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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 help to build bridges between the developinent scientisis and scientists in
discovery (e.g., medicinal chemistry, pharmacology, immanology, cell biology,
molecnlar biology} and in manufacturing (e.g.. process chemisiry, engineering).
The design of successful dosage forms for the next generation of dregs will
require not only a high level of expertise by ndividual scientists, bui also a high
degree of interaction 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 generation of pharma-
ceutical scienfists. In addition to having a high level of expertise in their respec-
five disciplines, these young sciertisis will need to have the scientific skills
fiecessary fo commanicate with their peers in other sciestific disciplines.

Romarp T. BORCHARDT
Seres Fditor




% Preface

native proteins from inclusion bodies. By providing sach great detail, the reader
can quickly identify the prior work that is most relevant to their current needs.

"The third chapter, entitled “Physical Stabilization of Proteins in Aqueony
Sokmion”, is written by Brent Xendrick, Tiansheng Li, and Byeong Chang. A
fundamental principle in protein stabilization is the ability of additives
{sxcipienis) to alter the thermodynamic stability of a protein’s structure. Those
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. This chapter provides a detailed tutorial on the theory and then proceeds
to outline the impact of these effects on the stability of protein pharmaceuticals,
These effects are important in development of Hquid formmiations, stabilization
daring lyophilization, and protein aggregation.

The next chapter introduces an emerging appreciation that susceptibiiity to
chensical degradation can be modulated by the conformation of the protein {or
even peptide). Eatitled “Effects of Conformation on the Chemical Stability of
Pharmaceutically Relevant Peptides”, by Jeffrey Meyer, Bert Ho, and Mark
Manning, summarizes the data 10 the Hterature that indicate it is possible to min-
imize chernical degradation by aliering conformation. One possible method for
accomplishing this would be o add preferentiaily excluded solutes (as described
i chapter 3) to compact the strociure of the protein. This has worked to
dimninish aggregation and is now being shown to be effective at slowing chemi-
cal decomposition as weil, Altogether, this approach could provide a new strai-
egy Tor developing ligaid formulations of peptides and proteins.

The one area where our understanding of protein behavior has truly
advanced is for freeze-dried formuiations. The anthors of the next chapter, John
Carpenter, Byeong Chang, William Garzon-Rodriguez, and Theodore Randolph,
provide an overview of what is required fo produce a stable formulation of a
protein i a lyophilized cake. Not only do the authors provide an excellent
summary of the advances that have been made in understanding the behavior of
proteins during freeze-diving, they translate that theoretical ingight into a step-
by-step guide to producing reasonable, practical formualations that shounid work
for most any protein pharmaceutical

Chapter 6, authored by Geoff Lee, is an overview of the development of
spray-dried protein formulations. This process has received a large amoust of
attention in recent vears, and this chapter desczibes the process, the equipment,
ard foomulation concerns that need 0 be addressed if one iy 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 number of mechanisms by which surfactants
can stabilize proteins have been described This chapter, by Theodore Randoiph
and LaToya Jones, provides an overview aboul the behavior of this important
class of excipients. Even the most experienced formulation scientist probably
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does not appreciate all of the subtleties of protein-suzfactant interactions, Under-
standing these mechanisms will allow for a more rational choice of which sur-
factant {if any) to use and at what concentration,

The last chapter is intended to spur discussion about new strategies to
designing formulations of protein phammacenticals. Although the drug discovery
field has been revolutionized by combinatortal libraries, high throughput screen-
ing, and genoemics, similar bigh throughput approaches have not received mnch
attention in the dreg development field. This chapter, written by Rajiv Nayar and
Mark Manning, will hopefully cause workers in this field fo examine their current
approaches and seek to find more efficient modes of operation. 1t is the authors’
bhelief that {he demand to develop more products simultaneously with less mate-
rial and in less time will ultbmately transform the field of formulation science.

Fex anyone whoe wishes to leamn the state-of-the-art in formudating and
stabilizing protein drug products, this hook should provide information on all
aspects, covering not only what is well established, but also where we arc and
where we are going. The goal to ensure that the roader has the mechanistic under-
standing of how proteins degrade and can h¢ stabilized rationally, and then
provide practical advice-on how to transiate that knowledge into action.

JonN CARPENTER
Mark C. MANNING
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Practical Approaches te Protein
Formulation Development

Byeong S. Chang ond Susan Hershenson

INTROBUCTION

As is the case with other pharmaceuticals, formulation development is one of the
critical sieps in developing a protein as a thexapewtic product. Development of
gtable proiein formulations may reguire even more resources and effort than con-
ventional stnall mojecule pharrnaceuticals. Proteing typically have more stability
issues as a result of their complexity and delicate structural stability. Fortunately,
a great deal of research regarding protein stability has been conductad and this
information is readily available in the lteraturs (reviewed by Manuing et al., 1989;
Chen, 1992; Ahern anxd Menning, 1992a, 1992b; Arakawa ¢t al., 1993; Cleland
ct al., 1993; Wang and Peariman, 1993; Peariman and Wang, 1996; Volkin and
Middaugh, 19973, Ulimately, it would be ideal to be able to develop a pure phar-
maceutical containing only the native protein, However, it is not practical to have
only the native form of a protein in the formulation becanse the protein must be
purified from s complex bioogical mixture containing a pool of other proteins
which includes misfoided, denatured, and degraded forms of the same protein,
Furthermore, a major challenge is to maintain the integrity of the purified protein
during routine pharmaceutical processing, storage, handling, and delivery to the
patient. One could esvision achieving this goal by developing a fornulation with

Byeang 8. Chang anid Susan Hershenson < Departuvent of Pharmeceutics and Drag Pelivery,
Amgen, inc., Thousand Qaks, CA 60132,

Rasloral Design of Suable Protedn Formdlarions, stied by Capenter and Marnring. Klawer Academic / Plenzm
Publishiers, New Yok, 2002
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Byeong S. Cheng and Susan Hershenson

petfect stability, i.e., no physical and chemical change in the protein. Because pro-
teius are complox molecudes composed of numerovs reactive chemical groups and
delicate three-dimensional structures, identifying a sel of conditions to keep all
components stable is virtoully impossible. In general, commercial therapeutic
protein formuiations are developed woder the assumption that some degree of
physicocheraical changes witl occur during storage and handling.

Realizing that # is impossible to develop a perfeclly stable formulation,
especially while meeting an aggressive product development timeline, the main
objective then becomes ove of maintaining the appropriaie safety and efficacy of
the product. In order to achieve this objective, it is imperative fo understand the
broad spectrum of degradation pathways affecting proteins, and to have zvailable
cquipment and expertise in an extensive repertoire of analytical methods. For-
mulation development focuses on deternining the potential degradation patlh-
ways, assessing the significance of each and optimizing variables to minimize the
degradation products that are clinically significant.

Regulatory guidelines also are critical elemeats for guiding formulation
development. They provide information about how to conduct studies and obtain
useful rosults for evaluating formulations. The resalts obtained allow formulation
scienfists fo write an appropriate developraental pharmaceutics section in regu-
Jatory filings. The guidelines also help to evaluate the significance of some
inevitable degradation products that are produced during manufacturing, shipping
and storage. For example, if the degradation products have properties compara-
ble to those of the desired product with respect to activity, efficacy, und safety,
they can be classified a8 produci-reiated substances. This classification is sigraf-
icantly different from considering the degradation product as an impurity when
theze is not sufficient supporting evidence to justify classification as a product-
related substance (Appendix, Regulatory Document 1}, Understanding of these
practical issues of gegulatory requirements is critical for formulation scientists
during design, implementation, evaluation and reporting of their studies,

In addition to insight into the scientific and regulatory issues, developing
comimercial formulatons requires a clear understanding of the potential market.
For example, indication, patieats, method of delivery, frequency of dosiag, typical
dose requirement, market distribution and other business-related information will
provide directions for the design of u successful formulation. Also, it is tmpor-
tant £0 consider the competitiveness of the formulation as compared o other
products uvailabie in the market,

In this chapter, au overview of critical factors affecting the design of thera-
peutic protein formulations and a general guide to developing commercially
viable dosage forms for protein pharmaceuvticals will be discussed. Since the
majority of practical issugs are not covered very well in the scientific literatare,
this chapter also includes isformation from regulatory guidance docunienis (see
Appendix), labels from marketed products and routine industriat experience.
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Practival Approaches to Protein Formulation Development . 3

PREPARATION FOR FORMULATION DEVELOFMENT

Resource Reguirements for Formulation Development

Alist of resources that shonld be available before starting forpulation devel-
opment is surnmarized in Table 1. Some resources may rot be as critical as others,
depending on the nature of problems epcountered, but it is fmportant to have suf-
Heient resources to discover major formulation issues as early as possible in the
product development process. Without the appropriate equipment and personnel,
the development of an acceptable formulation can be greatly hampered, poten-
tially 10 such a degree that the product is never brought to market. Of course, not
all of the resources nead o be at the company developing the therapentic pro-
ein, but if outside contractors are cmployed it is essential that timely sccess
to resources is available. In addition, the quality of raw materials shouid be
carefully evaluated because unexpected impurities may introduce unnecessary

Table 1.
Resource Reqguirements for Injiial Protein Formulation Development
Resources Requircment . Example
Purified protein Ropresendative of manufactoring process, Pusified bulk, sample
sufficient quantity to cover dose bracket, from final
forrulation variables, and stress conditions; purification prosess

minfmute comphication by fwspurity
{pracipitation of impurity, degredation by
inparity Hke proteclytc cleavage).
Qualified Pharmaceutically acceptable quality, menufacuwere  USP, Ph, Eur, TP
excipients with gqualified production procedures and
sufficient scale, specifications on crificat
imporitics, gualify that can he caied on to
elinical studies and commerciat distritwtion.

Acosss to fill Capability to sterilize container/ciosurc Sterile koo,
finish facllity eomponents; Bi/Anish under aseptic kg machine,
enviromment; head-space parge system; : Iyophilizer
drying equipment
Analyticst Structurnl analyses; concentration deterraination, <D, Uy,
itsteuents chiromatographic acalyses, slectrophoresis; ffuorescence, HPLOs,
bivassays; other microcharsctenzations. mass-gpeciromeny,
. SDS-PAGE
Faeility Conrrotled temperature, contmlled light exposure, Freezer, refrigerator,
accommaodate controlled relativa humidity, devices to provide incubater, Hight
stability studies cortrolled aghiation. chamber, RH

inenbator, agitafor
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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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practical Approaches to Protein Formulation Development §

Tabile 3.
information Obtained from Pre-formulation Stadies for Prctein Phatmacenticals

(Characterization Examples

Physical progerties Primary, secondary, tertiary and quaternary shructures, sefabiity, viscosity,
self-assoctstion, hydrophnbicity, molecular weight, extinction
coefficient, ghycosylation, offccts of tonic stremgth, ote.

Biological propetties  Substrate or receptor affinity, in vitre activiey model, i vive preciinical

. model, etc.

inelude: general chavacterization of the product; investigation of potential stabil-
ity issues; development of relevant analytical methods; establishment of a
stability profile with stability-indicating assays; and identification of major
formulation challenges. A summary of these issues will be presented in this
section,

Characterization of Protein Pharmaceuticals

There is available in the literatire extensive coverage of analytical methods
and their principles for the characterization of proteins {e.g., Jones, 1993; Reub-
saet et al., 1998; Herron ¢t 2l.,, 1995}, General points o consider when charac-
ferizing 4 protein as ap active ingredient are listed in Table 3. As a protein’s
hiological activity is dependent on ils structure, significant emphasis has been
given to structural properties and stability against various stresses.

Accelerated Stability Studies

In order to predict potential stability problems within a shoxt period of time
and to develop appropriate anatytical methods, proteins are exposed to stronger-
than-yeal stresses and various degradation products induced by the stresses are
examined, The results obtained from these so-called “accelerated stability
studies” might aiso be usefui to predict the kinetics of the degradation processes
under real handling conditions, when there are not sufficient real-time results
available hecause of time and resource constrainis, However, the accelerated sia-
bility study is not accepiable to deteriine expiry of the produe, so it is best used
to rank order the importance of different degradation pathways. Approaches and
cuntions in the extrapolation of data from accelerated stability testing to real-time
stability and norma} handling conditions are discussed in defail below,
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Fable 4. :
Various Clonditions Used to Accelerate Protein Degradation,
Fractical
Stresses Routine ranges applications Probloms to monitor
Temperaturs  {-5(°C Storage, shipping, Structural changes (precipitetion,

handfing, delivery aggregalion, recovery foss),
. solubility, increased reaction
rates for all degradations

Light >1.2 milifon lux ¢ Light exposure, Cxidation, cleavage
ilamination, container, package
260 watg has/sgunre
metsr UV energy
Freezing Muttiple freeze~-thaw, Frozen storage, Precipitazion, aggregation, pH
liquid mitrogen freeze  acoidental freezing,  change, crystallization: of
Ivophilizaton exeipients
Oxidation Oxygen purge, peroxide Storage, excipient Oxidations, inacfivation
spike stability, kmpurity
Bumidity G-100% RE Storage, container Moisture content, moastune
integiily, powedes related degmadations
Mechanical  Vorex, agitation, shear-  Manofacturing, Precipitation, aggregation,
3trE9es atross (300057 filling, shipping, - recovery loss
handiing, delivery
Qther — i Impurities, pH, Procipitation, aggregation,
denaturants denstoring secovery loss, simciual
excipients changes

Conditions 10 accelerate various degradation reactions in protein prodacts
and potential problems to monitor arc listed in Table 4. Proteins contain numer-
ous amino acid side chains and delicate three-dimensional structures, which can
be susceptibie to different stresses, Therefore, if iy imporiant fo test the protein
under a variety of physicai and chemical stresses in order to provide 4 good sun-
viation of the degradation products that can be generated.

Bevadopment of Analytical Methods

A brief summary of typical analytical methods is preseatod in Table 5. Tt s
essengal to have a wide range of analyticel methods available to identify and
characterize degradation products. The snalytical methods should be further
selected and costomized to accommodate the specific needs for each protein

product,
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7
Table 5,
"Typical Methods Used to Characterize Proteins and Degradation Products
Methods Examples Applications
Colurmn chromstography  HPLA, FPLC, low prassure IO, sive- Most physical and
exchision, reversed-phase, _chemical degradations,
tor-exchange, hydrophobic, affinity exeipient impuritles,
columns; coupled with UV, leacheates
Auorescence, R, and other
analytical instruments aa detectors

Hlectrophuresis SDS-PAGHE, native PAGE, isoelectric Degradations with changes
focusing, capitiary electrophorasis, in size and/or charge
L

Speciroscopy TP, fluomescence, FIIR, UV, Ruman, Structural changss,
NMR, efc. chemical modifications

of side groups

Thermal analysis Diffcrential soaoming caiortmetry, Protein structuse,

theymogravimettic anaiysis, lyophitized caks

Light scattermg/tacbidity

Othey
mictochazacterization
mothods

thermeomechanicn! analysis, efe.

Dynamic light scattering, other fght
scattering ceviees, turhidity, particle
size deterination, particle connter,
ete. ) .

Peptide mapping, peptide sequencing,
aring acid analysis, mass
spectrometry, athex specific analyses
for iitvideal reactive gronps

stracture, powder
charecterzations
Aggrogation, precipitation,
molecilar weight
determination

deptification of impurities
and chemical
degradation, analysis of
comples proteiss, o.g.
antibody and
givooprotein

Evaluation of the Significance of Problems

As stated earlier, it wonld be ideal to have a pure protein in an absolutely
stable formulation. 1o reality, however, scientists have to design formulation
based on compromises that deal with several different potential probléms. To
make matiers worse, the formudation needs to be recommended long before it is
evalnated fully, because of typical aggressive timelines in the industry. I peneral,
the formulation will have to be optimized based on assamptions and extrapola-
tions of results obtained during a Eimited time. Therefore, it is important to neilize
the givea time efficiently, by collecting as much relevanl information as possible
for evaluating the significance of each problem.

Due 1o the marginal stability of proteins, it is possible to create rapidly a

variety of degradation produocts during accelerated stability testing. However, not
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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
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identification, reporting and qualification of degradation products are set up based
on the total patient exposure and percentage of the degradation products {Appen-
dix, Regalatory Document 3). When certain degradation products cammat be pre-
vented from forming i the formmiation, their inclusion in the product must be
qualfied, which may require that additional information on safety and efficacy
be obtained as recommended in the regulatory guidelines {Appendix, Regulatory
Documents 2,3), Obtaining this infonmation requires a significant amonnl of addj-
tonal work, which may include clinical studies.

FORMULATION DEVELOPMENT

As discussed above, the critical parameters affecting the pharmaceutical
quality of a protein therapentic are defined during the preformulation stedies.
formuiation 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 agueous for-
mulation, which would not be a concern for a lyophitized formulation. Similagly,
choosing excipients that provide a glassy matrix to stabilize the protein is only a
concern for dried formutations.

Formulation Options for Profein Pharmaceuticals

Different types of formuiations need to be developed based on clincal needs,
patient compliance, delivery method, stability of the drug, storage and distribu-
tior, and market competitiveness. Having a elear plan sbout what type of for-
mufation is desired will allow one to design better formulation studies. Liguid
formulations have been generally preferred due to the convenience of manufac-
furing and vse. However, prolein drugs may not be stable enough to be handled
as a lquid formaiation, Dried formmiations (e.g., Iyophilized) or suspension for-
mudations (¢.g., insulin zine suspension} have been saccessfully used to overcome
stability problems. In addition, specific applications and delivery may demand
the appropriale type of formulation, e.g., a spray-dried powder for puimonary
delivery. As details of the stability issues are discussed in other chapters in this
baok, only practical issues regarding these different types of formulations wilf be
summarized here. '

Liguid Fermulations. Il is important to understand that developing condi-
tions t keep proteins stable in a lqnid form for a pharmaceutically relevant

Page 28 of 228




Practical Approaches to Protein Fermulation Development i

storage tme (e.g., two years) is not a simple task. For most proteins, including
relatively stable ones, af least some degradation should be expectad even during
sefrigerated storage, Unless there is strong evidence supporting that the protein
remqains siable for two years and the evidence is supporied by a broad spectrum
of anatyticsl methods, one needs to be very careful about the final decision 1o
market 2 liguid fommulation. Physical or chemical changes thal have low ac-
sivation enmergy should be monifored especially carefully under real storage
conditions. If there is a degradation product that can significantly affect the phar-
rnaceutics] quality at its minimeam concentrations {e.g., formation of particulates)
areat care must be taken Lo assure that such 2 product does reach unacceptable
levels during real-time storage. If long-term storage studics are not implemented
until fate in the product development process, there is a risk that probiems duce
to unacceptable levels of degradation products will not be discovered in time o
test alternative formmiations. In addition to stability during storage, terporary
exposuse fo temperaturss outside the récommended conditions should also be
tested because it con affect the quality of the drug. Also, results obtained from
sultiple freeze-thawing cycles will be useful to determine if the formmiation can
accommodate unexpected freezing during distribution and storage. Likewise, sen-
sitivity to agitation or surface denaturation needs to be understood o support for-
mulaion choices as well as shipping and handling guidelires. For formulations
containing low protein concentration, special aftention is required to avoid impu-
rity-related stability issues (e.g., oxidation fastered by metal contaminanis in
excipients).

Solid Desage Forms. Recent improvemes:s in devices designed for easier
use of lyophilized products, e.g., dual chamber syringes, dual charmber cariridges
and covvenient recenstitistion devices, have helped pharmaceutical industries to
develop lyophilized products without too many concerns surrounding patient
compliance issues. Because lyophitized products have less stability-related issnes
aind have a much greater potential tolerance for room-temperaivre storage, many
biopharmaceutical industries consider the Iyophilized formuiation as & defaslt
option. In fact, byophilization has been widely utilized (0 overcome various sta-
bijity issues of lubile proteins. However, it is iportant to note that Iyophilization
can present its own challenges, particularly in designing appropriate formulations
and economic cycies. Detailed discussion about the rational design of stable
tyophilized formulations is available in another chapter in this book.

In addition fo the required stebility, a successful lyophilized formulation
should aiso have the desired physical properties of the dried powder, e.g., rugged-
ness of the cake and (he maintenance of the pliysical states for each of the
ingredients. For example, crystalHzaton of an initially amorphous excipient
during storage can lead to snacceplable degradation of the protein product and loss
of cake structure. Furthermore, optimal water content for protein stability shonld
be studied and controfled during storage. It is preferable to define an acceptable
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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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Typical Protein Stﬁzi;iiitj Problems: Causes and Solutions

“Pable 6 summarizes typical stability problems observed during protein for-
mulation developrent and potential methods to solve each problem. The list does
not represent the complexity of muitiple problems that can be experienced with
a given protein. Formulation research should be designed 1o handie each protein
based on its unigue stability profile,

Optimization of Fermulation Variables

Overview of the Process. The optimization of formulation variables for
prodact stability is the most crifical part of protein formulation development.
Various formulation excipients and buffers (Table 7) can be utilized and must,
therefore, be chosen to maximize the pharmaceutical quality of the prodact (i.e.,
stability and activity) without introducing sigaificant side effects. Among the
listed formulation variables, the most powerful one is pH, Problems associated
with the physical properties of a protein, e.g., precipitation due to sofubility and/or
stability, are gencraily very difficuit to manage by other formulation means.
Optimization of pH is 2 simaple but very useful solution for such problems (Kol-
venbach et al., 1997), Most chomical reactions also are affected by pH, e.g.,

Table 6.
Typical Swability Froblems Observed in Protein Pharmaceuticals
Probiems Potential causes Pessibls selutions
Non-covalent aggregation Solubility, strecturdl changes, P, donic additives, amino
heat, ghear, surface, acids, surfactants, protein
derafizmants, npurides CONceRtration, raw
material puriy
Covalent aggregation Disulfide scrambling, ofler pE], inhibit nog-covalent
anknown mechasisms AgEregation
Deamidation pH<5D0rpH> 60 pH optimization
Cyelic imide pH araund § ' #H optimization
Cleavagos Protease impurity, other unknown pi, prodiuct purkty, inhibitors
mechanisms :
Orgiclation Active oxygen species, frae Excipient puarnity, free-zadical
sadicals, metals, Heht, impurity scavenger, aclive oxygen
scavengers
Surfoce denaturation, Low profein concentration, Surfactants, protein
adeorption specific &finity, protein concentzation, pH

hydrophobicity
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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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even af concenirations below their specification, e.g., matal ions, peroxides, pro-
teases and reducing sugars. These problems are more prominent in low protein
concentration products due to a high imparity-protein ratio, aithough problems
ke visible precipitation of the protein may be independent of protein concen-
tration. If adjustment in the existing specification is necessary, it Is critical Lo Jook
into the availability of GMP quality raw materials with modified specifications
as easly as possible, once the potential problem is ideniified,

The use of excipients derived from animals (e.g., Tweens) or humans {e.5.,
human serum aibumin) should be avoided if possible due w0 the tisk associated
with ransmissible diseases like bovine spongiform encephalopathy, Creutzfeldi-
Jakob Disease, hepatitis virus and HIV, Numerous regulatory guidelines have
been issaed to discourage the use of animal/human-derived excipients (Appen-
dix Regulatory Documents 6,78}, When animal-derived excipients have fo be
inchuded in the product, the manufacturer will need to demonsirate that their
selection is fully justified.

Design of the Study. A design for the fonnnlation opfimization study should
be in place before commencing the work. A typical stady protocol will jncinde
the following information:

- Study title
- Smudy objective
— Source and guality of drug substance and excipients
~ Material preparation
— Fomuiation matrix
— Formulation variables
~ Protein concentrations or bracket
— Analytical methods
- Storage conditions (temperature, lght, humidity}
~ Additional sample haudling conditions (temporary exposute 0 stresses,
container orientation, e4c.)
— Sampling schednle and expected duzration of the study
- Plan for data analysis and report

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

Necessary Studies for Formudation Development

Storage Stability Study. Documenting that the formmulation will keep the
protein stable until the desired expiry can be the most time-consuming part of

Page 33 of 228




1& Byeong 5. Chang srd Susas Hershenson

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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Serategies o Overcome Diffieult Formulation Problemy

Oceasionally, problems are encountered that are difficult to overcome with
conventional formpmlation approaches. It is possible to condact additional studies
te confirm that the problem is pharmaceuticaily acceptable. On the other hand,
unique formulation approaches can be infroduced to address specific problems.
Examples of this approach are provided below.

Qualification of Degradation Products. if decreasing the amount of degra-
dation product below the specified threshold is ot 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 product, i.e., safety and efficacy (Appen-
dix, Regulatory Document 1). I there is not sufficient information available,
additional gualification studies recommended in the regulatory gaidance can be
carried out {see the discussion above}. The experience of having these degrada-
tion products in the materials used for clinical studies can sometimes be very
usefu because the results obtained can provide nseful iosight into the ¢linical
implication of the degradation products.

Site~-directed Mulagenesis to Traprove Properties. Some problems related
1o the intrinsic properties of a protein canmot be overcome unless a change in
the sequence is introduced. After careful research is carried out to identfy the
problematic region. or residue, the protein can be engineered for better physical
andfor chemical properties. For serious problems like precipitation due to
insolubility or poor stability, changes in profein sequence have been proven effec-
tive for improving physical properties (Murby et al., 1995; Roig and Kennedy,
1995,

Chemical Modifications. The physical properties of proieins can be
improved by modifying problematic amino acid side chains with small com-
pounds or large polymers {e.g., attachment of polyethylene glycol) (Fagain,
1995; Guerra et al., 1998; Prancis et al., 1998). In addition, there are other
desirable improvements that can be achieved by the conjugation chemistry
{e.g., enhanced pharmacokinetic profifes, reduced imumumogenecity, enbanced
adsotption, tc.).

Unconventional Dosage Forms, Some protein stability problems can be
resolved by introducing novel approaches in the formulation. Examples include
suspension formudations (Defelippis et al., 1998), microencapsniation with
cyclodexinin (Brewsler et al., 1991}, suspension of dry-powder in non-agueous
vehicle (Knepp ef al., 1998), and use of non-agueons vehicles with hydrophobic
ion-pairing (Manning et al., 1995).
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FORMULATION IN COMMERCIAL PRODUCT DEVELOPMENT
Critical Formulation Decisions During Pharmaceutical Development

A brief supamary of the important phases of a commercial product develop-
ment is shown in Figere 1. Ideally, a stable formulation would be available during
the early discovery research period to ensure that the protein is in its active and
stabe form during critical feasibility studies. However, development of a siable
formuistion for each drug candidate is not practivally possible because such an
approach would take too much time snd too many resources. Generally, formu-

Jation development starts after the decision is made to start clinical trials, A
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reliable formuladon is required to support various preciinical and clinical studies.
The formutation can be further improved later to satisly the clinical, marketing,
and regulatory needs. Although formulation development does not necessarily
appear rate-lmiting duting this improvement period, it is ireporiant to understand
that changing 2 formsulation may requive much more sapporting work, including
additional chnical trials, which can take years,

Forsnulation for Early Preclintcat and Clinical Stodies

When a promising protein drug candidate is identified from preliminary fea-
sibility studies, 2 decision will be made to introduce the drug to clinical studies. fa
order 10 obtain regulatory approval to initiate the clinical rials, it is requived to
demonstrate safety, mamufacturing capability, stability of the drug and repro-
ducibifity in studying the deug. A sufficiently stable formulation is necessary at fhis
stage because it is important 1o maintain the quantity and quality of the protetn for
ali research studies from which results will be used for registration of the product
with regulatory agencies. Therefore, formulatior development becomes & rate-
fimiting process at this early siage. Formulatdons can be stored frozem or
lyophilized for this purpose. At this stage in product development, the shelf life
requirement is determined by the logistics of supplying drug for clinical trials.

Commerciai Formulation

Commerciglly visble and market competitive formmulations have some
common featnres. Most of all, the formulation shounld maintain the safety and
efficacy profile of the protein drug during ail the handling and uses specified on
the fabel. Since commercial distribution chanmels are not equipped for frozen
products, shipping and slorage at refrigerated temperatare or higher are reguired.
Sufficient sheif life needs to be detarmined under conditions to which the product
will be exposed in the commercial disttibution system. Viarious systematic studies
need (o be carrjed out to comply with regnlatory reguirements for registration. It
takes 1-2 years 1o collect all of these resalls, so the commercial formutation is
developed while preclinical studics or early clindcal trials (with the preliminary
formulation} ate in progress. If possible, the commercial formulation should be
introduced before the pivotal clinical trial becanse clinical experience is the most
effective way to confirm the safety and efficacy aspects of the formulation. In
addition, formunlation changes efter thig peint may infroduce formidable chal-
lenges to the clinical program and to obtzining reguiatory approval.
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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

ki rhit
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Table 8.
Summary of Information Included in Regulatary Applications
General information Comments specific to proteins
Active substance  Compatibility with excipients and other Structoral elements responsible
{protein) combined products, and for the biological activily;
physicochetstdeal characteristics good eoverage of degradations

cecurttag during storage,
tnanufacturing, and detivery.
Excipients Function of each excipients, justification -
for thelr inckusion, wxd compatibikity
with other excipients, choice of quality

Formigated Overage, physicochemical parimeters, Stability of strueture in terms of
products components with appropriate resuits biologice] activicy; foroulation
sapposting intendal purpose; optimization for both
compatibitity with diluent, device, and manufactaring process and
other drugs in contact before delivery, stabiliy
critical physical properties
Packaging Integrity of container and closure during Adsorption, denaueation at the
material Storupe, teconstitation, admixtars, frtterfuce, and aggrogation of
diliztion; serpon to contaiter, leaching, thie surface-denstored protein;
and dose reproducibility eaconstitution of dry-powder
formulation
Manufactueng  Manafacturing process for the preparation.  Resulis to support the quality
Drocess of formvlation and its justification, and stability of the protein
appropriate method of sterilization and during the mgnfacning
justification process; memiwane filteation
: nnder aseptic conditions
sufficient

prooduct’s identity, strength, quality, purity, and potency of the product, as related
to the product’s safety or effectiveness (Appendix, Regulatory Documents
§8-2(0). When the degradation profile is changed qualitatively or quantitatively,
it is recommended to follow the impurity-related guidelines discussed above
( Appendix, Regulatory Documents 2,3). The manufaciurer must obtain approval
of the supplement by FDA prior to distribution of the product made using the
change. In general, the following stadies (Table 9} can be carried out to confirm

Table 8.
Studies Needed 0 Suppost Change in Formulation
Research requiretnents Supporting resulis
Purity Stability, compatibility, Stmctural analyses
Potency T vizrofin vive bicassays, preclinical and/or ciinical pharmacokinetic

somparability , ¢hnical efficacy

Safecty Preclinical safety, clinical safety
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that the change in the formulation will not affect the safety and effectiveness of

ihe product {i is recommended to consuli the regulatory representative to find

out how much additional information may be needed for the approval of the
changed formuiation.

APPENDIX: LIST OF REGULATORY DOCUMENTS

. International Conference on Harmonization: Guidance on specifications: Test

procedureg and acceptance criteria for Biotechnological/Biological Products.
Federsi Register: August 18, Volome 64, Number 159, pp. 4492844935

© (1999,

18,

11,

12.

13,

14,

. International Conference on Harmonization: Impurities in New Drug Prod-

ucts. FIDA Q38 (11/57),

. Guidance for Industry. ANDAS: Impurities in Drug Products. Draft guidance.

FDA (12/8).
Note for Guidance on Inclusion of Antioxidants and Antimicrohial Preser-
vatives in Medicinal Products {CPMPICYMPIQWP/115/95) EMEA (7/97).

. Inactive ingredient guide: inactive ingredients for cumently marketed drug

products. (1996) FOT Services, Inc. Rockville, MD.

. Note for gaidance or minimizing the risk of transmitting animal épcmgiform

encephalopathy agents via medicinal products. EMEA (4/99).

. Note for guidance on plasma-denved medicinal products. EMEA (7/98).
. Development Phanmaceutics for Biotechnological and Biclogical Products.

Annex to Note for Guidance on Development Pharmaccutics (CPMP/
QWP/155/96). EMEA (10/1999}.

. Intemational Conference on Harmonization: Stability testing of new drug

substances and products, Federal Register, Sept. 22, Volume 39, Number 183,
Pp. 4875448759 (1994). - )

International Corderence on Harmopization: Final guideiine on- stability
testing of biotachnological/biological products. Federal Register, July 10,
Volatne 61, Numberl 33, pp. 3646636469 (1996)

Guideline for Industry: Stability testing for drug substances and drug prod-
ucts: draft guidances. FDA; (6/98). .
International Conference on Harmonization: Guidelines for the photostabil-
ity testing of new drug substances and products. Federal Register, May 16,
Volume 62, Number, 95, pp. 27115-271Z (1997).

Guideline for Submitting Documentation for the Stability of Human Drugs
and Biologics FDA. (2/87)

Guidance for Indusiry. For the Submission of Chemistry, Manufacturing and
Controls and Establishment Degcription Information for Haman Plasma-
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Derived Biological Products, Animal Plasma or Serem-Derived Products,
FDA (2/99).

15, Guidance for Tndustry. INDs for Phase 2 and 3 Studies of Drugs, Including
Specified Therapeniic Biotechnology-Derlved Prodocts Chemistry, Manw-
facturing, and Controls Content and Format (Draft guidance} FDA (2599},

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

17. Note for Guidance on Development of Pharmacentics (CPMP/BWP/328/09).

EMEA (01/1998).

18. Demonstration of Comparability of Haman Biological Products, Including
Therapeutic Biotechnology-Derived Products, Apzil, 1996,

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

26. Guidance for Industry: Changes to an Approved Application: Specified
Biotechrology and Specified Synthetic Biological Products; Fuly 1997,
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Recombinant Production of
Native Proteins from Escherichia coli

Tsutomu Arakawa, Tiansheng Li,
and Linda O. Narhi

INTRODYUCTION

The production of lagge quantities of proteins became possibie with the advent
of recombinant DNA technology, and the subsequent gxpression of recombinant
proteis in Escherichia coli (E. coli) (Itakura, 1977). Recombinant proteins are
produced in E, coli cytoplasm at high concentrations in & very different eoviron-
ment than that in which they are normally expressed. Their structere, stability
and solubility are affected by (his environment and can be quite different than
that of the native protein. Therefore, purification of recornbinant proteing often
requires different techuiques than those used to purify the same protein from i
natural environment. Numerous zttempts have been made to punfy andor refold
expressed proteins,

Heterologous expression of recombinant proteins in E. coli rosults in insol-
ubie inclusion bodies, solubie proteins, or a distribution of the proteins between
the insoluble and soluble fractions. Profeins expressed as inscluble inclusion
bodies must be solabilized, purified and refolded. If they coniain cysteines
forming inirs- andfor inter-chain disulfide bonds, oxidation of free cysteines is

Tatomu Arakawa  + Alllance Protein Laboratories 3957 Corte Cancicn, Thousand Ozks, CA
91360 Yiansheng Fi and Uinda O. Nevhi ¢ Awmgen, Ioe. Thoussnd Oaks, (A 91220,

Ratiovial Dester of Smble Prowetn Formulzstons, edite¢ by Carpenter and Manning. Kivwer Acedenic / Plerun
Publishers, New York, 2002,
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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 cxpressed as soluble proteins. Two cytoplasmic
enzymes, which were expressed as soluble proteins, were described by Yo et al.
_{1996) and Fletcher et al. (1996). The dibydrofolate reductase domain of Leish-
manig major dihydrofolate reductase-thymidylate synthase bifunctional protein
wasg expressed as a soluble protein in E, coli strain PA414, The expressed protedn
was purified as a gingle folded protein from the bacterial lysate nging MTX-
sepharose affinity chromatography (¥u et al., 1996). HIV-1 recombinant reverse
transcriptase was expressed as a soluble protein in E. coli strain JM109. This
protein was expressed in the bacterial lysate, and purified by using & combina-
tion of (3~ and S-columns (Fletcher et al., 1596).

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

To our knowledge, basic proteins without disulfide bonds, such as fibroblast
growth factor (FGF} family members (Denefle et al., 1989; Jung et &l,, 1988) and
interferon-y (IEN-Y), tend to be exprossed, at least in past, as soluble proteins.
Distribution between seluble and insoluble fractions depends on the specific pro-
teins and on the iysis conditions and solvents used, as well as the fermeniation
conditions. Even keratinocyte growth factor (KGF), which has thres intra-chain
disulfide bonds, can appear in both fractions. Distribustion of expressed protein in
the salable fraction can be improved by carefully choosing the solvents used for
cell Iysis, ete. {described below). In addition, the level of soluble protein can be
increased by manipulating cell growth conditions. For example, growth of the
bacterial host af lower temperatares, rather than at 37°C, occasionally improves
proteia sofubility (Wulfing and Pliickihun, 1994; Schein, 1989), as does varying
the fength, conditions and timing of indaction {Sawver ¢t al., 1994), Addition of
a specific ligand for the protein can akso increase the expression level of 4 soluble
protein (Proudfoot et al., 1996}, Some success has also been reporied with the
coexpression of chaperoning {Caspers, et al., 1994; Proudioot et al.,, 1996) or
thicredoxin (Yasukawa et al., 1995); the presence of these proteins at high
cotcentration increased the expression level of soluble proteins. Proteins
expressed in a soluble form may not necessarily be folded correctly, or active, in
which case refolding is required. An example 18 agouti-related protein, which was
fonnd in the soluble fraction of E. coif as large, intermolecuiar disulfide-linked
agpregates (Rosenfeld of al., 1998). Following denaturation, reduction, and then
oxidation and refolding, an active, folded molecule was obtsined. Another
example of this behavior is 8 KGF receptor fusion protein. This protein was
localized in the cytosol as very large, soluble aggregates consisting of DNA,
and covaient disulfide and non-disubfide Boked oligomers (M. Snavely, private
commumnication}.
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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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tion of the protein of intexest due to the high protein concentration in the binding
ZOne.

The same type of problem also occurs upen elution of the protein froim the
resin, particularly when the binding is tight, requiring high salt concentrations for
elution. Tt should be noted that NaCl, the most commonly used salt for elution,
is also a salting-out salt (Arakawa and Timasheff, 1984} High salt and high
protein concentrations that might occur upon elution can cause aggregation and
precipitation of the protein In the columa. Batch-mode binding can avoid having
& zone of high protein concentration. Wherever column-miode binding is used, i
is always recommended that the colunn be washed at the end of elution with a
salt/urea mixture, which should remove irteversibly aggregated materials trapped
in the column.

Since the protein isolated from the soluble fraction is folded, any harsh,
potentialty denaturing conditions such as pH above pH 9 or below pH 5, or denat-
urant concentration above 2M urea or 1 M guanidine HCL. (GdaHCl), should be
avoided during the purification process. However, if the folded protein is stable
between pH 4~-3, the solution can be irated to this pH range, and a majority of
the E. coll proteins will precipitate. Except where proteins are stable or reversibly
denatured in extreme acid and strongly hydrophobic environments, reverse-phase
chromatography purification should not be used unless absotutely essential.

PURIFICATION AND REFOLDING OF SOLUBLE,
MISFOLDED FROTEINS

Occasionally, & protein located in the soluble fraction of the cell will stili be
misfclded, An example of this is agouti-related protein, which is expressed a5 a
secreted protein in vivo (Rosenfeld et al., 1998), When a truncated mutant of this
protein was expressed in . coff, it was jound ix the soluble fraction. However,
attempts to purify this protein demonstrated that it existed as large, disulfide-
bonded aggregates. The cells were Fysed in water, and the aggregates were solu-
bilized by incubation in 6M GdnHCY at room temperature. The protein was then
refoided by dilution into an oxidation/refolding buffer comaining 1M ures, and
a cysteinfeystamine redox pair at pH 7.0. The refolded profein was then purified
by conventional chromatography to yield highly pure, active protein. Ancther
exarpie of a misfolded, selubie protein is the KGFR-fusion protein mentioned
above (M. Snavely, private conmmmication}, KGFR was expressed as a fusion
protein in order to localize it in the soluble fraction, and indeed the protein was
found in the cytosol. However, it existed as very large, soluble complexes con-
taining DNA and covalendy bound oligomers. Isolation of homageneons protein
from this source was not practical.
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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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necessary when performing column chromatography at alkaline pH, 1o keep the
protein reduced. it is simpler if solubilization is performed at iow pH, as no reduc-
ing agent is required under seidic conditions. Here again, the batch-mode progce-
dure for binding the protein to the resin is highly reconmrended. For proteins with
a pl above 7.5, the following general protocol can be used, which is diagrammed
in Figure 2. Inclusion bodies are solubilized in 7M urea, pH 3 to 6, by rigorous
homogenization. After centrifugation the supernatant is batch-bound 10 a catdon-
exchange resin, and the resin is extensively washed on the filter with 7M urea
buffer at pH 3 to 6. Thean, the bound proteins are eluted with NaCl in 7M urea
at pH 3 to 6. Since the pH is maintained below 6.0, no reducing agent is included.
For acidic proteins, sclubilization may be done at high pH, in the presence of a
low concentration of reducing agent.

These partially purified materials usnally require a refolding procedure.
However, it is possible that none of these initial chromatography steps will fcad
o an increase in purity, bt will result i material that can be used successfaily
in 4 refoiding step. Munne JFN-y (miFN-Y) is an example of such a protein
_ {unpublished observations). Application of the general protocel (Figire 2) to
inclusion bodies of mIFN-Y, which had been solubilized in 7M urea, resulted in
' no binding of mIFN-Y to either cation (low pH) or anion (high pH) exchange
clromatography columns. Ia addition, atterspis to direcily refold the ureas

IBs (x disuifide)

7HE urea solubilization
(nio reducing agent, low pH) .

it

Catlon sxchange chromatography
¥

v v

increase pH for Butter exchange

oxidation to high pH GanHCl
for oxidation
i i

Denaturant removal

Column chromatography

Figare 2. Geperic purification protocol £0r recombinant proteing expressed in 2. ool at inclusion
bodies (JB7s).
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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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»  Two-state iranshion

D (SH) 3 N (8H)
D (55) » N(58)
Denaluring Native

s intermediate
I {SH) > I (SH) 5 N (SH)

:

£ {58} b § (éS) » N (88)
Renaturing Native

Fignre I, Refolding mechanism for proteins sclubilized from: inclusion bodics.

moiecular population towards I might also promote formation of aggregates from
1. Rapid difution of the denaturani and the profein may avoid aggregation, if the
I to N conversion can occur rapudiy enough. If the I to N reaction is too slow,
then aggregation predominates. The solubility and stability of I and the relative
rates of the I — N reaction versus the 1 — aggregate reaction will determine the
procedure by which the denatarant concentration should be reduced. Because for-
mation of aggregates 1§ & socond- oy higher-order process and sefolding is o first
order process, redacing protein concentration witl tend to reduce aggregate for-
mation. For disuifide-containing proteins, the refolding process inctudes the addi-
tional consideration of the formation of the correct disulfide bonds. As described
in the next section, oxidatior or disuifide exchange i used to modufate the rate
of disulfide formation, '

Although I (SH) shown in Figure 3 can be generated similarly to that of non-
disulfide proteins, the I(SH) to I{88) conversion and consequent conformational
change ere esseniial for formation of N in disvlfide-coniaining proteins. Disal-
fide bond foermation can be accelerated by disulfide exchange reagents. An
optimal concentration, achieved by either dialysis or dilution, of denatarant may
be that at which the solubility of I(SH) is maintained, vet at which KSH) can
assume a native-like struchure to allow formation of the correct disulfide bonds.

As noted in Figare 3, 1(SH) to 1(SS) will be faster at lower denaturant con~
centrations, However, the solubility of X(SH) is lower at lower denaturant con-
centrations, enhancing aggregation. It is also possibie that the conformation of
I{SH) and 1(SS) may be dependent on the denaturant concentration, In other
words, there miay be an optimal concentsation of denaturant that increases the sol-
wbility of 1(SH), thereby minixnizing aggregation and facilitating the conversion
of ISH) 10 I(8S).
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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}
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Disulfide Bond Formation

There are 2 number of review articles that deseribe methods of facilitating
ar aiding in disulfide formation (¢.g., Fischer et al., 1993; Mulkhopadhyay, 1997
these methods are summarized in Table 1. The simaplest procedure is air oxida-
fion. which is slow, but can be accelerated by the inclusion of Cu™ ions in the
micromelar range. Air oxidation can aisc be carried out in the presence of a free
thio}., such as B-mercaptoethanol {Epstein and Goldberg, 1963}

There can be advantages in generafing mixed disulfides before purification.
Proteins i which all the sulthydryl groups are reversibly raodified are stable and
have altered solubility. Although the structure of the modified protein, 1{SSR),
may be simitar to I{SH}, the former may be more soluble, which may allow for
the use of lower denaturant concentrations. Reducing denatursnt concentration
can help to avoid disulfide exchange.

In an alternative epproach, often a sufficient aypount of reducing agent, such
a5 reduced ghiathione, in combination with its oxidized form, is used to initiate
disulfide shuffling under refolding conditions. This method converts I(SH} to
K(SS) and minfmizes incorrect disulfide hond formation. Ejima et al. (1989) have
shown that lower concentrations of reduced and oxidized glutatbione geperate
mere of the active disulfide structure of buman -6, For all of these approaches,
the concentration of denaturant plays an essential role, because it determines the
conformation, solubility and flexibility of the intermediate structures in which
disulfide bonds are formed.

Removal of Denaturant

For disulfide-containing proteins, oxidation may de performed before or
duzing refolding. However, for some proieins after the cogrect disuifides have
been formed, the manner in which denaturants are removed can affect the final -
refolded structure. The folding of son-disulfide proteing is determined almost cer-
tainly by the process of denaturant removal. Renaturation occurs when solubi-
lizing agents (denaturants) are removed by dilwtion, diaiysis, diafiltration or solid
phase exchange.

Dialysis. The rate of the removal of denaturants is detetrmined by the mode
of dialysis or diafiltration. If dialysis is done against a step-wise descending
denaturation conceniragion (e.g. 7 to 5 to 3M urea as shown in Fig. 4}, then an
equilibrium in solute concentration is reached at each denafurant concentration,
which can allow for equilibrivie distribution of protein molecules in different
states. Flowever, there can be kinetic competition between aggregation and
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1 ] I

7 urea 50t urea OM wrea
Dialysis vs. decreasing denaturant concentration

Step-wise

final bufler .

Dilution & Column His-fag )
[t ® A
g :
&| § 1. Bound In 61 GdnHCl
3 2. Wash with refolding °
w 4
Dilution Ditution butter

Figore 4 Diagrams of difforent protocols to reduce deneturant concentration.

refolding, such that the equilibrium between protein states is not achieved. One-
step dialysis against buffer can also result in solution conditions in which this
kinetic competition can oceur,

Another maethod is to perform diatysis versus descending denaturation con-
centration with time. This type of dialysis against 4 concentration gradient can
be accorapiished using a gradient former or a pump shown m Figure 4. Dialysis
fubing containing solubiiized proteins is placed in the umtial solvent {e.g. 7M
urea), and the final refolding buifer is gradually pumped into the mitial solvent.
The rate of change in denaturant concentration can be controlled by adjusting the
flow rate of the pump. This diatysis method was successfully used for redox-
coupted refolding of ysozyme (Maeda et al., 1995), immunogiobulin (Maedz
et al., 1996) and platelei-derived growth factor-BE (PDGF-BB) (Alexander et al.,
1992).

Dilution. Dilution is carried out by cither diluting the protein solution in
denatwrant into a refolding selvent containing lower or no denaturant, or by
adding refolding solvent into the protein solution. In the first case, the protein
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concentration starts at zero and gradually increases to the final concentration
while the denaturant conceniration is ipitiaily that of the refolding solvent and
graduatly increases. If the refolded structure is oligomeric, then this method of
dikation may not wark well, because the low protein concentration present at the
oaset of dilution may be too low to aliow formation of stable oligomeric struc-
tures. In the second case, both protein and denaturant concentration decrease as
the solvent is added. The choice of dilution method will depend om the folding
kinetics and aggregation tendency of the intermediate species.

In general, dilution works well for disulfide-free proteins or disulfide-
contaning proteins whose disulfides are non-essential for protein structure and
refoiding (Arakawa el al, 1985; Takabhashi and Hirose, 1992; Fakahashi et 4.,
19913, As described above, this type of protein ¢an acqguire the native conforma-
tion spontaneously upon denaturant removel, snd slow removal may ajlow suffi-
cient thme for aggragation of the intermediale structures. '

A large number of non-disulfide proteins including FGFs, IFN~y and rat
intestinal fatty acid binding pwotein have been refolded by dilution. The Iast
protein, an all-B-type protein, wndergoes a transition fron: unfolded protein
through intermediate stroctures to native protein upon dilution info refolding
buffer, with higher protein concentration (>20 M) resulting in aggregation and
precipitation (Ropson et ai., 1990). )

Solid Phase Removal of Denaturants. Although seldom used for com-
mercial production of recombinant proteins, renaturation can be performed by
exchanging the solvent while a protein is bound to a column. A protein is bound
to a column in the presence of the denaturant that is used to solubilize the protein.
Histidine fusion tags are often used, becauss the tagged protein can bind to 2
nicke] resin in concentrated denaturant. The use of the tag for binding rather
than a region of -the mature protein itself aflows the protein to have a flexible
structure for refoiding. After the protein is bouad to the regin, the denatrant
is exchanged with refolding buffer. This procedure has also been applied
suceessfully o refolding of w-glucosidase on an ion exchange colomn, using
the addition of & hexa-arginine tag to immobilize the protein (Stampfer et al,,
1996). :
Gel filiration.  Refolding can be initiated by injecting a denatured profein
in urea or GdaHCl onte a gel filtration column equilibrated with refolding buffer
{Wemer ¢f al., 1994; Batas and Chaudhuri, 1999; Khan et al,, 1998}, R is essen-
tial that not only the elution buffer is optimal for refolding but also that it is
campatible with the elution of refolded proteins. Dilution of both protein and
denaturant concenfration occurs simultaneously. Also, refoided proteins are
somewhat dispersed in the ge! matrix, which zids in preventing aggregation and
helps separate refolded proteins from misfolded aggregates. A successful refold-
ing of Cl-inhibitor from the SDS-denatured state was achieved by this method
(Ganthier and Patston, 1997).
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Effects of Tag Sequences

To facilitate purification, as well as exprossion and solubzlity of proteins, a
tag-seqguence such as hexa-Fis, hexa-Arg, Flag-tag, glutathione S transferase
{GST} or maltose binding protein (MBP) can dbe incorporaied at the N- or C-tex-
mizal end of the mature protein. As expected, linking soluble eytoplasmic pro-
teins with the fag sequence usually results in sotuble fusion proteins. It should be
noted that these tag sequences are often inaccessible to the affinity resm and,
therefore, ineffective for purification.

MBP is also nsed o direct MBP proteins inte the periplasmic space through
a specific signal sequence for periplasmic transport {see above), For example,
hybrid expression of MBP wath CD4 fragments aiso resnited in periplasmic
expression of the CD4 proteins (Clement et al,, 1996}, MBP fusion has been suc-
cessfully used for generating the fragments of the G-CSF receptor (unpublished
observations). Purification and protease cleavage resudted in vatious forms of the
receptor, which were cornpetent for binding its Hgand, G-CSF. MBP was also
fused to C-terminus of pepsinogen, which resulted in inclusion bodies. However,
MRP fasion facilitated refolding of pepsinogen for an upknown reason (Sachdev
and Chirgwin, 1998},

GST fusion proteins form a dimer through GST. GST is uastable upon dis-
scciation. Hence, if the fusion protein interferes with the dimerization of 8T,
then the GST portion may become unstable, causing the fusion protein o pre-
cipitate. Also, because of the inability of fused proteins te fold into stable struc-
tures in E. coli cytoplasra, fusion proteins often appear as insoluble inclusion
bodies, as is the case for GST-PiPc fusion (Vélkel et al., 1998).

Comparison of three fusion partners, MBP, GST and thioredoxin, using
widely different proteins expressed in E. coli, suggested that MBP is most effec-
tive in solubilizing proteins that are “insoluble” when expressed without fusion
partners (Kapust and Waugh, 1999). Refolding of GST fusion proteins made with
extracetluler proteins has not yet been successful, aithough dimeric GST ifself
can bo refolded from precipitates. '

Effects of Excipients

Refolding of proteins s initiated by decreasing the denaturant concentza-

. tions, There have been some attempts o increase the refolding efficiency wvsing

folding enhancers including sugars, amino acids, surfactants and polymers
(Cletand, 1993). ArgFCl has been ased as an excipient to facilitate the refolding
process (Buchner and Rudolph, 1991, Rudolph et al., 1992; Rinas et al, 1990,
Aha et ak, 1997; Arora and Khanna, 1996, Buchner et al,, 1992), although there
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are only a few studies that compare refolding yield in the absence and presence
of this reagent. A 10-fold increase in the yield of IFN-Y wag observed with 0.5 M
{-arginine, compared to renaturation in its absence (Arora and Khanna, 1996),
Rudoiph et al. (1992} argue that L-arginine has a chactropic nature and, hence,

_ destabilizes incorrectly folded structures, ailowing the rmolecudes to proceed

down the pathway to correct folding. However, ligtle is known about the interac-
tions of &his amino acid with proteins. The observation that ArgHCI can substi-
tute at Teast partly for the effect of GdnHCl suggests that it acts on proteins by a
mechanism similar {o that of GdnHCI or urea. These compounds have two effects,
hydrogen honding to peptide groups and solabilization of non-polar compounds.
No data are available on the effects of ArgHCI on the capaciy to form hydrogen
bonds to peptide groups or on the solubility of nop-polar compounds, such =5 the
solubility measurements of amino acids and transfer fiee energy of side chains,
except for the preferential interaction measurements of ArgHC! with bovine
seram atbumia {(BSA) and lysozyme (Kita et al., 1994).

Figure 5 shows the plot of the preferential interaction parameter for ArgkCl

with BSA, (%‘-’L} as a function of ArgHCI concentration. This value is initially
&2

negative at low concentrations, crosses over zere and becomes positive at higher
9g
parameter i related fo absolute hydration (A)) and solute binding (As) of the
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Figure 5. Preferential hydration of bovine serum albwgnin in asgininie-HCL Data taken from
rakawa and Timashett, 19820, .
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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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inhibition of protein aggregation is due to hydrophobic interactions between PEG
and partialiy-folded protein species.

Other additives such as sugars, salts, polyols, arines, alcohols and deter-
gonts have alse been used to inhibit protein aggregation during refolding. In
general, stebilizing salts, polyols, sugars, and ampes (p.g., rimethylamine-N
oxide) increase the stability of more compact strectures, Recently some of these
comapounds were alsc shown to counteract the destabilizing action of urea
{Boler’s and Lin’s). This effect may be used to induce foiding, rather than
decreasing the denatarant concentration to injtiate refolding. Tt is also becoming
apparent that some of these stabilizing solutes can increase the aversge com-
pactness of protein molecules (e.g., Kendrick et al,, 1998}, This effect is most
likely due to the presence of multiple states of native-like streture with varying
degrees of molecular compactess in the refolding mixture. These excipients
could be affecting the distibution of these mulfiple states to favor the more
compact states. Petergents have also been used to assist in refolding, presemably
by transiently interacting with partially folded protein molecules and sterically
hindering the intermolecalar contact required for aggregation (Zardeneta and
Horowitz, 1994a; 1994b, Horowiiz, 1993).

French and Schmid (1995) have shown that the addition of concentrated
NaCl can induce native-like structure in a single disuifide mutant of RNase T, in
agueous solutiors. Formation of the temaining disulfide is then strongly enhanced
relative to its formation in the unfolded structare in the absence of NaCl Reduced
and carboxymethylated ribonuclease T, also showed refolding inte a native-like
structure iz the presence of 2.7M TMAQ, as determined by gel filiration chro-
matography (protein concentration 4t 20ug/ml), fluorescence spectroscopy (0.3
mg/ml) and CD spectroscopy (1.3mg/ml} (Baskakov and Bolen, 1998). At
0.1-0.2mg/mil, reduced and carboxymethylated ribonuclease A also exhibited
substantial compaction, approaching the size of the native protein in the presence
of 1M sucrose, sarcosine or TMAG (Qu ¢t al, 1998). It would be interesting t¢
see if a fully-reduced proiein with 2 similar folded structure can efficiently lead
10 the native disulfide structure. However, it should be emphasized that most
proteins, in the absence of denaterant ard disoifide bonds, have some tertiary
structuze.

Response Serface Methodology

R&spo;nse surface methodology (RSM, an experimental design technique)
was used to investigate optimal refolding conditions of Pyendomenas fluorescens
tipase, which was expressed in the inclusion bodies of E. ¢coli (Ahn et al., 1997).
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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 flu-
orescence spectroscopiss were all employed to analyze the difference in struc-
ture between Fe cloned into different strains of £, coli (anpublished observations),

Conformational Stability

Spectroscopic signals often arise from associatioa of non-native stractures,
rather than from folded structures. ba this case, structural pertutbation technigues
can distinguish distinet folded structures from misfolded ones. The misfolded
stricture often gives rise fo a monotonic change in signal as a function of strength
of periorbation (e.g., temperature or concentration of denaturant), rather than the
cooperative transition doring unfolding of an initially native conformation. Heat,
pH or denatugant-induced unfolding can be used to probe protein conformational
stability. CD and other spectroscopies can be used to follow these changes in
structure, Differential scanning calorimetry (DSC) can also be employed sug-
cessfully. Snyder et al. {1996} used DSC to demonstrate that the refolded CMV
proteinase had a different conformation than the melecule isolated as 2 soluble
protein.

Limited Proteolysis

{.amited proteclysis is another usefal technigue for probing the tertiary strue-
ture of a protein. This fechnigue is not dependent on the presence of particular
chromophores in the protein, but instead compares the susceptibility of proteins
to proteoiytic degradation (Fontanz ¢t al,, 1997; Hubbard, 1908). This property
is a reflection of the flexibility or stability of a protein. This technique can be
wsed not only to assess degree of folding but also to determine the relative con-
formational mobitity of a protein (a.z., Arakawa ¢t al., 1990).
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Physical Stabilization of Proteins in
Aqueous Solution

Brent §. Kendrick, Tiansheng Li, and
Byeong 8. Chang

INTRODUCTION

The formulation scientist’s key goal i8 to achieve long-term siability of a drug
compound. In the case of protein drugs, stabilization means not only maintain-
ing the native chemical structure, but the native secondary and higber order struc-
fures accessary for biological activity (Cleland et al., 1993; Manning et al., 1989).
Denaturation, as it is defined in this context, will be the process of forming any
non-native phystcal or chemical state of the protein. Physical and chemical denat-
urations arc often accompanied by covalent and non-covalent aggregates that
not only can destroy the activity of the drug, but also cause adverse side effects
(Carpenter and Chang, 1996, Thomton and Baliow, 1993). Without the ability to
stabilize native protein structures, even the most efficacious protein therapeutics
will Tail to take viable drug products.

How does a formulation scientist develop a forrnulation that stabilizes native
protein struchive against physical and chemical stresses in solution, and what are
the relevant stresses that cause deraturation? These are the questions that this
chapter will address. '

Brent S. Kendrick o Amgen, Iuc., Bowlder, Coloredo #0301, Liansheng i, und Byeong
S. Chang + Aingen, Inc Thowsand Osks, CA 91326

Rationel Design of Stable Pretein Formulations, ediwd by Capenter and Maoping, Kluwer Academic 7 Plevuin
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Although the chemnical and phvsical stabilities of z protein may seem sepa-
rate parameters, they are actoally closely sied to one another (Brange, 1992,
Khossravi et al., 2000, McCrossin et al., 1998; Rahuel-Clermont et al.,, 1997),
Physical degradation of » protein can lead to covalent changes (oxidation, hydrol-
ysis, diguifide scrambhing). The reverse is also wrue; reduction of disulfide bonds,
kydralysis, and other covalent changes can cause a loss of the protein native state,
For chemical degradations that are linked to physical degradation, formulations
that stabitize the native state will necessazily stabilize against the chemical degra-
dation, Understanding these relationships between physical and chemical stabil-
ities is currently & major goal in formulation research,

OVERVIEW OF PHYSICAL STABILITY .

The physical stability of a protein relates {0 maintaining the native secondary
and higher ovder stractures. To understand how o 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 protein stability (Baker
and Agard, 1994; Jaenicke, 1995),

Thermodynamic Control of Protein Stability

The taditional techniques of equilibrium unfolding heve led fo a vast
amount of information on the thermodynamics involved in protein stability (Pace,
1975; Prvaloy, 1979; Schellman, 1987, Tanford, 1968). Bquilibrium unfoiding
is typically accomplished by varying temperature or pH, or by adding denatu-
rants such as gnanidine hydrochloride or urea (Pace, 1975). To compare the sia-
bilities of various proteins, the energetics of the unfolding reactions are typically
extrapofated to conditions where the proteins exist predominantly in the native
state {peutrai pH, room femperature, isofonic, ete.) These techniques bave given
information oo the enthalpic and entropic forces that stabilize the solution native
siate of proteins, and have generally shown that the free energy of stabilization
of the native state is typically 5-20kcal/mol (Thii, 1990; Privalov, 1979), Further
information on the forces involved in protein stability has been obtained by
unfolding uader varyng solution conditions {i.e, different pH, salt concentrations,
hydrogen-bond competing molec:les, ete.). The results of these experiments,
coupled with experiments on mode! peptides, has led to as snderstapding of the
coniribution of ionic, hydrogen bonrding and hydrophobic effects role in proiein
stability {for a review, ses (s, 1990

HBydrophobic interactions are most likely the dommnant forces in stabilizing
the native straciures of proteins (Dill, 1990; Kauzmann, 1959, Schellman, 1987).
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Dilt (Dill, 1990) gives a good sumnrary of the mechantsm of the hydrophobic
effect, and the reader is directed there for Farther information. The net result of
this force is that in aqueous solutions, non-polar groups interact in a sfrong kem-
perature-dependent fashion. Simple thermodynamic calculations show that this
condition must Iead to a stability curve with a termperature of maximal stability
{usnally around U to 25°C). This necessarily results in two temaperatires where
free energy of unfolding is zero {ic, 2 cold denaturation temperature, and a hot
denaturation tomperature) (Becktel and Schellmay, 1987; Privaiov, 1996}, Many
authors have obgerved the interesting effect of not only cold denaturation, but of
cold induced dissociation and inactivation of multimeric enzymes (Privalov,
1990). Although the formulation scientist should be aware of cold induced de-
naturgiion, it should be noted that it is rare under normal solution conditions of
neutral pH and moderate salt concentration.

Equilibrium unfolding studies have been very successiul in broadening our
undersianding of the forces stabilizing the pative state of proteins. However, very
few proteins, especially those being developed as therapeatics, bebave as well as
model proteins used in many published studies. Typically, fo achieve reversible
unfolding, the proteins have been fairly small {< 30000kDa.), difute (< 1 mg/ml),
and highly charged by varyiag pH fo enhance clectrostatic repulsion {i.e. decrease
protein aggregation). Although a protein under infinite dilution may seek folding
into the native stafe fo reduce free encrgy, more realistic solution conditions may
lower free energy by forcing profein-profein interactions (aggregation). This
undesirable “off-pathway” reaction takes us ouf of the reahn of reversibie two-
state behavior info that of the, often irreversible, effects of kinetics on profein
stability.

Kinetic Controf of Protein Stability

In most solntion conditions—especially at the protein concentrations oftery
employed for therapeutic doses (8.g., >2mg/ml}—ihe effects of infermolecuiar
interactions cannot be ignored. In these cases, a simple thermodynamic rwo-
state model does not apply. intermolecular interactions allow many pessible
off-pathway (i.e. other than native to unfolded) reactions to occus:

N ¢ s U
Iz IX

I i
Niy i l Us-:\i
N, I U,
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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 monomer can be formed by dilation 1
an appropriate solvent. The intermediate state (§) or fully nnfolded (1) molecuies
may cembing to form higher order agpregates that may either be soluble {low
value of i} or insoluble (large value of 1). Tt is sow generally accepted that under
non-denaturing solution conditions the pathway to L type aggregation is the most
likely (Georgion et al, 1994; Kendrck et ab, 1998; Lumry and Byring, 1954,
Minton et al., 1992; Mutkertn and Wetzel, 1989; Speed ¢ al,, 1996), This process
is mreversible under non-denaturing conditions. In & seminal paper by Lumuy
and Byring (Lumry and Fyring, 1954}, hreversible aggregation was character-
ized by 4 reversible change in the native structore followed by an irreversible
aggregation to the low energy intermolecular B.sheet structure, This scheme
was recently modified to include a transiently expanded conformation (Kendriclk
etal, 1998

N B N¥f b A A4 Ay Ay

Scheme 2.

Eu this scheme, N* i & sransiently expanded conformation in equilibrivm
with N. The rate limiting step is the isomerization of N* to the aggregate com-
pefent species A, a first order reaction. The free energy diagram is given in
Scheme 3. This reactior model is based on a protein that is not Jocked into 4 state
N, but fluctuates between N and N*, To envision why protein conformation fiue-
tuates abowt an averdge native structure, it is necessary fo put the tenm “native
strueture”™ into perspective. Privalov (Privalov, 1979} stated it elegantly: “For the
effective and reliable functioning of & protein, its structure must be defined over
a wide range of conditions ... (However} the system nust net be too rigid: It must
permit a relative displacement of the struciure cloments 1n the process of protein
functioning,” The very nature oF proteins necessitates that they exist as dynamic
stracfures. This has been well documented with hydrogen exchange measure-
ments (Barksdale and Rosenbérg, 1983, Englander et al., 1980; Friedman, 1994;
Kendnick ¢t al., 1997a; Wang et al,, 1995). Recent data suggests that under native
conditions most amide gronps andergo local unfolding reactions as opposed o a
giobal cooperative unfolding fluctuation (feng aad Englander, 1991; Todd and
Freire, 1999).
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Aq

Scheme 3,

The fact that the most cempact native conformation of proteins exists in
reversibie equilibrium with structural expaaded species brings us back fult
circle to the application of thermodynamics o protein stability. This is particu-
larly apparent in protein-cosolvent thermodynamics. By applying the well-
docamented interaction of cosolvents with proteins pioneered by Timasheff and
colleagnes (Timasheff, 1993), it is possible fo gaia a new understanding of how
cosolvenis (excipients) can stabilize proteins against imeversible degradation
(Chang et al., 1596a; Kendrick et al., 1998; Rendrick et al., 1997a; Winzor ct 4l.,
1992; Winzor and Wiills, 1995}, This concept is key in the rational development
of agueous protein formulations and it will be explained briefly below, The ap-
pendix to this chapter provides a more detailed discussion on protein-cosolvent
therrnodynamics.

INTERACTIONS OF EXCIPIENTS WITH PROTEINS

Stabifizing proteins against physical degradation can be accomplished by
choosing the approprate excipient (slso referred as cosolvent in discossions of
protein-stabilizer intreractions) to target a specific stzess {i.e. nonlonic surfactant
protection against interfacial sfresses) or by choosing an excipient that acts as a
general protein stabilizer. Normally excipients that act as geseral protein stabi-
fizers are needed in fairly high concentrations to give a significant stabilization,
{> (.25 ), and may not-be suitable in cases where isotonicity must be main-
tained (e.g., subcutancons doses). However, in many cases hyperionic solutions
are ucceptabie, especiaily if they are diluted (e.g, into an intravenous bag), or
given as a small volume infravenons injection.
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Prefeventially Excluded Casofvents -

Understanding the mechanism of protein stabilization by high concentra-
tions of prefeentally excluded cosoivents {excipienis) is a major area of
research. Timasheil and cofleagues have pioneered this effort (Timasheff, 1993),
using multicomponent theory {see appendix to this chapter and (Casassa and
Eisenberg, 1964}, and have placed these siabilizing cosolvents into two cate-
gories. I the first, the interaction is totally independent of the chemical nanuwe
of the protein surface, le. it only depends on the amount of exposed surface arca.
For protein stabilizers, examples of these are sugars, most noshydrophobic amino
acids, and potent salting-cut salts such as (NH3,S0,. In the second category are
the cosolvents that act in a manner dependent on the chemical nature of the
protein surface and the cosolvents. Examples of these types of cosolvents are
polyethiyiene glycols, certain polyols (e.g., ethylene glyeol), 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 temperanne). These cosol-
vents have substantial hydiophobic character that can foster preater binding with
protein molecules, especially the denatured state, as temperature is increased. The
result is that a compound (e.g., ethanol) may be a protein stabilizer at low tem-
perature, but {avor the denatared state at higher temperatures.

Tr: terms of stabilizing interactions with proteins sucrose is the most studied
cosolvent/excipient {Kendrick et al, 1998; Kendrick et al, 1997 Lee and
Timasheff, 1981; Liv and Bolen, 1995; Wang ef al., 1995}, Itis a good modei to
explain the protective effsct of the first category of preferentially exciuded
cosolvents, those for which the degree of preferential exclusion is a direct
fanction of protein surface area. The bateraction s thermodynamically anfavor-
able, primarily due o sucrose’s repulsion from the protein backbone {Lin and
Bolen, 1993}, resulting in an increase in piotein chemical potential (see Appen-
dix). Thus, in the presence of sucrose, the protein state with the least smrface
gres will be thermodynamically favored; sucrose stabilizes proseins by driving
them towards a conpact native state. As a rosult sucrose will stabilize the protein
against any stress that perturbys the native conformation towards & more expanded
state. In Scheme 1, in the presence of sucrose the equilibrivm would be shifted
towards N and away from I or U. In Schemes 2 and 3, the AG of the N o N*
fransition woukd increase i the presence of sucrose, As a result the level of N*
would be reduced and the aggregation would be inhibited. Thus, thermodynarmic
stabilization of the native state can increase the kinetic stability of a profeia.

It is through the prefereatial exclusion mechanism that sucrose and
other exclided excipients stabilize proteins against thermal unfolding (Lee
and Timasheff, 1981; Santoro el ai, '1992), denalurant unfolding (Foord and
Leatherbarrow, 1998), aggregation (Kendrick et al., 1997b), and random confor-
mational fluctnations from the native state (Foord and Featherbarrow, 1998;




Physieal Stabilization of Proteing in Aqueous Solution &7

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 elecirostatic interactions between protein mofecules
that are governed by charge fluctuations. Charge Huctustions in proteins are
related to configurational fluctnations (Kitkwood and Shumeker, 19524). In salt
free solutons, especially those close to the iscionic peint ofthe protein, fluctua-
tions of charge produce a Jong-range attractive force with dimimishing as 147
{Kirkwood aad Shumaker, 1952b). Under this solution condition, protein sols-
bility is very smail. As salt is added, the charge fluctuations contribute to a binding
interaction between the profein and the salt jons (Kirkwood and Shumaker,
1952b, Scatchard, 1943}, This charge screening interferes with the ativactive
force, and the net result is a significant increase i protein solubility (Melander
and Horvath, 1977)., ‘

Fonization Enthalpy. The free enesgy of anfolding is by defimition affected
by an enthalpic transition. Buffer choice can have a sirong influence on the mag-
pitude 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-
attzre on pH is determined by the number of groups fonized upos denaturasion,
Ay, through the relation (Privalov, 1990%

b ;MAH{iffﬂ}‘ﬁﬁ_ "
23T doH

AH is the enthalpy of the transition from the native state, N, to the dena-
tured state, . T Is temperature (in Kelvin, K) T, s the temperature (K) of the
transition midpoint from the native state to the denatured state, The enthalpy of
the anfolding reaction, and thus the free energy of the transition (see (Todd et al.,
19983}, 18 stroagly dependent on the choice of buffer, since the ionization of the
buffer occers is conjunction with the ionization of protein side groups. For
example, the T, for myoglobin is 39.2° C in piperazine buffer but 73.7° C in
acetate buffer at the same pH {(Privalov et al., 1986). In a pharmacentically rele-
vant study, it was found that interferon-gamma degraded faster in succiuate buffer
thas i acetate buffor at the same pH (Lam et al,, 1997),

Specific Binding of Ligands

Protein-ligand interactions by thelr very nature have long been known
io affect the free energy of the native state through thermodynamic lnkage
fanctions {Wyman, 1964; Wyman and Gili, 1990). Linkage functions simply state
that i a protein in its native state binds a ligand with more affinity than it woukd
in a denatured state, in the presence of the ligand the free energy of the native
state is decreased more than free energy of the denatured siate {sce 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

Page 85 of 228




Page 86 of 228

76 Brent 8. Kendrick ef al.

400
95
O.
o m 80
Q
‘ﬁ'm
Q T ]
=g B 3
_ﬂh;,..‘j —
78 fe &
=
B 0
m L
< 21 75
O
-3 T ' Y Y T 12 - &5

4] 20 40 60 80 100 120
Free figand concentralion (uivi

Kigure 1. Hypothetical free energy of sisbilization (filled circles) and comesponding increase in T
(open circles due fo figand Dinding 1o {he native state K, = 10°M™Y.

et al., 1998). For g¢xample, in the simplest case whese a profein dimer unfolds
with o intermediates the stabilization against unfolding is given directly through
the free energy equation:

AG=-RTIK;  Npe—~ts20 @

A striking example of the increase ju apparent stabifity throngh protein asso-
ciation is seep fiom the protein p33iet, which has 2 native tetramer:unfolded
monomer equilibrium in solution, As protein concentration is increased fom 0.5
to 130puM, the T, increases from about 39 to 75° C (Johnson and Preire, 1996).
Although significant gains in protein stability can bo realized by increasing pro-
tein concontration, the therapeutic dose of the multizacric protein is going to have
some influence on acceptable protein concentrations in the formulation

PHYSKCAL FACTORS A¥FECTING PROTEIN STABHITY
Temperature

Increasing temperatore will usually result in physical denataration, chemi-
cal degradation, or both. Although thermally induced denaturation may be
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reversible for some proteins, meost suffer ireversible denataration and aggrega-
tion at high temperatares. The reversibility of unfolding can be strongly affected
by modifying solution conditions as discussed above. Recently, a study has cor-
related thermal unfolding reversibility with increased long-term storage stability
of a therapentic protein against aggregation (Remmele ot al., 1999). Classes
of molecules that generalty stabilize against thermally denaturation are ligands
(Hargrove and Olson, 1996; Li et al, 1898) and preferentially excluded ex-
cipients (Rishi et al, 1998). Choice of pH, buffer, and protein concentration
{for associating proteins) will also affect stability against temperatare-indnced
denaturation, '

Increasing temperature will also accelerate chemical degiadation. However,
at present there is no clear way fo predict which type of ¢hemical degradation
will dominate at 4 given teraperature, For example, in interfevkin-18, 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 investiga-
tien of chemicat degradation,

Freeze-Thawing

Some proteins are quite labile to freeze-thaw stresses, resulting in extensive
ageregation (Chang et al., 19961y, Jamesl et al., 1997; Papandreou and Fenowil-
let, 1997}, though the same process may not have as miuch negative effect on
other proteins (Katakam and Banga, 1997). The molecular mechanism of freeze~
thaw leading 1o protein aggregation remains to be fully understood. it has been
postulated that freere-thaw induced protein aggregation may be due to interla-
cial adsorpiion at ice-Yiguid interfaces (Kreilgaard et al,, 1998; Strambini, 1996},
Very limited information ig known about structoral changes in proteins undergo-
ing aggregation upon freeze-thawing. Tn many cases, proteins can be stabilized
against freeze-thawing stresses by the addition of preferentially excluded excip-
ients or small amouns of sarfactent (Chang et gl., 1996b). A more detailed of
stabitization daring freeze-thawing is given in Chapter 7.

Agitation and Expoesure to Denaturing Interfaces

During product shipping and handling, proteins in agoeouns solution forma-
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 protein denaturation and/or aggregation is pre-
sumably the conseqgrence of protein interactions with surfaces; e.g., the air-water

Page 87 of 228




Page 88 of 228

73 Brent 8. Kendrick ef al

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 anfolding at air-liguid interface may kreversibly expose the inferior
hydrophebic core, which may in tam Iead to intermolecular association of non-
polar residues. It has been observed that agiation induced protein aggregation
decreases at higher protein concentrations, Smalfl amounts of surfactants are
usvally effective in stabilizing proteins against this type of stress (Chang et al,,
1996h; Kreilgaard et al., 1998). A more detailed explanation of surface-induced
protein denaturation and aggregation, and the inhibition of these processes by sur-
factants 1s given in Chapter 7,

Pressurs

Although pressure-induced protein denaturation may be of least concern
to protein formulation, the effect of pressure on protein stability should be
considered in certaln delivery devices and certain suanufacturing process. In
the last several years, there is an increased interest in the study of pressure
denaturation of proteins, A few reported studies have shown that pressure of a
few hundred MPa can induce unfolding intermediates or molten globales in
protein solutions {Clery et al., 1995, Muller et al,, 1981; Wong and Heremans,
1988, Yamasald et al, 1998). Often it was found that pressure induced protein
denaturation is reversible within certain range of pressure limits. It has been
shown that unlike thermally denalured proteins, proteins denatured by pressure
can retain their compact structures (Zhang et al., 1995). it has been proposed that
pressure induced densturation may result from the water transfer into the
hydrophobic core and that the destabilization of the hydrophobic core by the pen-
etrating water molecule leads to protein denaturation (Fummer et al, 1998,
Waolfenden and Radzicka, 1994}, The penetration of water molecule info protein
Lydrophobic core could loosen the compactness of protein interior and causes
protein fo swell ynder high pressure. Also, in general any increase in the surface
area of hydrophebic residues exposed to solvent will be favored under pressare.
Tiiis i because pressure favors reactions thal reduce the overall sysiem volume.
Expostre of hydrophobic residues to solvent reduces volume because the density
of water near these groups Is greater than that of water 1o bulk selution. Protein
structural expansion uader pressure is documented by the experimental observa-
tion. that lysozyme, Arc repressor, and RNase exhibit increased hydrodynarmic
radius upon pressure denatoration 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 polyols will stabilize proteins
against pressure-induced denaturation (Oliveira ef al., 1094),
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CONCLUSIONS

Long-term storage stability of proteins can be achieved through mmder-
standing of protein degradation pathways and how excipients interact with pro-
teins, This chapter has covered many aspects of these concepts, butis by no means
a comprehensive compendium, The reader is directed o other chapters in this
book, resources such ag this series in Pharmaceutical Biolechnelogy {Abem and
Manning, 1992; Pesrlman and Wang, 1996; Wang and Peariman, 1993} and the
review articls by Cleland et ai. (Cleland e at., 1993). It is hoped that the phar-
maceutical scientist can take these concepls and effectively apply them towards
the rational design of stable agueous formulations,

APPENDIX: DERIVATION OF THE WYMAN LINKAGE
FUNCTION AND APPLICATION 10 THE TIMASHEEF
PREFERENTIAL EXCLUSIEON MECHANISM

Let R22P represent a reversible reaction {(equilibrinm) for any two state
change of a protein going from 2 reactani (R} to a product (P). This iacludes
N&2D for unfoiding, or N&2P, for polymerization of a monomiers. The Hme
course of & reaction towards equilibrium from any perturbed state can be flus-
trated by a free energy diagram {(Atkins, 1994}

A
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e

4
$
|

R ! *\} P

Extent of reaction, & /
- equitibrivm mixture of
R and P
Figure 8.  Free energy of 2 reaction va. extent of reaction.
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For every mole P formed, one mole of R is lost. This is represented by
the extent of reaction, & Thes, &€ = dn® = ~dn® This relation will be useful
in the interpretation of the fundamental theorem of thesmodyuamics (Adkins,
1994y:

4G = Vdp—-SdT + 3 ju.dn; (al)

where V is volume, dp is an infipitesimal change in presswre, $ is entropy, dT
is an infinitesimal change in temperatare, i is the chemical potential (defined
as [y = 0G/on) of component |, and dn, is an infinitesimal change in the number
of moles of 1 for a given reaction. The standard notation will consist of
component 1 being water, component 2 protein, and component 3 cosolvent.
At constant temperature and pressure the free onergy change for a reaction
reduces to:

4G = pfdnd +pBdnd =pldE - pldl (a2)

Taking the partial derivative at consfant p and T

(iﬁ) = AGE =pf —pf =-RTInK a%)
88

where K = [PY[R].

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

IRTINK) _aef  auf .
TR ) | (e4)

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

W = WE+RT Infas) (as)
Then: dyts = RT diln(aa)]
Substituting into equation a4 for chenical potential perturbation upon itiroduc-

tion of cosolvent gives the Wyman linkage function in terms of the activity of
gormponent 3:
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{#6)
Dividing the top and hottom of the right hand side by dm, gives:
dinkK W(Elpg/ams W
Alnlas) \aus/om, } (@7}
. . oz R sy
Now, given a general funcion z{x,y): dz= 5 dx + = | dy (a8z)
ox /y dy J,
Fake paztial derivative of dz with respect to v, at constant z i will equal 0.
(5) (3 () (2)(Z) -0 (a8b)
dy 2 ox Y\ ay 11 “'ay"x dY'z
'8z)(ax) A
= | = e | (aBc)
(8x YNy 7, {\E{vjz
Az N ok A /o \I'/\. /
Let: [“‘?ﬁ}m(ams} 13}2‘_‘2&} =L8“2x ‘i’z.‘ 2.‘22.}
‘\a Ay \amz,.u_._. '\3)7/, \amz/ms
dits [ dmy din; p
Then: ( e Z o 2 {ad)
! E}pglfﬂm;; ) om,
This is the refation between binding and chemical potential pertarbation.
From this relation, the Wyman linkege function becomes (Timasheff, 1993,
Wyman, 1964). :
.- NG R
BIBI& ’_"( {)mg b _( 8m3 , (d](}_)
dafas} \ oms, . omy J
In terms of free energy:
f. fA ?
0{AG/RT) :(émaj M';’Bm; A @11
dlnfaz)  \ om, \ Om,

From this relationship it is apparent that a greater exclusion {negative
binding) of a solute from the product (unfolded protein} than from the reactant
{vative protein) will result in a positive slope of free energy vs. sofute concen-
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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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B =pY o+ RTIn{ay) = p0f + RTIn(myys) =pf + RTIndm,)+RTIa(y,)  (a13)

This relationship can be transformed into:

e 2 . .
..E‘.)_Lf.:.) =RT/m. + RT(M) {al4}
L am; g ams; -

aln(y ‘)] is teadily obtained from osmatic
. aI}'h /1y
pressare dara, and is nsually insignificant for fon-polysmer cosolvents relative to
RT/imn;.

The transfer free energy of R or P from water info the cosolvent svstem can
now be obtained by (Timasheff, 1993}

The activity coefficient increment, (

A, \*
A;,,;(wj;“’s{—a—-i—; / dm; {al5a)
LT T e
Ay =] T e dmg {
W2 =1 \ gy )m’ s al5h)

Again, this parameter is difficult to obtain for U and P, under the same solution
conditions as N.

The classical “thermodynamic bos™ can be closed by the following rela-
tionship for N to D equilidria: SAG = AGHT, — ACGHP = ApY, ~ Apl, = free energy

) T ——
: P P AT b
P Ho i
T
- |
D I .
N-D
i A
G N-O 210
AG, L
N % etk S R et W{Mla‘w

Inareasing cosclvent concentration (m;3)

¥igure 23.  Free energy of N © D transition in #1¢ abscace and presenca of an excludad cosorvent.
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Figure a4, Clagsicat thermodynamie hox for N to D transition irs the presence and absence of an
exckeded cosolvent. -

of stabilization duc to cosolvent molality m; (Figures a.3 and a.4), The subscripts -
m; and w for AGFY refer 1o the change in free encrgy of unfolding in the pres-
ence of cosoivent (molality my) and the free energy of unfolding in the absenwe
of cosolvent (e.g., in pure water or dilute buffer) respectively. These values are
typicalty measured directly from unfolding experiments.

The second group of chemical potential perturbation ferms, A, ,, refers o
the free energy of transfer of D or N regpectively from pure water 10 4 cosolvent
of molality m, This cycle has been recently compieted by Timasheff’s labora.
tory (Xie and Tirnasheff, 1997} for ribonuciease A in sorbitol, and can be illus-
trated by Figure a4,
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Effects of Conformation on the Chemical
Stability of Pharmaceutically Relevant
Polypeptides

Jeffrey D. Meyer', Bert Ho", and
Mark C. Manning'

INTRODUCTION

Although most of the attention on the stability of protein and peptide phartna-
ceuticzls has focused on denaturation and aggregation, chemical degradation
cannot be ignored. A large number of possible chemical reactions have been
identified as leading to decomposition of polypeptides (Manning et al., 1989).
However, a scioct fow are of primary concern fo pharmaceutical scientists. In par-
ticular, hydrolysis and oxidation reactions appear to be the most common source
of chemical instability. Hydrolysis of peptides refers to the pucleophilic addition
of water to either an amide linkage ir the peptide backbone (in a process knowsn
as proteolysis) or to an amide side chain of either asparagine or glutamine (known
as deanvdation), Meanwhile, oxidation can cccur at cysteine residues (fo form
disuifide linkages), at methionine (to form sulfoxides), or at heterocyclic aromatic
side chains of tryptophan and histidine (to form N-oxides).
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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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intermediate, the dominant mechanismn for dearnidation at pH values above 6 (see
Figure 1). In the case of Asn, a five-membered sing is formed, whereas for Gin,
a six-membered ring is necessary. The relative stability of a heterocyclic five~
membered ring vs. a six-membered ring is sufficient © favor deamidation of Asn
in most cases. A number of references to deamidation in pharmaeccuticaily refe-
vant compounds are provided to demonstrate the immense acfivity that has
ocenmrred i this field. For example, deamidation has been reperted for epidermal
growth factor (Araki etal., 1989; DiAugustine et al., 1987 Senderoff et al., 1994;
George-Nascimento et al,, 1990; Son and Kwon, 1995), growth hormone (Becker
et al., 1088; Frenz et al., 1989; Johnson et al,, 1989; Lawis et al., 1970; Niglsen
etal., 1989; Piksl et ai., 1991; Cleland ot al,, 1993, 1997; McCrossin et af., 1998],
tissue plasminogen dctivator (Pearlman and Nguyen, 1992; Chioupek et ai.,
1989}, insulin (Fisher and Porier, 1981; Nielsen et al., 1989; Brange et al., 1992;
Berson and Yalow, 1966; Oliva et al., 1996; Strickley et al., 1996, Darringfon
and Anderson, 1994), monoslonal antibodies (Lis, 1992; Kroon et al., 1992; Tsai
et al., 1993), interleukin-1 receptor antagonist (Chang et al., 1996), hirudin (Gietz
et al., 1998}, and human stem cell factor (Fisi et al,, 1998).

Primary Structare Effects

Considering the mechanism shown in Figure 1, ene would expect that there
would be an effect of primary stracture on deamidation rates, simply based upon
steyic hindrance. If the rate-limiting step at nentred or basic pl is nucleophilic
attack to form the cydiic imide (aiso called succinimnide} intermediate, then
increasing the bulk of the adjacent aming acid side chain shoudd slow the reac-
tion. Conversely, if the succeeding side chain can hydrogen bond to the amids
side chain of Asn (as in the case of Ser and Thr), it would make the amide more
electrophilic and the reaction might proceed faster than expectad.

The influence of primary siruclure was examined in smdies by Geiger and
Clarke (1987) on a hexapeptide sequence based on residues from the peptide
hormone, ACTH. These studies indicated that deamidation under physiological
conditions proceeds through the succinimide intermediate and the presence of a
buiky residue (Leu or Pro) on the N-terminal side of the Asn residue caa reduce
the relative rate of degradation by a factor of 33-50 fold. In addition, Geiger and
Clarke {1987) proposed that the. conformational fexibility of the short peptides
alfows the peptide Lo assume the dihedral angles necossary to form the ¢yelic
intermediate. This conformational flexibility may not be as readily achieved
within the moge highly ordered structure of proteins and larger peptides.

In similar studies examining the effect of primary seguence on asparagine
deamidation, Patel and Barchazdt (1990) varied the amino acid residoe on either
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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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C-terminal side bad the slowest rate of deamidation. Consistent with a deamida-
tion mechanism via a succinimide mtenmediate at neatral or alkaline pHs, the
ratio of isoAsp to Asp product was found to be consistently about 3: 1.

Brennan and Clarke (1995) investigated the influence of adjacent basic
amino acids on Asn deamidation via the succinimide intermediate. In studies with
hexapeptides, they found minimal offect on succinirmide formation from His or
Cys residues on the C-ferminal side of the Asn residue and from His on the N-
terminal gide of Asn., However, they did find enhancement of the competing
peptide bond cleavage with His or Cys on the C-terminug side. Whether these
findings apply to similar peptide sequences in mutant hemoglobins that are sus-
cepiibie to deamidation is not ciear as higher order structural ¢lements are present
in folded proteins.

in a theoretical study, Wright (1990) examined the influence of the nearest
neighboring residue on Asn deamidasion in known protein structires. The data
indicate that potential “catalytic” residaes neighboring Asn are selected against
in a large sumber of proteins. Catalytic residues are those that could hydrogen
bond fo the neighboring Asn side chain, and render it more susceptible to
intramolecular eyclization. In proteins where deamidation has been characterized,
the participation of catalytic residues was made possible by the secondary or ter-
dlary structure of the protein; the higher-order flexible conformation brings cat-
alytic amino acids in proximity to the labile Asn residue.

These studies on short mode! peptides clearly show the influence of primary
structure on the deamidation of Asn resiiues. The infiuence of neighboring steric
factors is clear and was expected. Less understood is the effect of conformation
on deamidation in peptides and proteins. One would expect higher order struc-
ture to affect the proximity of functional geoups relative to the Iabile Asn residue,
thes impacting the rate of formation of the c¢yciic infermediate. Higher order
structure could also inhibit or accelerate the rate of dearndation by infleencing
the local enviropment of the Asn residie and the stability of transition state inter-
mediates in the deamidation pathway, a3 described in the sections below.

Secondary Structure Effects

The influence of secondary stractural environments of peptides and proteins
on deamidation of asparagine residues has recently been reviewed by Xie and
Schowen (1899). In general, the conformation adopted by the polypeptide back-
bone, as well as the side chains, affects the ability for inramolecular cyclization,
Since the formation of the cyclic imide is the rate-controlling step, diffcrent sec-
ondary structures should, and do, exhibit different rates of deamidation, inde-
pendent of primary structure effects, In an early theoretical study, Clatke (1989)
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examined the sequence and conformation of Asp and Asn residues in proteins
with kuown three-dimensional structures, The optimal set of dihedral augles for
cyclic imide foxmation as well as those least favoring cyclization are deseribed,
The findings suggest that primary sequence may not be the major determinant of
dearnidation in any of the stable proteins stictied, rather the Ass angd Asp residues
in stable proteins are constrained by their conformation from attack by neigh-
boring residves. Differencas in dearnidation rates result when changes in protein
conformation ellow local flexibility in the polypepiide chain, thus allowing for-
mation of the imide intermediate necessary for deamidation.

The degradation of Asp and Asn residues in human growth hormone-
releasing factor (GRF) was studied by Bongers et al. (1992, In GRE, Asp-8
deamidates to iso-Asp and Asp in a ratio of about 4.1 at nentral and afkaline pH,
and exclhusively to Asp at pH ~ 2. No evidence of deamidation at Asn-35 was
found, possibly due to steric constraints imposed by an adjacent bulky (3n-36
residee. Deamidation of Asn-8 I8 general base-catalyzed and proceeds via the
cyclic imide intermediate. Since deamidation of Asn-8 was found 0 obey non-
linear Arrhenius kinetics, this suggests that g distinct temperature-dependent
change in conformation has occwrred, possibly conversion between an o-helical
conformation and a more unordered structure.

Stevenson et al. {19934,b) studied the effect of secondary structure on deam:-
dation at Asn-8 with GRF analogs modified at position 13 with Pro (helix breaker)
ot Ala (helix enhancer). They showed the more o-helical Ala-15 anslog had a
decreased rate of deamidation in aqueous methanol selutions whereas the Pro-15
analog with less helical propensity had an increased rate of deamidation and less
hioactivity. The increased stability of the Ala-15 analog would appear to conflict
with results with 2 similar Ala-15 GRF analog reported by Bongers et al. {1992).
Whether the prosence of methanol in the later study affects the results is wnclear.

Lura and Schirch (1988) compared the desmidation of the tetrapeptides Val-
Asn-Gly-Ala and N-acetyl-Val-Asn-Gly-Ala. Af pH < 7.5, the N-acetyi peptide
mdergoes deamidation of Asn to give the isoAsp and Asp prodacts ina 313 ratio
via the succinimide pathway. Surpsisingly, the nop-acetylated peptide gave rise
to & T-member cyclic peptide formed from the displacement of the Asn side-chain
amide by the free amino terminus of the Val residue. At basic pH, both rexapep-
tides deamidared by the same wmechanism 1o give the isoAsp and Asp products.
The authors propesed that the difference in deamidation rates and mechanism can
be aftributed to variation in the solution conformation of the peptide segment, but
no structural information was provided.

The influence of other secondary struciurcs has also been stndied in pro-
teing. Sharma et al. {1993) examined the deamidation of histidine-containing
protein, HPr, in E. cofi. Their findings indicated that HPr undergoes sequential
dearnidation of Asn-38 and thea Ast-12 to vield, respectively, HPr-1 and HPr-2.
Both Asn residues are followed by 2 Gly, and both deamidation reactions proceed
via the cyclic imide at neniral and alkaline pH. The more labilo Asn-38 is m
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f-mrm structuse and may be solvent-exposed. The fess susceptible

is in a type | Brfurn. This residae is stable to deamidation uuder normal

ons hat may be susceptible once the tertiary structure is altered by the for-
4 of the deamidated HPr-1 species.

Siracture Bifects

Kossiakoff (1988) examined the factors influencing the deamidation of
“ysing a database derived from the nevtron crystallographic structare of
sin. He coneluded that confeary to other findings, the steric or electronic
of the residues flanking Asn is not the primary factor in the mte of deami-
srion. Modeling snggests the influence of tertiary structure in achizving or con-
ing the required geometry about the iabile Asn residue for deamidation.
Chen et al. {1999) looked at the effect of removal of exogenous calcium ion
ombinant human DNase I {thDNase) on deamidation and aggregation.
findings indicate the removal of C2™ by EGTA weatment bad Hitle effect
géondary or tertiary stracture Of the protein. However, the removal of Ca*
11lt in increased rates of deamidation and soluble aggregation. It is believed
Ca® bound o the native protein protecis cystine bridges against reduction;
smoval of calcium ions would allow the cleavage of disslfide bridge
3~C};s?,{)_(3, thus aflowing mcreased conformational freedom which would
increased susceptibility to deamidation via the succinimide infermediate.
“we have an cxample of metal binding apparently modulating the confor-
il fexibility of the protein. In the absence of metal binding, there is
flexibility, allowing inframolecular rucleophilic attack o proceed,
i'leads to increased levels of chemical degradation,
Other evidence for the effect of conformation on deamidation is provided
tes on intact profeins. Artigues et ai. (1990) examined deamidation of Asa
t liver cytosolic serine bydroxymethyltransferase (SHMT). The rates of
dation of Aen-5 in the intact protein was compared with that of the same
e in the cleaved 14-mer from the N-terminus of SHMT. The rate of deami-
in the intact enzyme was found to be 5-fold slower than that in the peptide
tent. This difference in rate can be attributed to conformational differences
hich the Asn residus is stabilized by higher-order stracture in the intact
exn, whereas it is not protected in the peptide fragment. Vicland o al. (1996,
) examined the deamidation of both Asn-99 and Asn-129 in bovine soma-
pin (BST). Their results led-them to conclude that the three-dimensional con-
ation of BSY places the Asn resicnes in g fexibie portion of the molecude,
g the more facile formation of the succinimide intermediate,
Brange et al, (1992) examined the degradation of several formmlations of
i under various conditions. At neutral PH, Asn-B3 was found to deamidate
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to a mixture of Asp and iso-Asp products. The lowest rates of deamidation
were seen in formulations containing phenol. This effect was aftributed to the
stabilizing effect of phenol on the c-helical conformation of the protein, thus
reducing the possibility of cyelic imide formation. Differedces in the rate of
deamidation of iusulin in amorphous versus crystailine suspensions were also
found; the gmorphous saspensions had a greater rate of deamidation than the crys-
talline product, Again, the suthors propose the more tightly packed crystailine

~ suspeunsion constrains the tertiary struclure, thus reducing the flexibility required

to form the required cyclic imide intermediate.

In 2 study comparing the rates of deamidation of As-67 in native and
unfolded RNase A, Wearne and Creighton {1989} found the native conformation
inhibited deamidation of Asn-67 by 30-fold. The native conformalion does nol
achieve the structure necessary for the formation of the ¢yetic imide intermedi-
ate whereas the more flexible unfolded molecule is not Testricted in this region.
Di Donato el al. (1986) examined the deamidation of Asn-67 in RNase A to Asp
and isoAsp ander nild conditions. They observed the deamidation of Asn-67 ia
bovine serum RNase (bsRNase) proceeded at a yosch faster rate yel the homol-
ogy between RNase A and bsRNase is greater than 30% and the sequence about
Asn-67 is identical except for residue 64. They hypothesized & roke for bsRNase
dimeric structure in delermining the deamidation rate of Asp-67.

Suméufy of Structure Effects on Deamidation

Primary structure clearly affects the rate of deamidation in peptides and
proleing. Extensive literature docaments the influence of secondary, tertiary and
even quarternary strecture on the desmidation of phariaceutically relevant pro-
ducts and native proteins. Many of these reports also examine the influence of
the aHered residue on the structure and function of the “degraded” product.
Control of conformation is highly desirabie in protetn: formulations to minimize
physical degeadation. These examples of structural inflaence on a particaiar form
of chemical degradation, deamidation, suggest that conformational contrel may
aiso aid in minimizing certain aspectls of chemical degradation.

ROLE OF STRUCTURE IN PROTEIN OXIDATION

Along with deamidation, oxidalion is fhe most predominant form of chem-
ical degradation of pharmaceutical proleins and peptides (Li et al., 1993a; Cleland
ot al., 1993}, There have been several excelient reviews which detail gencral
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protein oxidation (Vogt, 1955), oxidation of pharmaceutical dosage forms of pro-
feins (Manning et al., 1989; Nguyen, 1994; Kosen, 1992), and strategies for min-
Imizing oxidafion in pharmaceaticals (L4 et al., 1993a). From these reviews, a
detailed understanding of the mechanisms of oxidation and some strategies for
reducing oxidative rates can be gleaned. Primary strafegies for minimizing oxi-
dation inchude reducing the levels of reactive species (free radicals), altering the
solution pH, changing the dbuffer species, reducing levels of mojecular O, or the
addition of g scavenger or oxidative “sponge”. '

Ag with deamidation, it may be possible to extend the use of conformational
stabilization beyond physical siability issues to the realm of chemical stabiBity,
and specifically to oxidation. At this time, this hypothesis remains largely
untested, and the following discussion will examine how 1o apply what is cor-
rently known about protein exidation to develop a new strategy for reducing
oxidative damage i polypeptides using conformational control.

Types of Cxidation Processes

In order to reduce oxidation by the comirol of protein conformation, an
understanding of the various mechanisms of oxidation is necessary. The reactive
spacies that can cause oxidative damage could come from one of several sources.
Different oxidants will attack different Sites on the protein, producing a specific
set of decomposition products, Therefore, this section summarizes some of the
types of oxtdants known to degrade pharmaceutical proteins.

The first species to consider are organic peraxides, often found as confam-
inants. Organic peroxides readily react with methionine residues to produce
methionine sulfoxide through a nucleophilic substitution reaction. One common
sowrce of organic peroxides is the stopper, another is the tubing used in some
mtravenous infusion systems. For example, siticon rubber tubing contains seac-
tive species, such as 2.4-dichiorobenzoyl peroxide. which remains from the
polymerization reaction used fo manufacture the material. fn addition, orgenic
peroxides can be found in excipients, such as Tweens or polysorbates, where the
peroxides are left over from the bleaching process (Ngayen, 1994},

The second reactive oxygen species to consider is singlet oxygen (°O,). Nor-
mally, molecuisr oxygen is in a tiplet state. Upon excitation by light, the much
morte 1eactive singlet oxygen is generated, For this reason, photostability testing
is becoming much more pervasive (Fransson and Hagman, 1996; Fransson, 1997;
Lam et al., 1997). Singlet oxygen can potentially cavse oxidation of a number of
amino acid side chains, including methionine, histidine, and eryptophan (Li et al.,
1993a). This type of oxidation can be prevented by removal of oxygen and/or

protection of the proteir from light.
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A third source of reactive oxygen species in phannacentical dosage forms
is trace metals. Redox-active metals are found as frace contaminanis 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(Iil)
and CufIl) can cause oxidation of methionine, cysteine, histidine, and tryptophan
(Li et al., 19954). Metab-catalyzed oxidation (MCO) generally occurs ot metal
binding sites within proteins; the reactive species are generated al or near the
hinding site of the metal and react guickly with labile residues within close prox-
imity, making the identification of the exact reactive oxygen species involved dif-
ficult to identify {Li et al, 1995a, Ed et al., 1995¢). Thus, residues within close
proximity to metal binding sites are more prone o MUO, and this process is
referred to as a “caged™ or site-specific process, For example, the rate of methio-
nine oxidation in the peptide His-Met is greater than in the peptide (Gly)-Met-
{Gly)s, due to the fact that histidine {8 known to.be 2 good higand for Fe(Iil} (Li
et al., 1995¢).

Hxcept for MCO reactions, oxidation processes are usually referred to as
non-site-specific, Numerous examples have shown that reactivity of individual
residues is greater If the residue is surface exposed compared to # being buried
within the protein interior {Pearlman and Bewley, 1993; Teh et al, 1987, Lin
et al., 1998; Houghten et al., 1977). For example, in human growth hormone, the
reactivity of the three methionines to kydrogen peroxide commelates to their prox-
imity to solvent accessible surfaces, and oxidation of the least solvent accessible
methionine (Met-170} can usually only be seen upon usfolding of the protein in
&M urea (Houghten et al., 1977; Nguyen, 1994). In an [2G monoclonal 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.,, 1994). There are few, if any,
examples of neighboring sequence effects on non-site-specific oxidation. Most
likely this 18 due fo the fact that higher order structure, including secondary,
tertiary, or quaternary stractare plays 2 much more important role than primary
sequence in affecting non-site-specific oxidation rates in proteins.

Recombinant haman relaxin conting two methionines, Met B(4) and Mel
B(235). This protein 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. Inn oxidation studies of human
relaxin wsing exogenousty added HyO, it can be demanstrated that the more
exposed Met B(25) seacts faster than the sterically hindered Met B(4) {Nguyen
et al., 1993}, However, when MCO of human relaxin was studied using an ascog-
bate/Fe(I) or Ca{ll} system, the reactivity of the two methionines was reversed
when compared to the hydrogen peroxide studies (1 et al,, 1993b}. Methionine
B 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 chains. The His residue Jocated st A{1Z2) is the residue most
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susceptible to metal catalyzed oxidation, due to its affinity for metals despite its
partially buried position (-37% smface exposed).

The example of human relaxin Hiustrates that the source of oxidative damage
must be taken into account when considering whether changes in conformation
can control oxidation rates. It is unbikely that any form of structural contro] cogld
reduce MCO rates at Met B(4) or at His A(12). However, it may be possible 1o
reduce the hydrogen peroxide generated oxidative damage to Met B(25} and espe-
cially Mei B(4) if a structural stabilizer could diminish access of these residues
to bulk solvent.

Effects of Oxidation of Surface and Buried Methionines on
Protein Stracture

It has recently been proposed that, in vivo, surface methionines serve to act
as scavengers of oxidants in order to protect partially or fully baried residues nec-
essary for proper folding or fonction of the protein (Levine et al.,, 1996}, Ovine
prolactin has seven methionine residues, of which four are oxidized readily by
hydrogen peroxide, and the remaining three are only oxidized by H,0, vpon
denateration in 8 M urea. Oxidation of the four sarface residues has listle impact.
apon the activity or physical properties of the protein. In contrast, oxidation of
remaining three reduces the bicactivity, changes the physiocherrical properties,
and enhances the sensitivity of the protein o ¢leavage by wypsin (Houghien and
Li, 1976}, This illustrates some of the general physiochemical consequences that
may be seen apon oxidation of methionines, If & metldonine residue is near the
surface, then oxidation wiil have will generally have fittle effect on protein stre-
ture, and usually the only physiochemical conseguence will be an increase in
- hydrophilicity of the protein, due fo the fact methionine sulfoxide is more
hydrophilic thar methionine. H an oxidized methionine is partially or fufly buried,
then the local increase in hydrophilicity may disrupt hydrophobic interactions
potentially causing loosening or wnfolding of hydrophobic clusters in the protein
{Vogt, 1995; Lilova et al., 1987).

Parathyroid hdrmone contains two methionine residues. Met-8 is buried in
a hydrophobic pockel, and is less prone to oxidation than the more exposed Met-
18. Oxidation of Met-18 does not alter the conformation or activity of the profein,
however, oxidation of Met-8 causes a conformational change, foss in activity, and
increase in hydrophobicity of the peptide, due to exposure of trypiophans previ-
ously buried within the hydrophebic pocket (Fnil et al, 1990; Nabuchi et al,,
1993}, In the exampie of parathyroid hormone, it is unlikely that controfling struc-
tore would affect oxidation of the surface exposed Met-18. On the other hand,
the partially buried Met-§ poses an inferssting 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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stractare will have stower H-D exchange 1ates, directly reflecting the reduction
in sotvent accessibility of certain amide groups. The residues that will have their
exchange rates lowered by exciunded solutes represent amide protons that are par-
tialty or fully baried in the naiive structars; the reduction in rate may either rep-
resent protection fram global sefolding or from fluctuations in the native state
(Foord and Leatherbarrow, 1998}, If such an effect in H-D exchange rates 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 rBl-ra (Kendrick
et al., 1997). 1t would be skmple hypothesis to test, and amenable o & number of
systemns. A correlation between H-D exchange rates and rates of non-site-specific
oxidative degradation at parfially buried residues would indeed indicate if this
approach iy vatid,

Another aspect of the excladed solie effeét is that these additives tend to
favor the assembled state of msltimeric systems. ¥ a protein or peptide has a ten-
dency to seif-associate, this phenomenon would have the effect of shifting the
equilibeinm towards the more highly associated system. Again, this shift would
result in net reduction i overall protein surface area, thereby limiting solvent
acoessibility of residues exposed in the on the contact sights between monomers.
" The gsecond type of Hgand that could limit solvent accessibility would be a
motecale (1.2, a ligand) that would bind specifically and with high affinity to the
pative state of the protein. Such binding would have the same thermodynamic
consequence as preferential solute exclusion; the compact native conformation
that most readily bound ligand would be most favored, and time-averaged solvent
exposure of partially or faily baried residues would be reduced. In addition, the
binding event wouid biock a certain portion of the surface of the protein, Heit
ing exposure to exogenons oxidants. Conversely, oxidation in the ghsence of the
ligand would be expected to alter Higand binding to the protein. Examples of both
exciuded solute effects and direct ligand binding, and their effects on oxidation
rates, are given below.

Conformational Control of Oxidation in Aqueous Solution

As described sbove, non-site-specific oxidation occurs fastest at solvent
exposed regidues, slowest at buried residues, and af an intermediate rate at pas-
tially exposed residues. Thas, the goal of structural control in redacing oxidation
rates would be to reduce exposure of the sensitive side chains to potential oxi-
dants. First, consider protemns that have specific endogencus Ligands aud the effect
that Hgand binding has wpon oxidation.

Methionine residues in o/B-type scid-solubje spore proteins (SASP) of
Bacillus species are readily oxidized in virre by Hz0, or the organie 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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3.9% greater than the native state. Therefore, it is possible to dirainish the amount
of expanded, degradation-competent species in the native statc ensemble and
produce a more stable solution formulation, whether the pathway involves phys-
"ical changes, sach as aggregation, or chemical reactions, such as oxidation

As described above, another effect of preferentially excluded ligands is to
drive systems towards self-assembly, as with multimeric proteins. Assembiy into
a multimer should protect methionines from the solvent. In othey words, control
the association state of a multimeric protein can be z method for slowing non-
site specific oxidation in proteins. For example, E. coli ribosomal protein L.12
can he oxidized at its three methionine residues by hydrogen peroxide {Brot and
Weissbach, 1983). This oxidation rendexs the protein inactive. The native, active
form of £.12 is & dimer, and the inactive form appears to be a monomer by ultra-
centrifagal analysis (Caldwell et al., 1978}. Oxidation appears to have rendered
the monomer incapable of forming the active dimer, and reduction of the methio-
nine sulfoides back to methionine by methionine seifoxide reductass and dithio-
threotol (DTT) yielded the active dimmer again. Fither a specific ligand or an
excluded solute that could shift the cquilibrium towards the dimer would slow
oxidation,

Furthermore, we observed that addition of excluded solutes, like disaccha-
rides, can affect the assembly state. of the 41 amino acid peptide, human
corticotropin-releasing factor, hCRE (Mever et al., 1996}, Other researchers have
reported that CRF bas a propensity to form tetramers af higher peptide concen-
trations, as well ay form larger muktimers under ceitain conditions (Dathe et al.,
1996). Although specific details of the oligomerization need to he determined, it
appears that sofution conditions can be adjusted to push the system to 5 more
highty associated state (wnpublished results). The two methionines in the peptide,
Mei-21 and Met-38, bave been found to oxidize upon storage in 2 Lquid formu-
fation at different rates. Met-38, located near the C-terminus, oxidizes severzl
timtes faster than Met-21 at 2 peptide conceatration of 1mg/mL. Upon increas-
ing the concentration to 8mghnl, the rate of oxidation of Met-38 is slowed
almost four-fold, while the Met-21 rate is slowed only by a factor of ~1.4. We
suggest that both methionines become progressively more protected from the
solvent as the peptide associates, with the extent of solvent exposure ¢hanging
the most for Met-38, as it becomes rore deeply buried under solution condifions
which push the peptide toward a refatively large oligomer.

Structural Contrel of Oxidation in Lyophilized Products

Due to the fact that many proteins do not possess adequate stability in solu-
fion in order to provide a reasonable shelf 1ife, many protein phanmaceuticals are
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prepared as lyophilized products. Although Iyophifization may solve some of the
physical instability problems, proteing siill may also undergo chemical degrada-
tion in the solid state. Certainty, chensical degradation is typically slower in the
solid state than in liguid state (Li et al., 1995a; Kenkare and Richards, 1966; Chang
et al., 1996), due to reduced mobility of the protein and mited exposure to water.
However, this is not always the ¢ase (Fransson et al., 1996). Regardiess of whether
oxidation in retarded in a lyophilized cake compared to a solation, oxidation
remains & major degradative pathway that must be considered, Variables such ag
residual moisture, type of excipients, and composition of the headspace gas in
relation te oxidation have previously been discussed in & number of research and
review asticles (14 et al., 1995a; Pikal et al., 1991; Fransson et al,, 1996). As in
liguid formulations, the effect of structure on rates of oxidation in the solid state
sheuld not be ignored. Maintenance of native protein structure in the dried state
may serve to reduce chemical instability, as well as physical instability, assuming
that surface exposure would have similar effects on oxidation as solvent exposue
does in the liquid state. Therefore, proper design of a freeze dried formulation in
which the maintenance of native secondary structure to reduce physical instabil-
ity problemns such as apgregation may have the secondary benefit of reduciag
surface exposure of labile side chains in the sofid form as well.

For example, i hGH, #reversible changes during freeze-drving were
minimal, but upon storage, aggregation and chemical decomposition (via methio-
nine oXidation and asparagine damidation became problematic) (Pikal ef al.,
1991). The formulation that contained no exéipients had the highest level of
aggregates, as well as the highest level of methionine sulfoxide. The final for-

- muslation, which conferved the greatest stability, was 2 combination of mannitel

and ghycine, whexe the glycine remained amorphons, This formulation not only
provided stabilization against aggregation, but against methionine oxidation as
well, At the very least, this correlaion suggests that unfolding of the protein in
the dried state, which leads to increased susceptibility to aggregation, also may
also make the protein more susceptible to oxidation. Whether or not this corre-
lation between imainfenance of native-like siructure in the solid state and lower
rates of oxidation holds true in all cases remains fo be seen. Such reports in the
open literature are Tare. In addition, other variables, such as the diffesivity of
reactants in the solid, the storage temperature relative to the glass transition termn-
perature, and the exact nature of reactive species in the dried state, also need w0
be considered as weil.

Summary of Structoral Contrel of Oxidation

.Oxidation of the various side chains of proteins and peptides remains a major
problem o overcome in formulation science. A rational approach stemming from
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an understanding of oxidative mechantsms and oxidative sources is already fairly
well undesstood, and has helped in 2 nember of cases where oxidative degrada-
on was occursing in a pharmaceutical dosage form. Constderation and coatrol
of secondary, tertiary and quaternary structure will hopefuily be yet an additional
method to slow oxidation and increase shelf life. In the case of liguid formula-
tions, this could be done by adjustment of specific solution conditions such as
pH in order to elter conformational states, reduction of solvent cxposure of
mcthionines via association states, or addition of excluded solutes to produce a
more compact native ensemble. The work by DePaz ef al, (2000) demonsirates
that for buried residues the oxidation-competent species is slightly iarger than the
native state. The use of excluded sohutes to shift the equilibrium towards to more
compact species should and does siow chemical degradation. We expect other
examples to enierge in the near fuwre,

In lyophilized formulations stuctaral contrel may already he in place in
many instances, s maintenance of a native-like secondary structure is already a
requirement for reducing aggregation from physical ipstability, aed its effect
should certainly be considered if oxidation is a route of degradation. Tt has been
shown that less mobility (i.e., in an amorphous glass below the glass transition
temperature} does sfow deamidation (Chang et al., 1996). '

SUMMARY

Control of chemical instability in protein phataceuticals continues fo be a
critical igsue in developing stable formulations, While the effects of pH, buffer
camposition, ionic strenpth and temperature remain the most effective methods
for controliing hydrolysis and oxidation reactions, it appears that conformational
control may also be important, Addition of excipients f¢ maintaiy native struc-
ture and reduce the propensity of the protein to denature andfor aggregate is
already a cenfral theme in stabilizing proteins (Arakawa et al,, 1993}, The same
additives have now been found to slow both deamidation and oxidation, whether
in solution or in the solid state. What is emerging is an additional approach for
producing protein pharmaceuticals that maintain vative structure and activity
during fong-term storage.
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INTRODUCTION

For ¢ase of preparation and cost containmerit by the manufacturer, and case of
handling by the ead user, an aqueocus therapeutic protein formuiation usually is
preferred. However, with many proteins it is not possible—especiaily consider-
ing the time constraints for product development—io develop sufficiently stable
agueous formulations. Unacceptable denaturation and aggregation can be induced
readily by the numerous siresses to which a protein in sgueous solution is sensi-
tive; e.g., heating, agitation, freezing, pH changes, and exposare to interfaces or
denaturants (Arakawa et al, 1993; Cleland et al., 1993; Brange, 2000; Bummer
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and Koppetol, 2000). Furthermore, even under conditions that thermodynami-
caily greatly favor the native state of proteins, aggregation can arise during
months of storage in aqoeous solution {e.g., Guet al., 1991; Arakaws et al,, 1993;
Chen et al,, 1994; Volkin and Middaugh, 1596; Chang et al,, 1996a}. ln addition,
several chemical degradation pathways (e.g.. hydrolysis and deamidation) are
mediated by water. In aqueous formmlations, the rates of these and other {e.g.,
oxidation} chemical degradation reactions can be unacceptubly rapid on the time
scale of storage (e.g., 18-24 months) for pharmacestics! products (Manning et
gl., 1989; Cleland et al., 1993 Goolcharran et al., 2000; Bummer and Eoppenol,
2630).

In contras{, a properly tyophilized formulation can maintain adequate phys-
ical and chemical stability of the protein during shipping and long-tesn: storage,
even at ambient temperatures. As will be outlined in this chaptey, developing
stable lvophilized protein formulations should be a rational, straightforward
process, which for most proteins should be rapid, With liguid formulation devel-
opment, it may only be possible to obtain adequate protein stability after lengthy
stizdies. Furthermore, sometimes there aré conflicting conditions {e.g., pE)
needed to slow sufficiently multiple degradation pathways in aqgueous solution.
Considering these issues plus the fact that formulation scientists now have to desl
with numerous proteing and/or varants of & given proteir, lyophilization should
be considered as a primary mode for prodact development. Only if 2 parallel
effort to develop an aquecus formulation is snccessful, will a final iyophilized
product not be needed. .

Rapid formulation development has important financial ramifications. A
drug product has a finite patent life, during which fime the company has an exclu-
sive market, Congidering that even 3 moderately successfud drug product has
annual sales of hundreds of millions of dollars, potentiaily milifons of dollars in
saies are lost for each day of delay in bringing a product to market. Unfortunately,
there are often delays because the formulations designed during early stage devel- .
opment and clinical frials (e.g., frozen) were not adequate for the final product.
With a rational approach to formulation development, pharmacestical scientists
and process engineers can minimize the risk of this problem and the time needed
0 obtain 2 successful, final formulation. The success of such efforts depends on
frank, open commmication between the groups involved. For example, it is crit-
fcal that the formulation sclentists learn from the procéss enginecers the issues for
large-scale lyophilization runs, which are nsually conducted in tmits that do not
have the capacity to match processing parameters obtained in 2 small-scale
research Iyophilizers. '

Despite the best efforts of the scientists and engineers, all too ofien delays
in formudation development arise because sufficient resources are not invested in
product development. For example, sometimes, purchase of essential equipment
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(e.g., a differential scanning czlogimeter), which costs a minute fraction of a day’s
sale of product, is not alfowed. To avoid unnecessary delays in product faunch,
which can have disastrous consequences for the company and for patienis, it is
essential that companies appreciaste that product development is Wtimately a key
{imiting factor in getting a therapeutic to market. Hence, development efforts need
to be as well funded as the usually much more visible drug discovery research
programs. X a product is not stable, it will not be marketed, no matter how dra-
matic an impact it can have on haman health and the financial status of the
company.

MINIMAL CRITERIA FOR A SUCCESSFUL,
EYOPHILIZED FORMULATION

Regearch over the past several years has demonsgated that five criteria
define the minimal conditions necessary for 4 successful Iyophilized protein for-
mulation (Tabke 1).

The first four criteria can be met with use of the appropriate excipiemts and
lyophilization cycle design. For information on the proper design of Iyaphiliza-
fion cycles, the reader is directed to the pumerous previous teviews in this
area {(Franks, 1990; Pikal, 1990; Nail and Gatlin, 1993; Gatlin and Nail, 1994;
Carpenser and Chang, 1996; Rey and May, 1999; Cappola, 2000). For the cmrent
chapter we will only consider cycle design in terms of the interplay between for-
ruiation physical properties (¢.g., collapse temperature) and process pazameters
{see below). The last criterjon listed in Table 1 requires ingight inte the vnique
phygicochemical properties of each therapeutic protein, which will be expiained
in more defail below. We wili discuss in turn why each of these criteria i8 impor-
tant. Then we will present an explanation of how o desiga rationally a formuia-
tion to meet these criteria.

Table 1.
- Minime} Criteria for & Successful Lyophilized Protein Formnnlation

Protein unfolding during freeing and drying is inhibised.

The glass transition temperatore of the product exceeds the planned stozage temperature {2.g.,
Ty = 30°C). : B

The water conteat is relatively low (2.8, 1% by mass),

A strong, elegant cake strncture is ohizined (L.e., collapse and meltback are avoided).

Steps are taken o mininvize specific routes of protein chemical degradation {o.g., product viaia

are sealed wnder nitrogen to reduce the rate of methionine oxidadon),

9 g

!.)1 Bt
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Enhibition of Lyophilization-Induced Protein Unfelding -

‘The stresses of freezing and drying cause protein unfolding, and the forms-
lation mmust be designed to inhibit unfolding at each step (Prestrelski et al.,
1993ab; Carpenter et ak., 1093; Prestrelski et al,, 1995; Constantine et ak, 1995,
1998, Griebenow and Klibanov, 1995; Allison et al, 1996, 1998, 1999, 2000;
Chang et al,, 1996b; Kriclgaard et al., 1998a, 1999, Chen et al., 1999; Beli, 1999;
Carrasguitio et al, 2000). Even i the formulation excipients and/or Intringic ther-
modynastic stability of the protein prevent denaturation during freezing, unfoid-
ing can arise during subsequent drying (Carpenser et ak,, 1993; Prestrelskd et al,
1993b; Allison et al.,, 1998; Carrasquillo et al., 2000). Conversely, once & protein
unfoids during freczing, it will not regain native structere during dehydration.

For many proteins, unfolding during lyophilization leads to clinically
anacceptable, non-native aggregates, even when sarnples are rehydrated irsmedi-
ately after lyophilization (Prestrelski et al., 1993a, 1995; Allison ef al., 1996;
Krielgaard ef al,, 1998s, 1999; Costantino et al., 1998). Aggregates are nof nec-
essarily formed during freezing and drying, Rather, during sehydration refolding
of structurally pertarbed profein molecules competes with formation of non-
native protein aggmegates (Prestrelski et al, 1993a). Aggregation can be mini-
mized by including stabifizing excipients (e.g., sucrose or irehalose) in the
formulation to inhibit lyophilization-induced unfolding (Prestrelski et al., 1993a,
1993; Allison et al., 1996; Kriclgaard et al,, 1998a, 1999; Costantino et al., 1998),
Furthermore, fostering refolding during rehydration (e.g., with surfactants) can
reduce aggregation (Chang et al., 1996¢; Zhang et al., 1995, 1996},

In addition to minimizing protein aggrogation dusing lyophilization/rehy-
dration. maximizing retontion of native protein structure in the dried solid is
essential for optintizing long-term storage stability (Presirelski et al,, 1993; Chang
et al,, 1996h; Krielgaard et al., 19984, 1999; Allison et al., 2000; Cleland et al.,
2001). Both chemical and physical degradation in the dried solid can be acceler-
ated if protein unfolding is not inhibited during Ivophilization. With chemical
degradation, a non-native structure may provide an eaviroament condicive o
covalent modification of ene or more residues. For example, exposure of a
methiomne, which is normally buried deep in the interior of the native protein,
on the swrface of an unfolded dried protein may foster oxidation. Increased levels
of aggregates noted after storage and rehydration of unfolded proteins could be
due to formation of non-native intermolecular contacts within the dried solid, per-
turbation of refolding during reliydration becanse of chemical degradation, and/or
other undefined processes. o

. Infrared spectroscopy has been used routinely to compare the secondary
structures of a protein in Iyophilized formulations to that of the native protein in
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1995; Constantino et al., 1993, 1998; Grichenow and Klibanov, 1995; Allison et
al., 1996, 1998, 1999, 2000; Chang et al., 1996h; Kriclgaard et al., 1998z, 1999,
Carpenter et al., 1998; Chen et al,, 199%; Carmasquilio et al., 2000}. This method
should be considered essential in the development of stable Iyophilized formula-
tions, because it allows one 1o assess rapidly the effectiveness of formulations at
inbibiting protein unfolding. Technica! details sbout how to employ infrared spec-
troscopy to design stable lyophilized protein formuiations can be found in the
papess cited above,

Storage at Temperatures Below Formulation Glass
Transition Temperature

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

Obtaining a formatation T, in excess of the planned storage temperature
{e.g., room temperatire} is absolutely essential for optimal protein stability {e.g.,
Franks et al., 1991; Pikal, 1994, 1999; Carpenter and Chang, 1996; Duddu and
Dai Monte, 1997). The T, of a given amorphous phase is dependent on the T,
and mass percent of each component, including water (Angell, 1995, Franks
gt al.. 1991; Levine and Siade, 1988, 1992; Pikal, 1994, 1999). Compared to
excipients, dried proteins have relatively high T,'s (e.g., >130°C; Angell, 1993},
Thas, 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 unfolding during lyophilization (Cleland et al,, 2007; and
see below).

Fortmately, sucrose and trehalose, which are the preferred excipionis for
inkibiting Iyophilization-induced protein unfolding {see bhelow), also provide a
glassy matrix with acceptably high T, values. Por example, with water contents
of 1% the T, for pure sucrose and trehalose are about 100 and 65°C, respectively
{Crowe et al., 1998).

1t has now been docurmenied with several proteins, that simply storing the
formudation at temperature below T, alone does not assure optimal stabifity. 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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ratio, which aids in the rapid dissolution of product upon addition of water. A
detailed gccount of how 0 obtain such a cake structure is beyond the scope of
the corrent chapter, but is available in several previous reviews (sea above). For
the current purposes it is sufficient to focus on the impact of formulation com-

" position on avoiding coflapse or meltback. When a product is frozen, the protein
and amorphous excipients (e.g.; sucrose) are dispersed between ice ¢rystals and
any excipient usad as a erysialline bulkiasg agent (e.g., glycing). To obtair an
appropriate cake strocture daring Iyophilization, the product temperatuye during
primary drying, when the water in ice is sublimed, must be below the character-
istic collapse and cutectic melting temperatures of amorphous and crystalline
solutes, respectively. Above the entectic temperature, the melting of crystaliine
solutes feads 1o massive loss of porous structure and macroscopic dissolution of
the frozen matrix into 2 “puddle”™. Above the coliapse ternperature, which closely
coincides with the glass transition temperature (T,') of the maximally frecze-
concentrated amorphous phase, the amorphous phase cannot support its own
weight. The result is aiso a loss of pore structure and a macroscopic shrinkage or
.collapse of the cake.

1t should be noted that the T, thermal event, which can he measured with
differential scanning calorimetry, is also referred io as a softening event (1),
1ather than the actnal glass wansition temperafmre of the freeze-concenfrated
amorphous phase (Shalaev and Pranks, 1993). Whatever the exact natare of the
thermal event, it can be detected with differential scanning calorimetry as a
second order increase in the baseline of the thermogram, which nseally occurs
Just prior to the onset of the endotherm for the meliing of ice (e.g., Her and Nail,
1994). The transition can also be measured with electiothermal methods (Her
et al., 1994).

Another powerful method, which is essential for sational development of
Iyophilized formulations, for determining collapse and eutectic meliing temper-
atures is freeze-drying microscopy (e.g., Nail et al, 1994), With this approach,
the formulation of interest is directly examined visually for #s performance
daring a simudated freezing, annealing and drying cyele. All of the cyitical phase
changes, including ice forraation, solute crystallization, entectic melting and col-
Japse, can be detected easily, and the temperature of their occurrence can be mes-
sured accurately. '

Formulation composition diciates collapse temperature. Each pure armor-
phous excipient has a charactesistic T,” and collapse terperatre; the collapse
temnperafure for the formulation is the mass averaged temperatures of all of the
components in the amorphous phase. It is important to design a formulation with
maximum collapse texnperature, because the rate of drying isdirectly proportional
{o the sample termperature during lyophilization. To allow for & reasonsble drying
time the T, should not be lower than —40* C, The ;" values for pure sucrose is

~32° C, while that of pure wehatose is --30° C (Skrabanja et al,, 1994; Chang and
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Randall, 1992). In contrast, glucose, which should also be avoided because it is
a reducing sugar, has a T, of —43° C. The collapse temperatere of pure profem
is about ~10° C, which means increasing the protein:segar mass ratio will
increase cotlapse iemperatare. Finally, collapse temperature will be decreased if
salts and excipients are not maximally crystailized. For example, glycine has a
T, of =37° C, and its contribution to the amorphous phase can reduce collapse
tegnperature fo impractically low values (Carpenter and Chang, 1996). This
problem can be avoided by using the appropriate anmealing (see Carpenter and
Chang, 1996} of the frozen product to maximize ¢rysallization.

Meltback ¢an be avoided by using crystaliine sclites with relatively high
eutectic maeking tomperatures. For example, eutectic melting temperatures for
mannitol and glycine are -1 and ~4° C, regpectively. In contrast, additives such
as calciure chioride have very low eutectic melting temperatures (e.g., —31° C
for calcium chioride). I mannitol or glycine is nsed as a crysiailine bulking agent,
the T, of the amorphous excipient phase, which is Tower that the eutectic melting
temperatares of these excipieats, will be the value that dictates the temperature
of primary drying.

Cotlapse can also oceur during secondary drying, when unfrozen water iy
desorbed, if the temperature is increased too rapidly. As water is removed from
the amorphous phase the T, of this phase increases, Thus, product temperaiure
can be raised gradually and colizpse can be avoided if product termnperature at
a given time point does not exceed the T,. Directions for optimizing secondary
drying can be found in previous reviews menticned above, :

Steps Taken to Minimize Specific Routes of Protein
Chemical Degradation

It is essential that the major routes of chemical, ag well as physical, degra-
dation be characterized carefully for each protein, because afl of the criteria Hsted
above can be 1net and 2 protein might stii be damaged during long term storage
in the dried solid, For example, methionine oxidation is a common degradation
pathway for therapeutic profeins (Manning et al, 1989; Ahern and Manniag,
1992; Cleland et af., 1993; Goolcharran et al., 2000). Hven in a formaulation tha
prevents protein 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 stcture would rot
prevent this residue’s exposure to reactive oxygen species in the deled sofid. But
why would the glassy matrix not sufficiently retard the mobility of the reactive
species to prevent the reaction from occurring? On pharmacentical tme scales
(i.e., of many months) relevant motion in a glass is not arrested uniess the storage
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temperature is about 50° C below the T, (e.g.. Hancock et a,, 1995, Pikal, 1994;
Pikal, 19993, Therefore, the mobility of a relatively small reactive oxygen specics
and the oxidation of methionine residues are probably not coupled to the glass
transigon of the formulation. An intrigning aliwrnative, but not mutually exclo-
stve, explanation has been suggested by Steve Prestreiski (personal communica-
tion}, [le proposes that reactive oxygen species accumuiating during long-term
storage might not be causing damage just in the dried sold. Rather upon rehy-
dration oxygen radicals rapidly react with the protein. This is aa important area
for future research.
Fortunately, despite the rather complicated and poorly mnderstood theoreti-
cal aspects of unacceptable methionine oxidation rates in dried protein formuta-
* tions, from & practical viewpoint desling with the problem is relatively
straightforward, Methionine exidation can be minimized by seating vials under
ritrogen and/or using formulation additives {e.g., free methionine) to compete
with protein residues for reactive oxygen species. These approaches should be
effective whether the oxidation of residues occurs in the dried sofid, during rehy-
dration or at both times,

RATIONAYL DESIGN OF STABLE LYOPHULIZED
FORMULATIONS

Two ¢ritical practical issues need to be considered when c¢hopsing excipi-
ents for a therapeutic protein formuiation. 1) From s financial standpoint, scien-
tists should focus on using excipients and processing approaches that do not need
to be licensed from a patent holder. Aceepiable protein stability can be achieved
readily using excipienis and processing methods that are well known Lo someone,
o use the legal torm, “skilled in the art of protein formulation.” Clearly, howeves,
the specific applications of such compounds and processes to 2 given protein drug
prodiet andfor a class of proteins often can be patented. Such patents may be
critical to the company developing that product.

2} From a regulatory standpoint (and financial perspective, also), the for-
mujation scientist should chooss from among cxcipicnts that are already used in
approved pesonteral products. For protein stabilizers, the best choices are the
disacchagdes, sncrose and trehalose. For bulking agents, the best choices are

" glycine, mannitol and hydroxyethyl starch. For surfactants, usually the Tweens
(20, 40 or 80) are preferred,

Based on these practical concerns and the criferia for a successful
tyophifized protein product (Table 1), prototypic rationat formulations are pre-
sented in Table 2. I the formulations suggested are employed, and the criteria in
Table 1 are mei, then most likely the product will have acceptable stability.
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Table 2. .
FExample of Rational Lyophilized Protein Formulation

1. Bufier that doss not acidify during freczing {e.g,, Tds, histidine, citrate)

2. Specifie ligands/pH that optimizes thermodynamic stability of protein

3. Trehelose or sucrose o inkibit protein enfolding and provide glassy matrix
4. Bulking agent (2.g., mannitol, ghycine or hydroxyashyl stasch)

5. Noraonic suxfactant o reduce protein aggregation ‘

J

1t is impottant to emphasize that not ail componenis lsted in Table 2 may
be needed for a given protein product. For example, i may not be necessery to
inciude a noniopic surfactent to aid in redicing profein aggregation, H' there is
not clear evidence that a given component is beneficial for a formulation, thea
that component should not be included in the formulation. Also, some cOmpo-
nents that are used because of “tradition” andfor for purposes such as finaj for-
miation tonicity can cause great difficulties in lyophilization. The most common
example is the use of NaCl as a tonicity modifier. During Lyophilizagon, NaCl
can greatly reduce the collapse temperature of a formulation, if a fraction of the
salt does not crystallize (Her et al., 1984). Crystallization of NaCl during freez-
ing and annealing can be ialibited by other excipients {e.g., bulking agents and
stabilizing sugars). Because of the low collapse temperature, a low temperature
eyele must be used, which increases production time and costs, Also, even if for-
mmlations with NaCl can be lyophilized successfully in small rescarch Iyophiiiz-
ets, there is greaf risk that a large fraction of vials will collapse dering large
scale manufacturing runs. Thus, if ab all possible, NaCi should not be used
in lyophilized formulations, Alternative tonicity modifiers inchide mannitol and
glycine, which can also serve as crystalline bulking agents.

Every protein and product has unique characteristics, somwe-of which may
cause difficuily in designing stable formudations, Thus, the suggestions in Table
1 should be considered only as a good starting point in formulation deveiopment,
For the remainder of this chapter we will diseuss the rationaie for the choice of
each of the formalation components, their mechanisms of action and other prac-
tieal approaches that can be used 1o increase protein siability.

Choice of Buffer

In terms of protein stability, the main concern with choice of baifer is
the potential of certain buffer salty to precipitate during freezing and cause
large changes in pH. For example, crystatlization of the dibasic form of soditum
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phosphate results can result in 4 pH < 4 (van den Buarg, 1959; van den Buwrg and
Rose, 1959; Anchordoquy and Carpenter, 1996). Thus, whencver possible,
sodiom phosphate butfer should beo sveided. Although somewhat obvious, it is
important to realize that a sodium phosphate system will be present if one starfs
with potassium phosphate buffer salts and NaCl, as is the case with phosphate
buffered saline, Alternative buffers that do not appear {o have major pH changes
duzing freezing include Tris and histidine (Anchordoquy and Caspenter, {996},
A clear example of the detrimental effects of buffer acidification on the sta-
bitity of 2 lyophilized protein formuiation has been reported by Lam et al. (1996).
These researchers documented that a smecinate buffer with an initial pH of 5
exhibited a pH drop of 1-2 uniis during lyophilization. The result was a reduced
stability of inferferon-y during storage of the Ivophilized formulation, relative to
that noted for formulations prepared with glycolate buffer, which dees not
undergo freezing-induced acidification. )

Specific Ligands/p¥i that Optimizes Thermodynamic Siability of Progein

Offen cxperience gained during purification, intermediate storage protocols
and preformudation studies can provide great insight into specific sokution coudi-
tions {e.g., pH, ionic strength, buffer type} that confer the greatest stability to a
given protein. Before choosing the appropriate “general” stabilizers, which are
effective at protecting most proteins, it is abgsohutely essential that the formulation
be optimized for the specific factory that increase the physical and chemical
stability of a given protein. For example, simply avoiding extremes in pH can
drastically raduce the rate of deamidation (Manaing et al., 1989; Goolcharran
et al., 2000), Also, specific igands that increase protein physicai stability (a.g., by
increasing the free energy of wnfolding) shouid be investigated. The siabifizing
effects of hepasin and other polyanions on growih factors (e.g., Chen et al., 1994;
Volkin and Middaugh, 1996) and caleium on DNase (Chen et al., 1999} provide
good examples. As will be described below, increasing the free energy of unfold-
ing directly correlates with increased sesistance of proteins to denaturation during
freezing. In addition, at least in the case of DNase, there was zlso dramatic
increases in storage stabifity of the lyophilized protein in fonmulation contain-
ing calcium, which were not due to increased structural stabifization during
lyophilization {Chen et al., 1999). The mechanism for this effect is mknown,

Mareover, sometimes protein enfolding during freeze-drying can be mini-
mized by optimizing initizl solution pH {(e.g., Prestrelski et al., 1995). However,
in other cases it has been found that initial solution pH does not impact the degree
of unfolding arising during lyophilization (Costantino et al., 1993; Carrasquillo
et al., 2009). Por each protein it is necessary to investigate the effect of initial pH
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{and potential pH changes during freezing) on stractural retention during
lyophilization. Infrared spectroscopy can be used to monitor secondary structure,
in the dried solid, and the resalting data can be used to choose the iniial pH that
results in the most native-like secondary structure in the dried solid.

Trehalose or Suerose to Inhibit Pretein Unfolding and Provide
Glassy Matrix

In this section we wilt discuss the rationale for cheice of stabilizing excip-
ients. Then we will desoribe the mechanisms for protection of proteits by addi-
tives during freezing and drving. Mechanistic insight is important for a clear
understanding of protein stabilization during lyophilization and for guiding crit-
ical practical choices, such as determining the level of disaccharide needed for
optimal protein protection, Finally, we wili address this and other practical issues
in the use of stabilizing excipients to inhibit protein unfolding duting freezing
and drying,

Rationale for Choice of Stabilizing Sugar. Among the numerous com-
pounds tested, it appears that the most effective stabilizers of proteins duzing
tyophilization are disaccharides (reviewed in Carpenter ¢t 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 nonredacing; 3} tend to remain amorphous during lyophilization; and 4) have
been used in approved parenteral therapeutic products. There are, however, some
important differences in the physicochemical properties of these sugars. 1) Tre-
halose has a higher T, at a given moistare content than sucrose and, thus, for for-
mulations containing trehalose it may be easier to obtain an appropriate cake
structure with an economical iyophilization cycle {Crowe et al., 1998). However,

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

for formtlations containing either sugar. In-addition, the condition of having a T,
greater than the product storage temperature will hold af higher residual water
coatents for {rehalose. In producis with a relatively high protein concentration,
the protein could contribute to an increased T;, which serves to minimize the
advaniages of wtrehalose. 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, unless very low pH’s {ca. < 4}
are employed. It should be noted that acid catalyzed hydrolysis of suerose can
occur even in lyophilized solids (Shalaev et al., 2000), suggesting that buffer acid-
ificadon duxing freezing (see below) could altimately resudt in formation of reduc-
ing sugars and resulting damage to proteins in a lyophilized formulation. 3}
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Sucrose appears to be somewhat more effective at inhibiting unfolding dusing
Iyophilization (Allison f al., 1999}, This difference has been most obvious when
there is a relatively high protein concentration and a need fo employ a relatively
high initial concentration of sugar. Evidence lo date indicates thal loss effective
slabilization by trehalose is due to the greater propensity of this sugar to phase
separate from polymers {Isutza el al, 1996) and proteins (5.D. Allison, T.W. Ran-
dolph, B.S. Chang and J.F Carpenter, unpublished observation) during 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 rnast be examined for each protein. The final
choice of sugar for a given prolein product should be hased on a direct compar-
ison of sucrose and trehalose as stabilizers during the lyophilization oycle and
storage in the dried solid.

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

Mechanism for Freezing Profectien. Many different compounds, such as
sugars, polyols, certain amino acids, methylamines and salting-out salts, non-
specifically stabilize proteins during freezing or freeze-thawing (“cryoprotec-
ton™). The same compounds have also been shown In nonfrozen aqueocus systems
to increase protein thermodynanic stability (e.g., lncrease resistance to temper-
ature- or chaotrope-induced unfolding). Protection of proteins by these com-
pounds during freezing and freeze-thawing is doe o the same universal
thermodynamic mechanism that Timasheff and colleagues have defined for
solute-induced protein stabilization in nonfrozen agueous solution (reviewed in
Carpenter and Crowe, 1988; Carpenter and Chang, 1995; Carpenter 2t al., 1999;
Timasheff, 1998). )

Usually relatively high concentrations {ca. > 0.3 M)} of solule are needed o
stabilize proteins because the interactions of the solute with the profein are rela-
sively weak, Stabilizing solutes are excluded preferentially from the surface of
the protein. This statement does not mean that no solute molecoles bind 1o the
surface of the protein, but rather that there is a lower conceritration of solute in
the immediale vicinity of the protein than in the bulk solution, The chemical
poteniial of the prolein is increased in the presence of a preferentially excluded
solute, which is the basis for the effect of solute of protein thezmodynamic sta-
bility. Considering a fwo-siate model for protein folding (N +— ~» D), the native
state is Tavored thermodynamically (e.g., under physiological conditions) because
ithas a lower free encrgy 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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between the native and denatured states. So how can increasing the chemical
potential of the nafive state result in stabilization? The degree. of preferential
exclusion and concomitant increase in profein chemical potential correlates
directly with the protein surface area. The denatured state has a much greater
surface ares thas the native state, Thus, in the presence of a preferentially
excluded solute, the ragnitude for the increase in protein chemical potential will
be much greater for the denatured than that for the native state; the native state
will be stabilized. :

This samie mechanism gpplios to the inhibition of smaller scale structural
expansions of the native state, which may be sufficient to promote irreversible
protein aggregation, by compounds such as sucrose {e.g., Chang et al., 1996a;
Kendrick et ai,, 1997, 1998; Kim et ai., 2000}, Many proteins are known fo form
ron-native aggregates from species with conformations that are not greatly dif-
ferent from the most compact pative state. Ore example is the molten globule
that has perturbed teciary structzve, but native secondary suete. However,
even expanded species within that native state ensemble can participate in inter-
molecular interactions leading o non-pative profein aggregaies (e.g., Chang et
al.,, 1996a: Kendrick et 2l., 1997, 1998; Kim et al., 2000). Preferentially excluded
solutes shift the equilibritim between protein species fowards that with the lowest
surface arca, Le., the most compact species in the native state cusemble, As a
result aggregation is inhibited,

Timasheft’s preferential inferaction mechanism also explains the influence
of solutes on the degree of assembly of multimeric proteins. Preferentially
excluded solutes tend to induce polymerization and stabilize native oligomers
since the formation of contact sites between constituent monomers serves to
reduce the surface area of the profein exposed to the solvent. Polymerization
reduces the thermodypamdcatly unfavorable effect of preferential solute exclu-
sion. In this case, the assembled protein is much more stable than the constifent
monemey because of the direct solute effects, but also because of the increase in
oligomer stability gained by intersubunit contacts {e.g., Neet and Timm, 1904).
I one example of this effect during lyophilization, mainenance of the native
tetramer during freezing has been shown to increase the resistance of lactate dehy-
drogesase to dissoctation and inactivation during subsequent drying (Anchordo-
guy znd Carpenter. 1996; Anchordoguy ¢t al.. 2001},

How do we know that the preferential exclusion mechenism 1§ actually oper-
ative in the frozen state? It is not possible {o measvre directly the proiein-golute
intergction in the frozen state. However, the effects of solutes on protein chemi-
cal potental and the resulting protein stabilization can be mferred from. 3 freez-
ing stady with hemoglobin, in which the protein was partitioned into separate
polyethylene glycol-rick and dexiran-rich selution phases (Heller et al., 1996}, In
a phase separated system, theymodynamic equilibrium requires that chemical
potential of each component be equal in both phases. Hence, there shounld be
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equivatent effects of the different solufe conditions in the two phases on the
increase in free energy of protein wnfolding, In other words, the impact of
preferentiaily exchuded 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).

Mechanismn for Intdbition of Dehydration-Enduced Unfolding. The inter-
action of a proteis’s residues with water are intimately involved with the forma-
tion of the native, globular protein stracture, and if the protein is dehydrated it
will unfold, I has been documented by numercus studies that sucrose and fre-
halose prevent dehydratios-induced unfolding 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 al., 1999, Costantino ef al., 1998; Wolkers et al.,, 1998,
Tzannjs and Prestrelski, 1999}, This so called “water replacement mechanism”
is supported by several different observations, '

Por example, with infrared spectroscopy, it has been found that the band at
1583 em™ 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
{Carpenter 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 i the dried sample, indicating that the sugar is hydrogen bonding in
the place of water, Similar results have been obtained with ¢-lactalbumin and
sucrose (Prestrelski et al., 1993a). The magnitude of the retention of the car-
boxylate band correlates directly with the level of irehalose or sucrose in the
Iyophilized formulation, as well a3 with the degree of inhibition of unfolding
{Allison et al, 1999). These effects of sugars on proteing in the dried selid are
not due to the presence of moreased amounts of water in the formulations dried
with sugars (Allison et al,, 1999; Trannpis and Presmelski, 19993, The level of
water in formulations dried with the sagars is as low as that for the protein
lyophilized from just butfer or water, and is so low that the hydration shell of the
protein is essentially completely removed (Prestrelski et al., 1993z; Krielgaard et
al., 19984, 1999; Allison et al,, 1990).

Furthermore, Farhat et al,, (1998) used infrared spectroscopy 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, Costantino et al. (1997}
studied water sorption of proteins Iyophilized with sucrose or frehalose and fosnd
that the solid-state interactions between protein and sugar reduced the availabil-
ity of water binding sites. Tzannis and Prestrelskl (1999) foond that water sorp-
tion-behavior of spray-dried protein formulations containing stabilizing levels of
sucrose indicated hydrogen bonding between dried protein and the sugar
However, if an excessively high sucrose: protein ratio was employed, due to
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formation of protein- and sugarrich phases, hydrogen bonding of sucrose to
protein and resuliing protein stabilization were reduced. Also, Suzuki et al. (1998;
199%) found that there was a high degree of stabilization of lactate dehydioge-
nase when sucrose remained amorphous and hydrogen bonded to the drded
protein. Crystaltization of sucrose abolished hydrogen bonding between the sagar
and dried protein, as well ag protein stabilization.

Further support for the water replacement mechanisms comes from two
siuzdies that compared the relative effectiveness of saccharides of increasing mol-
ecalar weight for inhibiting lyophilization-induced unfolding. Tavaka and col-
leagues {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 spectrum of lysozyme
freeze-dried in the presence of glassy dextran and the protein is unfolded (Allison
et al.,, 1999). With infrared spectroscopy, Presteelski et al, (1995) found that ag
the molecular weight of & carbohydrate additive was increased the capacity to
inhibit unfolding of interleukin-2 during lyophilization decreased, and the level
of protein aggregation after rehiydiation increased, Also, it was clear that protec-
fon of the protein did not correlate directly with the formation of a glass {(all
samples were found éo be amorphous) or with the glass (ransilion temperature of
the sample (the T, increased as carbohydeate molecular weight increased), Rather,
there was & negative correlation betwesn stabilization and molecular weight,
which i3 ¢ be expected if protection during deying is due to the water replace-
ment mechanism,

An alternative mechanism for stabilization of proteins dwring dehydiation
states that proteins are simply mechanically 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 onfolding, and spatial separation
between protein molecules {i.e., “dilntion” of protein moiecules within the glassy
mairix) is proposed o prevent aggregation. It is clear that protective additives
must partition with the protein info the amorphous phase of the dried sample. I
the compound crystallizes during Iyophitization it does not inhibit protein unfold-
ing (Carpenter et al., 1993; Izutsu et al., 1993; Krielgaard et al., 1999). Also, spa-
tially separating proteie molecules can help favor refolding over aggregation
during rebydration (Allison et ai, 1998, 2000). However, as evidenced by the
failore of glassy dextran matdees o prevent unfolding (Presirelski et al, 1995,
Erielgaard ef al., 1999; Alfison et ak., 1998, 1999, 2000}, simply forming a glassy
solid is not sufficient for inhibiting dehydration-induced unfolding.

Practical Considerations. The protein mass in a unit dose (or multidose)
vial of therapeutic protein is dictated by the amount to be given to the patient,
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With g Ivophilized product, which can be reconstituted to & volume different from
the prelyophilization volnme, the initizl protein concentration can be varied
withont changing ile total protein mass, Changes i jnitial protein concentration
can affect relative Ioss of protein due fo interaction with vial surfaces {e.g., Page
et al., 2000}, protein stability during processing, the collapse temperature of the
formulation, the T, of the final drded formulation and the lyophilization process
itself. Thus, protein concentration can be an hmportsni variable to investigate
doring formmulation development.

Increasing irdtial profein concentration leads fo apparent increased resistance
to denataration dwring freezing (Strambint and Gabellierd, 1996; Chang ot al.,
1996¢; Krielpaard ot al., 19985). This phenomenon can be demonstrated by deter-
mining the percestage protein aggregated after freeze-thawing, which varies
imversely with protein concentration. Increasing protein concenfration can
directly reduce freszing-induced protein unfolding because cne component of
protein damage during {reezing appears to involve protein denaturation duting
formation of the ice-water interface (Strambini and GabelHeri, 1996; Chang ot
al., 1996¢; Rriclgaard et al., 1998b). Assuming that only a finite number of proteiz
molecules can be unfolded per unit area at this nterface (Krielgaard et al., 1998b},
mcreasing the initial protein concentration will lead to 2 smaller percentage of
damaged molecules, Of course, other factors such as direct cold denataration and
freeze concentration of salts may predominate over simface denaturation during
freexing. For practical purposes, i is not necessary to sort out the relative con-
tribation of the various stresses to freezing-induced damage. Rather, is important
to include realative high srofein concentrations duzing early formulation devel-
opment in order to increase the “intrinsic™ resistance of the protein to denatura-
tion. The greater the intrinsic stability of the protein, the lower the concentration
of excipient that will be needed.

Another advantage of euiploying a relatively high initial protein concentra~
tion {s that increasing protein : disaccharide mass ratio increases both formuiation
coflapse temperaiure and T, of the final dried product. Fn addition, the formula-
tien volunie will be reduced, which will reduce the duration and costs of
lyophifization.

Of course, if the ratio of excipient to protein is not sufficiently high, there
witl not be adequate stabilization of the protein during freezing and dehydration,
Freezing protection depends on the initial bulk concentration of the sugar, and if
the given protein is freeze-labile sometimes comcentrations exceeding 5%
{wifvol) are needed to maximize stabilization. However, ofien 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 iphibition of unfold-
ing during dehydration. Protection during drying depends on the final mass ratio
between the sugar and the proteinn (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 not only degree of native structural retention during
Iyophilization, but also the long-term storage stability of a Ivophilized protein
{Cleland et ak, 2001). Generally, 2 weight ratio of sugar to protein of af 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 concentration
held constant, a range of sugar concentrations can be tested during formulation
screening to discern the optimal concentration needed for retention of native
protein in the drded solid. In gesersl, the optimal sugar concentration for stabi-
izing the protein during Iyophilization will also provide storage stability, if the
final dried powder has a T, well above the storage temperature, Finally, i should
be siressed that the mintmal effective level of sugar should be emploved, because
of the effect of changing protein excipient ratio on glass transition temperatures.
Algo, i excess levels of sugar are employed there is an increased risk of sugar
crystailization if a product should happen o be held at temperatures near or above
the formuiation T, (e.g., Krielgaard et al,, 1999).

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

if the product has a relatively low mass of protein per vial, often it will nec-
essary o have a bulking ageat in the fonmulation to prevent the protein from
being lost from the vial during drying and to form the product cake, Mauuitol
and glycire are examples of bulking agents, which can also serve as tonicity mod-
ifiers, that usually crvstallize to a substantial degree during lyophilization {Pikal,
1994; Carpenter and Chang, 1996). A disaccharide protein stabilizer will need o
te used in combination with these bulking agents. One drawback of mannitol and
glycine is that often an annealing stop is required fo assure maximum crystal-
lization. If a fraction of the bulking agent remains amorphons during Ivophiliza-
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 ef al., 1997). An alternative, amop-
hous bulking agent is the pelymer hydroxyethyl starch, which is used clinically
as 2 plasma voleme expander. Hs main advantages in Iyophilization are that it
has a high collapse temperatare (ca. —10°C), it forms strong cakes and it has a
refatively high T, for a given moisture content {e.g., >200°C at 2% residuai mois-
fure}. However, as It the case with dextran, the large polymer hydroxyethyl starch
does not inhibi¢ protein unfolding during dehydration, and may actually foster
additional protein unfolding due to phase sepatation from the protein during
freezing and drying. Again, stabilizing disaccharides must be used with hydrox-
vethyl starch to inhibit Iyophilization-induced protein unfolding.
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Nonjonic Surfactant to Inhibit Aggregation

Surfactants are often included in protein fonmslatons to minimize interfa-
cial denaturation and aggregation, e.g., at vial suefaces, due to bubble enirain-
ment during filling or because of agitation {Chang et al., 1996¢; Krielgaard et al,,
1998h: Page et al., 2609). For a Iyophilized product, a surfactant can be benefi-
cial to minimize protein aggregation during vial filling, freezing and rehydration.
Generally, a surfactant will pot inhibit proteln vnfolding during dehydeation
(Krielgaard of al,, 1998a}. The mechabisms by which surfactants inhibit protein
" aggregation will be described in a sepatate chapter in this volume. For the current
discussion it is sufficient to stress that a surfactanl shouid not be included i a
Iyophilized product, unless there is direcl evidence that increases recovery of
native protein in the rehydrated sampie. Surfactants can decrease the free energy
of unfelding of some proteins, which may cause the compound to actually foster
aggregation. Also, they have been shown to inbibit the assembly of smalil soluble
aggregates into higher order soluble oligomers and insoluble aggregates {e.g.,
Krielgaard et al., 1998b), This effect can manifest itself during lyophilization and
rehydration. As a yesuit, the presence of a surfactant can cause an undesirable
increase in the fevel of soluble aggregates.
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SPRAY-DRYING OF PROTEINS

Geoffrey Lee

wu

INTRODUCTION: WHY SPRAY-DRY A PROTEIN?

"The angwer fo this question is simple: spray-drying is an effective, efficient means
of producing peptide/protein-loaded powders suitable for pulmonary delivery. In
addition, fine powders of proteins have application in other defivery systems (e.g.,
implantable pumps), If the correst formulation and spray-drying conditions can
bhe identified. then a product can be obtained with 2 high yicld and having a large
fine-particle dose. Spray-drying is thercfore a realistic aligrnative to the wide-
spread practice of air-jet milling used fo produce powders of low molecular-
weight actives for inhalation, Indeed, air-jet milling shouid probably be avoided
with peptides or proteins, becanse of possible problems of physical instabsity
and inactivation, Apart from these congiderations, spray-drving is slso a suitzble 3
technique for embedding sensitive peptides or proteins in stabilizing excipients
(“carviers”) such ag disaccharides or amino acids,

The spray-drying of an aqueous solution of protein without excipients can
iead to wnfolding, aggregation and inactivation. For this reasor the protein must
certainty be formulated with ope or more of a number of substances to improve
both its process and storage stabilities. The use of glassy carriers such as sucrose,
trehalose or arginine is kuown to reduce the aggregation/inactivation of proteins
during spray-drying {e.g.. Broadhead et ai, 1993; Mamenthaler et al, 1994;
Andya et al., 1999). Additionally, these excipients can provide a high degree of

Gyzoffrey Lee * Department of Phamaceutical Techaology, Friedrich-Alexander University,
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protection on storage af temperatures below the glass transition femperature, Ty,
of the spray-dried formulation. The addition of surfactants or zine salts has alse
been showna ic reduce the extent of aggregation of at least one protein during
spray-drying (e.g., Maa et al., 1997a, 1998s). The comect selection of effective
excigients for a parficular protein remains, bowever, a fortuitous affair. The
formulator must consider the. complex interplay of spray-drying conditions, T,
and residual water conteat, possible detrimental effects of surfactant, the yield
obtained, particle size and morphology, and the process and storage stabilities of
the product. . '

Anyone considering the ase of spray-dryirg should fisst consuit Master's
Spray-Drying Handbook (Masters, 1991). This volume contains a great deal of
extrernely useful information about the theory and praciice of spray-drying, and
is simply invaluable. It inchades, however, no refereaces o the spray-drying of
therapeutic (i.c., pharmaceutical) peptides and proteins, since the essential work
in this arca has been undertaken in the last 10 years. In this chapter, 1 aim &
present a sound, practical appreach to the subject, orzanized as follows. First,
there is a brief review of the major developments of the Iast 10 years. Secondly,
a discussion of the practice of spray-drying is presented, centering on equipment
and the process conditions used to produce spray-deied, protein-containing par-
ticles. Thirdly, the vital influence of the formulation on protein stability and
produet quality will be discussed at length, Thersfore, both the industial phar-
macist and the academic researcher should find the information they need about
the spray-drying of proteins for pharmaceutical application.

DEVELOPMENTS IN THE LAST 1 YEARS

Although the spray-drying of sensitive biologicals, such as enzymes and
sera, has been routinely practiced for a number of vears, the fiest paper of inter-
est for the curzent chapter is that of Labrude et &l. i 1989 (Labrude ¢t al., 1989},
These aathors spray-dried oxyhemeglobin and found that its chemical stability
during the process could be improved by adding sucrose to the spray soiution. A
paraliel could therefore be drawn with the protein-stabilizing action of carbohy-
drates during freeze-drying (Carpenter et al,, 1994; Pikal, 1994; Franks, 1998).
However, further development of this fheme remained slow in the carly 90%. A
review article on the spray-drying of pharmaceuticals by Broadhead et al, (1992)
contains therefore only this single reference. Their article is useful, however,
since it summarizes some important stadies of enzyme inactivation during spray-
deying, which is, of course, of direct relevance (0 pharmaceuatical proteins,

Two important pharmaceutical papers appeared in 1994, Broadhead et al.
{1993) published a systematic study of the effect of process and formalation
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variables on the properties of spray-dried f-galactosidase, They demonstrated the
effects of spray-drying temperatnee on product yield 2ad enzymue inactivation.
Additionalty, they confirmed that stabilizers, such as disaccharides and amino
acids, preserve enzyme activity during spray-drying and also on subsequeat
storage of the dried product. Mumenthaler et al’s (1994} study of the spray-
drying of recombinant human growth hermone hGH) and tissue-type plas-
minogen activator (IPA) provided evidence that denatoration of proten at the
air/liquid-interface of droplets in the atomized spray is the major factor promot-
ing protein degradation during spray-drying. It was also shown that additon of
swrfactant $o the spray solution reduced the extent of protein aggregation.

1 Patton ¢t al.’s (1995} patent covering systemic delivery of insulin by dry
powder inhalation specifies spray-drying as being the preferred method of pro-
duction to vield a high fine-particle dose. The use of amorphous stabilizers, such
ag digaccharides or amino acids, to enhance stability of insuiin duting storage is
also covered, aithough no experimental data are given. One year later, Mehta
et al. (1996) patented the spray-drying of recombinant human erythropoietin
(thEPO}). Again, the powder was considered to be suitable for pulmonary deliv-
ery by vire of its favorable particle size. The spray-dried HEPO powders
showed the same storage stability independent of the addition of stabilizing excip-
ients such as mannitof or amino acids. Thus for spray-deying, the uiility of spe-
cific stabilizers excipicnts might be expected to be protein dependent. However,
as has been found for freeze-drying (see Chapter by Carpenter ef al. iy this
volume), the disaccharides sucross or trehalose should provide a high degree of
stabifization to most proteins during spray-drying, assumning that appropriate pro-
cessing conditions are employed {see below),

I the mid- and late-90°s, Maa and colleagues published a series of excel-
lent papers about spray-dried particies containing rhGH or other pharmaceutical
proteins. The size and morphology of spray-dried protein powders as a function
: of spray-drying conditions and fortruiations were presented (Maa et al, 1997).
Of especial interest wag the finding that the addition of surfactant to the spray
solution ameliorated the highly-wrinkled appearance of protein-containing parti-
cles. Subseguent experiments showed that aggegation of thGH diring atomiza-
tion was induced primarily by interactions of the protein with airf/liquid-interface
(Maa et al, 1997b). In the presence of surfactant, this aggregation could be
delayed or prevented. This was uneguivocal evidence 0 show that protein aggre-
gation during spray-drying is more a conseqguence of adsorption at the ai/liquid-
interface of the atomized spray than of eitber shearing or tfemperature stresses.
Surfactant reduced the formation of ingoluble protein aggregates even in pute
spray-dried thGH {Maa et al,, 1998b}, Zinc ions were found to suppress the for-
mation of soluble rhGH aggregates. In 2 subsequent publication (Maa et al.,
1968a) i was shown that the water content of spray-dried, recombinant hurman-
ized anti-IgE monoclonal antibody (rhuMADBE25y/mannitol was determined by
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the humidity of the environment where the powder was manufactured, processed
and stored.

© Franks’ (1991) mmobilization 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 theMADBE2S during spray-drying was minimized at a
trehalose/protein mass-ratie greater than spproximately 11 (Andya et al., 1999).
Similar behavior was seen with lactose and, to 2 lesser extent, with mannitol.
It was also demonstzated that mainlenance of at least a fraction of manaitol in
the amorphous state is important for protein stebility in spray-dried powders
(Costantino et al.,, 1998), as is already kmown for freeze-dried proteins (Pikal,
19943, .

Chan and Gonder (1998) published a single stady on spray-dried recombi-
nant human deoxyribonuclease (thDNase) in Jactose. They showed thal moisturs
upiake into the product led to laclose crystallization at relative humidities >17%.
Broadhead et al. {1996) demonstrated that such modsture uptake is defrimental
to the fine-particle dose of spray-dried powders. In 1999, Adler and Lee (1999)
pitblished 2 systematic study of ibe effects of spray-drying temperature on the
residual water content, T, and the stability of lactate dehydrogenase (LDH) in
trehalose. These authors closely examined differences between process parame-
fers and storage stability of the protein. They also used electron spectroscopy for
chemical analysis (ESCA} to demousirate that a surfactant displaced LDH from
the surface of the spray-dried particles, this being the reason for the stabilizing
action of surfgctants during spray-drying. In the same year, Trannis and Pre-
sivelski {1998a,h) determined the concentration dependence of stabilization -of
spray-dried trypsinogen by sucrose. As proviously found by Andya et al. with tre-
halose (1999), increasing sugar concentration produced belter protein siabiliza-
tion. At a2 mass-ratio of sugarfprotein = 1:1 maximusn structural and sctivity
preservation of the trypsinogen was achieved. At higher sucrose concentrations,
however, destabilization of the profein was evident, owing possibly to phase
separation of the sucrose and tiypsinogen in the spray-dried formulation.

Spray-drying by its nature can yield valuable information about protein/car-
bohvdrate intexactions in both the liguid and the sclid state.. Little is knows about
phase separation of proteins and carbohydrates in concenirated solations; prefer-
ential exclusion (Arakawa and Timasheff, 1992) points the way to further knowi-
edge. Droplets require only a few milliseconds during spray-deying before solid
Precipitates and prevents further molecular motion (Adier and Lee, 1999}, There-
fore, this is the fime scale on which prtein-excipient phase separation and the
adsorption of proteins, carbobydrates or surfactants fo the air/water-interface can
oceur, The ferther study of these phenomena in the lguid and solid state is both
of intrinsic scientific merit and valusble practical application for pulmonary
protein delivery,
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THE PRACTICE OF SPRAY-DRYING PROTEINS
Type of Equipment

Published studies on the spray-drying of proteins use either recombinant
therspeutic proteins such as thGH (Mumenthaler, 1994; Maa et al., 1998b),
rhBEPO (Mehta et al., 1996) recombinant human granslocyte-colony stirmnulating
factor (hG-CSF) (Niven et al., 1994) and 1PA (Mumenthaler ot al,, 19943, or
enzymes as “model proteins”, e.g., trypsinogen (Tzannis and Prestrelgki, 1999)
and LDH (Adler and Lee, 1999}, For research and developmenst purposes the
jatter have the advantages of ready availability and the possibility to measure
their biological activily accurately and directly. Both types of protlein ase,
however, usually expensive and/or available only in small quantities. For this
reason the preferred equipment in both industry and usiversities is a small, lab-
oratory-scale spray-dryer. Figore 1 iHustrates the Biichi model 196 co-current

PO

Wigage 1. Schematic of Biichi laboratory spray dsyer. (1) air inles; (2) infet-2ir heating element;, (3)
two.fiuid vozzle; (43 eyclose separator; (5) ventilator far, {6} thempocouple to rseasure Ties (7) ther
meceaple © meastee Faas (8) product collector. Repreduced wids permission of the manafacturer.
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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).
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. Whereas Ty is an independent process vaiable, T, is dependent on the Liguid
feed rate, the atomizing-air volumetric flow rate and the drying-air volumetric
fow rate. Maza et 2l (1997) demonstrated for the Bilchi spray-diver how Ty
increased linearly with either increasing Ty or drying-air volumetric flow rate.
Teuter docreased finearly with cither increasing Liguid feed rate or atomizing-aix
velumetric flow rate. These refations ave reproduced in Figare 2 for reference,

Furthermore, the air terperature within the drying chamber corresponded
much more closely t0 Topwe than Tk even just Scm below the nozzie. The
authors concluded that Ty, is therefore more representative than T a3 boing
that ternperature in the immediate vicinity of the drying droplet. With the Bichi
apparatus, howeve, only T is specified by the operator; Tog., can only be mea-
suped during spray-drying.

The maximum Ty, achievable with the Bichi spray-dryer is approx.
200° C. Most studies of the spray-drying of proteins have, however, been per-
formed at much Jower Ty, because of coucarns about protein thertolability and
Process cost.
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Increasing T from 50-120°C reduced the residual water content of spray-
dried oxyhemoglobin/sucrose (Figure 3}, there being no observed dependence on
Towe (Labrade et al., 1989). Even at the highest Ty, used (320°C) the residual
water content of 2.3% obtained wouid give un estimated T, for sucrose of only
approximateiy 40° C (although this was not xeported in the paper). The higher
Tiue Was, however, detrimental to the process stability of the protein. At Ty =
126°C oaly 90% of the original oxyhemoglobin sprayed was detected in the
sucrose particles immediately after spray-drying. Product yields on spray-drying
are exiremely substance-specific and are always a cause for concern. Increasing
Tiae from 60 to 120° C increased the yield of the oxyhemoglobin/sucrose from
40 to 70%. The higher Ty, also gave better storage stability.

- I contrast, Broadhead et a1, (1993) claim that T, in the range 70 to 140°C
had Iitle effect on the residual water content of pure spray-dried B-galactosidase,
However, when the protein was spray-dried together with trehalose, a reductionin
the residaal water content occurred on increasing Tinwe Ta also had a major influ-
ence on the product yield: increasing T improved the yield, although this effect

“was coupled with that of the liguid feed rate, vy At high v fhe vislds were low,

irrespective of Ty, This finding stresses the practical importance of interactions
between the independent processes variables (Maa et al,, 1997). Broadhead et al,
{1993) aiso confirmed that T, depended on both Ty, and v The influence of
drying-air volumetric flow rate and atorpizing-air volumetric flow rate were,
however, not considered, and, as shown by Maa et al. (1997), are relatively weak.
Change in Ty, from 60 1o 140° € increased the inactivation of B-galactosidase
measured immediately after spray-drying from 15% to approximately 63%.
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However, there was 2 non-linear refationship between Ty, and B-galactosidase
imactivation, saderlining the complex nature of Ty, a8 a dependent process vari-
able, In practice it i3 befter to declare the conpled variable T/ Toon.. The vy also
influenced protein tnactivation because of the coupling of Ty, and vy to determine
Teare. The authors performred 2 factorial analysis of theirresolts, which proved par-
ticulasly valuable in identifying this coupling of Ty, and vy

Increasing Tuy reduced the residual water comtents of spray-deed
thGH/mannitol and {PA/arginine (Mumenthaler, 1994) (Fig. 3). In the former,
however, approx. 25% soluble and insoluble aggregates were identified, e~
spective of Tiue between 90 ané 150°C and the comesponding Tow's of 33 to
41° C. Differential scanning calorimetde analysis of aqueous rhGI showed an
endothermic transition st approx. 76°C, although trcatment m a water bath at
80°C far up to 40 seconds prodaced only 2% soiubic aggregates. tPA showed
munimal formation of aggregates al Tiwe up to 165°C, although differentiai scan-
ning calorimetry showed an endotheymic fransition for the agqueous protein at
approx. 70°C. A 26 second exposure of a tPA sohution to 80°C also geve only
negligible degradation. 'The authors conelude that 2 process ether than heat stress
must play a cetiral role in protein degradation during spray-drying. The other
factors contributing to profein aggregation will be discussed in more detail below,

By varying doth Ty, and v Maa et al. (1997) showed that an increase in
Toaua reduced the residual water content of spray-dried thDNase/lactose (Figure
43, However, there was also a hinear refation between T, and residoal water
content {(Fig. 3).
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Dried particle size of thDNase/lactose (Mag ef al., 1997) tended to increase
slightly with higher Tu/T ug. a8 also noted by Broadhead et al. (1993} with
B-galactogidase. There was a sironger observed dependence of particle shape on
Tosser: Increase in T caused greater deformation {e.g., dimples and holes} of
the dried particles, However, this result needs o be treated with some circwmn-
spection, becavse Ty, was varied for constant Ty, by decreasing vy, the ihfiu-
ence of which on particle shape s unclear. The cormelation between Ty and dried
particle shape by comstant vy is, judged viseally, aot so strong. Adler and Lee
{1699} prodnced spray-diied trehalose/LDIH pasticles in which residual water
contents were linearly dependent on botls Ty, (Fig. 3) and Ty (Fig. 4). Increas-
ing Ti Tousw 3180 caused a substantial improvement in yield of spray-dried
trehalose, being approx. 86% at Ty, = 150° C, a good result with the Biichi spray-
drying naoit. This yield was achieved at the “bigh” vy; of 4 m¥/min, where Broad-
head et ab (1993} lound low vields imrespective of drying temperature of
B-galactosidase.

Tioted Tonstr Ifluenced the process and storage stabilities of LDH in spray-
dried fehalose in quite different manners (Adler and Lee, 1999), At mild
T Voo = 90° €f60° C a process loss of approximately 11% of LDH catalytic
activity occurred; increasing to approximately 25% at Ty Toue = 150° CO5° C

. (see Fig. 5). The product obtained with Ty o, = 90°CH0°C showed a subse-

guent continual decline in LDH activity at all four storage temperaturss
examined (Fig, 5). The spray-dried LDHirehalose obtained at TyuTowe =
150° C/95° C showed, however, no loss in LDH activity during storage at tem-
peratares up fo room temperature. This systematic study confirmed the early
observation of Labrude et al, (1959) that higher Ty, reduced process stability but
improved storage stability of spray-dried oxybemoglobin, The improvement in
storage stability at higher T/ Tome, 35 seen in Figure 3, runs paraiiel to reduced
residual water contents of the powders. The authors found, however, no evident
dependence of storage stability at the four temperatuzes on the T, of the parti-
cles. The complex relation between water content, T, and protein stability has,
however, vet to be resolved (cf., Hancock and Zografi, 1997; Pikal, 1999).

Apart from irreversible protein inactivation, processes smch as spray- or
freeze-drying may also induce reversibie loss of protein native form (Heller
et al., 1999, Tzannis and Prestrelski, 1999a). This necessitates determination of
both protein aggregation status and activity when examining stability on drying,
clearly a problem with most recombinant proteins.

The influence of T Towe 0t residual water content and protein stability
dring and after spray-drying is thus a vital factor. There is algo an apparent cor-
relation between residual water content of the product and the relative humidity
of the inlet-air on the day of a spray-Grying experiment, which partially overrides
the influence of T/ Fone {Adier and Lee, unpublished observations). This phe-
nomenon had alveady been observed by Broadhead et al. {1993), who noted that
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Tgure 5. Residual activity of LDH messared immediately after spray-drying at T Toua = ()
SET/A0°C, or (b 150°CHS°C, and alse on sobscquent dry “3i0rage 8t varions temperatures, Repro-
duced from Adles and Lee (1999 with permisssion.

the residual water contsnts of numerous batches of spray-dried trehalose could
be plotred against relative humidity to give a more-or-less lincar dependence. In
the Biichi unit a linear refadonship between the relative humidity of the air int the
cyclone separatorfreceiver and Ty hias been found {Maa ctal., 1998a). It follows
that the product in the receiver will be influenced by the relative hugnidity
there, although the product will be in non-equilibriem because of the short experi-
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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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136°CHR5°C (Adler and Lee, 1999). However, no correlation was found between
total solids’ content of the spray solation and D, for thDNase/lactose spray-dried
8t Tl Toier = S0°CAS3°C (Maa et al., 1997). In sunumary, there is only a Hitle
room (0 maneuver in controliing dried particle size using the Biichf spray-dryer,
It is fortuitous that the range of process conditions available on the Biichi unit
produces dred particles of size suitable for pulmonary delivery. Should larger
particles be required, then the Biicki unit is no longer suitable. Instead, & larger
spray-dryer, such as the Niro Mobile Minor fitted with a spraying wheel, is appro-
priate, in which values of iy of 0.5-1.5 can be achieved {Mastars, 1991) giving
B, > 20 (Adler and Lee, unpubiished observation).

Brying-Air Volumetric Flow Rate (vy,). This independent process variable
cail be adjusted to between approx., 100 to 100GL/min on the Bichi. Tncreasing
vg, o the Bifchi unit produced an increase in Tou, (Maa et al., 1997 (Fig. 2). In
practice, however, this relation is not exploited to-control Thu., since Ty, and v
have greater effects. The usaal value for v, quoted i the literature is 660L/min
on the Biichi unit corabined with 4 vy of 5mi/min. At higher vy (e.g., THmlimin)
va, needs 1o be increased fo approzimately 1000L/min (Maa et al, 1998a; Andya
et al,, 1999}, Very low vy, for example I mi/min, can apparently be used together
with a vy of 300L/min (Mehta et al., 1996). This process parameter is therefore
only of miner impertance in controlling product properties.

Inflacnee of Formulation

Although solutions of some pwe profeins have been successfully spray-
dried, adequate formulation is almost always necessary to ensure adequate protein
process and storage stability. Indeed, most of the Hierature of the last 10 vears js
concerned with the effects of various excipients on product gaality. Adequate for-
mulation is therefore a vital question during the development of a spray-deied
protein powder. Mach of the knowledge available about formulation of freeze-
dried proteins can, however, also be applied o spray-dried systems.

Pure Proteins

A pumber of authors have atlempied to spray-dry pure proteins, for
example oxyhemoglobin {Labrude et al., 1989}, thEPO (Mehiz et al., 1996}, B-
galactosidase (Broadhead et zl, 1993), trypsinogen (Trannis and Prestrelski,
199%h), thGH (Maa et al,, 1998b}, and rhudABE2S (Andya et al, 1999). In all
cases, even at low Tig. there is substantial aggregation or inactivation of the
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proiein when measured in samples rehydrated immediately after spray-drying
(“process” instability), The following three exampies illustrate ali of the relevant
factors and product propesties, _

On spray-drying a 2mg/ml agueous solution of rhGH at Tiyuo/Toax =
G0° C453% C (vy, = 600LM, v,, = 900L/K, vy = Sml/min} extremely wrinkled
particles were obtained, with a diameter 3.0pm, a residual content of 119% and
an approximately 53% yield {Maa et al,, 1998b). This morphology was zlso found
with spray-dried bovire serum aibumin (bSA), but nof with thDNase, which had
smooth, round particles (Maa et al, 1997). There was no correlation between
surface tension of the protein solutions and resulting dried particle mosphology.
Most likely differing porosity, flexibility and mechanical strength of the dry crast
formed in the falling rate poriod of droplet drying are responsible for these dif-
fering morphologies. Pure thGH suffered extensive damage ducing spray-dryiag,
producing & very cloady solution after reconstitution containing 32% insoluble
and 7% soluble agerepates (Maa et al., 19985}, Clearly, formulation meagsures are
necessary fo reduce this damage during spray-dryiag,

On spray-drying thuMADBE2S under the same conditions used for rhGH
quoted zbove, the pure protein particles had smooth surfaces but showed large
indentations (Maa et al., 1997}, ifastrating again the unpredictable variety of par-
ticle forms obtained on spray-drying of pure proteins. The dried particle medizn
diameter was 32pum At T/ Toue = 105° C/533° C the thuMADE2S5-particles
contained 5.6% soluble agerepates, mostly being dimers. This protein is evi-
denily less sensitive fo spray-drying stresses than fhGH. Over 1 year of storage
the spray-dried pure protein showed a continued decrease in monomer levels
(*storage” instability), with first order rate constants of 8.5 x 10 day™ and
2.2 % 107 day™ at 5°C and 30°C, respectively. Again, formalation with the appro-
priafe stabilizing cxcipients is necessary to improve both the process and storage
gtabiltity of this protein.

Astudy of trypsinogen (Tzannis and Prestreiski, 1999a) is of particular value,
because it throws light on profein sttucture within the solid state produced by
spray-drying, On spray-drying the pute protein af Tl Towe = 120° TF90° € and
v = S¥/min the dried particle mean diameter was 3.1 b with a residual water
content of 2.2%. Infrared spectroscopic analysis indicated that the dried protein
had nop-native secondary structure. Upon rehydration &rypsinogen had an app-
roximately 13% decrease in enzymatic activity, and its enthalpy of unfolding
{determined after rehydration by differential scanning calorimetry) decreased
by the same percentage. Yet it lost only 8.4% of its monomer content, this being
paraileled by an increase in dimer content of 8.3%. The authors propose that the
difference between 15% activity loss and 8,4% aggregation can be assigned to irre-
versibly unfolded protein monomers. Furthermore, they note that both formation
of aggregates and lreversibly unfoided monomers can be atributed to protein
unfolding dwring spray-drying. Upon rehydration there is kinetic competition
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hetween refolding and aggrepation, with a small fraction of unfolded molecules
remaining as unfolded monomers. Again, formulation must be exploited fo
prevent thess detrimental effects to protein struchre during spray-drying.

Formizlated 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 aggregationfinactivation during thenmal stress, including that aris-
ing during spray-drying, and freezing (“cryoprotectant” action), most lkely via
a preferential exclusion mechanism (Pikal, 1994, Carpenter ot al, 1994). They
also form amomphous phases that are effective in stabilizing proteins during
drving and also on subsequent storage (Franks, 1990, 1998). Sucrose, trehalose,
maltose and lactose are effective “Tyoprotectanis” for a mezmber of proleins,
whereas crystallizing meannitol offers less protecting ability, Sucrose and frehalose
have the addittonal advantage of being non-reducing sugars and avoid the Mail-
tard reaction with proteins, The “glass inunobilization” hypothesis propounded
by Franks (1990), postuiates that z protein is physically immobilized within the
amorphous glass existing between the sugar’s glass trapsition temperature, T,
and ity Kauzman temperatire, 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 enfolding. Numerous studies with freeze-driad pro-
teins {reviewed in the Chapter by Carpenter et al. in this volume) and a single
study with spray-dried trypsinogen (Tzannis and Prestrelski, 1999b) bave docu-
mented that effective protection of protein structure during dehiydration depends
of the presence of a carbohydrate that both remains amorphous and hydrogen
bonds o the doad protein.

When formalating & protein for spray-drying it is vital to select g saitable
stabilizer and the most efficacious mass ratio of stabilizer/protein. At a mass ratio
sucrosefoxyhemoglobin of 0.66:1 only 1.53% methhemoglobin was detected
frmedistely after spray-drying oxyhemogiobin, compared with 50% for the pure
protein (Labrode et al., 1989), After 10 weeks of storage at 4° C, however, the
amount of methhemoglobin rose to 7%. The presence of sucrose, arginine-
chloride or trehalose in spray-dried B-galactosidase completely inhibited loss
of protein activity during spray-deving (Broadhead et al., 1993). The &rehalose
formulaton gave especially good resuits and showed no activity loss during
one year of storage. Mannitol gave oniy a slight stabilizing effect on both the
process and storage stability of the protein. These authors did not consider that
trehalose forms an amorphous solid whereas mannito! is crystalline, and offered
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no explanation of their findings. However, they did observe that those excipients
providing the greatest process stability also afford the best storage stability. Addi-
tionally, they report striking differences in particle worphology: the smooth-
surfaced, donut-shaped particles of pure P-galactosidase contrast starkly with the
pitted surfaces of sucrose particles or the highly-wrinkied surfaces of trehalose
particles. This wide-ranging study thus lald the foundations for the nse of for-
mulation measures o ¥mprove protein stability during spray-drying.

Neither mannitol nor glycing was found to improve the process or storage
stability of spray-dried rhEPO (Mehta et al., 1996). Both of these excipients crys-
tallize, on spray-drying at the concenirations quoted i this referonce, and a sta-
bilizing action on the protein would therefore not be expected, Similarty, Patton
et al.’s (1995) patent describes the spray-drying of insulin with either mannitol
(certainly crystalling) or raffinose; the latter is amorphous after freeze-drying
(Kajiwara et al., 1999). Byrop et al. (1996} spray-dried sucrose, lactose and
trehalose using a Yamato ADE-51 mini-spray-dryer, neglecting to state the pro-
cess conditions. Wide-angle X-ray diffraction (WAXS) measurements showed
amorphous particles with high fine-particle doses (>50%), which rapidly crysial-
fized on storage at relative humidities =52%. ln confrast, spray-dried mannitol
was fully crystaliine.

Details of the morphology of spray-dried protein/sugar-mixtures are given
by Maa et al. (1997). On formulating rhDNase with increasing amounts of
lactose, the spray-dried particles of pure rhDNase lost their round smoothness
2nd became pitted. When formulated with increasing amounts of mannitel,
an apparently crystafline suiface was scen. which resembled the pattern of com-
posite, clongeted crystals scen in the surface of spray-dricd, pure mennito]
{Chew and Chan, 1999}, WAXS measuremenis confirmed that when the concen-
tration of mannito] is 2 approx. 30% of the total solids it i susceptible to crys-
tallization during spray-drying, Consequently, the process stability of spray-deied
thuMADE25/mannitol was best at approx. 30% mannitol fraction, decreasing
dramatically at higher fxactions because of mannitol crysiailization (Costantino,
1998). To avoid this detrimental effect, sodiwm phosphate was added to the
spray-deied solution w0 inhibit mannitol crystallization, thereby lowering the
degree of protein aggregation during and afler the process. Formulations of
rhuMABE2SArehatose were reported to give highly agglomerated particles, atirib-
uted o trehalose’s “sticky” nature (Maa et al,, 1997). As we shall sec below,
howsver, this problem canr be aveided by the use of higher T than that of
90° C ysed in the cited work.

The best sugars for stabilizing sensitive proteins during and after spray-
drying are sucrose and trehaiose. But which mags ratio of sugar : protein gives the
best process and storage stability of the protein? The forraation of soluble aggre-
gates by rhuMADBE2S on spray-drying at Tine/ Toe = 1057 C/55° C was reduced
from. 5.6% for the pure protein o <1% when formulated with either trehsdose or
laciose {a reduciag sugar!) at a sugar:protein mass ratio 20.2:1 (Andys et al,
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1999). Tt is unclear, bowever, if a mass ratio of only 20% sugar can build an amor-
phous matrix in whick the profein at 80% mass faction is embedded. Indeed, 2
higher sugar: protein mass ratio of 11 1 was necessary (o assure maximum storage
stability up to 1 ves at 30°C. The storage stability results could therefore be
explained by the “glags immobilization” hypothesis, even though the anthors
reject the tmportance of this idea. The anthors similarly reject the importance of
the “water replacement” hypothesis for their results, since they detected ne guai-
itative change in the infrared spectnym 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-analytical data. Knowledge of the existence of & glass transi-
tion, for example, conid bave ifluminated the relation between sugar:protein
nass ratio and glassy-matrix formation, Nonetheless, this paper also contains the
mteresting result that the process and storage stability of rhadMABE2S in manni-
to} was improved with up to approx. 40% mannitol, where the manmitol remained
amorphous, Higher mannitol concentrations caused crystallization and hence less
protein stabilisation. Altogether, mannitol was rot as efficient a stabilizer as the
other sugars, ever when amorphous,

A sucrose/protein mass ratio of 0.25; 1 reduced the inactivation of trypsino-
gen on spray-orying &t Tyl Tage = 120° Cf85° C from 13% for the pure protein
to 6%, taliing forther to 0% the at optimum sucrose: protein mass ratio of 1:1
{Tzannis and Presirelski, 1999a), An infrared spectroscopic analysis of the dried
protein indicated increasing recovery of native secondary stmcture within this
range of sucrose/protein mass rato, However, fwther increase to >1:1 sucrose:
protein mass ratio led fo decreased recovery of activity after rehydration, and the
infrared pectroscopic data indicated a reduction of native structure in the dred
solid. Similarly, differential scaaning calorimetry showed a decrease in the
enthalpy of unfolding, which cormelated with the incurred activity losses. It
appears therefore that at sucrose/protein mass ratios >1 : 1 some irreversible strac-
tiral 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-dvied solid as a consequence of preferential exclusion of
sucrose from the protein suface. Tn addition to reducing the capacity of the sugar
to interact favorably with the protein in fhe dried solid, phase separation creates
new interfaces that could promote profein nofolding (Heller et al,, 1999). These
ideas are of considerahle scientific and practical interest, indeed also for freeze-
deied systems (Heller et al., 1609},

Use of Added Surface Active Substances

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




Spray-Drying of Proteins 183

2, Sheoring stresses
/\ AIOMIEING AR
e . /
o 3 / ‘_/— SPRAYING TOWER

SPRAY ‘ ¥ 0 M 3, Liquidlat infericiciol
SOLLTION | : exponsion

AY I

] | L— """""" 4. Heot fransfer

' N, r
/
1. Adsorption _L-nm-E!;w CYCIONE
[

'Bj—d/ RECENER

Figure 6. Schematic represertation of the possible smesses experienced by 2 protein during
spray-drying. See text for explanations, The current etate of keowledge indicates that protein adgosp-
tion at the large liquid/alr interface created during atomizing of the spray solation is mainly spon-
sible for the protein aggregation/inactivation measured on spray-deying (“process instability” of the
proteiz).

during protein aggregation in solution, at Jeast for thGH. The presence of 0.1 to
Lmg/mi of either polysorbate 20 or Pluronic F88 greatly reduced the extent of
agpregation, with Pluerenic FEE being the more effective stabilizer
The relevance of these resulis for spray-drying of thGH was demonstrated
in & second paper (Maa et al.,, 1998h). As previously found for Begalactosidase
{Broadhead et al., 1993) and rhGH (Mumenthaler ef al., 1994}, atomization of an
excipient-free thGH aguecus solution into a beaker (vig= Sm¥min, v,, = 906 L/h)
produced lazge amounts of both insoluble and soluble aggregates. Increasing
amounts of polysorbate 20 in the spray solutions reduced the extent of aggrega-
tion, giving the best protection at 20.05% w/w surfaciant. Beyond this “critical
polysorbate concentration” the surfactant did not further improve protein stabil-
ity. By aomiziog at different v,,’s to give deoplets of different diaweter, a lincar
-relationship between the “eritical polysorbate concentration” reqaized to give best
protection and the total sir/liquid-interfncial ares was found. Spray-drying the
thGH solution cortaining 0.05% w/w polysorbate 20 (T Towe = 90° Cf53° €)
produced only 0.5% insolubie aggregates, instead of the 32% aggregated protein
noted without surfactant. Taken together, these results show that exposure to the
large airfliquid-interface created during atomization is the dominant factor in
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thGH agaregation on spray-drying, The auzthors conclude that the effect of drying
stress following atomization “was not significant™ (Maa et al,, 1998b}.

An additional finding was that formation of soluble thGH aggregates on
spray-drying could be reduced by adding Zn™ to the spray solusion (Maz et al,
1998a). Combination of surfactant and Zn* produced an aggregate-free spray-
dried rhGH powder, without the necessity of adding u sugar us stabilizer. Pre-
sumably a sugar would stifl be required to goarantee the storage stability of the
protein, a poinf worth igvestigating. Incidentally, the swrfactant had no detri-
mental effect on either product vield or particle size, althongh residual water
content was lower.

Surfactant also affects the morphology of spray-diied particies. The highly
wrinkled morphology of pare spray-dried rh(iH pariicies became much smoother
in the presence of polysorbate 20 and/or Zr™* (Maa et al., 1998b), The effect of
surfactant on profein/sugar particles is even more marked. For example, the
addition of 6.5% w/w polysorbate 20 to spray-dried lactose :thuMADE2S (317}
changed the donut-shape to perfect sphericity (Maa et al., 1997).

Pare spray-cried trehalose particles were found to be round with smooth
surfaces (Fig. 7) (Adier and Fee, 1999). When loaded with 5% wiw LDH,
the particies became wrinkled and deformed (Figure 7). The presence of 0.1%
wiw polysorbate in the spray solation returned particle shape and morphology to
that seen with pure frehalose {19}, Surfactant is thought to reduce internal motions
and surface tarbulence of droplets uring drying and thereby alter the balance of
viscous-to-surface forces governing particle shape (Frey and King, 1996},

Electron spectroscopy for chernical analysis (ESCA) has recently been
exploited to examine the surface compesition of spray-dried particles containing
protein (Adler and Lee, 1999; Fiildt and Bergenstrahl, 1994; Millgvist-Fureby
et al, 1999; Adler et al, 2000), The outer suface (approx, 10nm (Falde and
Bergenstrahl, 1994} of spray-dried trehalose/LDH particles was found to contain
7 atomic % N (Adler and Lee, 1999, a value some ten-times greater than that
expected for a homogeneous distribution of the LDH within the particles. The
drying time of the spray droplets was calculated to be approx. O.4ms up to the
critical point. Static surface tension meusurements showed thai sufficient LDH
could adsorb to the waterfair-interface during this time to expiain the measured
surface excess in the solid particles. The addition of 0.1% polysorbate 8( to the
spray saftion reduced the surface concentration of atomic N in the spray-dried
trehalose/LIH particles to zero, proving surface exclusion of the protein. Essen-
tially the same rtesuit was published for polysorbate 80 in spray-dried
sugarfrypsin particles (Miligvist-Furehy ef al,, 1999}, A more thoroagh study of
the system of bovine serum albumin (BSA) and trehalose (Adier et al, 2000)
showed that the protein was excluded from the surface of spray-deled solid
particles in the prosence of cither polysorbate or sodium laury] sulfate {SDS)
in a concentration-dependent fashion. The sarface concentration of the BSA
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Kigure 7. Sczfming election sticrogeaphs of pure spray-dried trebelose (loft) and spray dried
trehadose loaded with 5% wiv LDH (fghf). Reproduced from Adler & Les {19) with permission.

decreased, while that of the SDS increased, indicating comgpetitive adsorption of
protein and surfactant to the liguid/air interface of the spray droplets up {0 the
critical polnt. Molar ratios of polysorbate 80:BSA of 21:10 or of SDS/BSA
of 21:20 compleely excluded the protein from the sueface of the spray-dried
particles. This progressive exclusion of the protein from the solid surface by the
surfactant was accompanied hy 2 paralle] alteration of the wrinkled appearsnee

. of the swrfactant-free particles to smooth spheres.

Although many questicns about surfactant/protein/sugar interactions during
droplet drying are still unanswered, the practical utitity of the use of surfactants |
to protect proteins during the spray-drying process is unequivocal, Indeed, other
surface-active substances not wsually considered o be “classical” surfactants
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cyclodexirin in a spray solution reduced the mactivation of §-galactosidase spray-
dried at Tyl Voue = 190°CH1°C from 25% to <2% (vy; = bml/ioin; v, = 7501./h;
Va, = S00L/min} (Branchu et al., 1999), One should not loge gight of the cost,
however. Possible effects of the surfactant on the deposition kinetics of protein-
loaded spray-duied particles also need to be examined. Surfactani-containing par-
ticles appear to be “stickier™ fhan surfactani-free particles, causing them to be
retained in higher levels of a cascade impacfor (Adier and Lee, unpublished
observations). ‘

CONCLUDENG REMARKS

The utility of spray-drying fo produce protein-loaded particles suifable for
puimonary delivery is evident. The extent of protein aggregation and/or inacti-
vation during and after spray-drying can be minimized by means of formulaticn
measures, suck as the inchusion of surfactants and stabilizing sugsrs. Provided
suitable spray-drying conditions ¢an be identified, this process s atizactive a3 a .
method to stabilize proteins. As with freeze-drying, however, a certain amount
of experience is invalsable to enable the successful development of a spray-dried
product for a protein drug. This necessitates back-up from the equipment manu-
facture as well as knowledge of the pharmaceutics of the process, which 1 hope
is given in infroductory form in this chapter.
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Surfactant-Protein Interactions

Theodore W. Randolph™ and LaToya §. Jones™

INTRODUCTION

To retain biological activity, proteins generally must be maintained in a specific,
thres-dimensional conformation. This conformation is only marginally siable, and
thus relatively minor perfurhing forces can disrupt protein structure, causing oss
of biological activity, as well as formation of non-native protein aggregates. Such
pertarhations are commonly encountered as proteins are produced, stored, trans-
ported, and delivered fo patients, For example, it is well known that during
common industrial processes such as filteting (Maa and Hsu, 1998), storage
{Mclcod et al,, 2000), agitetion (Thurow and Ceisen, 1984; Maa and Hsu, 1997)
fraeze/thawing {Eckbardt, Oesweint et al, 199]; Nems and Avig, 1993; fzutsu
et al., 1994), Iyophilization (Carpenter and Chang, 1996; Carpenter ¢t al,, 1997),
nebulization (Ip et al., 1995) and spray-drying {Broadhead et al., 1994; Muren-
thaler et al,, 1994; Maa et al, 1998; Adler and Lee, 1999; Millgvist-Fureby,
Malmsten et al., 1999; Tzanuis and Prestreiski, 1999) proteins can suffer damage
o their native conformation. Further, delivery of protein pharmacemticals to
patisnts may also provoke losses of conformational iategrity via unfavorable
interactions of proteins with surfaces (e.g., inner walls of catheter tubing or
syringes (Tzannis et al., 1996)).
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The mechanisms of degradation of protein structure and activity are often
categorized in two broad classes, chemical and physical, Chemical degradation
refers to those modifications imvolving covalent bonds, such as deamidation,
oxidation and disuifide bond shuffling. Physical degradation includes 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,
protein oxidation may result in a greater proclivity to aggregate. and he rate of
non-native disulfide bond formation may be higher in aggregated proteins.

Surface-active agents, or surfactants, are often added fo protein sofutions to
prevent physical damage dwing purification, fiitration, fransportation, freeze-
drying, spray-drying and storage. Surfactants are amphiphilic, containing a polar
head group and a non-polar tail. This dual nature cavses surfactants to adapt spe-
cific orlentations at interfaces and in agueous solutions. It is this characteristic
that lies at the oot of the mechanisms by which surfactants affect the physical
stability of proteins.

A well-known exampie is the anionic surfactant sedinm dodecy! sulfate, or
SDS. The sulfate anion is the hydrophilic head group of SDS, while the long
alipbatic dodecyl chain forms the tail group. Ionic surfactants such as 3DS have

-been known since the late 1930's as effective protein denaturanis (Anson, 1939},

and are commonly used for this purpose, e.g., as a pre-treatment for proteins in
polyacrylamide gel electrophoresis (SDS-PAGE). In contrast, surfactants nsed as
stabilizing agents in protein formulations are typically non-ionic (Loughheed =t
al., 1983; Twardowski et al,, 1983, Chawia et al., 1985). This chapter will focus
on non-ionic surfactants; protein interactions with ionic surfactants have been
reviewed elsewhere {Jones, 1996), An example non-lonic surfactant is poly-
oxyethylene sorbitan monolaurate (Tween 20%), shown in Figure 1. In this
molecule, the hydrophilic polyoxyethylene units form the head group, while the
hydrophobic monolavrate group is the tail. Tween 20 is often added to formula-
tions dae to s ability to protect proteins from surface-induced denafwration
(Chang et al., 1996; Jones et al., 1997, Barn ¢t al,, 1998; Kreilgaard et al., 1998;
Maa et al., 1998}

There are a nmmber of mechanisms by which surfactants can prevent or
promote damage 1o profeins. Some of these mechanisms are generic to all
excipients, and can be explained in the solution thermodynamic framework of the
Wyman Hnkage theory (Wyman and Gill, 1990) and the preferential exclusion
mechanisms developed by Timasheff and colieagues {Arakawa and Timasheff,
1982, 1983, 1984a,b, 1983a,b,¢; Arakawa et al., 1990; Timasheff, 1998). Others
derive from the amphiphilicity of surfactants and the resuiting effect of micro-
scopic ordering of surfactant molecules at interfaces, which in tarmn affects the
kinetics and thermodynamics of protein inferfaces. In this chapter, we discuss a
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Figure I, Example non-ionic surfactants,

PROTEING AND SURFACTANTS AT SURFACES

Because of their dual hydrophobic/hydrophilic nature, surfactants in solu-
tion tend to orient themselves so that the exposure of the hydrophobic portion of
the surfactant to the aqueous solution is minimized. Thas, in systemns conlaining
airfwater interfaces, surfactants will tend to accumulate at these interfaces,
forming a surface layer of surfactant odented in such 2 fashioh that only their
hydrophilic ends are exposed to water. Such orfentation and surface adsorption
can 2iso oceur at solid/water interfaces such as those found in vials, syringes, and
pther conlainers. Protein molecules alsc exhibit surface activity {for a review see
{Magdassi, 1996), and references therein) and as such will also tend o adsorh to
and orient at these interfaces.

From classical thermodynamics, the excess surface infernal energy dUT of
a surface wiih area 4 at a {emperature 7T is related to the excess surface enfropy
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87 and the chemical potential and number of surface excess moles of cach
adsorbed species: :

dUY = TdSY +GdA+ 3 dns n

=z

Here the subscript [ refers to a dividing surface chosen so that theze is o excess
adsorption of species 1, the solvent (water) (Gibbs, 1961), aad © is the surface
tension. The eguilibrivm criterion, 88 = 0, requires thai ¢ be constant across the
surface. Thus, if a protein adsorbs to an imterface, at equilibrium the surface
tension forces must be continuous and constant across the whole interface, inclad-
ing across the protein. The stability criterion at equilibrium requires that:

g '
{ 1 >0 2
OA g

F the serface tension of the interface is greater than the internal teasion is the -
profein, then in order to meet these two conditions, the surface arca of the protein
must increase uniil the two tensions are equal, Le., the protein must unfold. in
some cases, nearly complete loss of native sctivity is lost upon adsorbing to
the interface (Rothen, 1947, Verger et al., 1973). The Gibbs adsorption equation
relates the swface tension to the concentration of adsorbed species at an
interface:

—des = 7T + ¥ T, 3)
=t .

where Ty and sfd? are, respeciively, the excess surface adsorption and excess
surface entropy of component £, both relative fo a dividing surface with no suiface
excess of solvent (1), and W is the chemical potential of species i. Adsorption of
proteia to the inmterface thus lowers the interfacial tonsion, making wnfolding less
ikely as adsorption progresses,

If the process of surface adsorption and unfolding of protein were fo stop
after the formation of an equilibrivis monolayer, the amount of adsorbed protein
would be so small as to be generally of no consequence. Indeed, a significant
amount of work bas been degicated to devalopment of madiods with sensitvities
high enough to characterize the minute amount of protein adsorbed to the inter-
face (Tupy et al., 1998; Vermeer and Norde, 2000). However, depending on the
degree of surface hydrophobicity and cheracteristics of the protein in question,
additional processes can ocour in the adsorbed filins, leading to behavior thaf is
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no lomger described by the Gibbe™ adsorption eguation. Among the possible
processes are gas-to-liguid swrface phase transitions, swrface 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 molecules. Alternatively, because of slow refolding kinetics,
proteins can become irreversibly adsorbed at the interface, or have a rate
of exchange somewhere between these extremes (Dickinsen, 1999; Norde and
Giacomelli, 1999). These processes of adsorption and release of struchurally-
perturbed protein molecules mto the bulk sohstion 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 2 low or high
degree of Hexibility, respectively, and by their degrees of hydrophobicity. Soft,
hydrophobic proteins, attaining monolayer coverage of the air/water interface in
the matter of minutes, are generally more surface reactive at hydraphobic sur-
faces than hard, hydrophilic proteins, attairing coverage of the same surfaces in
a miatter of hours (Teipp et al,, 1995}, The driving force for protein adsorption is
the decrease in the enfropy of the water molecules that are ordered around the
hydrophobic protein domains when the protein is ia the bukk solation. Thus, the
role of the relative degres of hydrophobicity on protein smface adsorption is
rather straightforward: given two proteins onky differing in their hydrophobici-
ties, the more hydrophobic protein will have a greater number of produciive

interactions with the surface and will form the monolayer more quickly
* Middelberg et al. (2000) proposed that the difference in adsorption kinetics of
Lac2! and Lac28 peptides is because the raonomeric Lac21 has more hydropho-
hic residues exposed than its Wtratmeric counterpart, Lac?28; thus, Lac2l more
readily forms a monolayer at an octane-water interface. Protein flexibility
is important in protein spreading that occurs at the interface. A flexibie protein
can expose additional non-polar residues, leading to an increased stresgth in
binding to the surface. Finally, the protein flexibility dictates the pomber of
proteins that can adsorb at the interface, and their spreading rate (Norde and
Giacomelli, 1999).

Protein adsorption to & hydrophobic surface does not necessarily lead to a
complete loss of “native” structure: some proteins actually gain structure. For
example, melittin, a honeybee venom peptide, increases its w-helical content
slightly when adsorbed to hydrophobic guarfz. In conizast, adsorption of a
tetramer of the same peptide is thought to regoire a loosening of the o-helical
content, The orientation of the adsorbed helices in the peptide is parallel o the
quartz plane, with the hydrophobic moleties facing the plane {Smith and Clark,
1992). Caessens et al. (1999} also report an increase in helical comtent on the
adsorption of the predominately random coif 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 he a smaller
driving force for surface adsorption. Furthermore, competition between the
profein and the surfactant for the interface may reduce equilibrium protein
adsorption. For example, Tween 20 addition displaces beta-lactoglobulin filos
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., 2000}, Finglly, becanse the
surface tension is lowered after surfactant is adsorbed, less damage to the profein
that does adsorbed may ocour. For example, a loss of ¢-helix and an increase in
§-tmm struchues occur when bovine serum albumin sdsorbs o polystyrene par-
ticles. This effect is decreased when e swface is more crowdad (Norde and
Giacomelli, 2000).

Protein stabilization by nonionic surfactants can often be observed by for-
mudating with micromolar concentrations of surfactant. This is due to the high
surface-activity of this class of excipients, which renders a higher effective con-
centration of surfactant molecules at interfaces than in the bulk solution. When
the concentration of the surfactant is much lower than #s critical micelle con-
centration (CMC), smfactant molecules He flat at the aiv/water and hydrophobic
solid/water interfaces (Figure 2A) {(Porter, 1994). As the concentration is
increased, more molecules adsorb fo these interfaces, such that the surface con-
centration remains lnearly proportional to the bulk concéntration {Tanford,
1973}, This crowding forces the surfactant molecuies to order themselves such
that the hydrophalic groups are orlented towards the bulk water and the hydio-
carbon chains are pointed sowards the air or hydrophobic sofid (Porter, 1994;
Fainerman et al.,, 2000) (Figure 2B). At sufficiently high surfactant concentra-
tions (i.e., at or above the CMO), there is an criented monolayer of surfactant

- molecules and maximmn surfactant sbsorption, at the inferface (Figures 2C &

D). The surface saturation is responsible for the sharp slope change {to essen-
tiafly zero) observed in experimental plots of surface properties (smrface tengion,
osmotic pressure} versus surfactant concentration (Porter, 1964) (Figure 3). It
should be noted that the lingar variations in the suzface properties shown in Figure
3 are indicative that the sarface activity of a sufactant is due to the hydropho-
bic effect: the variation would be.cooperative if hydrocarbon seif-affinity was the
appropriate explanation (Tanford, 1973). Surfactant micelles are formed in the
bulk phase when the concentration is of the swisctant is 2bove the CMC (Figure
2D, Thus, a range of swrfactant concentrations could inhibit protein denaturation
at an interface; however, the necessity of CMC levels of surfactant to completely
inhibit protein damage would be & strong indication that the damage s caused by
adsorption of protein at the interface and that inbibiting protein adsorption at the
interface plays a rofe in preventing protein aggregation.
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Decreased protein adsorption at interfaces {e.g., aitfliquid, iceliquid) in the
presence of nonionic surfactants sach as Tween 20 can be attributed to the surface
sctivity of nonionic surfactants (Chang et al., 1996: Kreilgaard et al., 1998; Milier
et 2., 2008a,b) and, in some cases, direct interactions between the surfactant and
protein molecuies (I ickingon, 1998; Bam et al., 1998; Miller e al., 20006a.b). In
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mixed profein/surfactant systerns in which the surfactant binds to hydrophebic
regions of the protein, the protein is less surface-active thag it would be in a sole-
tion devoid of the ronionic surfactant. This explains the increase in swface
tension relative to that of the pure protein solution that can be observed at
extremely low surfactant concentrations. Adsorption of surfactant and protein
molecules in the mixed syster is competitive, Nonienie surfactants usually bind
tighter than proteins or protein-surfactant complexes at interfaces (Dickinson,
1998). Thus, above a critical concentration of the surfactant, protein adsorption
becomes negligible and the adsorption isotherms for mixed swfactant/protein
systems can be roughly identical that of 4 pure surfactant solution, as observed
by Miller et al. (2000a) for the HSA/C ,DMP(O when the CipDMPO concentra-
tion exceeds 107 molfom®,

PROTEIN-SURFACTANT INTERACTIONS IN SOLUTION

In addition to alfering the inferaction of proteins with surfaces, non-ionic
surfactants can also interact directly with proteins in selution. For exampie,
Tween 26 acts as a chemical chaperone, aiding in the refolding of profeins (Bam
et al., 1998; Kreilgaard et al., 1999). In vive, proteins fold while at average con-
centrations of approximately 35 mg/ml (Hartl, 1996); iz virro, non-native protein
molecules at this concentration (e.g., dus (o freeze concentration} usvaily aggre-
gate. Inside cells, protein folding is aided by naturally occurring molecular chap-
erones. Unlike folding catalysts that have sseric information to guide the protein
folding, molecutar chaperones act by non-covalently binding o partially-folded

proteing, usually via hydrophobic interactions, to prevent misfolding or aggrega-

tion while the protein is attempting to adopt its native conformation (Gatenby
and Eliis, 1990; Hartl, 1996). Chaperone-assisted protein refolding can prevent
the protein from falling into kinetie traps or simply allow more time for the
protein to refold (Gatenby and Ellis, 1990). The hydrophobic effect, the driving
force of protein folding 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 tail of the surfactant. These mixed surfactant/protein
complexes and protein folding are dynamic processes, eventually the protein
attaing & conformation in which the hydrophebic groups are not as surface
exposed. Uniess there are hydrophobic patched in the native protein conforma-
tion, the surfactant molecudes will not necessarily bind to the protein, as in the
case of molecular chaperones. In vitre, surfactants such as Tweens (Bam ot al,
1998), polyethylens glycol (Cleland and Wang, 1990; Cleland et al, 1992;
Cleland and Randolph, 1992: Cleland 1993; Cleland and Wang, 1993}, Trilon
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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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reversal”. This “bydrophobicity reversal” means that the protein-surfactant
complex is more hydrophilic that either the surfactant or protein alone, and effec-
tively increases the solubility of the complex. This, in tum can reduce the pro-
pensity of the profein to form higher-oxrder aggregates. For example, bovine
mitochondrial cytochrome bel s dimeric in solutions at low ionic strength and
fow surfactant levels. At Tween 20 concepirations above 3mg/mg protein, a
homogeneous, monomeric, reversible and enzymatically active protein-surfactant
complex is formed (Musatov and Robinson, 1994}, Likewise, in freeze-thaw
studies of recombinant factor XKL, addition of Tween 20 at concentrations neas
the CMC blocked the progression of aggregates from 2 relatively low molecular
weight, soluble fraction fo insoluble aggregates. Figure 4 shows levels of
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Figure 4. Recovery of native rBXILE (A) and formation of soluble {B) aad insoluble agpregates (C)
followitg 10 froeze-thaw cycles of 1 mg/mil (—&-—3, Jmghnl () and 1¢mgfml FFXIE (g
as a fonction of Tween 20, Results are plotted as mean vakues 4/ standard deviation for dupifears
saraples (reproduced from Keeilgeard ot 4l,, 1998). )
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aggregation for factor XL after freeze thaw cycling in the presence and absence
of Tween 20). Note that Tween addition did not completely block aggregation,
but was very effective at preventing the formation of ingoluble aggregates
(Kreilgaard et ai., 1998).

Non-ionic sarfactants can alse have the opposite effect on protoin assermnbly’
state. In cases where a non-iondc 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
regriates apoptosis, readily forms dimers in the presence of Tween 20. However,
these dimers are apparently non-native, as they do not expose the charactexistic
N-terminal Bax epitope (Hsu and Youle, 1998). In the case of the hydrophobic
Hpuse from Humicola lanuginose, Tween 20 addition caused the formation of
large, insoluble nop-native aggregates (Kreilgaard et al., 1999),

SURFACTANT EFFECTS OGN PROTEINS DURING FRERZING,
FREEZE-DEYING AND RECONSTITUTION

The processes of freezing, drying, and reconstitution of protein solutions
present a number of stresses that may denatare 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 glassy solid surfaces to agueous 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 (su ot sl 1995).
Addition of nonionic surfactants can reduce this damage, presumably by com-
peting with the protein for the ice-water interface (Chang, 1996}, For example,
addition of Tween 80 to solutions of recombinant hemogiobin reduced aggrega-
tion zeen during freeze thaw studies (Kerwin et al., 1998). Interestingly, Tween
80 did pot offer protection against methetpoglobin formation or hemoglohin
aggregation during long-term frozen storage. o

Non-ionde surfactants also have been shown to affect the recovery of native
profein from Iyophilized formulations. Sarcianx et al, (1999) showed that the
addition of Tween 80 to the formalation sohition or the reconstituion medium
for Iyophilized formulations fesulted in reduced levels of aggregates. Likewise,
Zhang et &, (19935, 1996) bave demonstraied that, following long-term storage,
sarfactants in the reconstifation medium can affect protein recovery. We have
recently shown (Webb et ab., 2000) that addition of Tween 20 to the reconstitu-
tion medinm for Iyophitized preparations of recombinant hwmnan interferon-y
resalts in decreased levels of aggregates. The mechanisin for such reduced
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aggregation was shown to be & gurfactent effect on digsolution rates. Addition of
Tween 20 slowed the dissolution of the lyophilized solid, atlowing protein that
partially unfolded during freeze-drying to refold before aggregating. Interest-
ingly, Tween 20 in agueous sohutions destabilizes recombinant human intetferon-
7Y against urea~-induced unfolding, irpedes refolding during rapid dikutios from
urea sohutions, and actually increases aggregation during agiation.

ENZYMATIC DEGRADATION OF NON-IONIC SURFACTANTS

Although most non-1onic surfactants are thought of as chemically inert com-
ponents of a formulation, specific chemical interactions between proteins can
occur, For example, some enzymes show hydrolytic activity toward Tweens.
Smegmatocin, an esterase from Mycobacterium smegmatis, shows a broad
thermal and pH siability in its activity against Tween 80 (Tornioka, 1983} The
byproduct of Tween 80 hydrolysis, oleic acid, ig toxic to some bacteria. Similar
bacterfocins, which reguire Tween theit expression, have been ascribed to other
mycobacteria (Szito et al., 1983). Tt is not clear how widespread estexase activ-
ity is against Tweens. However, it is clear that caution should be used when for-
nmlating proteins with esterase activities in Tween solutions.

RECOMMENBPATIONS FOR PROTEIN FORMULATION

Clearly, it is desirable fo minimize the addifion of any excipient to a for-
muiation, This rule of thumb is even more pertinent for surfactants, because there
is arnple evidence that high concentrations of surfactants caa be destabilizing to
protein structuxe. On the other hand, small amounts of surfactant often provide
benefits in preventing aggregation that gready owtweigh any conformationally
destabilizing effect. How then should surfactant levels be chosen for optimal for-
thalation? The answer appears 1o depend on the mechanism(s) by which a pay-
ticular protein is protected from damage by surfactant addition. In cases where
surfactants act to stabilize the nalive state of a proteis by binding to the protein,
a specific surfactant: protein stoichiometry may need 40 be maintained in order
o provide optimal protection. In these cases, changes in the protein conecenira-
fion within & formuiation will dictate propottional changes in surfactant concen-
tratiop fo maintain & fixed molar ratio. This appests {o be the case for recombinant
humen growth bormone, where protection against agistion-induced damage cor-
related with the molar ratio of sarfactant to protein rather than to the surfactant’s
CMC (Bam et al., 1998}, In the case of specific binding, the choice of nonionic
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surfactant may be important. In the case of recombinant haman growth hormone,
for example, different binding stoichiometries and degrees of protein stabiliza-
tion were seen for a variety of common surfactants (Bam et al., 1995). A general
recomymendation for proteins that show specific binding to the native state of the
protein is to formulate so that the ratio of surfactant to protein is slightly above
* the binding stoickiometry for a particular surfactant, The choice of surfactant may
be dictated by the degree of stabilization (which should correlate with the degree
of binding) provided to a protein by a particular surfactant.
In contrast, if no specific binding is seen, then maximim levels of protec-
_ tion generally correlate with the CMC of the surfactant. Tn this case, surfactant
shouid be added at levels slightly above the CMC. The choice of swfactant is
often dictated by a trade-off; surfactants with fower CMC’s will require less sur-
factant in solution to satarate surfaces and reduce surface-indaced damage to pro-
teing. However, surfactants with low CMC's are much more difficult to remove
from solution (¢.g., by dialysis) if necessary, and also Tend o be less soluble than
surfactants with higher CMC's, raising the possibility of undesirable phase
separation during processes such as freezing or lyophilization.
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High Throughpuﬁ Formulation:
Strategies for Rapid Development of
Stable Protein Products

Rajiv Nayar and Mark C. Munning

INTRODUCTION

With the growing demand for new and innovative medicines, drug ¢ompanies
are gpending record amounts of money on research and development ¥ the U.S
alone, research and development (R&D} investments e expecied to exceed
$24 pillion in 1999, with investments in biotechnology totaling about $7 biflion
(Pharmacentical Reszarch and Manufacturers of America, 1999). As a resuli, new -
techaologies are increasing the efficiency of the drug discevery process, and
the drug pipelines have more products thau ever in development. Nearly 356
biotechnology-related products afe currently in clinical tials and over 56 are
on the market (Pharmaceutical Rescarch and Manufacterers of America, 1999).
Pharmacentical companics can now typically assess potential activitics of up to
100,000 compounds & day using high throughput screeming systems. In the
biotechnology arenia, recent advances in genomics, functional genomics, pro-
teomics, bloinformatics and pharmacogenomics are facilitating the development
of protein drug candidates at a much faster rate than way possible during the early
years of the biotechnology indusiry. Couple these changes with the impending

Rajiv Nouyar < HTD Brosystems, Heroules, CA. Mark C. Manning «  Center for Pha-
macewtinal Biotechiology, University of Colorado Fealth, Scienceg Center, Denver, €O 80262.

Radornal Design of Stable Frotein Formudasions, sdited by C and A ing. Kluwer Acadensc / Plenum
Pabfisness, New York, 2002,
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publication of the complete sequence of the human genome by 2001 and there 1s
& potential for an additional 15,000 protein drugs from the predicted 150,000
potential genes in the human genome.

This new wave of protein drigs will include compounds that can function
as growth factors, act as specific stimulators or suppressors of certain functions,
or exhibit activities that have not been observed before. Many experts anticipate
a golden age of protein-based therapeutics in the twenty-first century. As varions
rescarch enterprises gear up to search for these new candidates using high
throughput cellular and molecular screening assays, there undoubtediy will be 2
need for a corresponding ahility to formulate these drugs much more guickly than
in the past. In addition, there will he increased use of novel delivery systems to
administer these protein therapeutics efficiently, making stabilization even more
challenging. In short, the pharmaceutical biotechnology industry must find new
ways 1o speed up the depg development process, in order o keep pace with the
drug discovery process. We think that the limiting factor for introduction of new
biotecknclogy-derived products will not be finding new drug candidates, but
sfficient and rapid formulation of these componnds info acceptable dosage forms
for delivery and testing in humans.

The potential of many new drug candidates flowing through the pipeline will
require implementation of an entirely sew approach tewards product develop-
ment. The particalar challenge addressed here is the demand that will be placed
upon formulation groups, where there will be increased expectations to develop
stable formulations of:

more proteing,

in a shorter period of time,
with less material, and
with little, if any, increase in personnel.
Thezefore, one must consider pew strategies for mecting such challenges.

This chapter i3 intended to serve as a forum for discussing and evaluating
what factors must be considered in frying to implement new approaches to for-
rowdating protein pharmacenticals in a rapid, rational fashion. As a comprehen-
stve strategy for developing stable formulations of protein pharmaceuticals is not
currently available, we have assemnbled what we consider to be the key elements
necessary to accomplish this critical task. Thiz chapter should not be viewed as
a finished preduct, but as a work-in-progress, encouraging phammaceutical sci-
entists to comment on the concept avd to modify the approach to their particular
situations.

Again, the overarching goal s to possess a unified strategy for accommo-
dating many more proteins at one tme, while meeting shortening timehnes. It
shouid be expected that there would be a Humited supply of well-characterized
maferial and a fixed personne! bead count. We envision a scheme that we
term “high throughput formulation” or HTE It is based upon owr current
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understanding regarding stabilization of profeins, but i also identifics areas
where technical improverents must be made, especially in the area of anajytical
methodology and goftware, If the HTF strategy is successfal, if should be pos-
sible o maich the output of stable formulations by development groups with
potential feads by discovery groups.

OVERALL STRUCTURE OF THE ITF APPROACH

The HTF concept includes four key elements, which are briefly outlined in
Table 1. The heart of the HTF strategy is a deciston plan, where the formulation
scientist muust decide on (a) the specific excipients to be used as well as (b) the
final dosage form, Central to the HTE scheme is the use of a Limited set of
additives as well as dosage forms, Especially for Iyophilized or freeze-dried
fermuiations, ouwr understanding of the behavior is such that some standard
formuiations can be envisioned (see Chapter 5), Also, the choice of basic solu-
tion coanditions will be based upon preformulation studics that examine the
behavior of the protein as & function of pH, ionic sirength, and buffer type (see
Chapters 1 and 3},

‘The second key aspect is an increased role for software and information
datghases, The preformulation studies could require a significant humber of inde-
pendent experiments to be conducted, Therefore, experimental design software
should be used to reduce the number of experimental trials and optimize the
resuits through statistical evaluation, In addition, there are 2 munber of databases
aud associated programs for assessing phystcal and chemical properties based
upon primary sequence of the protein through a number of websites (e.g. SWISS-
PROT). These car provide insight into protein stracture and other critical char-
acteristics (e.g., pl, hydrophobicity and hydroflexibility plots and overall charge),
and even identify residues that might be sensiive to chemical decomposition, We
belizve such capabilities will expand over time, and will play an increasingly
umportant role in selting a rational plan for preformulation studics. Finally, we
anticipate that specific protein stability databases will emerge, allowing scientists
to gather data on specific development issues, without searching il of the opea
literamire, Because information on protein stability comes from a multitude of
disciplines (e.g., biochemistry, biophysics, food science, engineering, pharma-
ceutics, surface science and polymer science), Open searches often miss crucial
publicatians and documents. The challenge is not undike Internet search engines
frying o find a very specific subset of information ou an ever-increasing world
wide web, As these resousces become more avatlable and refined, they will
cmerge as invahuable tools for development of phavmaccutically acceptable
formlations,
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Table 1.
Keay Elements of the HI¥ Approach

1. Decision Plan o ¥inalize Cheice of Excipients and Dosage Form
A, Chotes of Dosage Form
L. Frozen Solution
2. Ligaid Formulation
3. Eyophilized Farmulation
4. Protein Suspension
5. Speciatized Drug Delivery System
B. Chotee of Exvipienis
Proper pH/Buffer Species
Salt
. Stabilizer
. Buiking Agent (for lyophilized fornulations)
. Surfactant
. Chelators
2. Use of Software and Databeses to Assist in Formulation Development
A. Bxpesimental Design Software
B, Software and Databaves for Analysis of Stuctire/Funetion/Properties/Stability
€. Protein Stability Databases
3. Availsbility of Essential Analytical Methods
4. Design of Appropriate Stability Testing Protocols

O S e e

The third aspect of HI¥ is assembling the correct analytical methods to
agsay the stability, both chemical and physical, of a wide range of proteins. The
mechanisms by which proteins degrade have been widely reviewed (Manning
et al., 1989; Pearlman and Nguyven, 1992; Cleland ef al,, 1993}, so they will not
be discussed here. However, given this backdrop, we will describe certain key
methods that must be avaifable in order to conduct proper HTF studies, All of
the required insimimenis do not mecessarily need to be available in-house, a8 many
can be accessed throagh confract organizations and through academic collabora-
tioas. In addition, # should be noted that there exists a tremendous opportusity
to modify existing analytical technigues for use with smaller sample sizes
and for rapid, parallel sampling. One of the expected lmisations will be lack of
well-characterized material. Whereas access fo a minmmum of 200-500mg of
protein for formulation studies i3 desirgble, the genomic approach wil tax the
ability of process scientists to provide adequate amounts of pacified proteins for
all compounds under development. Therefore, in some cases, the total amount
of protein available may be an order of magnimde less than the optimum, This
sitnation should sexve as an incentive 1o identfy new approaches for gathering
stabifity data. We will discuss below possible new methodologies that would
be useful 1n the HTF scheine, but have not yet been applied to formulation
development.
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Finally, one must have a clear pian for stgbility testing, along with minirmem
criteria for a “stable’ formulation. Certainly, that defisition may change as a
product matures. Minimum siability for the initial clinical studies may be quite
different than the expectations for the final formulation tested in Phase IIL
Presently, there are debates within companies on how robust a preliminsry for-
malation development or purification process must be in order to demonstrate
efficacy in humans. Some companies will accept any minimal formulation in
order to mitiate clinical frials. However, even these formuiations would fikely
have to have at least six to twelve months of shelf life. Qur goal in the HIF
approach is to develop 2 final formulation as early as possible in the drng devel-
opiment and testing process. If this goal can be accomplished, then fewer
resources will need to be diverted to redesign the formutation later

ROLE OF AN ESTABLISHED DECISION TREE FOR
FORMULATION DESIGN

The central feature in the HTF scheme i3 a rational decigion plan for choos-
ing hoth the formulation components and the final dosage form. This decision
tree musi he flexible enough o accommodate 3 wide variety of proteins, it most
aflow for both Hquid and solid dosage forms, and it must provide a rationale at
sach decision point. This framework aliows the pharmacentical 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 groups.

Often' the design of a formulation of a protein phanmaceuntical is not well
developed. Companies attempt to expedite formulation selection by neglecting
critical igssues in foromulation and stability. It is not uncommon o fad sub-optimal
formulations such as phosphate-buffered saline, possibly with the addition of
homan serum albumin as a ubiquitous proteis stabilizer. For a few proteins, this
approach has been sufficient, even resalting in commercially successfisd products,
such as erythropoietin and granulocyte colony stimufating factor, However, there
is a distinct danger in assuming that such successes with minimal formulations
are generally applicable. Moreover, the cwrent regulatory environment, and
concerns in the geperal public surrounding the use of human-derived products in
pharmaceuticals, makes the use of human serum albumin increasingly more dif-
ficudt or even not acceprabie. Therefore, there 18 pressure for any company selfing
a product that containg athumin to develop ap albumin-free fonnulation. The
same pressures are forcing companies 10 move from animal-derived snrfactants
to those obkuined from vegetable sources. In addition, there is a realization that
atbamin, being & protein, is not indefinitely stable, and should have an expiration
date above and beyond that of the active ingredient. All of these issues affect the
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list of possible excipionts that can be employed in a protein pharmaceutical
product.

Constraints on a2 Pharmaceutically Acceptable Profein Formulation

Before we discuss the choloe of dosage forms and excipients in the contexy
of maximizing protein stability, we need fo recognize the myriad of constraints
piaced upon the formudation by the rest of the company and by regulatory bodies.
The first constraing, given the global nature of the pharmaceutical industry, is fo
have excipients that are acceptable in the major markets. This inclndes avoiding
animat-derived additives, as disenssed above. ¥ also means that the list of pos-
sible additives is effectively limited to those already found in approved products
in North America, Forope, and Fapan. While this is not an immutable rule, fow
companies are willing to bear the added cost of getting a new excipient on the
market while seeking approval for a new drug product. A major impact of this
constramt is to move away from formulations containing albumim, which is still
found in & mumber of protein products, One can anticipate that these older
formulations wiil disappear in the. comdng vears and be refornwlated into
second-generation products. A recent example has been the development of an
afbumin-free formulations for recombinant Factor VIIL

The second consideration is the tonicity of the final formalation. If a protein
drag is to be administered by intravenons bolus injection or subcutanecusly,
rather than by continnous infusion, there are strict isotonicity 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 apon injection. This i one example of restrictions being set by the clinical
groups, which should be clearly defined prior to the start of the formulation
PrOCESS,

Likewise, the eventual route of administration must be taken into sccount,
A convenient administration systemn is highly desirable for ease of use in the clin-
ieal setiing, so it is both a marketing and clinical issue, For example, in the case
of a subcutaneous injection, there s 2 maximal volume (~11ml.) that car be given
w0 & patient without discomfort. Given the expected dose range, this will define
the protein conceniration that must be used. For other routes of administration,
the ability to manipulate the protein concentration as a variable may be possible.
Otherwise, i will be fixed, and the decision poist regarding protein concentra-
don s removed from the process described below.

The fourth issve is to work with a well-characterized buik drag substance.
This criterion will require cooperation and collaboration with the process science
groups involved i fermentation and purification. Variation in the quality of the
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starting material will compromise the validity of any preformulation or stability
work done to date, ax 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 avimal studies and initial clini-
cal trials. These investigations can extend for up to one year. Hence, at feast a
one-year shelf Life for even the mitial formulation may be requiced.

Finally, the manufachering of the protein product must be possible at
reagsonable costs and allow adaptation to standard menufacturing processes. It is
imperative that manufacturing economic analysis be conducted ag soon as pos-
sible in the drug development process, including an assessment of whether
sufficient manufacturing capability existy i the product is successful. Novel for-
mutations that require special mapnfacturing setups and processes may not offer
the advantages of speed which is necessary when one is confronted with devel-
opment of nemerous protein drug candidates. Most likely, specialized dosage
formg andfor drug delivery systems will only be investigated with partners who
possegs the technology and capacity to solve these critical manufacturing issues.
In addition, as the in-house pilot plants are challenged with mantfacturing mul-
tiple products, with limited facilities and resources, there undoubtedly will be
pressures to ottsouree the first clinical manufacturing hecause of both cost-effec-
fiveness andd timescale issues.

Proper Cholee of Dosage Form

Considering ali the therapeutic protein producis on the market, i appears
that three dosage forms are viable. The most preferred would be 2 solution for-
malation that is typically stored in the refrigerator and prefersbly in a pre-filled
syringe. Second, a frozen solution loaded in a syringe or vial and thawed at the
gite of administragion, Third, a lyophitized formadation, which can be stored at
‘toom temperature and reconstituted when needed. Each one of these dosage forms
offers varions advantages and disadvantages, in the speed of development, manu-
facturing, packaging and shipment logistics, and ia admimistration of the product
to the patient,

Generally, s frozen protein formulation offers the advaniages of rapid devel-
opment provided the protein is stable after multiple freezefthaw cycles. It is also
important to note that freezing can lead to selective precipitation of certain buffer
species, producing possibly large pH shifts (van den Berg, 1939, van den Berg and
Rose, 1959), This variaton in pH, and the potential for damage at the water-ice
interface (Chang et al., 1996, Hsu etal., 1995; Krielgaard ot al., 1998), might Hmit
the use 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 accommodate them. For example, one can imagine alterma-
tives 1o Iyophilization for obtaining solid dosage forms. Both spray-drying
and spray-freeze drying are being studied. However, it is expected that the
formulation strategy for these processes will be quite similar to that used for
Iyophilization. :

The most likely foture additions to the dosage form list will be suspensions
and specialized drug delivery systems. Protein suspensions can be prodoced by
a number of different methods, The protein could be dried and suspended iu a
non-aqueows medium, Alternatively, the protem could be salted-out, using pref-
erentially exclnded sohutes, such as ammnonivm suifate or sucrose, leading to an
aqueons vehicle containing most of the protein in its native state but in a solid
form, because the sohubility limit has been exceeded, The same effect might be
accomplished by adjusting the pH to be near the igoelectric point of the protein.
For the current version of HTF, we have chosen not to include these dosage forms
until their use becomes more widsspread and manufacturing faciliies aré devel-
oped to accommodate production of clinical batches.

The same can be said of specialized drug delivery systems, such as
polvmeric microspheres. Poly lactide/poly glycolide microspherss for sustained
delivery of peptides bave been in use for years. Recently, reports of their use for
proteins, such as haman growth bormone, have appeared. These systems bring
their ows specific stubility ssues (Cleland, 1998} in addition to making analysis
of the stablity of the active ingredient more challenging (Yang et al., 1999},

As discussed above, fnput from various depariments, such as discovery
research, pharmacokinetics, toxicology, purification, manufacturing, clinical and
markeiing, st be considered when deciding on the most appropriate dosage
form for a given product. In the past, the drag development process las been
more or less seguential, going from research fo developinent to clinical, to manu-
factaring, and then to marketing. A change in strategy is required where there is
more interactive, simultzaneous communication between the vartous drug devel-
opment departments. With the proper information from the other unifs, one should
rapidly be able to decide on dosage fonm and develop candidate formulations.

Preformudation Studies

The exguisite sensitivity of protein structure, function, and stability to the
primary sequence does not readily lend itself to a generic approach for protein
formulation, Therefore, determination of the relative importance of varicus degra-
dation pathways end elucidation of hustability mechanisms for a given protein
are essential. Hven for closely related proteins, the relative stability and major
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with a frozen formulation concerning the packaging complexities invelved in
labeling, storage and maintaining the coid chain during transportation of a frozen
product. These factors can add significantly to the development costs,

The second option for dosage form is a stable Hgnid formuslation that can
be stored in the refrigerator or at room tempersture. This dosage form offers
the advantages of potentially rapid development and ease of administzation.
However, for most proteing maintaining physical and chemical stabilities in
agueous solution for an extended period of time is extremely difficnit. 1n addi-
tion, because the protein is free in solution 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 shows to be impervious to damage at the air-water interface during
fransportation, becayse agitation-induced densturation and aggregation is a
common problem with therapeutic proteins. There s also the possibility of leach-
ing of metals and organics from the container and stopper, which 18 wiry some
of the vials will need to be inverted during stability testing. These problems have
neen reported for drog products of all types {Airando ot al,, 1990; Nedich, 1983).
Leached wmaterials are partgculasly problematic with plastic vials and nos-
Tefion-coated stoppers. With glags vials the leachables could include jonic species
that alter the pif and icnic strength of the solution during storage, Finaily, the
integrity of the contaiter 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; Rodrigues-Silva et al,,
1999, Therefore, development of a stabie Hquid protein formulation has to be
considered very carefuily. Determination of the primaty pathways responsible for
decomposition of the active therapentic protein is critical for developing this
particular dosage form. All of these issues can add significant costs in terms of
resources and analytical testing.

Most profein pharmaceuticals cm-rently on the market are soid as Iyophilized
Tormulations. Placing proteins in the drded state sipnificantly increases the shelf
life, if the proper formulation and lyophilization cycle are used. The combined
stresses of deying and freezing are inherently damaging to proteins, and only
proper formulation witl engure that a stable product will be obtained, Fortunately,
enough is understood now about freezing and drying of proteins that rational
design of lyophilized formulations can be undertaken. Morsover, there are
some formulations that seem to work well for a variety of proteins. We
suggest that part of the strategy for rapidly identifying viable formalations is to
make Hberal use of some standard protein formulations. The rationale for
these compositions has been described in detail in a number of review
articles and book chapiers, and is discussed in Chapter 5 (MacKenzie, 1975;
Franks, 1990; Pikal, 1983, 1994; Carpenter and Chang, 1990, Carpenter et ai,,
1597). An approach towards developing a iyophifized formudation is described
below.
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As other formulation possibitities become more developed, one can modify
the decision free to accommodate them. For example, one can imagine alfema-
tives to lyophilization for obtaining solid dosage forms. Beth spray-drying
and spray-freeze deying are being studied. However, # is cxpected that de
formulation strategy for these processes will be quite stmilar to that used for
lyephilization. :

The most iikely future additions to the dosage form list will be suspensions
and speciglized drug delivery systems. Protein suspensions can be produced by
a number of different methods. The protein conld be dried and suspended in 2
non-aqueocus medivm, Alternatively, the protein couid be salted-out, using pref-
erentially excluded solutes, such as ammoniwm sulfale or sucrose, leading to an
agqueous vehicle containing most of the protein in its native state but in 2 solid
form, because the solubility limit has been exceeded. The same effect might be
accomplished by adjusting the pi to be near the iscelectric point of the protein
For the cerrent version of HTE, we have chosen not to include these dosage forms
unti} their use becomes more widespread and manufacturing facilitics are devel-
oped to accommodate production of clinical batches.

The same can be satd of specialized deug delivery systems, such as
polymezic microsphberes. Poly lactide/poly giveolide microspheres for sustained
delivery of peptides have been in use for years. Recently, reports of their use for
proteins, such as human growth hormone, have appearcd. These systems bring
their own speeific stability issues (Cleland, 1998) in addition to making analysis
of the stability of the active ingredient more chalienging (Yang et al., 1999},

As discussed above, input from various departments, such as discovery
resesreh, pharmacokinetics, toxicelogy, purification, ranufgeturing, clinicel and
marketing, must be considered when deciding on the most appropriate dosage
form for a given product. In the past, the drug development process hag been
more or less seqguential, going from research 1o deveiopment to clinical, to manu-
facturing, and then to marketing. A change in strategy is reguired where thers is
mote interactive, simuitaneous communication belween the various drug devel-
opmert departments. With the proper information from the other mnits, one should
rapidly be able to decide on dosage for and develop candidate formulations.

Preformulation Studies

The exquisite sensitivity of protein stractare, function, and stability fo the
primary sequence does not readily lend itself to & generic approach for protein
formulaticon. Therefore, determination of the refative imporfance of various degra-
dation pathways and elucidation of instability mechanisms for a given protein
are essentizl Bven for closely related proteins, the relative stability and major
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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 from this group, sucrose and trehalose should remain the
first-line chodces.

Finally, one must decide on whether to include a surfactant in the formula-
tion. Surfactants have been shown to inhibit prowin aggregation duing agitation
{e.g., Bam et gk, 1993; Krielgaard et al., 1998). The mechanisms by which sur-
factants stabilize proteins are discussed in a separate Chapter, The surfactant often
will be most effective at or above the criticad micelie concentration. In Table 2,
only the surfactants that have been approved for use in parenteral products in the
U.5. have been listed. Notw that one potential deawback of inclading surfactants
in the forrnulation are contaminanty (e.g., peroxides) that could casse chemical
degradation of proteins (e.g., oxidation},

Lyophilized Formulations. I can be assamed that most profems will not
exhibit sufficient stability in aqueous solation to allow a liquid formulation to be
developed. Ow naderstanding of the basic requirements for obtaining a stable
lyopiitized protein formulation is relatively well developed. The question then is
what combination of excipients will allow such a formulation o be prepared. The
minimad composition ncludes 2 buffer species, an additive capable of forming
an amorphous glassy state and inkibiting Iyoph#ization-induced uafolding in
which the protein remains entrapped, a bulking agent to provide cake stabilify,
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 appropriste excipients are described in detail in another Chapter,

While a comprehensive formulation development algorithm is vet to be pub-
lished, following the HEF process outlined above, one can imuagine obtaining a
rational approach towards selecting final candidate formulation that can be usad
reutinely, even with new classes of therapeutic proteins. Clearly, the details of
each case will be guided by the outcomes of the preformulation studies. However,
even without a complete data set from the preformudation experiments, imple-
mentation of a few standard formmiations should be possible. Ultimately, we
balieve there will be a refatively small number {six of less) of generic, standard
tyophilized formulations that will work for nearly all proteins, Each of these will
have a corresponding Ivophilization cycle that can be used fo achieve optimal
resuits. When the HIF process has evolved to this optimal state, the personnel
demands be greatly reduced {in ferms of Mull-time equivaients, or FTEs) and the
time lines should shyink significantly from the current average of nearly one year.

Estimates of Resources Needed for Formulation Development

The current estimates of the resources required and the possible timelines
for formuiation development are given in Table 3. Specialized formulations
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Table 3.
Hstimated Resources Nesded for Development of Final Stable Formulations of Protein
Pharmaceuticals
Resource Curzent Staus initsl HTR Targers  Optimal HTE Targets
+ Personne]
Standard Formulations 2FTH 2 FTE 2FTE
Complex. Formuations 3-8 FTE 3-4 FIE 3FTE
+ Time Secale
Standard Formulations 12 months 69 months 3-6 mionths
Comgplex Formulagons 12-24 months 12 monthg 6-9 monchs
+ Minimal Asmtount of Material
Seandaxd Formutations 200-300mg 100-200mg $5-100mg
Conplex Formuniatons A00-2000mg 200-500mg 100-Z200mg

{suspensions and controlied release dosage forms) will require more resowkoes
and less aggressive time lines (see Table 3), Howeves, even {lis sifuation should
tmprove as more of these fypes of products enter the marketplace. We anticipate
that a significant number of fhese types of products will be approved over the
next ten years. By then, most large pharmaceutical companies will have acquired
the necessary expertise 10 develop them at rates comparable to the standard for-
mulations of today. Once the HTF scheine has evolved to this stage, a company
should be able to davelop final formulations quickly and essily, even if
personnel levels are refatively constant.

Tnterestingly, while a streazlined approach towards final formulation selec-
tion is the heart of the HTF strategy, it is the one aspect that can be introduced
info any carrent product development scheme almost inmediately, ag it can be
accomplished solely based oa the curent state of understanding of protein stabi-
lization, Other aspects of the HTF package will demand more thne o implement,
as they will require significant advances to be made, particularly in the areas of
analytical methodology and information technology. These two features of the
HTVF scheme are described below.

USE OF SOFFTWARE AND DATABASES TO ASSIST IV
THE HTF PROCESS

Unless formalation scientisis have access to alt pertinent information, criti-
cal choices for formulation components could be delayed or, even worse, inscor-
rect, Therefore, we propose that a key aspect of the ITTF process is to develop
an integrated information system that can assist the scientist o making critical
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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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solid basis on which to predict both primary and secondary structure effects on
dearsidation rates {Wright, 1991; Xie and Schowen, 1999), which is considerad
in more detatl in Chapter 4.

Given that numerous protein sequences, whether determined directly or
exirapolated from nucleotide data, are avaitable in databases that can be accessed
via the world wide web, focused studies generating data on specific ingtabili-
ties (e.g., deamidation, oxidaiion, aggregation) couid lead to dmilar structuze~
stability refationships. The number of available sequences has been doubling
every 18-24 months over the last ten years (Cook, 1999). Similarfy, there has
been an explosion in algorithms and sofiware to analyze these data. Many focus
on sequence homology and identification of functional and genetic relationships.
Given these advances, it 1s not nnreasonzable 0 expect that stability-indicating
profiles coudd be developed as well,

In addition fo stability predictions, many programs are available to calou-
Iate tmportant chemical and physical propertics such as the isoclectric point,
the hydrophobicity profile, the positioning of secondary structare clements, and
the conforrational fHexibility. Krowledge of these properties would help the
formulation sciontist anticipate the behavior of a new molecule provided for
developmient into a potential drug prodact, Forthermore, algorithms to predict
correlations of these physical properties with physical and chemical stabilities of
therapeutic proteins should be straightforward to design and implement with
current programs.

ESSENTIAL ANALYTICAL METHODS

One must have aceess to certain equipment in order to chatacterize properly
protein degradation pathways and effects of formalation vanables on protein sta-
bifity. In addition, we will discuss some areas where technological advancements
must be made in order to allow formulation scieatists to work with smalier
amounts of protein. While a number of reliobie and accurate stabiity-mdicating
agsays exist, there needs to be efforts to miniaturize some of them, This wili allow
development of proteins where the amount of material is imited, o.g., 1oss than
100 milkigrams fotal:

The first analytical methods that are needed are those that can guantify the
protein concentration. As determination of sccarate exsinction coefficients i’
steatghtforward, ultraviclet absorption spectroscopy is inexpensive and preferzed
over chemical methods, such as the Lowry methed. One also needs to be able to
monitor the global structure of the protein. Cirenlar dichroism (CD) spectroscopy
allows one to follow changes 1z both secondary and tertiary structre of proteing
in solution (Manning, 1994). Infrared spectroscopy can 4iso be used to detect
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secondary struciural changes (see below), and Buorescence and derivative UV
spectroscopies ¢av be used to study tertiary structure.

The second category of required analytical methods are these that monitor
retention of native primary structure, namely, chromatographic methods, such
as reversed phase HPLC and fon exchange HPLC, or alternative methods like
capiflary electrophoresis. Among the most useful applications of these HPLC
methods is the generation of a “tryptic map”, which is accomplished by digest-
ing the protein with a sequence-specific enzyine (e.g., trypsin} and separating the
resulting peptide fragments by reversed phase HPLC. The pattern then becomes
a sensitive fingerprint of the protein. 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 fo the pesk shiff.

Among the most important degradation pathrways for proteins is aggrega-
tion. A numsber of methods are available to characterize and guantify aggregation
levels in proteins, including polyacryiamide gel electrophoresis (PAGE), size
exchusion chromatography (SEC), light scattesing techniques and analytical uitza-
centrifugation, Although each of these metheds has its advantages and disad-
vantages, all four should be considered essential, as they can be complementary.
They afiow both qualitative and quantitative characterization of the soluble and
insolubie aggregates in a bulk substance or final formulation.

For iyophilized formulations; a certain set of equipment is considerad to be

* the minimum required for conducting formulation development properly. These

inclade an infrared (IR} spectrometer, a Karl Fischer Gtrator, a differential scan-
ning calorimeter (DSCY, and x-ray diffractometer. The IR instrument will allow
one to determine the extent of structiral damage {at a secondary structure level)
ins the solid state. In addition, it can be used to monitor the secondary structure
composition in the original solution (prior fo lyophilization), in the frozen solid
and in the reconstituted product {Carpenter et al,, 1998). Xoray diffraction of
solids allows one to determine the crystallinity of a solid sample. In formulations
where the bulkiag agent is crystalizing during the lyophilization process, one
needs to know whether the crystallization is complete. Incomplete crystallization
can lead to degradation durng storage (¢f. Carpenter et al., 1997). The Karl
Fischer apparatus allows one to measure the amount of water in the final cake,
Typically, moistore contents need to be at 1--2 % in order for the product to have
the optimsl 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 mimmal acceptable storage teinperature for lyophilized
formulations is room feinperatire, a minimun T, would be about 40° C. In addi-
tion {0 these tnsiruments, access to a microscope equippad with a Iyophilization
stage is vahrable, - -

The issue of how to develop fornmilations with lmited amommts of material
is 2 critical comcern. One can imagine adapting a sumber of existing
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technologles to assist in assessing the viability of a given fotmulation while using
vary stnall amounts of material, These would include:

1. microtiter plate assays,

2. robotics to assist in sample preparstion and malysis,

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

4. mslti-sample sdaptations of existing analytica! techniques (e.g., DSC or
analytical nitracentrifage}

3. naneseparation methodology (the so-catled “lab-on-a-chip” approach),

6. surface-immobilized anatytical methods, such ag the BIAcore,

Each of these methods could provide significant increases in the capability
to monifor the stability of 2 protein m » microformaiation (fess than 10pg of
active drug). For example, new 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 stady of proteing what DNA chips have done fo the study of genes, That is,
they can be used to identify critical parameiers required for rapidiy developing a
stable formulation. Similarly, any of the other methods could be modified to assist
the formzulation scientist.

Finally, there has been u steady lmprovement in protein analysis tools such
as Touss spectrometry and more powerful and versatile biockemical techniques,
which are not only more sensitive but offer the advantages of speed and low cost,
So with the emerging technological sdvances in aralytics ard implementation of
these enahling technologies in preformulation and formulation stadies, one can
envision a more time and resource efficient process for developing stable protein
pharmaceuticals. Most of these fechnologies are being developed to rmeet the
needs of efficient drug discovery research. The challenge here will be the speed
at which the forinulation scientists adapt these technologies into thelr programs.
Unfortunately, these tools have not yet reached their maturity, so the implemen-
tation of micro-anatyticul methods for preformulation and formulation is crucial
for developing HTF strategies for protein pharmaceuticals,

STABILITY PROTOCOLS

In addition to Tormal storage stability protocols that would be acceptable to
regulatory agencies for real-time data, one must have standard approaches for
assessing the possible long-term fate of the candidute formulations. Given the
agglessive time line of the FITF sirategy, one must rely, to some degree, upen
acceferated storage studies to goide decision about suitable excipients. These
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couid be done as isothermal studies, sioring the protein zl room temperature
and 407 C, for ezample. In certain cases, ¢xposure to higher temperatures,
such as 50° C or even 60° C. may be warranted. However, if is important to note
that at higher temperatures, there is the distinct possibility that the rate-
determining pathway may change comipared to that at the projected storage
conditions,

Am alternative o isothermal testing that needs to be considered is the use of
noR-0s0thermnal stress testing, In this procedure, the sample is exposed to a linear
increase in temperature over tire (or approximately linear with respect o time).
Samples are taken at set intervals and assayed for protein damage, Using an aigo-
rithin developed by Lee and Stavchansky (1998), it is possibie to deterrine the
Arnhenius parameters in a single experiment, which would otherwise require at
least three separate isothermal studies. This approach has been demonstrated for
a pentapeptide (Lee and Sl.awlid‘lsky 1998}, and should be extended to larger
proteins in the future.

UNIFIED STRATEGY FOR HTEF

The requirements for HTF can be summarized in four points, First, integra-
tion of speed, sensitivity and cost can be achieved by having in place good
analytical methodologies for monitoring both chemical and physical tastability
mechanisms. These methods can serve as toold for elucidating the mechanism of
instabitity of protein drugs and also as stability indicating assays during analysis
of the final formulation. Second, identification of the instability mechanisn: of
proteins can lend itself to developing a fast-track stable liguid protein formula-
tion, although the disadvantages of addressing biocompatibility and fransporta-
tion issues have to be addressed with such dosage forms. A third reguirernent fos
HTF is fo have obviously a safe and a convenient dosage form for adrnistra-
tion, Coupled with this criterion should be the requirement for mauufacturing
the formulation using standard processes, so that if needed the production cat be
out-sourced 10 a confract facility.

Finally, technelogical advances will be & mejor driver for HTF and in general
biotechnology developmest. The ability o work at low microgram o ouiligram
scale of protein is essential for the ability to start the process before the drug
candidate achieves development status, In many cases, companies may initially
neglect formulation and stability issues that will haant them in later stages of
development. The deyvelopment of smccessful fermulations is dependent upon
the ability to study both the in vipw and in vive characteristics of the protein
drug, as well as its intended application in the clinic. Thus, it is essential for
the formulation group to work closcly with the discovery research, the
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pharmacokinetics and the toxicology departments prior to the decision 10 move
the drug inte full-scale development. Resolving the diffculties in the early
research and development stages will not only help in targeting the appropriate
“drug candidate for development, but also speed up the selection of a pharma-
ceutically acceptable formulation for clinical trials. What we propose is the
involvemense of the formulation group in a mult-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 fhree months to
establish appropriate profiles for formsdation development. As 2 resalt, the lead
formodation can have the advantages of demonstrating efficacy and potential sta-
bility of the protein drug,

Puring the development process of a biotechnology drug we envisioa
formmiation to take typically three to six months, This peried would encompass
preformulation studies and evaluation of the formulation options determined by
the planned ciinical studies, Hence, protein formulation and purification can be
developed concurrently using limited quantities of the product, and idengification
of the Iead formulation could occur at the time of establishment of the purifica-
tion process, 'Whar we propose i8 not a sequential development pathway for
protein drogs, but a concurrent scenario where formulation design is initiated very
early in the drug development pipeline. We are quite confident that the HTT can
be coapled snccessfully with high throughput screening strategies of protein
drugs and facilitate drag development within the inherent time and resoarce con-
straints of the pharmacentical industry,
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covalent and non-covalent, 13
nonioric serfactants o mhibit, 127
Agitation, and stshility, 71-T2
Analytical instrumnents, 3
Analytical methods, essential, 180, 11193
Antibodics: see Repombinant hamanized anti-
IgE monocional satibody
ArgHCl, 45-46
Arrfieniur equation, &
Aspacagine (Aen) residues, deamidation of
ixt peptide @nd proteins, §6-92

Bax, 169
Bioactivity, 44
Bovine pancreatic trypsin inhibitor (BTPY, 40
Bovine sexurr albumin (BSA), 154155
Bovine zomatotropin (BSTH), 9]
Biichi laberatory spray dryer, 139141, 148,
147
Bufforsfsalts, 14, 67
choioe of, HE-1i9
debye screening, 6768
ionization enthalpy, 88
tysis, 33
preforontial exclusioa of salis, 67
Bulking agent, 14, 126
Carbchydrakes, to stabilize spray-dried
proweins, 149
Chemical modifications, 17
Chloramine T, 98
Chromstography, 192
coluxm, 7
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Commereial formulation development
{process), 18
decisions daring, 1819
rogulatory issues in, 20-22
tuneline, 18
Conformstional stabifity, 51
Cosolveats, preferentally eacuded, 56-57
Critical micelie concentration {CMC), 164, 165,
171
Cyclic imide, 13
Cytoking receptor homology (CREE, 3¢
Deanidation. 13: see also under Polypeptides,
strncture of
Degision tree, sole of esublished
for fornmiation design, 181-182
chernical and physical mechanisms, 160
concitions used o accelerste, 6 )
enzymatic, of non-ionic surfactants, 170
minimization of rowtes of chewical, 136117
Degradation products, gualification of, 17
Dehydration-induced unfolding, mechanism for
inhibition of, 123124
Delivery of products, 16
Denatorants, removat of, 4143
solid phase, 43
Denzauratior, 13, 7¢-72
Deuteriums, 96-97
Diakysiz, 41-42
Dilution, 42-43
Disaccharides, 149
Disaggtegation, high pressure, 4%
Disulfide bond apalvsis, 50
Disnifide band formation, 43
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design of sucoesshul, vit-vili
propar choice of, 183183
unconventional, 17
Drug delivery systems., specialized, 185
Drug design, rationad, vii
Drying-ai volumetdc fow rate {vy,), 147
Flectrophoresis, 7
Equititenm wdolding, 62
Erythropoietin, recombinant human, 137
Escherichia cobi (£, colf}
deamidation. of hstidine-containing protein
in, 90
recombinant production of native proteins
from, 27-28
cofl washing and lysis, 32-34
distribution of expressed proteins, 28-3]
methods to analyse folded structures, 48—
51
purification and refolding of proteins from
inclusion bodies, 30-37
purification and refelding of soiuble,
misfolded proteins, 35
prrtification of expressed proteias frorm
inclusion bodicy, 36-37
purification of soluble, folded proteins,
34.35
rofolding mechanism, 38-40
disuliide bond formstion, 41
effects of excipionts, 4447
aeffects of tag sequences; 44
high pressure disaggregation and
refolding, 48
remxrval of denaturant, 41-43
response suiface methodology, 4748
Fscipients, 21, 170
animal-derived, 1§
choice of, 117, 120121, 186188
effects on refolding mochanism, 44-47
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preferentiatly excladed cosolvents, 6667
Lumiting sodvent accessibility, 96

Fibroblast growth factor (FGF), 31, 32, 69

fibronecrin, 98

Formulation change/amendments, results
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- Formulation developrment, 12, 10 see alvo

specific topics
estimazes of resources needed for, 188180
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Fatrmulation devalopment (cont.}
financial ranfications of rapid v delayed,
11011
necossary studies foy, 15-16
peeformelation development, 4-3
preparation for
resowse teguirentents, 3-4
wsefuf information for designing
formulations, 4
Formudaton optivaization studies, design of, 18
Formulation options for prolein
phammaceugicals, 10
Ligui¢ formulations. 10-11
stugle- and snulidose forms, 12
solid dogage forms, 11-12
Forpmlation problems, stategios to overcone,
17
Formutation siudies, information usefid for, 4
Formblation variables, optimization of, 1315
Formuletions
constraints on pharmaceuticalfy acceptable,
i82..183
imnportant compoteeats, 13-15
Freo enesgy ve. exteat of regetion, 73
Freeze-drying microscopy, 115
Freeze-thawing, and stability, 71, 125
Freezing protection, mechanism for, 121-323
Frozen formulations, 183-184
GdnHC|, 35, 36, 45
Gel filigatos, 43
(Gibbs adsorption equation, 162~164
Glass mmobilization hypothests, 149, 151
(3iass tramsition temperamys (1), 113~116, 120,
125, 126 ’
Glutathione § translerase (GST), 44
Glyeing, 136, 126, 150
Uranulocyte colony stimustating factor (G-CSEF)
wecepior, 79
Growth factor
fibroblast, 31, 32, 6%
kerarinocyte, 31, 32, 35
Growth bormone, eombinant bumas, 137,
143, 147348, 132154, 167, 176, 171
Growth hormone-relessing factor (GRF), 90
Handling of products, 16
High-pressure fiquid chromatography (HPLO),
192
High throughpit formudation (HIF), 178179,
186, 188, 189 .
concept, elaments, and swucuwes of, 179181
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High throughput forrmulation (BTE) {eont)
regquirements for, 194
software and databages to assist, 179, 189-191
unified strategy for, 194-195
Histidine-containing protein {HPt), 98
Hydrogen to denterium (H-13} exchangs rates,
96-97
Hydrolysis of peptides, 85; see also
Desmidation
Hydrophobigity and hydrophobic interactions,
6263, 72, 95, 161, 163, 186
Hydrophobicity reversal; 167168
Hydroxyethy] starch, 126
Impurites, 1415
Inclusion bodies {Is), 29, 36-37
Infrared (IR) spectroscopy, 191192
interfeukin-1$ (11.-1%}, 28-30
Interfewkin 6 (16}, 40, 30, 51
I(SH) and KSS), 36, 4L
Isothermal and non-isothermal stress testing,
194
Keratinocyle growth facior (KGEF), 31, 32, 35
Lactate dehydrogenase (LI, 138, 144, 145,
134, 155
faciose, 149, 150
Ligands, 119-120
non-specific, 96
specific biading, 68-.69
Eight scatieringftorbidity, 7
Liguid formutations, 1011, 184
exeipients for use in, 186--188
Lyophilixaton-indaced protein enfolding,
inhibition of, 112113
fyophilized products/formaltations, 11, 10%-110,
184, 188
minimal criterta for suocessful, 111137
mimimization of routes of chemical
degradation, 13617
storage below formulation glass tramgition
temperaiire, 13114
strong, elegant cake structure, 14116
water confent relatively low, 114
rational design of stable, 117138
bulking ageat, 126
choice of buffor, 118119
ligands/pH optimizing thermodynamic
stabifity of protein, 119-120
trehalose/sucrose Lo inhibit protein
anfolding and provide glassy matix,
120-126
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Lyoprotectants, 149
Lysis buffers, 33
Maitose binding protein (MBP), 44
Mannitol, 136, 126, 137138, 144.-151
Manefsctoring process, 21
Metal.catatyzed oxidation (MCQ), 54-.93
Metals, trace, 94
Metinonines and methionine residues, 94-100,
116137
Micelle concontration, ertical, 164, 183, 171
Microcharacterizaton methods, 7
Monoclonal antibodies: yee Recombinant
humanized anti-Tgll monoclonat
antibody
Murine IFN-{ (mIFN-(}, 37.-38
Mutagenesis, site- directed, 17
OmpA, CipG, and GmpT protaing, 28-29
Optimization of formulation variubles, 1315
Osmotic pressurs, 165
Ovalburain, 40
Oxidation (processes), 13; see also
Polypeptides, gtructime of role in
. protein oxidation
excluded sffects op, 9890
metal-catalyzed, 94.-93
non- site-specific, 94-97
Oxygen, singlet (30}, 93
Packeging material, 21
Parathyroid hormone, 95
Peptides: see Polypeptides
Petiplasmnic sccretion strategy, 28-29
Peroxides, organic, 23
pH, 14, 186
Polysthylene glycol (PE®), 46
Polypeptides, structure of, §5-86, 101
deamidation rates and, 86-87, 92
primary stacture effects, 87-8%
secondary structure effects, 89--91
tertiary structure effects, 91-92
role in protein oxidation, 9293, 100101
conformational comroi of osidation in
aqueous solation, 9799
effects of oxidation of methicnines on
profein structure, $5-96
Hriting solvent acesssibility of residues,
06..97
structural controf of oxidation in
Iyophilized products, 99100
types of oxidation processes. 9305
Polysorbate concentration, critical, 153, 154
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Preforential exclusion mechanism, 122123
Preformulation development, 4-10
developraent of analytical methods, 6, 7
evaluation of the significance of probloms,
7-8
qualitative assessroent, 9-10
quantitative assessment, -9
information obtained from, 5
Preformuiation studies, 135186
Praservatives, 12
Pressure, and stabitiy, 72
Product development timeline, 18
Protein formulstion: see Formmlation
Protein pharmaceuticals, chargcrerization of, 5
Proteins; see also specific topics
mgintenance of Mophysicsl and bochemicat
properties of, 16
typical methods used to characlerize, 6, 7
Proteclysis, 85
Hmnited, 31
Furified protein, 3
Purity of raw materials, 1415
Reaction, free energy veo. extent of, 73
Reveptor binding, 49
Recombinant haman erythropoietin (GEPO3,
137
Recombinant huroan growth homnone (thGH),
137, 143, 147148, 152154, 167, 170,
7
Recombinant humanized anti-IgE monoclonat
antibody (ThuMAbE2S), 137-138, 348,
150151
Regulstory apphications, Information ineluded
in, 20, 21
Regulatory dosuments, 22-23
Regulatory puidelines, 7
Regulatory Heense for dmug product, results
required to apply for, 20
Residues; see alse Methionines and methionine
residues .
asparagine (Asn), §6-97
acivent acoessibiiity, 96~97
Response surface methodology (RSM), 47-48
Salts: see Buffersisalts
SASE (acid-soluble spore proteins), $7-98
Sequence apafysis, 190
Serine hydroxymethylransforase (SHMT), 51
Sedivm chiotide (NaCT}, 118
Sodimmn dodecyl sulfam (SDS), 160
Solid dogage forms, 1112

Index

Solahikizer, 1¢
Schutes, excluded, 99
Solvent accessibility of residues, 96-57
Spectroscopy, 7, 5051, 191-192
Spray-drving of proweins, 156
conditions, 10
drying air vohmeaic flow gae, 147
liquid feed rate and atomising air
volametic flow rate, 146147
tamperature {1, . T 140-146
developments in last 10 years, 136-138
efqipment, 132140
formmiated systems, 149151
influence of fornuiation, 147
pute proteins, 147.-149
reagons for, 135136
use of added swrfzce active substances, 151
136
Stability (physical), protein, 61-62, 73, 181
kinetic control of, 6365
physical factors affecting, 7072
self-stabilization, 69-70
thermodynamic control of, 6263
Stability problems, iypical
catses aind solutkons, 13
Stability protocols, 193194
Stability studies, 3
gcceteruted, 5-6
guidelines for, 20
storage, 13-16
Stabilization, strectmral, 187
Stabilizers, 14
net-specific, 96, 187
Storsge stability studies, 1516
Siress testing, non-isothermal, 194
Sueroge, 66, 113, 134, 120121, 138, M40, 13,
see alve under Untolding
Sugar; see also Suctose
rationale for choies of stabiliving, 120-12]
Suiface denaturation, 13
Surface tenston, 165
Surfaces, proteits and surfactanss af, 161-168
Sutfactapt-protein interactions, 159160
in solution, 166167
Surfactants, 183
sffects on protein asserably state, 167169
effects on proteins duning freeving, freeze-
drying, and reconstifution, 69170
non-tonic, 160, 161
enyymatic depradation of, 170
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Surfactants {cont}
noniogic, 0 inhibit aggregation, 127
recomnmendations for protein Formulation,
H-171
at surfaces, 16-166

Tag sequences, 44

Temperature, and stabifity, 7071

Tetrapeptides, 90

Thermal analysis, 7

Thermodynamic box, classical, 77-78

Tirnashei! preferential exclnsion mechanism,
EDE

Tomicity, 182

Tonteity modifier, 14

Transportation of products, 16

Trehalose, 113, 126-121, 149, 1530, 134, 135, see

also under Unfolding

Page 221 of 228

203

Trypsinogen, 138, 1438

Turbidity, 7

Tweon 20, 164170

afbtype acid-soluble spore profeins
(aH-SASP), 97-98

Unfolding
dehydration-indaced, 123124
equilibrium, 62
tyophilization-induced, 112-113

* trehalosedsnerose to inhibiy, 120126

Water replacement hypothesis, 149, 151
Water replacernent mechamism(s), 123124
Wide-angle X-ray diffraction (WAXS), 150
Wyman Hokage fonction, 73-78
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