussed in a review by Middawgh
and Voikin {Middaugh and Volkin, 1992}, & should be noted that ander condi-
tiong of increasing or decreasing pH from the pl of the protein, solubility of the
native state increases dramatically. However, at pH extiremes, the protein may
unfold and irreversibly precipitate from solution through the formation of non-
native intermolecular B-sheet stmcture.,

Debye Screening. Bven salts that interact weakly through the preferential
exclusion mechanism, or salts in relatively low concentrations (< 0.15M) can

have a strong influence on the physical state of the protein. This is primarily
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due to the effects of salts on efectrostatic interactions between protein molecules
that are governed by charge fluctuations. Charge fluctuations in proteins are
related to configurational fiuctuations (Kitkwood and Shumaker, 19524). In salt
free solutions, especially those close to the isoionic peint ofthe protein, fluctua-
tions of charge produce a Jong-range attractive force with diminishing as 147
{Kirkwood and Shumaker, 1952b). Under this solution condition, protein solu-
bility is very small. As salt is added, the charge fiuciuations contribute to a binding
interaction between the protein and the salt jons (RKirkwood and Shumaker,
1952b;, Scatchard, 1943} This charge screening interferes with the attractive
force, and the net resnlt is 2 significant increase in protein sofubility (Melander
and Horvath, 1977}, ‘

Bonization Entbaipy. The free energy of unfolding s by definition affected
by an enthalpic transition. Buffer choice can have a strong influence on the mnag-
nitade of the enthalpy of unfolding, The mechanism for this is rooted in the caugé
of pH induced unfolding of a protein: The dependence of the unfolding temper-
atire on pH is determined by the mumber of groups ionized upon denaturaiion,
APy, through the relation (Privalov, 1990}

AH(T,} 4T,
b, AHT,) 4T, m
AN 231 doH

AH is the enthalpy of the transition from the native state, N, to the dena-
tured state, D. T is temperature {in. Kelvin, K} T, is the temperature (K) of the
transition midpoint from he native state to the denatured state, The enthalpy of
the unfolding reaction, and thus the free energy of the transition (see {Todd et al.,
19983}, 18 strongly dependent on the choice of buffer, since the ionization of the
buffer oceurs in conjunction with the ionization of protein side groups. For
example, the T, for myogiohin is 59.2° C n piperazine buffer but 73.7° Cin
acetate buffer at the same pH (Privalov et al., 1986). In a pharmaceutically rele-
vant study, # was found that interferon-gamma degraded faster in succinate buffer
than in acetate huffer at the same pH (Lam et al., 1997),

Specific Binding of Ligands

Protein-ligand interactions by their very nature have long been known
io affect the free energy of the native state through thermodynamic linkage
functions (Wyman, {964, Wyman and Gili, 1990}. Linkage functions simply state
that if a protein in its native state binds a ligand with more affnity than it wouid
in a denatured siate, in the presence of the ligand the free energy of the native
state is decreased more than free energy of the denatared state (see Appendix). As
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a resuis the free energy bamrier between native and denatured states is increased;
the native state is stabilized. More specifically, for a protein with a single binding
site in the presence of a ligand L, the free enexgy of stabilization (AG,} is given by:

. : (1+K, L)
AGy = AG® ~ RT In "2
& (+EJLD @

where K;-is the binding constant to the native state, K is the binding constant o
the denatyred state, R is the gas constant, T is the absolute tetoperatire, AG® ig
the free energy change of the transition in the absence of ligand, and {1} is the
free ligend concentration {(Freire, 1999; Schellman, 1987}, The increase in T, cant
be approximated by (Schellman, 1975}

TOAH?® :

Tn= gHK iLh &
HY + RTOIn) —— = |

A A+KL LD

Where T° and AH® are the temiperature and cnthalpy of the transition in the
abseace of ligand. As an example, it the ligand bind only to the native state
(K, = 10°M, 298K). At a free ligand concentration of 28uM, the free cnergy
of stabilization is 2keal/mol, and the corresponding increase in T, is approxi-
mately 18°C (Figare 1). '

A few applications of ligand binding will illusirate the large increases in
protein stability gained by the use of ligands. Cne example is the uge of polyan-
ions in the formulation of acicic fibroblast growth factor (aFGF) {Tsai et al.,
1993), a protein that saturally binds heparin. Although aFGF is novmally ansta-
bie and agpregates extensively after only weeks of storage at 4° C, in the pres-
enice of beparin it is siable at this temperatre for at least one year. Another
example is the use of divalent cation metals in proteius with binding sites for
such ligands. fn the presence of calcium, the increase in free enexgy of unfolding
for Py-crystailin homolog spberulin 3a is 13.9 keal/mel, with a coresponding Ty,
increase of 20°C (Kretschmar et 21, 1999). Protein-receptor complexes are also
stabilized through binding interactions (L4 et 2l,, 1997, Li et al., 1998).

Protein Seif-Stabilization

Proteins that undergo dimerization or higher-order reversible zssociation
are stabilized by such interactions. In low molecular weight proteins this is espe-~
ciglly apparent, with most of the stabilization agaiast uafolding arising from
inferactions at the interface botween subunits (Johason and Freire, 1996; Todd
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reversible for some proteins, most soffer imeversible denataration and aggrega-
tion at high temperatares. The reversibility of unfolding can be strongly affected
by modifying solution conditions ag discussed above. Recently, a study has cor-
related thermal unfolding reversibility with increased long-term storage stability
of a therapeutic protein against agpregation {Remmele et al., 1999}, Classes
of molecules that generally stabilize against thermally denaturation are lipands
(Hargrove and Olson, 1996; Li et al, 1598) and preferentially excluded ex-
cipients (Rishi ef al., 1998). Choice of pH, buffer, and protein concentration
{for agsociating proteins) will also affect stability against temperatore-induced
denaturation, ’

Increasing temperature will also accelerate chemical degiadation. However,
at present there is no clear way o predict which type of cheniical degradation
will dominate at a given temperaiure, For example, in interfevukin-1f}, cysteine
oxidation is the dominant chemical degradation above 38* C, but below 30° C
deamidation dominates {Gu et al., 1991}, This behavior brings into the question
of the value of accelerated storage stability studies with respect to the investipa-
tion of chemical degradation,

Freeze-Thawing

Some proteins are quile labile to freeze-thaw stresses, resulting in extensive
aggregation (Chang et al., 1996b; Jamesl et al., 1997; Papandreou and Fenouil-
tet, 19973, though the same process may not bave as nmuch negative effect on
other proteins (Katakam and Banga, 1997). The molecuiar mechanism of fieeze-
thaw feading 10 protein aggregation remains to be fully understood.. it has been
postulated that freeze-thaw induced protein aggregation imay be due to interfa-
cial adsorption af ice-liquid interfaces (Krejigaard ef al., 1998; Strambini, 1996},
Very limited information is known ghout sirnetural changes in proteins undergo-
ing aggregation upon freeze-thawing. In many cases, proteins can be stabilized
against freeze-thawing stresses by the addition of preferentiaily excluded excip-
ients or small amounsz of surfactant {Chang et al., 1996b). A more detaifed of
stabitization during freeze-thawing is given in Chapter 7.

Agitation and Expesure to Denaturing Interfaces

During product shipping and handling, proteins in aqueous solution formu-
lations are subjected to agitation or shaking, which is one of the most common
physical stress that can cause protein aggregation (Henson et al., 1970%; Maa &
Hsu, 1997). Agitation induced protzin denaturation and/or aggregation is pre-
sumably the consequence of protein interactions with surfaces; e.g., the air-water
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and vial-water interfaces (Charman et al,, 1993; Henson et al,, 1970; Kreilgaard
et al., 1998; MacRitchie, 1986; Sluzky et al., 1991). It is generally thought that
protein unfolding at air-liquid interface may irteversibly expose the interior
hydrophobic care, which may in turn fead to intermolecular association of non-
polar residues. It has been observed that agitation induced protein aggregation
decreases at higher protein conceniraiions. Sinall amounts of syrfactants are
usually effective in stabilizing proteins against this type of stress (Chang et al,,
1996h; Kreilgaard et al., 1998). A more detailed explanation of surface-indnced
protein denaturation and aggregation, and the inhibition of these processes by sur-
factants s given in Chapter 7.

Pressure

Although pressure-induced protein denaturation may be of least concemn
to protein formulation, the effect of pressure on protein stability should be
considered in cemain delivery devices and certain manufacturing process. In
the last several years, there is an increased interest in the stady of pressure
denatuzation of proteins, A few reporied studies have shown that pressure of a
few hundred MPa can induce unfolding intermediates or moiten giobules in
protein solutions {Clery et al., 1995, Muller et al., 1981; Wong and Heremans,
1988; Yamasaki et al., 1998), Often it was found that pressure induced profein
denaturation is reversible within certain range of pressure limits. [t has been
shown that unlike thermally denalured proteins, proteins denatured by pressure
can reiain their compact structures {Zhang et al., 1995). it has been proposed that
pressure induced denaturation may resnlt from the water transfer inio the
hydrophohic core and that the destabilization of the hydrophobic core by the pen-
elrating water molecule leads to protein denaturation (Hummer et al., 1993,
Wolfenden and Radzicka, 1994} The penatration of water molecule info protein
hydrophobic core could loosen the compactness of protein interipr and causes
protein o swell under high pressore, Also, in general auty increase in the surface
area of hydrophobic residues exposed to soivent wiil be favored under pressure.
This is because pressure favors reactions that reduce the overall system volume.
Exposure of hydrophobic residoes to solvent reduces volume because the density
of water near these groups is greater than that of water in bulk solution. Protein
structural expansion under pressure is documented by the experimental observa-
tion that lysozyme, Arc repressor, and RNase exhibit increased hydrodynamic
radius upon pressure denaturation and higher hydrogen-exchange rates (Chrys-
somallis et al., 1981; Clery et al., 1995; Peng et al,, 1994). Therefore, preferen-
tially excluded cosolvents such as sugars and poiyols will stabilize profeins
against pressure-induced depaturation (Oliveira et al,, 1994),







PSS i v NS T L ST

Page 90 of 228

74 Brent 8. Kendrick ef ol

For every mole P fonined, one mole of R is lost. This is representad by
the extent of reaction, £, Then, d& = dn® = ~dn® This relation will be useful
in the interpretation of the fundamental theorem of thermodynamics (Atkins,
19943

dG = Vdp~SdT+ 3 ju,dn; (al)

where V is volume, dp is an infinitesimal change in pressure, S is eniropy, dT
is an infinitesimal change in temperature, | is the chemical potential (defined
as W = 3G/dny) of component i, snd dn is an infinitesirnal change in the number
of moles of i for a given reaction. The standard notation will consist of
component 1 being waier, component 2 protein, and component 3 cosolvent.
At constant temperatore and pressure the free energy change for a reaction
reduces to:

4G = pZdf +pRdof = pidE - ntde (a2

Taking the partial derivative at consfant p and T..

(Eﬁ] = AGE =1 ~pf =-RTInK (a3}
08 Jor

where K = [PY[R].

To account for the effect of a cosolvent on the free encrpy of the reaction in
terms of the binding parameter, v, = dmy/dm;, (Le. the average statisticai amount
of cosolvent in the vicinity of the protein surface), take the partial detivative of
ihe free energy equation with respect o the cosolvent (Wyman, 1964):

HRTINK) oug 4
TR R &

Since the defimition of chemical potential depends on the activity of the sofute
from a given reference state, *, by:

is = uE-+RT infay) (a%)
Then: du; =RT diin(aa}]
Substituting into equation a4 for chemical poteatial perturbation upon introdue-

tion of cosalvent gives the Wyman linkage fomction in terms of the activity of
corponent 3:
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tration. Although the Wyman eguation gives an indication of the direction (see
graph helow) that AG changes by the addition of a cosolvent, to obtaia absolute
AG™? values direcily it is necessaty to measure them by standard unfolding
experiments

It is important to note that {his mechanisi of salting-out and protemn stabi-
lization depends on the extent of exclusion being proportional to the exposed
surface arca of the protein (h.e. dumw/dms becomes a larger negative value as
solvent exposed protein surface increases). As a technical note, it must be real-
ized that measurement of a preferential interaction parameter for a protein in the
R state under a given solution condition makes i extremely difficult to measure
the preferential interaction perameter for the P state due to the direct effect of
solution cenditions on the equilibrium of the RZ2P transition,

Preferential interaction theory alfows a direct calculation of transfer free
enesgies of R and P from one cosoivent concentration to another. Fot this, knowi-
edge of Op,/om, is necessary:

A
From Equation a9 ( O/ 010 ) :,( omy )
- =

s/ Bm; J Jmz /,,
, . (dmas/dm)
This can be reamanged to1 (3, /0m;) | = e i ‘
: g @y, / q37, 0 (\:;ug;am,}}mz (al2)
. g . o Ev‘m, ) . .
The binding interaction, | ~—-} , can be measured experimentally at
\ oI, S

equiltbrium dialysis. The chemical potci}mal perturbation of the cosolvent with

itseif (self interaction parameter), f-g}—li\ , can be obtaned through the

{om 3 g
equation:
AG {keal/mol)
Stabilized AG of unfolding 15 o —N =Y

Native AG of unfolding 10

AG < (; erystallization ot ¢ ]

[
salting-out is favorable N+ Py

Solute concentration

Flgure 2.2, Differenics in AG (AAG) of 2 process upen infroduction of a cosolvent.
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The mechanistic details of these reactions and the effects of extyinsic factors,
such as pH, temperature, ionie strength and buffer composition have been widely
reviewed (Manning et al., 1989; Ngayen, 1994; Cleland et al., 1993, Li et al,
19G5; Vogt, 1995; Mie and Schowen, 1999; Aswad, 1995; Geiger and Clarke,
1987). Therefore, the focus of this chapter will be on the effects of conformation
and structure on the rate of these chemical reactions. It is inportant to note that,
m most cases, the rate of oxidation ¢r hydrolysis of formutated protein products
is relatively slow (onky 2 smell percentage per month}, although this is stifl sig-
nificant on the timescale of the typical shelf Bfe (12-24 montbs}. If a change in
profein structre or structural stability can cause g slower rate of chemical degra-
dation, new approaches towards stabilization of protein pharmaceaticals can be
envisicned.

Previously, it had been thought that the only approach to stowing chemical
degradation was to alter pH, lower the temperatare, change the buffer, or, in the
case of oxidation, add a scavenger. Certainly, these factors are critical in cone
trolling chemical decomposition, However, an additional method for stabilizing
proteins towards chensical degradation exists. The same strategiss that are ¢ur-
rently employed for stabilizing the native state of a protein molecule, thereby
diminishing denaturation and aggregation, may also provide a bevefit in retard-
ing chemica! ingtability. We hvpothesize that both hydrolysis and oxidation reac-
tions in proteins are, to some degree, sensitive to the overall conformation of the
raolecule. By modulaging the structmre and stability of the native protein mole-
cule through nferactions with excipients, we may be able to further slow chem-
ieal inactivation processes.

Except for some work on the deamidation of peptides and oxidation of a
methionine at the active site of subtlisin (DePaz et al,, 2000}, this hypothesis is
largely untested. Therefore, this chapter should be viewed as a proposed stabi-
Lization strategy rather than a completed demonstration of first principles. Build-
ing oa what is known sbout conformational control of deamidation, we propose
general methods of controlling other reactions, such as the oxidation of partially
exposed methionine residues in proteins and peptides.

RELATIONSHIF BETWELN STRUCTURE AND
DEAMIDATION RATES

Deasmidation, or hydrotysis of the gide chains of Asn and Gln residues, has
been extensively studied (Manming ef al., 1989; Cleland et al., 1993; Xie and
Schowen, 1999, Aswad, 1993; Ceiger and Clarke, 1957). Except for a few
isolated cases, most deamidation reactions have been found to oceur at Asn
rather than Gin. Presamably, this is due to the formation of a cyclic imide
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Figure L. General mechanistic scheme for deamidation of asparagine {Asa) residues in peptide and
PrOtInS.

side of Asn in the same hexapeptide sequence, Val-Tyr-X-Asn-Y-Ala, They found
that in acidic media, the Asn residue deamidates ie give only Asp and there is no
effect from the neighboring gmino acid. This should not be smprising, as the acid-
catalyzed reaction does not proceed throngh the cyclic imnde intermediate, but
rather by direct hydrolysis of the Asn side chain, At neutral or basic pH, both Asp
and i30Asp products were found, following the mechanism outlined in Figure 1.
Deamidation proceeded most rapidly with a Gly residue on the C-termiaus side of
Asn; the rate with Asa-Gly hexapeptide was 120180 times faster than that of the
more sierically-hindered Asn-Val hexapeptide. Modifications on the N-terminal
side of Asn did not have any effect on deamidation at nentral or basic pH.
Tyler-Cross and Schirch {1991) examined the influence of the neighboring
residue on deamidation in the pentapeptide sequences, Vai-X- Asn-Ser-Val or Vai-
Ser-Asn-X-Val, Thelr results are similar to those of Patol and Borchardt (1990),
They found minimal influence from the residue on the N-terminal side at asty pH,
and at neutral or basic pH they found the sequences with dulky residues on the
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0 a mixture of Asp and iso-Asp producls. The fowest rates of deamidation
were seen in formulations containing phenol. This effect was aftributed to the
stabilizing effect of phenol on the q-helical conformation of the protein, thus
reducing the possibility of cyclic imide formation. Differences in the rate of
deamidation of insulin in amorphons versus crystailine suspensions were also
found; the amorphous suspensions had a greater rate of deamidasion than the crys-
talline produoct, Again, the authors propose the more tightly packed crysialline

~ suspension constrains the tertiary structure, thus reducing the flexibility required

to form the required cyclic imide intenmediste.

In a study comparing the rates of deamidation of Asn-67 in mative and
unfolded RNase A, Weame and Creighton {1989} found the native conformation
inhibited deamidation of Asn-67 by 30-fold. The native conformation does not
achieve the stracture necessary for the formation of the ¢yclic imide intermedi-
ate whezeas the more flexible unfolded molecule s not testricted in thig vegion.
I} Donato et al. (1986) examined the deamidation of Asn-67 in RINase A to Asp
and isoAsp under mild conditions. They observed the deamidation of Asn-67 in
hovine sernim RENage (bsRNase) proceeded at a much faster rate vet the homot-
ogy between RNase A and bsRNase is greater than 80% and the sequence about
Asn-67 is identical except for residue 64. They hypothesized a role for bsRNase
dimeric structure in determining the dearmidation: rate of Asn-67.

Summfiry of Structure Effects on Deamidation

Primary structure clearly affects the rate of deamidation in peptides and
proteins. Exlensive literature documents the influence of secondary, tertiary and
even guarternary structure on the deamidation of pharmacentically relevant pro-
ducts and native proteins. Many of these reports also examine the influence of
the altered residue on the structure and function of the “degraded” product.
Control of conformation is highly desirabie in protein formulations to minimize
physical degradation. These examples of structural influence on a particniar form
of chemical degradation, deamidation, supgest that conformational control may
aiso aid in minimizing certain aspects of chermical degradation.

ROLE OF STRUCTURE IN PROTEIN OXIDATION

Along with deamidation, oxidalion is the most predominant form of chem-
ical degradation of pharmaceuticai proleins and peptides (T4 et al., 1995a; Cleland
et al., 1993}, There have been several excellent reviews which detail general
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A third source of reactive oxygen species in pharmmaceutical dosage forms
is trace metals, Redox-active metals are found as trace contaminants in additives
such as buffer salts and sugars. The most common and well characterized of the
tedox metals and their ability to oxidize proteins are iron and copper. Both Fe(lil)
and Cu(II) can cause oxidation of methjonine, cysteine, histidine, and tryptophan
{Li et al., 1995a). Metat-catalyzed oxidation (MCQ) generally occurs at metal
binding sites within proteins; the reactive species are generated al or near the
binding site of the metal and react quickty with labile residues within close prox-
imity, making the identification of the exact reactive oxygen species involved dif-
ficuit to identify {Li et al., 1995a, Ei et al., 1995c). Thus, residues within close
proxumity to metal binding sites are more pronc tv MCO, and this process is
referred to as a “caged™ or site-gpecific process, For example, the rate of methia-
nine oxidation in the peptide His-Met is greater than in the peptide (Gly),-Met-
{Glyh, due to the fact that histidine {2 known to.be a good ligand for Fe(Il} (Li
et al., $995¢),

Except for MCO reactions, oxidation processes are usually refesred to as
non-site-specific, Numerous examples have shown that reactivity of individual
residues is greater if the residue is surface exposed compared fo i being buried
within the protein interior {Pearlman and Bewley, 1993; Teh et al., 1987, Liu
et al., 1998; Houphten et al., 1977). For exampie, in human growth hormone, the
reactivity of the three methionines to hydrogen peroxide comelates to their prox-
imity to golvent accessible surfaces, and oxidation of the least solvent accessible
methiomine (Met-170} can usnaliy only be seen upon unfolding of the protein in
&M urea (Houghten et al., 1977; Nguyen, 1994). In an I2gG monaoclonal antibody,
only one or two of the 28 tryptophans will photooxidize, and these are located
on the surface and exposed to solvent {Mach et al., 1964). There are few, if any,
exampies of neighboring sequence effects on non-site-specific oxidation. Most
likely this 33 due to the fact that higher order structure, including secondary,
tertiary, or quaternary structure plays 4 much more imporiant role than primary
sequence in affecting non-site-specific oxidation rates in proteins.

Recombinant hnman relaxin contains twe methionines, Met B{4) and Met
B{25). This protemn has been characterized in terms of reactivity both towards
site-specific and non-site-specific oxidation, and illustrates the differences that
can be seen between these two types of oxidation. In oxidation studies of human
relaxio using exogenousty added Hp0, it can be demconstrated that the more
exposed Met B{25) reacts faster than the sterically hindered Met B(4) (Nguyen
et al., 1993). However, when MCOQ of haman relaxin was studied using an ascor-
bate/Fe(IIT} or Cu{Il} system, the reactivity of the two methionines was reversed
when compared to Lhe hydrogen peroxide studies (Li et al., 1995b}. Methionine
B4} is located near Asp and Glu residues, which can bind the metals and thus
sequester the reactive species near this methionine, while B(25) is not near to any
charged side chaing. The His residue jocated at A{1Z) is the residue most
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susceptibie fo metal catalyzed oxidation, due to ils affinity for metals despite iis
partially buried position (~57% surface exposed).

The example of human relaxin flfustrates that the source of oxidative damage
must be taken into accoun{ when considering whether changes in conformation
can control oxidation rates. i is unlikely that any form of structurat control could
reduce MCO rates at Met B(4) or ag His A(12). Howeves, it may be possible 1o
reduce the hydrogen peroxide generated oxidative damage o Met B(25} and espe-
cially Met B(4} if a strucinral stabilizer could diminish access of these residues
to bulk solvent.

Effects of Oxidation of Surface and PBuried Methionires on
Frotein Structure

It has recently been proposed that, in vivo, surface methionines serve to act
as scavengers of oxidants in order to protect partially or fully buried residues nec-
essary for proper folding or function of the protein (Levine et ab., 1996}, Ovine
protactin has seven methionine residues, of which four are oxidized readily by
hydrogen peroxide, and the remaining ihree are only oxidized by L0, upon
denaturation in 8 M urea. Oxidation of the four surface residues has litfle impact.
upon the activity or physical properties of the protein. In contrast, oxidation of
remaining ¢hree reduces the bioactivity, changes the physiochemical properties,
and enhances the sensitivity of the protein to cleavage by trvpsin (Houghten and
1.i, 1976}, This iHustrases some of the general physiochemical consequences that
may be seen upon ¢xidation of methionines, If a methionine residue is near the
sutface, then oxidation wil} have will generally have ¥ittlz effect on protein struc-
ture, and nsuajly the only physiocheinical consequence will be an increase in
- hydrophilicity of the protein, due to the fact methionine sulfoxide is more
hydrophilic than methionine. If an oxidized methionine is partiaiiy or fufly buried,
then the local increase in hydrophilicity may disrupt hydrophobic inferactions
potentially causing loosening or unfolding of hydrophobic clusters in the protein
{Vogt, 1995; Lilova et al., 1987).

Parathyroid hormene contains two methionine residoes. Met-8 is buried in
a hydrophobic pockel, and is less prone to oxidation than the mors exposed Met-
18, Oxidation of Met-18 does not alter the conformation or activity of the protein,
however, oxidation of Met-8 causes a conformational change, oss in aclivity, and
increase in hydrophobicity of the peptide, due to exposure of trypiophans previ-
ously buried within the hydrophobic pocket (Zuil et al., 1990; Nabuchi et al.,
1995}, In the exainpie of parathyroid hormone, it is unlikely that controfling struc-
ture wouid affect oxidation of the surface exposed Met-18. On the other hand,
the partially buried Met-§ poses an inferesting question; if oxidation of this
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methiorine causes unfolding, then is some sort of partial unfolding or loosening
of the structare necessary for # to oxidize? If this mdeed were true, then oxida~
tion of Met-8 in parathyroid hormone, or other simailarly partially bursed residues

in other systems could possibly slowed by a general means of structurad
stabilization.

Limiting Solvent Accessibility of Residues

¥t would be of interest if a general means of structural control conid be
employed in osder to reduce rates of oxidative degradation. Ideally, this method
coukd be applied to a number of systerms that fit the criteria of having residues
prone to non-stie-specific oxidation residing in a parttally or fully buried posi-
tion in the protein. As mentioned earlier, rates of non-site-specific oxidation
correlate well with soivent accessibility, Thus, any means that could reduce
the average solvent accessibility of a residue should slow its rate of oxidative
degradation. :

Two types of excipients could be effective at Bmiting solvent accessibility.
The first would be a solute that is preferentially excluded from the susTace of the
profein, 3 so-calied non-specific ligand or stabilizer. This type of compound and
its thermodynamic effects on proteins have been described in great detadl in a
suieber of reviews (Lee and Timasheff, 1981 Tunasheff, 1998, Wilks et al,
1993}, Examples of prefercutially excladed solutes are sugars, amino acids, and
polymers, Without detailing the mechanism, which is described in other chapters
in this book, it is sufficient to say that addition an exchuded solute to a sofution
will result in a protein population in which the most compact state is favored,
For intexferon-y, the reduction in aggregation rate upon addition of sacrose hag

“been directly cofrelated with a reduction in the population of an expanded

state intermediate, which is oply slighfly larger size than the native siate
(Kendrick of al., 1998). This general phenomenon can be envisioned as the adiust-
ment of the native state enserable away from loose, open structures to more rigid
and compact structures upon the addition of an excluded solute. Similar effects
were seen in the case of recombinant interlenkin-1 receptor antagonist (rTL 1-ra},
where sucrose was noted to induce & compaction of the native gtate (Kendrick et
al., 1997 In both cases, there was an overall decrease in the tofal surface area
of the protein.

One can imagine that shifting the native stafe ensemble would towards more
compact species would also reduce the timed-average solvent accessibility of
partially buried residues, Iowering their susceptibility to oxidation, Such changes
in the time-averaged conformation of the protein structure can be measured by
monitoring the accessibifity of amide hydrogens to bulk selvent via hydrogen to
deuteriom exchange experiments {Clarke and {izhake, 1998). A more compact
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structure will have slower H-D exchanpe rates, direcily reflecting the reduction
in sotvent accessibility of certain amide groups. The residues that will have their
exchanpe rates lowered by excinded solutes represent amide protons that are par-
tially or fully buried in the naiive structure; the reduction in rate may either rep-
resent proteciion fram global unfolding or from fluctuations in the native state
(Foord and Leatherbarrow, 1998}, If such an effect in H-D exchange raies can be
seen with addition of excluded solutes, then the next logical step is to assume
that chemical reactivity of partially exposed or buried groups would likewise
be reduced, as was seen in the case of cysteine reactivity in flli-ra {Kendrick
et al., 1997). 1t would be simple hypothesis to test, and amenable o & number of
systems. A correlation between H-D exchange rates and rates of non-site-specific
oxidative degradation at partially buried residues would indeed indicate if this
approach is valid,

Another aspect of the excluded solute effect is that these additives tend to
favor the assembied state of multimeric systems. I a protein or peptide has a ten-
dency to self-associate, this phenomenon would have the effect of shifting the
equilibrinm towards the more highfy associated systemn. Again, this shift would
result in uet reduction in overall protein surface area, thereby limiling soivent
accessibility of residues exposed in the on the contact sights between monomess.
' The second type of Higand that couid limit solvent accessibility wouid be a
moiecule (i.e., a ligand} that would bind specifically and wiih high affinity to the
native state of the protein. Such binding would have the same thermodynamic
congequence as preferential solote exclusion; the compact native conformation
that most readily bound ligand would be most favored, and time-averaged solvent
exposure of partially or fuily buried residues would be reduced. In addition, the
binding event wouid biock a certain portion of the surface of the protein, Hemit-
ing exposure to exogenous oxidants. Conversely, oxidation in the absence of the
ligand wousld be expected to alter ligand binding to the protein. Examples of both
exciuded solute effects and direct ligand binding, and their effects on oxidation
rates, are given below.

Conformational Contro} of Oxidation in Aqueous Solution

As described above, non-site-specific oxidation occurs fastest at solvent
exposed regidues, slowest ay buried residues, and at an intermediate rate at par-
tially exposed residues. Thus, the goal of structural control in reducing oxidation
rates would be to reduce exposure of the sensitive side chains (¢ potential oxi-
dants. First, consider proieins that have specific endogenous ligands and the effect
that ligand binding has vpon oxidation,

Methionine residues in @/B-type acid-soluble spore proteius (SASP) of
Bacillus species are readily oxidized in virro by HzO, or the organic peroxide,
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+hutyl hydreperoxide (fBHF) (Li et al,, 19952}, Oxidation rendered o/B-SASP
tmnable to bind to DNA and, presumably not confer UV and heat protection to
spores in vivo. However, DNA binding appears to protect the protein from
methionine oxidation, by remdering the methionine sesidues inaccessible to
sobvent. Therefore, this system demonsirates all of the characteristics outlined
above, Ligand binding drastically reduced exposure of sensitive methionine

- vesidues, Conversely, oxidation of those residues prior to DNA binding has a pro-

found impact on biolgical activity,

Similarty, fibrogectin binds with high affinity to collagen, and within the
binding region are 4 number of methionine residues. Oxidation of fbronectin with
chioramine T greatly reduces binding affinity, although no conformationsi change
was noted upon oxidation. However, when fibronectin is mixed with gelatin and
subsequently treated with chioramine T, the methionines are effectively removed
from the bulk sovient du€ to binding, and no oxidation is observed (Miles and
Smith, 1993). Thus, simple binding of a ligand and subsequent removal of
methionines from the bulk solvent has rendered them inaccessible to oxidants.

While it is easy o appreciate that binding to a large macromolecular sub-
strate is effective at disinishing solvent exposure, one might attribute this behav-
ior solety to steric factors. However, binding of small ligands can also affect
sensitivity to oxidagon. For exampie, in recombinant coagulation factor VI
(EV1la), two of the protein’s four methionines have been reported to underge
oxidation to methionine sulfoxide upon exposure to hydrogen peroxide (Kornfolt
et al., 1999). At pH 7.53-9.5, both of these surface exposed methionines, Met-298
and Met-306, have equivalent rates of oxidation. However, npon adjustment of
the pH to 3.5, the oxidation rate of Met-298 is considerably slower. Although no
direct structursl evidence is given, the authors conclade that, under the acidic

-conditions, a conformational change has occired around the region of Met-298,

partially protecting it from the solution and thus from the oxidant. In this case,
the specific stabilizing ligand is hydrogen ion, even though it has no steric balk,
Here direct ligand binding to the native state causes a putative change in con-
formation, stowing the oxidation of Met-298.

There are few examples of excluded solute effects on oxidation, However,
recent examples suggest it is, in fact, a valid approach for reducing oxidative
damage. For example, Del*az et al. (2000) have reported using an excluded sofute,
sucrose, to inhibit methionine oxidation in the subtilisin used in faundry deter-
geats. This protease, which bag a partially buried methionine residue located near
its active site, undergoes rapid oxidation at elevated pH in the presence of borate
buffer. The borate is converted into a perbomte by hydeogen peroxide, which
carries the oxidizing species directly into the active site. Addition of sucrose
stowed the oxidation rate appreciably. The authors demonstrated that the effect
was not due to radical scavenging or viscosity increases. Moreover, they showed
that the oxidation-competent species was slightly expanded, with a surface area
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prepared as lyophilized products. Alihough fyophifization may solve some of the
physical instability problems, proteing still may also undergo chemical degrada-
tion in the solid state. Certainly, chemical degradation is fypically stower in the
solid state than in liquid state (Li et al., 1995a; Kenkare and Richards, 1966; Chang
et al., 1996), due to reduced mohbility of the protein and mited exposure to water.
However, this is not always the case (Fransson et al., 1996). Regardless of whether
oxidation in retarded in a lyophilized cake compared to a solution, oxidation
remains a major degradative pathway that must be considered, Variables such ag
residual meisiure, type of excipients, and composition of the headspace gas in
relation to oxidation have previously been discussed in & number of research and
review articles (Li et al., 1995a; Pikal et al., 1991, Fransson et al., 1996). As in
liquid formulations, the effect of structure oo rates of oxidation in the sold state
shouid not be ignored. Maintenance of native protein structure in the dried state
may serve to reduce chemical instabili€y. as well as physical instability, assuming
that surface exposure would have similar effects oh oxidation as solvent exposure
does in the Tiquid state. Therefore, proper design of a freeze dried formulation in
which the mainienance of native secondary strocture to reduce physical Ingtabyii-
ity problems such as aggregation may have ihe secondary benefit of reducing
surface exposure of labile side chains in the sofid form as well.

For example, in hGH, imeversible changes during freeze-drving were
minimal, but upon storage, aggregation and chemical decomposition (via methio-
mne oxidation and asparagine damidation hecame problematic) (Pikal et al.,
1991). The formulation that contained no exéipients had the highest level of
aggregaies, as well as the highest level of methionine sulfoxide. The final for-

- muiation, which conferred the greatest stability, was a combination of mannitol

and glycine, where the glycine remsined amorphous, This formulation not onky
provided stabilization against aggregation, but against methionine oxidation as
well. At the very Ieast, this correlafion suggests that uniolding of the protein in
the dried state, which leads to increasetl susceptibility to aggregation, also may
also make the protein more susceptible to oxidation. Whether or not this corre-
lation between maintenance of uative-like structure in the solid state and lower’
rates of oxidation holds true in all cases remains {0 be seen. Such reports in ihe
open literature are rare. In addition, other variables, such as the diffusivity of
reactants in the solid, the storage temperatore relalive to the giass transition tem-
perature, and the exact nature of reactive species in the dried state, also need 0
be considered as weil.

Semmary of Strecteral Control of Oxidation

.Oxidation of the varions side chains of proteins and peptides remains 2 major
problem to overcome in Tormulation science. A rational approach stemming from
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and Koppenoi, 2000}, Furthermore, even under conditions fhat thermodynami-
caily greatly favor the native state of proteins, aggregation can arise during
months of storage in aqueous solution {e.g., Gu et al., 1991; Arakaws et al,, 1993;
Chen et al., 1994; Volkin and Middaugh, 1998; Chang et al., 1996a). In addition,
severnl chemical degradation pathways (e.g.. hydrolysis and deamidation} are
mediated by water. In aqueous formulations, the rates of these and other {e.g.,
oxidation)} chemical degradaiion reactions can: be unacceptably rapid on the time
scale of storage (e.g., 18-24 months) for pharmaceuntical products (Manning et
gl., 1989; Cleland et al., £993; Gooicharran et al., 2000; Bummer and Koppenol,
20003,

In contrast, a properly tyophilized formulation can maintain adequate phys-
ical and chemical stability of the protein during shipping and long-term storage,
even at ambient temperatures. As will be outlined in this chapiey, developing
stable lyvophilized protein formulations should be a rational, straightforward
process, which for most proteins should be rapid, With liquid formulation devel-
opment, i may only be possible to obtain adequate protein stability after lengthy
studies. Furthermore, sometimes there are confliciing conditions {e.g., pH)
needed to slow sufficiently multipie degradation pathways in aqueous solution.
Considering these issues plus the fact that formulation scientists now have to deal
with numerous proteins and/or variants of a given protein, lyophitization should
be considered as a primary mode for product development. Only if a parallel
effort to develop an aquecus formulation is snccesstul, will a fina? iyophilized
product not be needed. .

Rapid formulation development has important financial ramifications. A
drug product has a fimite patent life, during which #me the company has an exclu-
sive market, Considering that even a moderately successful drg product has
annual snles of hundreds of millions of dollars, potentially milifons of dollars in
saies are lost for each day of delay in bringing a produc to market. Unfortunalely,
there are often delays becanse the formulations designed during early stage devel- .
opment and clinieal trials (e.g., frozen) were not adequate for the final product.
With a rational approach o formulation development, phanmaceutical scientists
and process engineers can minimize the risk of this probiem and the time needed
ip obtain 3 successful, final formutation. The success of such efforts depends on-
frank, open comznunication between the groups involved. For example, it is crit-
ical that the formniation selentists learn from the process engineers the issues for
large-scale tyophilization runs, which are usnally conducted in units that do not
have the capacity to match processing parameters obtaiged in z small-scale
research tyophilizers. '

Degpite the best efforts of the scientists and engineers, all too ofien defays
in formulation development arise because sufficient regourees are not invested in
product developmnent. For example, sometimes, purchase of essential equipment
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Ichibition of Lyophilization-Induced Protein Unfolding -

The stresses of freezing and drying cause protein unfolding, and the formu-
lation must be designed to inhibit unfolding at each step (Prestrelski et al.,
1993a.h; Carpenter et ak., 1993; Prestrelski et al., 1995; Constantino et al., 1995,
1998; Gricbenow and Klibanov, 1995; Allison et al., 1996, 1998, 1999, 2000;
Chang et al,, 1996b; Kriclgaard et al,, 1998a, 1999; Chen ef al., 1999; Belt, 1999;
Carrasquillo et al., 2000). Even if the formulation excipients and/or intrinsic ther-
modynamic stability of the protein prevent denaturation during freezing, unfoid-
ing can arise during subsequent drying (Carpenger et al., 1993; Prestrelski et al.,
1993b; Allison et al., 1958 Carrasquillo et al., 2000}). Conversely, once a protein
unfoids during freczing, it wiil not regain native structare during dehydration.

For many proteing, unfolding during lyophilization leads to clinically
unacceptable, non-native aggregates, even when samples are rehydrated fmmedi-
ately after lyophilization {Prestrelski et al., 1993a, 1995; Allison et al., 1996,
Krieigaard ef al., 1998a, 1999; Costantino et al., 1998} Aggregates are not nec-
essarily formed during freezing and drying. Raiher, during rehydration refolding
of structurally pertirbed proiein moiecules competes with formalion of non-
native protein aggregates (Prestrelski et al, 1993a). Aggregation can be mini-
mized by including stabilizing excipients {e.g., sucrose or irehalose} in the
formulation to inhibit lycphilization-induced unfolding {Preatrelski et al., 1993a,
1993; Allison et al., 1996; Krielgaard et al., 1998a, 1999; Costantino et al., 1998).
Furthermore, fostering refolding during rehydration {e.g., with surfactants) can
reduce aggregation {Chang €t al., 1996¢; Zhang et al., 1993, 19963

In addition to minimizing protein aggregation during lyophilization/rehy-
dration. maximizing retention of native protein structure in the dried solid is
essential for optimizing long-term storage stability (Presireiski et al., 1995; Chang
et al,, 1996b; Kriclgaard et al., 19984, 1999; Aliizon et al., 2000; Cleland et al.,
2001}. Both chemical and physical degradation in the dried solid can be acceler-
ated i protein unfolding is not inhibifed during iyophilization. With chemical
degradation, a non-native structure may provide an environment conducive i
covalent modification of one or more residues. For example, exposure of a
methionine, which is normally buried deep in the interior of the native protein,
on the surface of an unfolded dried protein may foster oxidation. Increased lavels
of aggregates noted afier storage and rehydration of unfolded proteins could be
due ta formation of non-native intermolecular contacts within the dried solid, per-
turbation of refolding during rehydration because of chemical degradation, and/or
other undefined processes. o

Infrared spectroscopy has been used routinely to compare the secondary
structures of a protein in lyophilized formulations to that of the pative protein in
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1993; Constantino et al., 1995, 1998; Griehenow and Klibanov, 1995; Allison et
al., 1996, 1998, 1999, 2000; Chang et al., 1996h; Kriglgaard ef al., 1998a, 1999,
Carpenter et al., 1998; Chen et al., 1998; Carrasqniflo et al., 20003, This method
should be considered essential in the development of stabie Tyophilized formula-
tions, because it allows one to assess rapidly the effectivensss of formuiations at
inhibiting protein nnfoiding. Technical details about how to employ infrared spec-
troscopy to design stable lyophilized protein formulations can be found in ihe
papess cited above,

Storage at Temperatures Below Formulation Glass
Tramsition Temperature

In the dried powder, the protein is a component ¢f an amorphous phase that
includes ameorphons excipients and water. If this glassy matiix is held below iis
characteristic glass fransition temperature (T,), the rate of diffusion-controfied
reactions, inciuding protein unfolding/aggregation and chemical degradation, are
greatly reduced, refative to rates noted at temperamres »T, (Roy et al., 1991;
Franks, 1990; Franks et al., 1991; Prkal, 1994, 1999). T, can be determined with
differential scanning calorimetry (DSC) or ofher thenmal scanning methods {Nail
and Gatlin, 1993; Chang and Randall, 1992; Craig and Royall, 1998; Verdonck
et al., 1999),

Obtaining a formmiation T, in excess of the planned storage temperatuse
{e.g., room temperature} js absolutely essential for optimal protein stability {e.g.,
Franks et al., 1991; Pikal, 1994, 1999; Carpenter and Chang, 1996; Duddu and
Dal Monte, 1997}, The T . of a given amorphous phase is dependent on the T,
and mass percent uf each component, inciuding water (AngeH, 1995, Franks
2t al. 199%; Levine and Slade, 1988, 1992; Pikal, 1994, 1999}, Compared to
excipients, dried proteins have relatively high T,'s (e.g., >150°C; Angell, 1995}
Thus, with all other factors being held constant, the formulation T, varies directly
with the mags fraction of protein. However, care must be taken that the mass frac-
tion of protein is not so high that there are not adequate levels of stabilizing excip-
ients to prevent protein unfoiding during lyophilization (Cleland et al., 2001; and
see below).

Fortunately, sucrose and trehaiose, which are the preferred excipienis for
inhibiting Tyophilization-induced protein unfolding {see below), also provide 4
glassy matrix with acceptably high T, values. For example, with water contents
of 1% the T, for pure sucrose and trehalose are about 100 and 65°C, respectively
{Crowe et al., 1998},

#t has now been documenied with several proseims, that simply storing the
formulation at temperature below T, alone does not assure optimal stability. A
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native protein strocture is also required. For example, proteins lyophilized in
dextran alone are usnally unfolded, but in a glassy matrix with a relatively high
T, (e.g., > 75° C). Yet they still degrade at relatively rapid rates compared fo those
for native protein molecules yophilized with either sucrose or trehalose (Kriel-
ganrd cf al., 1998a, 1999; Laeckel et al., 1998; AlHson <t 21, 2000; Yoshioka et
al, 2000}, On phasmaceutical time scales of several months of storage many
degradative reactions are not coupted to the glass transition of a formulation. This
is becayse on these times scales there is still significant molecular mobility, even
at temperatures well below {e.g., more than 30° Cy the T, {Ifancock et al., 1993;
Duddu et 1., 1997; Pikal, 1999; Yoshicka et al., 1999),

The Water Content is Relatively Low

Because of its very low T, (—135°C), water is a potent plasticizer for glasses;
increasing water content in the dried formulation will greatly reduce T,. For
example, increasing the water content of pure sucrose from 1 to about 3-4% (g
H,0/100g dried powder) is sufficient to reduce the T, te below room temperature
{Crowe et al,, 1998). It is critical to achieve a sutficiently low water level for a
given formulation such that T, exceeds the planned storage temperature. The
Ivophilization cyvele dictates the initial water content (see reviews listed sbove).
The most important paramicter is the teraperaturs For secondary drying, when the
unfrozen water is desorbed (Pikal et al., 1990).

Water can also be transferred to the product from the vial stoppers during
storage (Pikal and Shah, 1992; DeGrazio and Flynn, 1992; Hora and Wolfe,
1999). This effect can be dramatic. For example, let’s consider a formmiation con-
taining 10mg of dried protein, 40mg of sucrose and initial water content of 1%
by weight. The total amorphous fraction containing protein and sucrose has 0.50
myg of water, If 1.0mg of water was tansferred from the stopper fo the product,
the water content of this {fraction would increase from 1% to 3.0%. This increase
would be sufficient to lower the formufation T, to below room temperature
{Crowe et ak., 1998}, The risk of transfer of moisture from stoppers can be min-
imnized by drving the stoppers before use, and, if acceptable for a given product,
using stoppers coated with a material such as Teflon (see Hora and Wolfe, 1999).

A Streng, Elegant Cake Structure is Obtained

Often the most desired cake has strong, porous struckure, without macro-
scopic collapse or meltback. This structure has a high surface area to volume
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Randali, 1992). In contrast, glucose, which should also be avoided because it is
a redneing sugar, has o T, of —43° C. The collapse {etoperainre of puge protein
is aboni ~i0° C, which means increasing the protein:sugar mass ratio will
increase cotlapse emperature. Finally, collapse temperatuze will be decreased if
salts and excipients are not maximally crystaliized. For example, glycine has a
T, of -37° C, and its contyibution Lo the amorphous phase can rednce collapse
texnperature to impracticaily low values (Carpenter and Chang, 1996). This
probiem can be avoided by using the approprate annealing (see Carpenter and
Chang, 1996} of the frozen product 0 maximize crystallization.

Mekback ¢an be avoided by vsing crystaliine sciutes with relatively high
eutectic meliing temperatures. For example, eutectic meiting temperatures for
mannitoi and glycine are —1 and —4° C, regpectively. In contrast, additives such
as calcium chioride have very low eutectic melting temperatures (e.g., —51° C
for calcium chioride), i mannitol or glycine is used as a crysialline bufking agent,
the T,"of the amorphous excipient phase, which is lower that the eutectic melting
temperatures of (hese excipients, will be the value that dictates the temperature
of primary drying.

Collapse can also occur during secondary drying, when unfrozen water is
desorbed, if the temperature is increased too rapidly. As water is vernoved from
the amorphous phase the T, of this phase increases, Thus, prodnct temperaiure
can be raised praduaily and coliapse can be avoided if product temperature at
a given time point does not exceed the T,. Directions for optimizing secondary
drying can be found in previous reviews mentioned above,

Steps Taken to Minfmize Specific Routes of Protein
Chemical Degradation

It is essential that the major rontes of chemical, ag well as physical, degra-
dation be characterized carefnlly for each protein, because all of the criteria listed
above can be met and 4 protein might stiii be damaged during long term storage
in the dried solid. For example, methionine oxidation is a common degradation
pathway for therapeniic proteins (Manning et al, 1989; Ahem and Manning,
1992; Cleland et al., 1993; Goolcharman et al., 2000). Even in a formulation that
prevents prolein unfolding and has a T, exceeding the storage temperature
methionine oxidation can proceed at an unacceptably rapid rate. If a methionine
residue is on the surface of the protein, maintaining native structure would not
prevent this residue’s exposure to reactive oxygen species in (he dded solid. But
why would the glassy matrix not sufficiently retard the mobility of the reactive
species to prevent the reaction from occurring? On pharmaceutical time scales
(ie., of many months) relevant motion in a glass is not arrested unkess the storage













.. e e A TS AT O

Page 136 of 228

120, - Jehn F. Carpenter et al.

{and potential pH changss during freezing} om structural refention dnring
lyophilization. Infrared spectroscopy can be used fo. monitor secondary structure.
iu the dried sofid, and the resulting data can be used to choose the inifia pH that
results in the most native-iike secondary structure in the dried solid.

Trehalose ar Sucrose to Inhibit Protein Unfolding and Provide
Giassy Matrix

In this section we wilt discuss the rationale for choice of stabilizing excip-
ients. Then we will describe the mechanisms for protection of proteins by addi-
tives during freezing and drying. Mechanistic insight is important lor a clear
understanding of protein stabitization during lyophilization and for guiding crit-
ical practical choices, such as determining the fevel of disaccharide needad for
optimal protein protection. Finally, we wili address this and other practical issues
in the use of stabilizing excipients to inhibit protein unfolding during freezing
and drying.

Rationale for Choice of Stabilizing Sugar. Among the numerous com-
pounds tested, it appears that the most effective stabilizers of proteins during
tyophilization are disaccharides (reviewed in Carpenter et al., 1999). Trehalose
and sucrose are the best choices for a stabilizing disaccharide for therapeutic pro-
teins. Both sugars: 1) protect proteins during both freezing and dehydration; 2)
are nonreducing; 3} tend to remain amorphous during lyophilization; aud 4) have
been nsed in approved parenteral therapeutic products. There are, however, some
important differences in the physicochemical properties of these sugars. 1) Tre-
halose has 4 higher T, at a given moisture content than sucrose and, thus, for for-
mulations containing trehalose it may be easier {0 obtain an appropriate cake
structure with an economical iyophilization cycle {Crowe et al., 1998). However,

- a skilied process engineer should be able to design economical, effective cycles

for formuiations containing either sugar. In-addition, the condition of having a T,
preater than the product storage temperature will hold at higher residual water
contents for {rehalose. In products with a relatively high protein concentration,
the protein could contribute to an increased T,, which serves to minimize the
advantages of trehalose. 2) Trehalose is more resistant than sucrose to acid
hydrolysis. Hydrolysis of these disaccharides produces reducing sugars, which
must be avoided. Usually this is not a problem, uniess very fow pH’s {ca. < 4}
are employed. Ft should be noted that acid catalyzed hydrolysis of sucrose can
occur even in lyophilized solids {Shalaev etal., 2000), suggesting that buffer acid-
ification during freezing (see below) could uitimately result in formation of reduc-
ing sugars and resuiting damage to proteins in a lyophilized formulation. 3}
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Sucrose appears {o be somewhat more effective at inhibiting unfolding during
Iyophilization (Allison el al., 1999}, This difference has been most obvious when
there is a relatively high protein concentration and a need fo employ a relativedy
high initial concentration of sugar. Evidence 1o date mdicates thal less effective
slabilization by trehalose is due fo the grealer propensity of this supar fo phase
separate from polymers {Jsutzu el al, 1996) and proteins (5.D. Allison, T.W. Ran-
dolph, B.S. Chang and J.E Carpenter, unpublished observation) duzing freezing
and drying. Whether or not this is a problem with a given formulation cannot be
predicted. Hence, the refative capacities of sucrose versus trehalose to inhibit
Iyophilization-induced unfolding of must be examined for each protein. The final
choice of sugar for a piven prolein product should be based on a direct compar-
ison of sucrose and trehalose as stabilizers during the lyophilization cycle and
storage m the dried solid.

Reducing sugars, such as maliose or lactose, should not be used. These com-
pounds may effectively inhibit protein unfolding during the lyophilization cycle,
but during storage in the dred solid they can degrade proleins via the Maillard
reaction between carbonyls of the sugar and free amino groups on the prolein
(Fageman, 1992; Li et al., 1996}, .

Mechanism for Freezing Protection. Many different compounds, such as
sugars, polyols, certain amino acids, methylamines and salting-ouf salts, non-
specifically stabilize proteing during freezing or freeze-thawing (“cryoprotec-
tion™). The same compouuds have also been shown in nonfrozen aquecus sysiems
to increage protein thermodynamic stability (e.g., lucrease resistance to teniper-
agure- or chaotrope-induced unfolding). Protection of profeins by these com-
pounds during freezing and freezethawing is due to the same wniversal
thermodynamic mechanism that Timasheff and colleagues have defined for
soiuge~-induced protein stabilization in nonfrozen aqueocus solution {reviewed in
Carpenter and Crowe, 1988; Carpenter and Chang, 1996; Carpenter et al., 1999,
Timasheff, 1998). ’

Usually relatively high concentrations {ca. > 0.3M} of solule are needed o
stabilize proteins because the interaciions of the solute with the profein are rela-
sively weak., Stabilizing solutes are excluded preferentially from the surface of
the protein. This statement dees not mean that no solute molecules bind 1o the
surface of the protein, but rather that there is a lower conceitration of soluie in
the immediale vicinity of the prozein than in the bulk eolution, The chemical
poteniial of the protein is increased in the presence of a preferentially excluded
solute, which is the basis for the effect of solute of protein thermodynamic sta-
bility. Considering a two-siate madel for protein folding (N < — D), the native
state iz Tavored thermodynamically (e.g., under physiological conditions} because
it hus a lower free energy than the denatured state, The key to increaging the ther-
modynamic stability of the native state is {0 increase the free energy barrier
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equivalent effects of the different solufe conditions in the two phases on the
increase in free energy of protein unfolding. In other words, the impact of
preferensially exciuded solutes on protein stability is equal in the two phases. As
predicted from the preferential exclusion mechanism, the degree of structural
protection of hemoglobin during freezing {as observed directly in the frozen
state with infrared spectroscopy) was equivalent in both phases (Heller et al.,
1996}

Mechanismm for Inkibition of Dehydration-Induced Unfolding. The inter-
action of a protein’s residues with water are intimately invoived with the forma-
tion of the native, globular protein siructure, and if the protein is dehydrated it
will unfold, ¥ has been documented by numerous studies that sucrose and tre-
halose prevent dehydration-induced unfiding by hydrogen bonding to the dried
protein in place of the lost water {e.g., Carpenter and Crowe, 1989; Prestrelski et
al., 1993a; Allison et ai., 1999; Costantino e{ al., 1998; Wolkers ef al., 1998;
Tzannjs and Presireiski, 1999}. This so called “water replacement mechanism”
i supposted by several different observations, '

For example, with infrared spectroscupy, it has been found that the band at
1583cm™ in the spectrum for lysozyme, wlhich is due to hydrogen bonding of
water to carboxylate groups, is not present in the spectrum for the dried protein
{Carpenier and Crowe, 1989; Remmele et al., 1997; Allison et al., 1999}. When
lysozyme is dried in the presence of trehalose or sucrose, the carboxylate band
is retained im the dried sample, indicating that the sugar is hydrogen bonding in
the place of water. Similar results have been obtained with of-factalbumin and
sucrose (Prestrelski et al., 1993a). The magnitude of the retention of the car-
boxylate band correlates directly with the level of trehaloss or suerose in the
lyophilized formulation, as well ag with the degree of imhibition of unfolding
{Allison et al., 1999}, These effects of sugars on proteing i the dried solid are
not due to the presence of increased amownts of water in the formulations dred
with sugars (Allison et al,, 1999; Tzannis and Prestrelski, 19993, The level of
water in formulations dried with the sugars is as low as that for the protein
lyophilized from just buifer or water, and is so low that the hydration sheil of the
protein is essentially completely removed (Prestrelski et al., 1993z; Krielgaard et
al., 19984, 1999; Allison et al., 1999}.

Furthermore, Farhat et al., (1998) used infrared speetroscopy to study dried
gelatin-sugar mixtures and the hydration behaviors of the mixtures, and con-
cluded that the sugars hydrogen bond to the dried protein, Cnstantino et a1, (1997}
studied water sorption of proteins Iyophilized with sucrose or trehalose and found
that the solid-state interactions between protein and sugar reduced the availabil-
ity of water binding sies. Tzannis and Prestrelska {1999} found that water sorp-
tion-behavior of spray-dried protein formuiations confaining stabilizing levels of
sucrose indicated hydropen bonding between dried protein aud the sugar
However, if an excessively high sucrose:protein ratic was empioyed, due to
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formation of protein- and sugar-rich phases, hydrogen bonding of sucrose to
protzin and resuliing protein stabilization were reduced. Also, Suzuki et al. (1998;
19993 found that there was a high degree of stabilization of lactate dehydioge-
nase when secrose remained amorphous and hydrogen bonded to the died
protein. Crystaltization of sucrose abolished hydrogen bonding between the sugar
and dred protein, as well ag protein stabilization.

Further support for the water replacement mechanisms comes from two
studies that compared the relative effectiveness of saccharides of increasing moi-
ecular weiglt for inhibiting lyophilization-induced unfolding. Tanaka and col-
leapues {1991} found that the capacity to protect catalase during freeze-drying
was inversely related 1o saccharide size. They suggested that ag the size of the
saccharide increases, steric hindrance interferes with hydrogen bonding between
the saccharide and the dried protein. In support of this contention, the carboxy-
late band is only minimally detectable in the infrared spectnun of lysozyme
freeze-dried in the presence of glassy dextran and the protein is unfolded (Allison
et al., 1999). With infrared spectroscopy, Prestrelski et al, {1995} fonnd that ag
the molecular weight of a carbohydrate additive was increased the capacity to
inhibit unfolding of interleukin-2 during yophilization decreased, and the level
of protein aggregation after rehydiation increased. Also, it was clear that protec-
iion of the protein did not correlate directly with the formation of & glass {all
samples were found o be amorphous) or with the glass fransition temperature of
the sampie (the T, increased as carbohydrate molecufar weight increased), Rather,
there was g negative comrelation between stabilization and molecular weight,
which is to be expected if protection during drying is doe to the water replace-
ment mechanism.

An alternative mechanism for stabilization of proteins during dehydiation
states that proteins are simply mechenically immobilized in a glassy, solid matrix
during dehydration {e.g., Franks, 1991). The restriction of translational and relax-
ation processes is thought to inhibit protein unfolding, and spagial separation
between protein molecules {i.e., “dilution” of protein moiecules within the glassy
mairix) is proposed fo prevent aggregation. It is clear that protective additives
must partition with the protein info the amorphous phase of the dried sampie. If
the compound crystallizes during fyophitization it does not inhibit protain unfold-
ing {Carpenter et a., 1993; Izutsu et al., 1993; Krdelpaand et al., 1999). Also, spa-
tially separating protein molccules can help favor refolding over aggregation
during rehydration (Allison et al., 1998, 2000). However, as evidenced by the
failure of glassy dexiran matrices o prevent unfolding (Prestreiski et al., 1995;
Krielgaard et al.,, 1999; Allisen et ak,, 1698, 1999, 2000}, simply forming a glassy
solid is not sufficient for inhibiting dehydration-induced unfoiding.

Practical Considerations. The protein mass in a unit dose (or multidose}
vial of therapeulic protein is dictated by the amount to be given to the patient,
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With g lyophtlized product, which can be reconstituted % a volume different from
the prelyophilization volnme, the initial protein concentragion can be varied
without changing ihe fotal protein mass, Changes in jnitial protein concentration
can affect relative Joss of protein due o interaction with vial surfaces {e.g., Page
et al., 2000}, protein stabifity during processing, the collapse temperature of the
formuiation, the T, of the finai dried formuiation and the lyophilization process
itseif. Thus, profein concentration can be an important variable to investigate
during formulation development.

Increasing initial protein concentration leads fo apparent increased resistance
to denaturation during freezing {(Strambini and Gabellieri, 1996; Chang et al.,
1996¢; Krielgaard et al., 1998b). This phenomenon can be demonstrated by deter-
miuing the percentage protein aggregated after freeze-thawing, which varies
inversely with protein concentration. Increasing protein concentration can
directly reduce freezing-induced protein unfolding because one component of
protein damage during {reezing appears to involve protein denaturation during
forrnation of the ice-water interface (Strambini and Gabellieri, 1996; Chang et
al., 1996¢c; Krielgaard et al,, 1998b). Assuming that only 2 finite number of protein
maolecules can be unfolded per unit area at this interface (Krielgaard et al., 19983,
increasing the jnitial protein concentration will lead to z smaller percentage of
damaged molecuies. Gf cousse, other factors such as direct cold denaturation and
freeve concentration of salts may predominate over sirface denaturation during
freezing. For practical purposes, it is not necessary to sort out the relative con-
tribution of the various stzesses to freezing-induced damage. Rather, is important
to include realative high protein concenrrations duting early formulation devel-
opment in order to increase the “intrinsic™ resistance of the protein to denators-
fion. The greater the mtrinsic stability of the protein, the lower the concentration
of excipieng that will be needed.

Another advantage of employing a relatively high initial protein concentra-~
tign {s that increasing protein ; disaccharide mass ratio increases both formuiation
collapse temperature and T, of the final dried product. In addition, the formula-
tion volunie wil be reduced, which will reduce the duration and costs of
lyophilization.

Of course, if the ratio of excipient to protein is not sufficientdy high, there
will not be adequate stabilization of the protein during freezing and dehydration.
Freezing protection depends on the initial bulk concentration of the sugar, and i#f
the given protein is freeze-labile sometimes concentrations exceeding 5%
{wi/vol) are needed to maximize stabitization. However, often the stability of the
protein is sufficient during freezing that the level of sugar needed for optimal pro-
tection during lyophilization is dictated by that required for inhibition of unfoid-
ing during dehydration. Protection duting drying depends on the final mass ratio
between the sugar and the protein {Pikal, 1994; Carpenter and Chang, 1996;
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Cletand et al., 2001). Recently it has been demonstrated that the sugar: protein
mass ratio predicts wot only degree of native structural retention during
lyophilization, but also the long-term storage stability of a ivophilized protein
{Cleland et at, 2001). Generally, 2 weight ratio of sugar to protein of at least 1
1 is required for inhibiting iyophilization-induced unfolding, with optimal sta-
bility being reached at around 3-5: 1. In practice, with the protein concentzation
heid constant, a range of sugar concentrations can be tested during formulation
screening to discern the optimai concentration needed for retention of native
protein in the dried solid. In general, the optimal sugar concentration for stabi-
lizing the protein during fyophilization wiil also provide storage stability, if the
final dried powder has a T, well abave the storage temperaiure, Finally, i shonid
be siressed that the minimal effective fevel of sugar should be employed, because
of the effect of changing protein :excipient ratio oun plass transgition temperatures.
Algo, i excess levels of sugar are employed there is an increased risk of sugar
crystallization if a product should happen fo be held at temperamres near or above
the formutation T, (e.g., Krielgaard et al., 1999).

Bulking Agent (e.g., Mannitol, Glycine er Bydroxyethyl Starch)

I the product has a relatively low mass of proiein per vial, often it will nec-
essazy to have a bulking apgeat in the formulation to prevent the protein from
being lost from the vial during drying and to form the preduct cake. Mannitol
and glycine are exampies of bulking agents, which can also serve as tonicity mod-
ifiers, that usually crystallize to a substantial degree during lyophilization {Pikal,
1994; Carpenter and Chang, 1996). A disaccharide protein stabilizer will need fo
be used in combination with these bulking ggents. One drawhack of mannitol and
glycine is that often an annealing step is required fo assure wmaximum crystal-
lization. I a fraction of the bulking agent remains amorphous during fyophiliza-
tion, there may be problems with obtaining a suitable cake structure, as well as
a risk of excipient crystallization during subsequent storage in the dried solid
{e.g., Carpenter and Chang, 1996; Carpenter et al., 1997). An aliemative, amop-
hous bulking agent is the palymer hydroxyethy! starch, which is used clinically
as a plasma volsme expander. Hs main advantages in Iyophilization are that it
has a high collapse temperature (ca. —~10°C}, it forms strung cakes and it has a
refatively high T, for a given moisture content {e.g., >206°C at 2% residual mois-
fure}. However, as it the case with dextran, the large polymer hydroxyethyl starch
does not inhibi¢ protein unfolding during dehydration, and may actualty foster
additional protein wnfolding due to phase separation from the protein during
freezing and drying. Agaiu, stabilizing disaccharides must be used with hydrox-
vethyl starch to inhibit fyophilization-induced protein unfolding.
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Nomionic Serfactant to Inhibit Aggregation

Surfactants are often included in protein formnulations (0 minimize inteyfa-
cial denaturafion and aggregation, e.g., at vial surfaces, due o hubble entrain-
ment during fifling or hecause of agitation {Chang et al., 1996c; Krieigaard et al.,
1998b: Page et al., 2000). For a Iyophilized product, a surfactant can be benefi-
cial to minimize protein aggregation during vial filling, freezing aad rehydration.
Generally, a surfactant will not inhibit profein unfolding during dehydration
(Krielgaard et al., 1998a}. The mechanisms by which surfactants inhibit protein
" aggrepation will be described in a separate chapter in this volume. For the current
discussion it iz sufficient to stress that a surfactant should not be included in a
fyaphilized product, uniess there is direct evidence that imcreases recovery of
native protein in the rehydrated sampie. Surfactants can decrease the free energy
of unfolding of some proteins, which may canse the compound to actually foster
aggregation. Also, they have been shown to inhibit the asseinbly of small soluble
aggrepates info higher order soluble oligomers and insolubie agpregates {e.g.,
Krielgaard et al., 1998b). This effect can wanifest itself during lyophilization and
rehydration. As a yesnit, the presence of a surfactant can canse an undesizable
increase in the evel of soluble agpregates.
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the humidity of the environment where the powder was manufactured, processed
and stored.

© Franks’ (1991) immobiiization hypothesis in the glassy state predicts that
the mass-ratio of protein to glassy-carrier will be a vital factor affecting protein
stability. Aggregation of thoMADE25 during spray-drying was mimmized at a
trehalose/protein mass-ratio greater than approximately 11 (Andya et al., 1999).
Similar behavior was seen with lactose and, to a Iesser extent, with mannitol.
¥t was also demonsirated that maintenance of at least a fraction of mannitol in
the amorphous state is important for protein stability in spray-dried powders
(Costantino et al., 1998), as is already known for freeze-dried proteins (Pikal,
19943, .

Chan and Gonder (1998) published a single stody on spray-dried recombi-
nant human deoxyribonuciease {thDNase) in Jactose. They showed that mioisture
uptake into the product led to faclose crysiallization at relative humidities >17%.
Broadhead et al. {1996} demonstrated that such moisture uptake is detrimental
to the fine-particle dose of spray-dried powders. In 1999, Adler and Lee (1999}
putblished a systematic study of the effects of spray-drying temperature on the
residual water content, T, and the stability of lactate dehydrogenase (LDI) in
trehalose. These authors elosely examined differenices between process parame-
ters and storage stability of the protein. They alsou:sed electron spectroscopy for
chemical analysis (ESCA} to demonstrate that a surfactant displaced LDH from
the surface of the spray-dried particles, this being the reason for the stabilizing
action of surfactants during spray-drying.-In the same year, Tzannis and Pre-
strelski {1999a,h) determined the concentration dependence of siabilization of
spray-dried trypsinogen by sucrose. As previously found by Andya et al. wiih tre-
halése {1999), increasing sugar concentration produced better protein stabiliza-
tion. Al a mass-atio of sugar/protein = 1:1 maximnm structural and activity
preservaiion of the trypsinogen was achieved. At higher sucrose concentrations,
however, destabilization of the profein was evidenl, owing possibly to phasc
separafion of the sucrose and tfypsinogen in the spray-dried formulation.

Spray-drying by its nature can yield valuable information about protein/car-
bohydraie interactions in both the liguid and the solid state. Litfle is known about
phase separation of proleins and carbohydrates in concenirated sotutions; prefer-
cnfial exclusion (Arakawa and Timasheff, 1992} points the way to further knowi-
edge. Droplets require only a few milliseconds during spray-drying before solid
precipitates and prevents further molecular motion (Adler and .ee, 1999}, There-
fore, this is the time scale on which protein-excipient phase separation and the
adsorption of proteins, carhobydrates or surfactants o the air/water-interface can
nceur, The forther study of these phenomena in the liquid and so¥id state is both
of iotrosic scientific werit and valuable practical application for pulmonary
protein delivery, '
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spray-dever, which has been very extensively (almost exciusively) cited in the
“literature. The wnit is fitted with a water-cooled, two-fiuid nozzle, usually of
0.7 mm internal diameter. An inlet-air filter is available to prevent parficulate con-
tamination of the product. Alfernatively, a seif-constructed 0.22 um-membrane
filter assembly can be used (Maa et al., 1997} Two thermocouples measure the
inlet and outlet air temperatares, Ty and Tyue respectively, Thermocouples have
also been placed within the drying chamber to enable measurement of drying-air
temperature af different distances from the nozzle (Maa et al., 1997). The inside
glass wall of the cyclone separator is coated, which may help 1o improve e
vields of sticky sugars. The outlet-air filter protects the vane of the aspirator from
particulate contamination.
With this unit a liguid volume as small a8 5ml can be spray-dried, which is
160 times smaller than that required for the Niro Mobile Minor. Total solids’ con-
centrations of up to approx. 20% can be spray-dried. The independent process
variables are Ty, Equid feed rate, atomizing-air voluinettic flow rate, and drying-
air volwmetric flow rate. The single dependent process variable is Toge

Spray-Drying Conditions

The selection of snitable spray-drying conditions (‘process variables’) has a
major impact on product properties, viz residual water content, T,, particle size
and morphology, and the extent of protein aggregation and/or inactivation.

Spray-Deving Temperature (Tiy; Toueds These are the most important
process vanables. The diying of a spray droplet containing dissolved protein/dis-
accharide in water can be divided into two phases (Masters, 1991}, In the itial
constant rate period, the water concentration at the droplet surface, and hence
the rate of evaporation, is constant. Thig period lasts untit a solid phase begins {0
form at the droplet surface, initiating the subsequent falling rate period. The rale
of evaporation now decreases, and the particle size is assumed not to change
further. The durations of both drying periods can be caleulated from the equa-
tions given by Masters {1991). The two-fuid nozyle fited to the Biichi labora-
tory spray-dryer produces water droplets of diameters of <I0um (Maz et al,
1998b), although the droplet size depends 10 some exlent on liguid feed rate and
alomizing-gir volumetric flow rale {see below). Al & high Ty, = 150° C the
droplet drying times for a 10% wiw trehalose sofution in water in the constant
rate and falling rate periods are fust 0.4 and 1.1ms, respectively (Adler and 1.es,
1999, It is these short drying times that make spray-drying alfractive for ther-
molabile proteins. Additionally, the femperature al the droplet surface during the
conglant rate period is maintained at the wet bulb temperature {T,), which lies
substantiaily below Ty (e.g., Top = 55° C at Ty = 1507 C in the above example).












Page 160 of 228

144 ' Geoffrey Les

Dried particte size of rthDNase/laciose (Maz et al., 1997) tended to increase
siightly with higher Ty T u. a8 also noted by Broadhead et al. (1993} with
B-galactosidase. Thete was a sirenger observed dependence of particle shape on
T increase in T caused greater deformation {e.g., dimples and hales} of
the dried particles. However, this resuit needs to be treated with some circurn-
spection, because Ty, was vared for constant Ty, by decreasing v, the influ-
ence of which on particle shape is unclear. The comelation between Ty 2nd dried
particie shape by constant vy is, judged visually, not so strong. Adier and Lee
{1999} prodoced spray-dried trehalose/LDH particles in which residual water
contents wete linearly dependent on botly Ty (Fig. 3) and Ty, (Fig. 4). Increas-
ing Ty Touw also caused a substantial improvement in yield of spray-dried
trehalose, being approx. 80% at Ty, = 150° C, a good resuit with the Biichi spray-
drying unit. This yield was achieved at the “high” v of 4ml/min, where Broad-
head et ab. (1993} found low yields irrespective of drying temperatore of
B-galactosidase,

Tioted T influenced ¢he process and storage stabilities of LDH in spray-
dried achalose in quite different manners (Adler and Lee, 199%). At mild
T Tooaee == 90° C/60° C a process losg of approximately 11% of LDH catalvtic
activity occumed; increasing ¢ approximately 23% &t Tinee/ e = 150° C95° C

. (see Fig, 5}, The product obtained with Ty T = H0°C/A0°C showed a subse-

quent continual decline in LIDH activity at all four storage {emperafures
examined (Fig, 53 The spray-dried LDH/trehalose obtained & TyedTome: =
150° C/95° C showed, however, no loss in LDH activity during storage at tem-
peratures up fo room temperatore. This systematic study confirmed the early
observation of Labrude et al. (1989) that higher T, reduced process sizbility but
improved storage siability of spray-drjed oxyhemoglobin. The improvement in
storage stability at higher T/ Toume, 8 seen in Figure 5, uns paraiiel to reduced
residual water contents of the powders. The auiliors found, however, no evident
dependence of storage stability at the four temperatuzes on the T, of the parti-
cles. The complex relatioo between water centent, T, and protein stability has,
however, yet to be resolved (cf,, Hancock and Zoprafi, 1997; Pikal, 1999),

Apart from irreversible protein inactivation, processes such as spmay- or
freeze-drying may also induce reversibie toss of protein native form (Heller
et al., 1999; Tzannis and Prestrelski, 1999a). This necassitates deterinination of
both protein aggregation statns and activity when examining stability on drying,
cleariy a problem with most recombinant proteins.

The inflnence of TaywTowe: o0 Tesidual water content and protein stability
during and after spray-drying is thus & vital factor. Thers is also an apparent cor-
relation between residual water content of the product and the relative hwmnidity
of the inlet-air on the day of 2 spray-drying experiment, which partially ovemides
the influence of T/ Tog (Adler and Lee, unpublished observations). This phe-
nomtenon had already been observed by Broadhead et al. {1993), who noted that
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mental duration. Knowledge of a powder’s mojsture sorption isothenn enables
estimation of the driest powder that & spray-dryer can produce. For the example
of theMABE25/mannito] (80:20 by weight), the calculated value was approxi-
mately 3—-4% water by mass at T > 80°C (Maa ot al,, 1998a}, whicl: necessi-
tates a high Ty, and/or kigh Houid feed rate. These results stress the wility of
using conditioned inlet air even with the laboratory-scale Biichi spray-deyer. This
approach could simplify understanding of the relation between Ty T and
relative water content of ¢he product and decrease batch-to batch variation.

Liguid Feed Rate (vy) and Atomising Al Volumetric Flow Rate (v}, v
1% a major influencing factor on Ty, and combined with v,,, also determines the
spray droplet size. As already discussed above {(see Fig. 23, increasing vy at a
Bxed Tig, will decrease Toug Maa et al., 1997). With the Biichi laboratory spray-
dryer ftted with the standard two-fuid nozzie, the slowest practical vy is
1 mifmin. Mosl reported studies of the spray-drying of proteins using the Blichi
use 3 vieof approximately 5ml/min, Some reports quote 4 vieof 13mbfmin (Maa
et al., 1998a; Andya et al., 1999), but this necessitates a drying-ait volumetric
flow rate of 1000L/A in place of the usual 600L/h. If vy is foo high for the other
conditions used, then condensation appears i the drying chamber {Broadhead
ef al., 1993). '

The coupling of vy with v,, and their infloence on spray droplet size is
defined by the so-called airffluid mass rafio, n,,, which represents the emergy
available for atomization:

- valm® /1] air density[kg/m’]
Y el /h] - fluid densitylkg/m’]

(1}

Increase in fuy represents more energy and therefore reduces spray droplet size
and consequently the size of the dried particles (Masters, 1991). In practice,
however, vy is constrained because of its influence on Ty v, Hes botween 500
to 1080L/A. Therefore, the possibility to tailor product particie size via these para-
meters on the Blichi laboratory spray-diyer is very Hmited. A value of my; of 3
to 5 will exist, making only moderate variation in spray droplet size possible
(Masters, 19913,

The diameter of a solid particle produced by spray-drying, B, is dependent
on the diameter of the original spray-droplet, D, and also the {otal solids’ content
of the spray solution, wy, (Hickey et al,, 1994

D, =2-Y(Ds/2 p2) w2 @

where p, is the density of the solid. Decreasing the frehalose concentration in a
spray soltion from 10 to 2% wiw fhus reduced the mean B, measured by laser
diffraction from 3.5 to 2.234m, when the solution was spray-dried 8t T/ T e =
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150°C/5°( (Adler and Lee, 1999). However, no correlation was found between
lotal golids’ content of the spray solution and D, for thDNase/lactose spray-dried
8t Tl Toer  90°C/53°C (Maa et al., 1997). In summary, there is only a little
room o manesver in contraling dried particle size using the Bijchf spray-dryer,
It is fortuitous that the range of process conditions available on the Biichi umit
produces dred particles of size suitable for puimonary delivery. Should larger
particles be required, then the Biichi unit is no longer suitable. Instead, a Iarger
gpray-dryer, such as the Niro Mobife Minor fitted with a spraying wheel, is appro-
priate, in which values of ng; of 0.5-1.5 can be achieved {Masters, 1991) giving
D, > 20pm (Adler and Lee, unpublished observatiou).

Brying-Air Yolumetric Fiow Rate (v,,). Tlits independent process variable
can be adjusted to between approx, 100 to 1000L/min ou the Bichi. Tucreasing
vg, on the Biichi uni¢ produced an increase in Ty, {Maa et al., 1997} (Fig. 2). In
practice, however, this relation is not exploited to-control Ty, since Ty, and v
have greater effects. The usual value for v,, quoted in the literature is 600L/min
on the Biichi unit combined wigh a vy of 3 ml/min. At higher vy (e.p., 13 ml/min}
va, needs 1o be increased o approximately 1000L/min {Maa et al., 1998a; Andya
et al., 1999). Very low vy, for example I ml/min, can apparently be used together
with & vy of 300L/min (Mehta et al., 1996). This process parameter is therefore
only of miner importance in controlling product properties.

Inflacece of Formulation

Although solutions of some pure proteins have been successfully spray-
dried, adequate formulation is almost always necessary to ensure adequate protein
process and storage stability. Indeed, most of the Bierature of the last 10 years is
concerned with the effects of varions excipients on product quelity. Adequate for-
mulation is therefose a vital question during the development of a spray-dried
protein powder. Much of the knowledge available about formulation of freeze-
dried proteins can, however, also be applied o spray-dried systems.

Pure Proteins

A npumber of authors have atlempted to spray-dry pure proteins. for
example oxyhemoglobin (Labmde et al., 1989}, thEPQ (Mehia et al., 1996}, p-
galactosidase (Broadhead et zl., $1993), trypsinogen (Fzannis and Prestrelski,
1999b), thGH {Maa et al., 1998b}, and rhuMABE2S (Andya et al.,, 1999). In all
cases, even at 10w Tiy. there is substantial aggregation or ipactivation of the
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between refolding and aggregation, with a small fraction of unfolded molecules
remaining as unfolded monomers. Again, Tormofation must be exploited to
prevent these detrimental effects to protein stracture during spray-drying.

Formitated Systems

The use of carbohydrates to stabilize spray-dried proteins was adopted
from the freeze-drying literature. Many disaccharides stabilize proteins in solu-
tion against aggregation/inactivation during thermal stress, including that aris-
ing during spray-drying, and freezing (“cryoprotectant” action), most likely via
a preferential exclusion mechanism (Pikal, 1994; Carpenter et al., 1994). They
also form amorphous phases (hat are effective in stabilizing poteins during
drying and also on subsequent storage (Franks, 1990, 1998). Sucrose, trehalose,
maltose and lartose are effective “Tyoprotectants” for & number of profeins,
whereas crystallizing mannito offers less proteciing ability. Sucrose and trehalose
have the additional advantage of being non-reducing sugars and avoid the Mail-
fard reaction with proteins. The “glass immobilization” hypothesis propounded
by Franks (19%0), postulates that & prodein is physically immobifized within the
amorphous glass existing between the sugar’s glass transition temperature, T,
and ity Kanzman temperature, K,. The “water replacement™ hypothesis promoted
by Carpenter et al. {1994} claims that the carbohydrate molecules form hydrogen
bonds with the protein thereby serving as a substitute for water and inhibiting
dehydration-induced protein unfolding. Numerous studies with freeze-dried pro-
teins {reviewed i (he Chapter by Carpenter et al. in this volume) and a singie
study with spray-dred trypsinogen {Tzaunis and Prestrelski, 1999b) bave docu-
mented that effective protection of protein siructure during dehydration depends
of the presence of a carbohydrate that both remains amorphovs and hydrogen
bonds o the dred protein,

When formulating & protein for spray-drying it is viial to select a suitable
stabilizer and the most efficacious mass ratio of stabilizer/protein. At a mass ratic
sucrosefoxyhemoglobin of 0.66:1 omly 1.5% methhemoglobin was detected
frmmediately after spray-drying oxyhemoglobin, compared with 50% for the pure
protein {Labrude et al., 1989), After 10 weeks of storage at 4° C, however, the
amount of methhemoglobin rose to 7%. The presemce of sucrose, arginine-
chioride or (rehalose in spray-dried P-galactosidase chmpletely inhibited loss
of protein activity during spray-drying {Broadhead et al., 1593). The trehalose
formulation gave especially pood resuits and showed no activity loss during
one year of storage. Mannitol gave only a slight stabiliziug effect on both the
process and storage stability of the protein. These anthors did not consider that
trehalose forms an amorphous solid whereas mannitol is erystalline, and offered
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19993, ¥t is unclear, however, if 2 mass ratio of only 20% sugar can build an amor-
phous mairix in which the profein at 80% mass fraction is embedded. Indeed, a
higher sugas: protein mass ratio of 11 § was necessary to assure maximum siorage
stability up to 1 vear at 30°C. The storage stability results could therefore be
explained by the “glass immobilization” hypothesis, even though the authors
reject the importance of this idea. The authors similarly reject the importance of
the “water replacement™ hypothesis for their resulis, since they detected no gual-
itative change in the infrared spectrum of the protein after spray-drying or storage.
A more exact interpretation of the results in this paper is, however, hindered by
a lack of thermo-analyiical data. Knowiedge of the existence of a glags transi-
tion, for example, could have illumninated the relation between sugar:protein
inass ratio and glassy-matrix formation. Nonetheless, this paper also contains the
interesting result that the process and storage stability of thuMADBE2S in manni-
tol was improved with up o approx. 40% mannitol, where the mannitol remained
amorphous. Higher mannitol concentrations cavsed crystallization and hence less
protein stabilisation. Altogether, mannitol was not as efficient a stabilizer as the
othez sugars, even when amorphous.

A sucrose/protein mass ratio of 0.25; 1 reduced the inactivation of trypsino-
gen on spray-drymg at Tid T = 120° Cf85° C from 15% for the pure protein
io 6%, falling further to 0% the at optimum sucrose: protein mass ratio of 1:1
(Tzanuis and Prestrelski, 1999a), An infrared speciroscopic analysis of the dried
protein indicated increasing recovery of native secondary stmcwre within this
range of sncrose/protein mass ratio, However, further increase to >1: 1 sucrose:
protein mags ratio led to decreased recovery of activity after rehydration, and the
infrared pectroscopic data indicated a reduction of native structure in the dried
solid. Similarly, differential sczaning calorimctry showed a decrease in the
enthalpy of unfolding, which correlated with the imcurred activity losses. Tt
appeats therefore that at sucrose/protein mass ratios =1 : 1 some imeversible stroc~
mra} destabilization of the trypsinogen in the spray-dried sucrose occurred. The
authors suggest this is a result of formation of protein-rich and sucrose-rich
phases in the spray-dried solid as a consequence of preferential exciusion of
sucrose from the protein surface. In addition to reducing the capacity of the sugss
to Interact favorably with the protein in the dred solid, phase separation creates
new interfaces that could promote proiein unfolding {Heller et al., 1999}, These
ideas are of considerahle scientific and praciical interest, indeed also for freeze-
dried systems (Helier et al., 19993

Use of Added Surface Active Substances

The addition of surface-active substances o spray solotions in order to
reduce the process mstability of proteins is worthy of special consideration.

Page 167 of 228




Page 168 of 228 -

i52 Geoffrey Lee

Proteins are sensitive io damage al interfaces. The adsorption process of a protein
at a mobile interface (aiglfiquid or liguid/Haquid) comprises molecular diffusion
to the interfacial region followed by adsorption to the interface and subsequent,
long-lasting molecular Teorientation (Tripy et al., 1995). This can be accompa-
nied by protein unfolding, leading 10 aggregation and possibly inactivation. Part
of the measured inactivation of proteins during freeze-drving is thought to be a
result of adsorptions at the (immohile} water/ice-interface (Chang et al., 1996},
The sitnation with spray-drying of a protein solution is more critical, since atome-
ization produces an extramely rapid and very large expansion of the liquid/air-
interface. Does protein adsorption at the expanding lignid/air-interface dusing
atomization offer an explanation for observed protein destabilization during
spray-drying? Can surface-active substances be emploved fo mmprove protein
stability?

Breadhead et al, (1993) added 0.05% polysorbate 80 to & P-galactosidase
spray solution and observed no significant effect on residual protein activity in
samples rehydrated immpediately after spray-drying. Because the surfactani
reduced the yield substantially, these authors weiected {ts use as a siabilizer,

An nnequivocal indication of the utility of surfactants is found in Mamen-
thaler et al. (1994). A solution of hGH was stomized into a glass beaker uging a
two-fluid nozzle at room termperature, resulting in increased formation of insol-
uble and soluble aggregates with greater v,,. At the corresponding v, the liquid
sample contained the same amount of insoluble aggregates and two-thirds of the
amount of soluble aggregates found in a spray-dried protein sample. This resuits
strongly suggests that duging spray-drying the formation of aggregates could be
induced by liguid/air-interfacial adsorption and unfolding. The addition of 0.1%
polysorbate 20 to the spray solution ameliorated the formation of both insoluble
and soluble rGH aggregates during atomization and also spray-deying, The
aathors soggested for the first tise in the pharmacewntical Hterature that the sur-
factant displaces protein molecules af the aiv/liquid-interface and hereby reduces
exposure of the protein o aggregation. This intuitively attvactive hypothesis has
since found wide acceptance.

The various stresses experienced by a protein molecule in aguecus solation
during spray-drying are iiustrated schematically in Figare 6. The most impportant
published smdy of the relative importance of these stresses is from Maa and Hsu
(1997). Using two ingenious systems it was possible to generate high shear in an
aqueous solution either in the presence or absence of an aiv/Bguid-interface. High
shear combined with an air/liquid-interface led fo formation of non-covalent
aggrepates of rthGH. The extent of aggregation increased with higher protein con-
centration or larger ai/liquid-interfacial ares. In the absence of ap ais/liquid-inter-
face, however, thGH rematned intact-even af shear forces two orders of magnitude
higher than those that cansed extensive aggregation in the presence of a liquid/air-
miterface. This result illustrates the oritical vole played by the air/fliquid-intesface
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thGH aggregation on spray-drying. The authoss conclude that the effect of drying
stress following atornization ““was 1ot significant™ (Maa et al.,, 1998},

An additional finding was that formation of sofuble thGH aggregates on
spray-drying could be reduced by adding Zn* fo the spray solution (Maa et al,
1998a). Combination of surfactant and Zn* produced an aggregate-free spray-
dried rhGH powder, without the necessity of adding a sugar s stabilizer. Pre-
sumably a sugar would still be required to guaraniee the storage stability of the
protein, a point worth investigating, Incidentaily, the surfactant had no detr-
mental effect on either product yizld or particle size, although residual water
content was lower.

Surfactant also affects the morphology of spray-dried particies. The highly
wrinkled morphology of pure spray-dried rhGH particies became much smoother
in the presence of polysorbate 20 and/or Zu™ (Maa et al., 1593h), The effect of
surfactant on profein/sugar particles is even more marked. For example, the
addition of .5% w/w polysorbate 20 to spray-dried lactose : thuMAbBE2S (3:2}
changed the donut-shape to perfect sphericity (Maa et al., 1997).

Pure spray-dried trehalose particles were found to be round with smeoth
surfaces (Fig. 7) {Adler and Lee, 1999). When loaded with 5% w/w LDH,
the particies became wrinkled and deformed (Figure 7). The presence of 0.1%
wiw polysorbate in the spray solution retumed particle shape and morphology to
that seen with pure trehaloge (19}, Surfactant is thought to reduce internal motions
and surface turbulence of droplets uring drying and thereby alter the balance of
viscous-to-surface forces governiug parficle shape (Frey and King, 19963,

Electrom spectroscopy for chemical anajysis (ESCA)Y has recently been
exploited {0 examine the surface composition of spray-dried particles containing
protein (Adler and Lee, 1999; Fildt and Bergenstrahl, 1994; Millgvist-Fureby
et al,, 1999; Adler et al,, 2000}, The ouier surface (approx., 10nm (Fildt and
Bergenstrahl, 19943 of spray-dried trehalose/LDH panticles was found o contain
7 atomic % N {Adler and Lee, 19993, a value some ten-times greater than that
expecied for a homogeneous distribution of the LIDDH within the particles. The
drying time of the spray droplets was calculated to be approx. 0.4ms up to the
critical point. Static surface fension messurements showed that sufficient LDH
could adsorb to the waterfair-interface during this time to expiai the measured
surface excess in the sofid pariicles. The addition of 0.1% polysorbate 80 to the
spray saiution reduced the surface concentration of aiomic N in the spray-dried
trehalose/ILIDH particies to zero, proving surface exciusion of the protein. Essen-
tially the same result was published for polysorbate 80 in spray-dried
sugar/trypsin particles (Miligvist-Furehy et al,, 1999}, A more thorough study of
the system of bovine serum albumin (BSA) and trehalose (Adler et al, 2000)
showed that the protein was exciuded from the surface of spray-dried solid
particies in the presence of either polysorbale or sodium laury] suifate {(SDS)
in a concentration-dependent fashion. The surface concentration of the BSA
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The mechanisms of degradation of protein structuze and activity are often
categorized in two broad classes, chemical and physicai, Chemical degradation
refers to those modifications invoiving covalent bonds, such as deamidation,
oxidation and dizuifide bond shuffling, Physical degradation incindes unfolding
of the protein, undesired adsorption of the protein to surfaces, and aggregation.
The two categories are not completely independent of one another, For example,
prutein oxidation may result in a preater proclivity to aggregate, and the rate of
non-native disulfide bond formation may be higher in aggregated proteins.

Surface-active agents, or surfactants, are often added to proiein solutions to
prevent physical damage during purification, fitration, fransportation, freeze-
drying, spray-drying and storage. Surfactants are amphiphilic, containing a polar
head group and a non-polar tail. This dual nature causes surfactants to adaps spe-
cific orientations at interfaces and in aquecus solutions. It is this claracteristic
that lies at the root of the mechanisms by which surfactants affect the physical
stability of proteins.

A well-known exampie is the anionic surfactant sodivm dodecyi sulfate, or
SDS. The sulfate anion is the hydrophilic head group of SDS, while the long
aliphatic dodecyl chain forms the tail group. Ionic surfactanis such as SDS have

-been known since the late 193(°s as effective protein denatorants {Anson, 19393,

and are commonly used for this purpose, e.g., as a pre-treatment foxr proteius in
potyacrylamide gel elfectrophoresis (SDS-PAGE). In contrast, snrfaciants nsed as
stabilizing agents in protein formulations are typically non-ionic {Loughheed st
al., 1983; Twardowski et al,, 1983, Chawia et al., 1983). This chapter will focus
on non-ionic surfactants; protein interactions with ionic surfactants have been
reviewed elsewhere {Jones, 1990), An example non-ionic surfactant is poly-
oxyethylene sorbitan monolaurate (Tween 20%), shown in Figuse 1. Iu this
moiecuie, the hydrophilic polyoxyethylene units form the head group, while the
hydrophobic monclaurate group is the tail. Tween 20 is often added to formuia-
tions due o s ability to protect proteins from surface-induced denaturation
(Chang et al., 1996; Jones et al., 19%7; Bam et al., 1998; Kreitgaard et al., 1998;
Maa et al., 1998).

There are a number of mechanisms by which surfactants can prevent or
promote damage to proteins. Some of these mechanisms are peneric to all
excipients, and can be expiained in the sofution thermodynainic framework of the
Wyman #nkage theory (Wymau and Gill, 1990) and the preferential exclusion
mechanisms developed by Timasheff aud colieagues {Arakawa and ThnashefT,
1982, 1983, 1984a b, 1985a,b,c; Arakawa et al., 199(); Timasheff, 1998). Others
derive from the amphiphilicity of suzfactants and the resulting effect of micro-
scopic ordering of surfactant molecules at interfaces, which in tumn affects the
kinetics and thermodynamics of protein interfaces. In this chapter, we discuss a
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Figure I, Example non-ionic surfactants,

PROTEINS AND SURFACTANTS AT SURFACES

Becanse of their doal hydrophobic/hydrophific nature, surfactants in solu-
tion tend to orient themselves so that the exposure of the hydrophobic partion of
the surfactant to the aqueous solution is minimized. Thug, in systems conlaining
airfwater interfaces, surfactants will tend to accummlate af these interfaces,
forming a surface layer of surfactant orented in such & fashion that only their
hydrophilic ends are exposed to water. Such orientation and surface adsorption
can also occur at selid/water interfaces such as those found in vials, syringes, and
other containers. Protein molecules also exhibit surface activity (for a review see
{Magdassi, 1996), and references therein) and as such wili also tend o adsorb to
and oriet at these interfaces.

From classical thermodynamics, the excess surface internal energy dU% of
a surface with area 4 at a {empernture T is related to the excess surface enfropy
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no longer described by the Gibbs” adsorpiion equation. Among the possible
processes are gas-to-liquid surface phase transitions, surface precipitation, and
the formation of surface subiayers. In many cases, the adsorbed molecules can
be rapidly released from the surface and surface sublayers, and may exchange
with bulk protein mulecules. Alternatively, because of slow refolding kinetics,
proteins can become imeversibly adsorbed at the interface, ur have a mte
of exchange soméwhere between thege extremes (Dickinson, 1999; Norde and
Giacomelli, 1999). These processes of adsorption and release of structurally-
periirbed protein molecules into the bulk sojution have been implicated as one
of the causes of protein aggregation and denaturation.

- When discussing protein adsorption at interfaces, globular proteins are
typically characterized as being either “hard” or “soft,” having a low or high
degree of flexibility, respectively, and by their degrees of hydrophobicity. Soft,
hydrophobic proteins, attaining monolayer eoverage of the air/water interface in
the matter of minutes, are generally more surface reactive at hydrophobic sur-
faces than hard, hydrophilic proteins, attaining coverage of the same surfaces in
a matter of hours (Topp et al,, 1993}, The driving force for protein adsorption is
the decrease in the entropy of the water molecules that are ordered around the
hydrophobic protein domaing when the protein is in the bnik solutiou, Thus, the
rofe of the relative degree of hydrophobicity ou protein surface adsorption is
rather straightforward: given two proteins only differing in their hydrophobici-
ties, the more hydrophobic protein will have a greater number of produciive
~interactions with the surface and will form the momolayer more quickly.
Middelberg et al. (2000) proposed that the difference in adsorption kinetics of
Lac2} and Lac28 peptides is because the monormeric Lac21 has more hydropho-
bic residues exposed than its tetratmeric counterpart, Lac28; thus, Lac2i more
readily forms a monolayer at an octane-water interface. Protein flexibility
is important in proein spreading that occurs at the interface. A flexibie protein
can expose additional non-polar residues, leading fo an increased strength in
hinding to the surface. Finally, the protein flexibility dictates the numinber of
proteins that can adsorb at the interface, and their spreading rate (Norde and
Giacomelli, 19993,

Protein adsorption to a hydraphobic surface does not necessarily lead to a
complete logs of “native” structure: some proteins actually gain structure. For
example, melitin, a honeybes venom peptide, increases its n-helica! content
slightly when adsorbed to hydrophobic quartz. In conirast, adsorption of a
tetramer of the same peptide is thought to reqoire a Ioosening of the c-helical
content, The orientation of the adsorbed helices in the peptide is parallel to the
quartz plane, with the hydrophobic moieties facing the plane {Smith and Clark,
1992). Caessens et al. (1999} also report an increase in helical content on the
adsorption of the predominately random coil B-casein and (-casein peptides at
the teflon/water interface.
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Surfactants will also adsorb to the interface, The Gibbs adsorption isotherm
again predicts that this interaction will lower the surface tension. Thus, if sur-
factanis co-adsorb to an interface together with proteins, there will be a smaller
dnving force for surface adsorption. Furthemnore, competition between the
profein and the surfactant for the interface may reduce equilibrivm protein
adsorption. For example, Tween 20 addition digplaces beta-lactoglobulin filns
from air-water interfaces {Roth et al., 2000). This effect is not universal: the ionic
surfactant sodium dodecy! sulfate forms a complex with high surface activity that
exhibifs enhanced surface adsorption (Green et al., 20003. Finally, because the
surface tension is lowered after surfactant is adsorbed, less damage to the profein
that does adsorbed may occur. For example, a loss of ¢t-helix and an increase in
B-tom struchires ocour when bovine serym albumin adsorbs to polystyrene par-
ticles. This effect is decreased when the surface is more crowded (Norde and
Giacomelli, 2000).

Protein stabilization by nonionic surfactants can often be observed by for-
mulating with micromolar concentrations of surfactant. This is due to the high
surface-activity of this class of excipients, which remders a higher effective con-
centration of surfactané molecules at interfaces than in the bulk solution. When
the concentration of the surfactant is mauch lower than s critical micefle con-
centration (CMC}, sufactant molecules lic flat at the air/water and hydrophobic
solidfwater inferfaces (Figure 2A) (Porter, 1994). As the concentration is
increased, more molecules adsorb to these interfaces, such that the surface con-
ceniration temains lnearly proportional o the hulk concéntration (Tanford,
1973}, This crowding forces the snrfactant mofecules to order themselves such
that the hydrophilic groups are oriented towards the bulk water and the hydro-
carbon chains are pointed sowards the air or hydrophobic solid (Porter, 1994;
Fainerman et al.,, 2000} (Figure 2B). At sufficiently high surfactant concenira-
tions (i.e., at or above the CMC), there is an oriented momolayer of surfactant

. molecules and maximum surfactant absorption, a¢ the interface (Figures 2C &

D). The surface saturation is regpongible for the sharp slope change {10 essen-
tially zero) observed in experimental plots of surface properties {surface tension,
osmotic pressure} versus surfactant concengration {Porter, 1994) (Figure 3}, It
should be noted that the linear variations in the surface properties shown m Figure
3 are indicative that \he sudace activity of a surfactant is due to the hiydropho-
bic effiect: the variation would be.cooperative if hydrocarbon self-affinity wag the
appropriate explanation (Tanford, 1973). Surfactant micelles are formed in the
bulk phase when the conceutration is of the surfactant is above the CYIC {Figure
2I2). Thus, a range of surfactant concentrations could inhibi protein denaturation
at an interface; however, the necessity of CMC levels of surfactant to completely
inhibit protein damage would be a strong indication that the damage is caused by
adsorption of protein at the interface and tint inhibiting protein adsorption at the
interface plays a role in preéventing progein aggregation.
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mixed protein/surfactant systems in which the surfactant binds to hydrophobic
regions of the protein, the protein is less surface-active than it would be in a solu-
tion devoid of the nopionic surfactani. This explains the increase in surface
tension relative to that of the pure protein solution thai can be observed at
extremely low surfactant concentrations. Adsorption of surfactant and protein
molecules in the mixed system is competitive. Nonionic surfactants usuaily bind
tighter than proteins or protein—surfactant complexes at interfaces (Dickingon,
$098). Thus, above a critical concentration of the surfactant, protein adsorption
becomes negligibie and (he adsorption isotherms for mixed swiactant/protein
systems can be ronghly identical that of a pure surfactant solution, as observed
by Miiler et al. (2000a) for the HSA/C ,DMPO when the CyiDMPO concentra-
tion exceeds 107" molfeny’.

PROTEIN-SURFACTANT INTERACTIONS IN SOLUTION

In addition to altenng (he interaction of proteins with surfaces, non-ionic
surfactanis can also interact directly with proteins in solution. For exampie,
Tween 20 acts as a chemical chaperone, aiding in the refolding of proteins (Bam
et al., 1998; Kreilgaard et al., 1999}, In vivo, proteins fold wiile at average con-
centrations of approximately 35 mg/mt (Hartl, 1996): in virro, non-pative protein
molecuies gt this coneentration (e.g., dus to freeze concentration} usually apgre-
gate. Inside cells, protein folding is aided by naturally occurring molecular chap-
erones. Unlike folding catalysts that have steric information fo guide the protein
folding, molecufar chaperones act by non-covalengly binding to partially-foided

proteins, usually via hydrophobic interactions, o prevent misfoiding or aggrega-

tion while the protein is attempting to adopt its native conformation (Gatenby
and Eilis, 1990; Hartl, 1996). Chaperone-assisted protein refolding can prevent
the protein from falling into kinetic traps or simply aflow more time for the
protein to refold (Gatenby and Ellis, 1990). The hydrophobic effect, the driving
foree of protein foldmg and surface activity of Tween 20, is also implicated in
the interactions between the exposed hydrophobic regions of the partially folded
protein and the hydrocarbon ¢ail of the surfactant. These mixed surfactant/protein
compiexes and protein folding are dynamic processes, eventually the protein
attains a conformation in which the hydrophobic groups afe not as surface
exposed. Uniess there are hydrophobic patches in the native protein conforma-
tion, (he surfactant molecufes will not necessarity hind to the protein, as in the
case of molecular chaperones. In vitro, surfactants snch as Tweens {Bam et al.,
1996), polyethylens glycol (Cleland and Wang, 1990; Cleland et al, 1992;
Cleland and Randoiph, 1992; Cleland 1993; Cleland and Wang, 1993}, Tnton
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X-100 (Donate et al., 1998), and lubro! (Donate et al., 1998), have been imphi-
cated in aiding protein refolding by soting as chemical chaperones.

Surfactants, such as Fween 20, can also affect the thermodynamic confor-
mational stability of a protein. As discussed in other chapters in this book, and
in detail in references from Timaskeff and co-workers (Lee and Timasheff, 1981;
Arakawa and Timasbeft, 1982; Arakawa end Timasheff, [985; Timasheff, 1998),
thermodynamic stability is increased if a ligand exhibits greater binding to the
native staie of a profein than {0 a non-native state. However, wilh many excipi-
enls (e.g., sucrose) exchxled volume effects produce a non-specific negative
binding to the native state, and a concomitantly larger negative binding to
expanded, non~native conformations. This differential negative binding also
resules in a stabifization of the native state. At the Tow concentrations of surfac-
fant {ca. 100 micromolar} fypically used in formulations of therapeutic proteins,
thermodynarmie effects due to excluded volume can usually be neglected. More

- important is specific binding of surfectants to ¢ither the native or unfolded states
of a protein, Rendolph and colleagues report that some proteins and nonionie suz-
factants, including Tween 20, form mixed protein: detergent complexes (Bam et
al,, 1965, 1996, 1998; Jones, et al., 1999), In the presence of Tween 40 ata 4:1
surfactant : protein moldr ratio, native recombinant human growth hormone i sig-
nificantly stabilized: the denatnration midpoint in guanidine hydrochloride soda-
tfions increases from 4.6 M guanidine hydrochloride in the absence of Tween 40
to 5.9M in the presence of Tween 40 (Bam et 4l., 1996). Likewise, 4: 1 Tween
490 increases the AG of unfolding of recombinant human gnowth hormone by
4.1keal/mol (Bam et al., 1996}, and 10:1 Tween 40 increases its meliing point
slightly from 88.8 10 89.4° C (Bam et al., 1998). Stabilization of recombinant
human growth hormone by surfactanis results in reduced aggregation in agitated
solutions {(Bam et al., 1998). With bovine serum albumin in the presence of sur-
factant there. are decreased amounts of thermally-induced protein aggregates,
relative to surfactant-free controls {Arakawa and Kita, 2000}, Conformational sta-
bilization of proteins by non-tonic surfactants is not universal; stability of [gG is
upaffected by low concentrations of Tween 20 (Vermeer and Norde, 20600), and
recombinant human interferon-y shows lower free energics of unfolding in the
presence of Tween. 20 {Webb et a1, 2000).

SURFACTANT EFFECTS ON PROTEIN ASSEMBLY STATE

The hydrophobic pottion of non-ionic surfactants can bind to hydrophobic
patches on proteins. This natorally causes the suxfactant fo order itself so that
mose hydrophilic groups are solvent exposed, resulting in a “hydrophobicity
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aggregation for factor XI1I after freeze thaw cycling in the presence and absence
of Tween 20. Note that Tween addition did not completely hlock aggregation,
but was very effective at preventing the formation of ingoluble aggregates
(Kreilgaard et al., 1998).

Non-ionic surfactants can akso have the opposite effect on protein assembly’
state. In cases where a non-ionic surfactant destabilizes the conformation of
a protein, this effect may compete against the solubilizing effect of surfactant
binding and hydrophobicity reversal. For example, Bax, 4 monomeric protein that
regniates apoptosis, readily forms dimers iz (he presence of Tween 20. However,
these dimers are apparently non-native, as they do not expose the characteristic
N-terminal Bax epitope (Hsu and Youle, 1998}, In the cage of the hydrophobic
lipase from Humicola lanuginosz, Tween 20 addition caused the formation of
iarge, insolable non-native aggregates (Kreilpaard et al., 1999),

SURFACTANT EFFECTS ON PROTEINS DURING FREEZING,
FREEZF-DRYING AND RECONSTITUTION

The processes of freezing, drying, and reconstitution of protein solutions
present a number of stresses that may denature proteins. Many of these stresses
are associated with surfaces: new ice-water and ice-glassy solid interfaces are
formed during freezing, drying replaces ice-glass interfaces with air-giass inter-
faces, and reconstitution exposes the piassy solid surfaces to aquects solution.
In each of these steps protein adsorption to surfaces is potentially damaging.
The ice-water interface has been implicated as a source of damage to proteins
{Strambini and Gabellieri, 1996}, as has the solid-air interface (Fsu et al., 1995).
Addition of nonionic surfactants can reduce this damage, presumably by com-
peting with the protein for the ice-water interface (Chang, 1096), For example,
addition of Tween B0 to sojutions of recombinant hemoglobin reduced aggrega-
tion seen during freeze thaw studjes (Kerwin ot al., 1998), Interestingly, Tween
80 did not offer protection against methemoglobin formation or hemogiobin
appregation during long-term frozen storage. o

Non-ionic surfactants also have been shown to affect the recovery of native
protein from lyophilized formulations. Sarcianx et al. (1999) showed that the
addition of Tween 80 to the fonnulation solution or the reconstitution medium
for Iyophilized formulations resulted in reduced levels of aggregates. Likewise,
Zhang et al. (1995, 1996) have dewmnonstraied ithat, following fong-term storage,
surfactants in the reconstitution medium can affect protein recovery. We have
recently shown (Webb et al,, 2000) that addition of Tween 20 to the reconstit-
tion medium for Iyophilized preparations of recombinant human ipterferon-y
results in deereased levels of aggregates. The mechanism for such reduced
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surfactant may be important. In the case of recornbinant human growth hormone,
for example, different binding stoichiometries and degrees of protein stabiliza-
tion were seen for a variety of comimen surfactants (Bam et al., 1995). A genetal
recommendation for proteins that show specific binding to the native state of the
protein is to fornmlate so that the ratio of surfactant to protein is slightly above
* the binding stoichiometry for a partienlar surfactant, The choice of surfactant may
be dictated by the degree of stabilization {which shounid correlate with the degree
of binding} provided fo a protein by a particniar surfactant.
In contrast, if no specific hinding is seen, then maximum levels of protec-
_ tion generally correlate with the CMC of the surfactant. In this case, surfactant
shouid be added at levels slightly above the CMC. The choice of surfactant is
often dictated by a rade-off: surfactants with lower CMC’s will require less sur-
factant in solution to satarate surfaces and reduce surface-induced damage to pro-
teins. However, surfactants with low CMC's are much meoere difficult to remove
from solution {&.g., by dialysis) if necessary, and also tend o be less saluble than
snrfactants with higher CMC's, raising the possibility of undesirabie phase
separation during processes such as freezing or lyophilizaiion.
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pubiication of the complete sequence of the human genome by 2001 and there is
a potential for an additional 15,000 protein drugs from the predicted 150,000
potential genes in the homan genome.

This new wave of protein drugs will include compounds that can. function
as growth Tactors, act ag specific stimulators or suppressors of certain fnnctions,
or exhibit activities that have not been observed before. Many experts anticipate
a golden age of protein-based therapentics in the twenty-first century. As various
rescarch enferprises gear up to search for these new candidates using high
throughput ceflniar and mojeeniar screening assavs, there undonbtedly will be 2
need for a corresponding ability to formuiate these drugs much more quickly than
in the past. In addition, there wil} be increased nse of novel delivery sysiems to
administer these protein therapeutics efficiently, making stabilization even more
challenging. In shom, the pharmaceutical biotechnology industry must find new
ways to speed up the drug development process, in order o keep pace with the
drug discovery process. We think that the limiting factor for introduction of new
biotechnalogy-derived products will not be finding new drug candidates, but
efficient and rapid formulation of these compounds info acceptable dosage forms
for delivery and testing in humans.

The potential of many new drug candidates flowing through the pipeline will
requite implementation of an entirely new approach fowards produoct develop-
ment. The particuiar chalfenge addressed here is the demand that will be placed
upos formulation groups, where there will be increased expectations to develop
stable formulations of:

more proeing,

in a shorter period of time,
with fess material, and
with little, if any, increase in personnel.
Therefore, one mnst comsider new sirategies for meeting such challenges.

This chapter i3 mtended to serve as a forum for discussing and evaluating
what factors must be considered in trying to implement new approaches o for-
muiating protein pharmacenticals in a rapid, rational fashion. As a comprehen-
sive strategy for developing stable fonmulations of protein pharmaceuticals is not
currently available, we have assembled what we consider to be the key elements
necessary to accomplish this critical task. Thiz chapter should not be viewed as
a finished product, but ss a work-in-progress, encouraging pharmacentical sci-
entists to comment on the concept and to modify the approach to their particular
situations.

Again, the overarching goal is to possess a unified strategy for accommo-
dating many more proteins at one time, while meeting shortening timelines. It
shouid be expected that there would be a limited supply of well-characterized
material and a fixed. personne! head count. We envision a scheme that we
term “high throughput formulation” or HTE It is based upon our curreat
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Finally, one must have a clear pian for stability testing, along with minimum
criteria for a “stable” formulation. Certainly, that definition may change as &
product matures. Minimum sizability for the initial clinical studies may be quite
different than the expectations for the final formuiation tested in Phase IIT
Presently, there are debates within companies on how robust a preliminary for-
mulation development or purification process must be in order to demonsirate
efficacy in humans. Some companies will -accept any minimal formnfation in
order to initiate clinical tnals. However, even these formuiations would likely
have to have at least six to twelve months of shelf life. Our goal in the HTF
approach is to develop a final formulation as early as possible in the drg devel-
opment and {festing process. If this goal can be accomplished, then fewer
resources will need fo be diverted to redesign the formuiation later.

ROLE OF AN ESTABLISHED DECISIGN TREE FOR
FORMULATION PESIGN

The central feature in the HTF scheme is a rational decigion plan for choos-
ing both the formulation components and the final dosage form. This decision
tree musi be flexible enough o accommodate a wide variety of proteins, it must
allow for both liquid and solid dosage forms, and it must provide a rationale at
each decision point. This framework aliows the pharmaceniical scientist to decide
what types of formulations are worth considering, both in ferms of stability and
the demands and desires of the marketing and clinical gronps.

Often the design of a formulation of a protein pharmaceutical is not well
deveioped. Companies attempt to expedite formulation selection by neglecting
critical igsues in formulation and stability. It is not uncommen to find sub-optimal
formulations such as phosphate-buffered saline, possibly with the addition of
human serum albumin as a ubiquitous protein stabilizer. For a few proteins, this
approach has been sufficient, even resulting in commercially successful products,
such as erythropoiefin and granulocyte colony stimufating factor, However, there
is a distinct danger in agsuming tha: such successes with minimal formufations
are penerally applicable. Moreover, the current regulatory environment, ard
concerns in the general public surrounding the use of human-denved products in
pharmaceuticals, makes the use of human serum albumin increasingly more dif-
ficult or even not acceptabie. Therefore, there 1s pressure for any company selling
a prodoct that containg atbumin to develop an albumin-free formulation. The
same pressures ars forcing companies t0 move from animal-derived surfactants
to those obpuned from vegetabie sources. In addition, there is a realization that
athumin, being a protein, is not indefinitefy stabie, and should have an expiration
date above and beyond that of the active ingredient. All of these issues affect the

Page 197 of 228




iR Rajiv Nayar and Mark C. Manning

list of possible excipients that can be ernployed in a protein pharmaceutical
product.

Comstraints on a Pharmaceuatically Acceptable Protein Fermutation

Before we discuss the choice of dosage forms and excipients in the contexy
of maximizing protein stability, we need fo recognize the myriad of constraints
piaced upon the formufation by the rest of the company and by regulatory bodies.
The first constraing, given the giobal nature of the pharmaceutical industry, is to
have excipients that are acceptable in the major markets. This inciudes avoiding
animai-derived additives, as discussed above. # also means that the list of pos-
sible additives is effectively limited to those already found in approved products
in North America, Eorope, and Japan. While this is not an immutable rule, few
companies are willing to bear the added cost of getting 4 new excipient on the
market while seeking approval for a new drug product. A major impact of this
constraint is to move away from formuiations containing albumin, which is still
found in a number of protein products. One can anticipate that these older
formulations wiil disappear in the. coming vears and be reformulated into
second-generation products. A recent example has been the development of an
aibumin-free formuiations for recombinant Factor VI,

The second consideration is the tonicity of the figral formufation. If a protem
drug is to be adrministered by intravenous bolus injection or subcutaneousty,
rather than by continuous infusion, there are sirict isotomicity and pH considera-
tions that have to be met for a pain-free injection. Similarly, there are constraints
on the choice of excipients, as some {e.g,., citrate) have been shown fo be irritat-
ing upon injection. This i¢ oue example of restrictions being set by the clinical

groups, which shouid be clearly defined prior to the start of the fornmuiation
process.

Likewise, the eventual rouie of admiristration must be ¢aken into account.
A convenienf adurnistration system is highly desirahle for ease of wse in the clin-
ical setting, so it is both a marketing and clinical issue. For example, in the case
of & subcutaneous injection, there is a maximal volume (~1ml.) that can be given
to a patient without discomfort. Given the expected dose range, this will define
the protein concentration that must be used. For other routes of administration,
the ability to inanipulate the protein concentration as a variable may be possible.
Otherwise, i will be fized, and the decision point regarding protein concentra-
tion is removed from the process described below.

The fourth issue is to work with a well-characterized bulk drug substance.
This eriterion wilt require cooperation and collaboration with the process science
groups nvolved in fermeptation and purification. Variation in the quality of the
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starting material wiil compromise the validity of any preformulation or stability
work done ‘to date, ay well as potentially invalidate data from toxicological
tests. :

The fifth constraing to be determined is the minimal stability required to com-
plete proof-of-principie investigations, meaning animal studies and initial cliui-
cal trials. These investigaiions can extend for up to one year. Hence, at feast a
one-year shelf life for even the initial formulation may be required.

Finally, the manufactuing of the protein product must be possible at
reasonable cosis and allow adaptation fo standard manufacturing processes. It is
imperative that manufacturing econoisic analysis be conducted ag zoon as pos-
sible in the drug development process, including an assessment of whether
sufficient manufacturing capability existy if the product is successful. Novel for-
mulations that require special manufacturing setups and processes may not offer
the advantages of speed which is necessary when one is confronted with devel-
opment of numerous protein drug candidates. Most likely, specialized dosage
formg and/or drug delivery gystems will only be investigated with partners who
possesy the technology and capacity to solve these critical manufacturing issues.
In addition, as the in-house pilot plants are challenged with manufacturing mui-
tiple products, with limited facilities and resources, there undoubtedly will be
pressures to ontsource the firse clinical manufacturing because of both cost-effec-
tiveness and timescalp issues.

Froper Choice of Dosage Form

Considering all the therapeutic protein products on the market, i appears
that three dosage forms are viable. The most preferred would be 2 solution for-
mulation that is typically stored in the refrigerator and preferably in a pre-fiiled
syringe, Second, a frozen sojution loaded in  syringe or vial and \hawed at the
gite of administration, Third, a lyophilized formuiation, which cap be stored at
‘roomn temperatuse and reconstituted when needed, Each one of these dosage forms
offers various advantages and disadvantages, in the speed of development, manu-
facturing, packaging and shipment logistics, and in administration of the produet
to the patient,

Generally, a frozen protein formulation ofifers the advaniages of rapid devel-
opment provided the protein is stable after multiple freezefthaw cycles. It is also
important to note that freezing can fead to selective precipitation of certain buffer
species, producing possibly large pH shifts (van den Berg, 1959; van den Berg and
Rose, 1959), This variation in pH, and the potential for damage at the water-ice
interface (Chang et al., 1996, Hsu etal., 1995; Krielgaard of al., 1998), might limit
the uge of such a dosage form., Furthermore, there are disadvantages associated
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with a frozen formulation concerning the packaging complexities involved in
labeting, storage and mzintaining the cold chain dering fransportation of a frozen
product. These factors can add significantly to the development costs.
The socond option for dosage form iz a stable liquid formulation that can

be stored in the refrigerator or at room temperatere. This dosage form offers
the advantages of potentially rapid development and ease of administration.
However, for most proteins moaintaining physical and chemical stabilities in
agqueous solution for an extended period of time Is extremely difficult. In addi-
tion, becanse the protein is free in solution there is poiential for adsorption to the
vial, whether it i3 made of glass or some type of plastic. A liguid product will
have to be shown fo be impervious to damage ai the air-water interface during
frapsportation, because agitation-induced denaturation and aggregation is a
comunon problem with therapeutic proteins, There Is also the possibility of leach-
ing of metals and organics from the container and stopper, which is why some
of the vials will need to be inverted during stability testing, These problems have
been reported for ding products of all types (Airando et al,, 1990; Nedich, 1983).

Leached materials are particularly problematic with plastic vials and non-

Teflon-coated stoppers. With glass vials the leachables conid include ionic species
that alter the pH and ionic strength of the solution during storage. Finaily, the

integrity of the container closure must be desponstrated, in order to ensure steril-

ity of the product. For multi-use vials, preservatives can be added, but some are
known to foster degradation of proteins (Lam e al., 1997; Rodrigues-Silva et al.,

1999}, Therefore, development of a stable liquid protein formaulation has to be
considered very carefully. Determination of the primary pathways responsible for
decomposition of the active therapeutic protein is czitical for developing this
particular dosage form. All of these issues can add significant costs in terms of
resources and analytical testing. :

Most protein pharmaceuticals currently on the market are sold as Iyophitized
formulations. Placiug proteins in the dried state significantly increases the shelf
life, if the proper formulation and lyophilization cycle are used. The combined
stresses of drying and freezing are inherently damaging to proteins, and only
proper formulation will ensure that a stable product will be obtained, Portanately,
enough is understood now about freezing and drying of proteins that rational
design of lyophilized formulations can be underiaken. Moreover, there are
some formuolations that seem to work well for a variety of proteins. We
suggest that part of the strategy for rapidly identifying viable formulations is o
make Iiberal use of some standard protein formulations. The ratiopale for
these compositions has been described in detail in a pumber of review
articles and book chapters, and is discussed in Chapter 5 (MacKenzte, 1976;
Franks, 1990; Pikal, 1983, 1994; Carpenier and Chang, 1996; Carpenter ot al.,,

1997} An approach fowards developing a lyophilized formuiation is described
below.
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As other formulation possibilities become more developed, one can modify
the decision tree to accommexdate them. For example, one can imagine altemna-
tives 1o Iyvophilization for obtaining solid dosape forms. Both spray-drying
and spray-freeze drying are being studied. However, it is expected thai the
formulation sirategy for these processes will be quite similar to that vsed for
Ivophitization. :

The most likely foture additions to the dosage form list will be suspensions
and specialized drug delivery systems. Protein suspensions can be produced by
a number of different methods, The protein could be dried and suspended in a
non-aqueous medium, Alternatively, the protein could be salted-out, using pref-
erentially excluded solutes, such as ammonium sulfate or sucrose, leading to an
aqueous vehicie comtaining most of the protein in its native state but in a solid
form, because the sofubility limit has been exceeded, The same effect might be
accomplished by adjusting the p¥ to be near the isoelectric point of the protein.
For the current version of HTF, we have chosen not fo include these dosage forms
until their use becomes more widsspread and manufacturing facilities aré devel-
oped to accommodate production of clinical batches.

The same can be said of specialized drug delivery systems, such as
polymeric microspheres, Poly lactide/poly glycolide microspheres for sustamed
delivery of peptides have been in use for years, Recently, reports of their use for
proteins, such as human growth horinone, have appeared. These systems bring
their own specific stability issues (Cletand, 1998} in addition to making analysis
of the stability of the active ingredient more challenging (Yang et al., 1999}

As discussed above, input from various departments, such as discovery
research, pharmacokinetics, toxicology, punification, manufacturing, clinical and
marketiing, mnst be considered when deciding on the 1nest appropriate dosage
form for & giveu praduct. {u the past, the drup development process has been
more or less sequential, going from research fo development to clinical, fo mana-
facmring, and then t» marketing. A change in strategy is required where there is
more interactive, simultaneous communication between the various dmg devel-
opment departments. With the proper information from the other units, one showld
rapidiy be able to deeide on dosage form and develop candidate formniations.

Preformulation Stadies

The exquisite sensitivity of protein structure, funclion, and stability fo the
primary sequence does not readily lend itself to a peneric approach for protein
formulation, Therefore, determination of the refative importance of various degra-
dation. pathways end elueidation of iustability mechanisms for a given protein
are essential. Bven for closely related proteins, the relative stability and major
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with a frozen formulation concerning the packaging complexities involved in
iabeling, storage and maintaining the coid chain during lransportation of a frozen
product, These factors can add significantly to the development costs,

The second option for dosage form is a stable liquid formujation that can
be stored in the refrigerator or at reom temperature. This dosage form offers
the advantages of potentially rapid development and ease of administration.
However, for most proteins maintaining physical and chemical stabilities in
agueons solution for an extended pericd of time is extremely difficuit. 1n addi-
tion, because the protein is free in sclution there is potential for adsorption to the
vial, whether it is made of glass or some type of plastic. A liquid product will
have to be shown to be impervicous to damage at the air-waler interface during
transportation, because agitation-induced denaturation and apgregation is a
common problem with therapeutic proteins. There is also the possibility of leach-
ing of metals and organics from the container and stopper, which i3 why some
of the vials will need to be inverted during stability testing. These problems have
been reported for drug products of alk types {Airando et al., 1990; Nedich, 1983).
Leached materials are particulasly problemaiic with plastic vials and non-
Tefion-coated stoppers. With glass vials the leachables could include jonic species
that alter the pi{ and ionic strength of the solution during storage, Finally, the
integrity of the container closure mugt be demonstrated, in order to ensure steril-
ity of the product. For multi-use vials, preservatives can be added, but some are
known to foster degradation of proteins (Lam et al., 1997; Rodrignes-Silva et al.,
1999}, Thezefore, development of a stabie Hguid protein formulation has to be
considered very carefuily. Determination of the primary pathways responsible for
decomposition of the active therapeutic protein is critical for developing this
particular dosage fomm. All of these issues can add significant costs in terms of
resotirces and analytical testing. :

Most protein pharmaceuticals currently on the market are soid as lyophilized
formulations. Placing proteins in the dried state significantly increasas the sheif
life, if the proper formulation and lyophilization cycle are used. The ‘combined
stresses of drying and freezing are inherenily damaging to proteins, and only
proper formulation will engure that a stable product will be obtained, Fortunately,
enough i understood now about freezing and drying of proteins that ratioual
design of lyophilized formulations can be undertzken. Moreover, there are
some formulations that seem to work well for g vanety of proieins. We
snggest that part of the sirategy for rapidly identifying viable formulations is to
make iberal use of some standard protein fornulations. The rationale for
these compositions has been described in detail in & nmumber of review
articles and book chapiers, and is discussed in Chapter 5 (MacKenzie, 1976;
Franks, 1990; Pikal, 1983, 1994; Carpenter and Chang, 1996; Carpenter et al,,
1997). An approach towards developing a iyophifized formuiation is described
below.
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pathways for degradation might be quite different. Thus, the prefornzation
studies of new profein entities become very important and crucial tasks in the
overall HTF strategy.

Preformulation refers to experimentsl studies designed at understanding the
chemical and physical behavior of the protein or drug candidate. The major focus
is on the solshility and stability as & function of a number of extrinsic factors,
such as pH, protein concentzation, iomc strength, buffer composition and tem-
perature. This information will guide the appropriate choice of excipients, buffers
and final protein concentraion. Although a number of studies could be envi-
sioned, HTF requires that these studies be very specific and focused. Any infor-
mation that may narrow the choices would be essential for speedy formulation
development. Relevant data can be gathered from the process-engineering group
responsible for purification or literature shidies on similar proteins, even if it is
anecdotal, The final dosage form maust also include constraints from marketing,
cligical and regulatory groups addressing. issues related to eventual approval of
a pharmaceutically acceptable formulation for markel. Uhimately, all of these
data may be reguired (o ascertain the most bereficial composition of excipients
and the most appropriate dosage form for the protein product in hand.

Typical tme scales for preformuslaton can range from one to three months
depending on what assay systems have been estsblished by the research groups
and whether they can be utilized as stability-indicating. Therefore, early involve-
raent of all of the formulation experts is critical for rapid development of lead
formaiations during the developmental phase. An additional driving force is also
the fixed time required to genetate the stability data to validate the formulation
choice.

Proper Cheice of Excigients

Liquid Fermulatiens, If a solution dosage form is indicated, then there will
be a finite set of possible excipients, restricting choices to those that are found in
approved products and have been shown to be effective in protein formulations.
For solution formulations, a Hst of possible exciplents is given in Table 2.

Given that most protein formulations will exist at pH values between 4 and
9, there is a Hmited set of buffers that wilfl exhibit sufficient buffering capacity.
A number have been used in protein formulations and they are Hsted in Table 2.
"The main criteria for selection are good buffering capacity at the desired pk and
lack of ahility to accelerate specific chemical and physical reactions. Some pro-
teins can preferentially bind certain buffer specics, altering the conformational
stability of the protein. Tn addition, some buffers (e.g., phosphate, Tris) have been
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Table 2.
Possible Excipients for Use in Liguid Formudations
Excipient Class Cheices
BuiTers Histidine, Succinate, Acctate, Citrote
PFhosphate, Tris, Carbonate
Saits Sodium Chioride, Calernm Chloride

Magresivm Chioride
Non-Spevific Stabilizers Suepose, Trehalose, other sugass,
Armine acids (2.2, lysine, glycine)

Specific Stabilivers dapends upon the protetn
Surfactants Tween 28, Twesn 80, Pluroris ¥-68

Sodiutn Dodecy? Sulfee
Chelaters ELTA

reported o catalyze certain hydrolytic reactions, such as deamidation (Patel
et al., 1990)

Becanse protems are polyelectrolytes, the ionic strength of the mediwm can
often have an effect on strectusal stability. The most common salt msed in protein
formulations is sodium chlonide, For an isotonic product, ofien it is advantageous
to keep the concentration of salt as low as possble. Otherwise, the ability to
employ stabilizing excipients wiil be hmited.

Structural stabibization of proteins by specific Ligands or ¢ofactors in soiu-
tion formujations can be important for formulation optimization, The mechanism
by which these compounds increase thermodynamic stability is described by
Timasheff (1992, 1995, 1998} and in other Chapters in this book. Severai phax-
maceutically importsnt proteins have been stabilized by addition of specific
ligands (including metals ions such as calciom), inchiding fitmeblast growth
factor (Volkin et al., 1993) and DNAse (Chen et al,, 1999)

To stabilize proteias (both in aqueous sclution and during freezing} with
non-specific compounds (e.g., sugars), relatively high concentrations (ca > 0.2M)
of ligand (solute) are needed to affect protein stability. The mechanist of such
stabiixzation is described i more defail i Chapters 2 and 3. The mamn point for
the current discussion s that 1n the presence of nonspecific stabilizing excipients
fewer protem molecues are unfolded at any point in time, either partislly or
completely, which reduces the amount of aggregation-competent species and the
rate of aggregation (Kendsick et al., 1997, 1998), Addition of small amounts of a
specific Higand should theoreticelly accomplish the same owmicome. The most
effective non-specific stabilizers fend to be disaccharides, such as sucrose and ire-
halose. However, certain salts, amino acids, and polymers are preferentially
excluded as well. Sull, uniess there is evidence for advamtage in use of a
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particular compound trom this group, suctoge and trehalose should remain the
firsi-line cherces.

Finalty, one must decide on whether w incinde a surfactant in the formula-
tion. Surfactants have been shown to inhibit protein aggregation during agitation
{e.g., Bam et al,, 1995; Krielgaard et al., 1998). The mechanisms by which sur-
factants stabilize proteins are discussed in a separate Chaptez, The surfactant often
will be most effective at or above the critical mice¥ie concentration. In Table 2,
oniy the surfactants that have been approved for use in parenseral products in the
U.S. bave been listed. Note that one potential drawback of inciuding surfactants
in the formulation are contaminants (e.g., peroxides} that could cause chemical
degradation of proteins (e.g., oxidation}.

Lyophilized Farmulations. I can be assumed that most proteing wilt not
exhibit sufficient stability in aqueous sofution to allow a liquid formulation to be
developed. Our understanding of the basic requirements for obtaining a stable
lyophilized protein formulation is relatively well developed. The question then is
what combination of excipients will aliow such a formulation o be prepared. The
mimimal composition inciudes 2 buffer species, an additive capable of forming
an amorphous glassy state and inhibiting iyoph#ization-induced unfolding in
which the protein remains entrapped, a bojking apent to provide cake stabilily,
and possibly a surfactant to retard surface-induced damage and/or promote refold-
ing, The rationales for the minimal criteria for a stable iyophilized formation and
the choice of appropriate excipients are described in detail in another Chapter,

While a comprehensive formulation developinent algorithin is vet 1o be pub-
lished, following the HTF process outlined above, one can imagine obtaining a
rationa} approach towards sefecting final candidate formulation that can be used
routinely, even with new classes of therapeutic proteins. Clearly, the details of
each case will be guided by the ontcomes of the preformulation studies. However,
even without a complete data set from the preformmilation experiments, imple-
mentation of a few standard forrmulations should be possible. Ultimately, we
believe there will be a refatively small number {six of less) of generic, standard
Iyophilized formulations that will wosk for nearly all proteins, Bach of these will
have a comesponding Iyophilization cycle that can be wsed fo achieve optimai
results. When the HTF process has evolved to this ophimal state, the personnel
demands be greatly reduced {in tetms of fuil-time equivaients, or FTEs) and the
time lines should shrink significantly from the current average of nearly one year,

Estimates of Resources Needed for Formulation Development

The current estimates of the resonrees required and the possible timelines
for formuiation development are given in Table 3. Specialized formulations
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decisions. Bach and every step in the formutation developraent process is predi-
cated upon bhaving the most recent and comprehensive information on the
physicochemical properties of the protein under development, as well as on the
effects of addifives on profein structure and stability. Cleardy, the latter part of
this goal is sver evolving as our knowledge of protein chemistry increases. There-
fore, the final HTF scheme will involve a centrsl database of essential informa-
tion. While a large amount of this type of iaformation is currently available, it
appears In a maltitude of sources, generated by researchers in disparate disci-
plines, ranging from materials science to biochemistry fo food science fo phar-
maceutics, This makes access to the data difficult. Unless efforts are made fo
assemble this data in a cohesive package soon, the challenge wilf become even
greater. Once the tagk is accomplished, sufficient information should be available
to predict the performance of certain types of formulations.

In the absence of such resources, one can still make use of existing software
and databases. These are senunarized below. Briefly, they cover three areas: pre-
dictive profein algorithms hased gpon primary sequencs, sequence homology
analysis software, and programs aimed at predicting relative stability of proteins.
Summaries of the locations and availability of these programs and databases has
recently been published (Cook, 1999; Apweiler, 1999},

Predictive algorithms aliow one to analyze a primary sequence and predict
# variety of chemical and physical properties. For example, there has been enor-
mous effort to develop schemes whereby one can predict the three-dimensionai
folding of a protein based solely on its sequence. Although there have besn some
successes, # has been demonstrated in double-blind studies that analysis of new
sequenves, when they bave no clearly related partaer i the existing database, fail
to provide an accurate prediction of the folded conformation {Orengo et al,, 199%;
Vencloyas ef al., 19993, When the analysis can be guided by seguence homology,
the accuracy rises dramaticaily. Likewise, one can imagine developing structuze-
stability refationships, based solely wpon primary sequence. Some studies of this
nature have been reported. For example, Pandit and co-workers relate the fre-
quency of certain dipeptide sequences to instability in proteins (Reddy, 1996;
Garupeasad et al., 1990), The result is an algorithm thal predicts the relative sia-
hility of a protein. Although the degradation criteria are based upon intracellular
stability, this approach does provide ressarchers with an expectation of the overall
fragility of the profein in question.

In another example of this type of sequence analysis, Roger et al. (1986}
identified regions in proteins that were high in proline, acidic side chains (Asp
and Glu), serine, and threonine. The presence of these regions was associated
with more rapid degradation in vive. Similar correlations should exist for & vitro
stability. Even programs to predict likely deamidation sies {where Asn is con-
verted into Asp-Hke residues) would be heipful, especially as our ghility to
remove those sites by recombinant DNA techmology improves. There is now &
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secondary stmciural changes (see below), and fivorescence and derivative UV
spectroscopics can be used to study tertiary structure,

The second category of required analytical methods are those that monitor
retention of native primary sttucture, namely, chromatographic metheds, such
as reversed phase HPLC and jon exchange HPLC, or alternative methods like
capillary efectrophoresis. Among the most useful applications of these HPLC
methods is the generation of a “tryptic map”, which is accomplished by digest-
iug the protzin with a sequence-specific enzyme (e.g., trypsin} and separating the
resulting peptide fragments by reversed phase HPLC. The pattern then becomes
a sensitive fingerprint of the proteiu. Any chemical modification of the protein
will cause one or more of the peaks to shift, indicating damage to the protein.
Mass spectrometry can be used to determine the specific chemical modification
leading o the pesk shiff.

Among the most impostant degradation pathrways for proteins is aggrega-
tion. A number of methods are availahle to characterize and quantify aggregation
levels in proteins, including polyacryiamide gel electrophoresis (PAGE), size
exchusion chromatography (SEC), light scattering techniques and analytical ultra-
centrifugation. Although each of these methods has its advantages and disad-
vantages, all foar shouid be considered essential, as they can be complementary.
They allow both qualitative and quantitative characterization of the soluble and
insolubie aggregates in a bulk substance or final formulation.

For iyophitized formufations; a certain set of equipment is considered to be

" the minimum required for conducting formulation development properly. These

include an infrared (IR} spectremeter, a Karl Fischer titrator, a differensiat scan-
ning calorimeter {DSC), and x-ray diffractometer. The IR instrument will aliow
one to determine the extent of struetural darnage {at a secondary structure level)
in the solid state. In addition, it can be used to monitor the secondary structure
composition in the original solution (prior o lyophilization}, in the frozen salid
and in the reconstituted prodnct {Carpenter et al., 1998). X-ray diffraction of
solids allows one o detenmine the crysialtinity of a solid sample. In formulations
where the bulkiog agent is crystallizing during the lyophilization process, one
needs to know whether the crystallization is complete. Incomplete crystallization
can lead to degradation during storage {cf. Carpenter et al, 1997). The Karl
Fischer apparatus allows one to measure the amoun: of water in the final cake.
Typically, moisture contents need to be at 1--2 % in order for the product to have
the optimal glass transition temperature (T,) and maximal stability. Finally, DSC
is required to measuce the T, of the final formulation. The storage temperature
must below the T, As the minimai acceptable storage temperatore for lyophilized
formulations is room tetnperature, a mimmum T, would be about 40° C. Tn addi-
tion {0 these tnstruments, access t0 a microscope equipped with a Iyopbilization
stage is valnable. - -

The issue of how o develop formulations with limited amounts of material
is 2 critical concern. One can imagine adaptiug a number of existing
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technologies to assist in assessing the viability of a given fotmulation while using
very small amounts of material, These would include:

1. microtiter plate assays,

2. robotics to assist in sample preparation and analysis,

3. ELISA or other antibody-based recognition assays for intact drug,

4. multi-sample adaptations of existing analytical techniques (e.g., DSC or
analytical uliracentrifuge}

5. nangseparation methodology (the so-called “lab-on-a-chip” approach),

6. surface-immobilized analytical metheds, such ag the BIAcore,

Each of these methods couid provide significant increases in the capability
to monitor the stability of a protein in a microformulation ¢less than 10pg of
active drug). For exampie, uew chip technologies (either DNA- or protein-based)
are becoming powerful toois that are increasingly used in all areas of drug
discovery. They offer significant advantage over older technologies in terms of
speed, sensitivity and cost. It is important to consider the use or implementation
of these tools in formulation studies. One can envision protein chips doing for
the study of proteins what DNA chips have done to the study of genes, That s,
they can be used to identify critical parameters required for rapidiy developing a
stable formulation. Similarly, any of the other methods could be modified to assist
the forrmuiation scientist.

Finally, there has been a steady improvement in protein analysis tools snch
as muss spectrometry snd more powerful and versatile biochemical techniques,
which. are not only more sensitive but offer the advantages of speed and low cost.
So with the emerging technological udvances in analytics and implementation of
these enabling technotogies in preformuiation and formulation smdies, one can
envision a more time and resource efficient process for developing stable protein
pharmaceuticals. Most of these {echnologies are being developed to meet the
needs of efficient drog discovery research. The chailenge here will be the speed
at which the formnlation scientists adapt these technologies into their programs.
Unfortunately, these tools have not yet reached their maturity, so the implemen-
tation of micro-anatytical methods for preformulation and formulation is crucial
for developing HTF strategies for protein pharmacenticals,

STABILITY PROTOCOLS

In addition te formal sterage stabifity protocols that would be acceptable to
regulatory agencies for real-time data, one must have standard approaches for
assessing the possibie long-term fate of the candidate formulations. Given the
aggiessive time line of the HTF sirategy, one mnst rely, to some degree, upon
acceferated storuge studies-to guide decision about suitable excipients. These
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pharmacokinetics and the toxicology departments prior to the decision 10 move
the drug inte full-scale development. Resolving the difficulties i the early
research and development stages will not only help in targeting the appropriate
“drug candidate for development, but also speed up the sejection of a pharma-
ceutically acceptable formuiation for clisical trials. What we propose is the
involvement of the formulation group in a muiti-disciplinary environment where
interactions start early in the research environment, The appropriate lead candi-
dates would be selected not only based on efficacy studies, but also on pre-for-
mulation studies. We envigion these studies to take one fo three months fo
establish appropriate profiles for formuiation development. As a result, the lead
formuiation can have the advantages of demonstrating eflicacy and potential sta-
hility of the protein drug.

During the development process of a biotechnology drug we envision
formuiation to take typically three to six months, This period would encompass
preformulation studies and evaluvation of the formulation optious determined by
the planned ciinical studies, Hence, protein formulation and purification can he
developed concurrently using limited quantities of the product, and identification
of the Iead formulation could occur at the time of establishment of the purifica-
tion process, What we propose is not a sequential development pathway for
profein drugs, bug a concurrent scenario where formulation design is initiated very
early in the drug development pipeline. We are quite confident that the HTF can
be coupled snccessfully with high throughput screening stratepies of protein
drugs and facititate drug development within the inherent time and resource con-
straints of the pharmaceutical industry,
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