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Series Preface

The universe of biopharmaceutical development revolves around the use of protein
science to develop and characterize diagnostic and therapeutic products. Protein
Science is a series of books addressed to the application of protein science to bio-
technology. Applications of protein science include site-specific chemical modifica-
tion; spectroscopy and spectrophotometry; electrophoresis; hydrodynamic analytical
techniques such as viscosity, light scattering, and analytical ultracentrifugation; chro-
matographic fractionation including size-exclusion chromatography; and expression
and purification systems. This series is directed at the practitioner of commercial
biotechnology so there will be volumes on drug product classes including plasma
protein products, monoclonal antibodies, cytokines and chemokines, and receptor
proteins. To the extent that the series is focused on commercial biotechnology, there
will be less discussion of “cutting-edge”” and more discussion of direct application of
proven new technologies to the study of protein therapeutics. The various volumes
will be published in a timely manner to assure immediate value to the biotechnology
community.



Preface

This book has been designed to gather as much of the technology for the conforma-
tional analysis of biopharmaceutical polymers as possible into a single volume. It is
not intended to cover the use of a specific technology in detail. Rather, it is intended
to provide sufficient information and references to establish the basis for the selec-
tion of a specific experimental approach that would be the most cost-effective in the
study of biopolymer conformation. Thus, coverage of some technologies is brief
since they have little application to biotechnology products; this is not meant to
suggest, however, that such technologies are not of great value in basic science
studies. There is also an emphasis to describe studies where multiple technologies
were used to address conformational change.

The next several years will see increased interest in the conformational analysis
of biopharmaceutical polymers resulting from the development of biosimilar or “fol-
low-on” biological products. The activity of many biopharmaceutical polymers is
dependent on conformation. Thus, a comparison of a “‘generic” (off-patent) biologi-
cal medicinal product with the originator product includes conformational analysis.
A clear understanding of what any differences between products mean or do not
mean is critical; thus, the need for independent methods of analysis. It is hoped that
this book will emphasize the need for science over hype, the need for rational analy-
sis rather than “smoke and mirrors.” Also, renaming a technique does not increase
its value in any way.

Finally, I would be remiss if I did not thank Professor Bryce Plapp of the University
of Towa for his continued support of the thermodynamically challenged. Professor
Charles Craik of the University of California at San Francisco has also provided
some useful advice as has Professor Don Gabriel of the University of North Carolina
at Chapel Hill. T am also most indebted to Jill Jurgensen and Barbara Norwitz of
Taylor & Francis for their support.
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Introduction to
Biopharmaceutical
Conformational Analysis:
Issues and Methods

Most biopharmaceuticals are proteins or protein conjugates and are considered to
be biopolymers. Proteins have a unique conformation in solution, which is a prod-
uct of diverse covalent and noncovalent interactions. It is generally accepted that
the primary structure of proteins dictates the secondary and tertiary structure of
that protein and the final conformation is stabilized by the aforementioned cova-
lent and noncovalent interactions. These interactions can be intramolecular or
intermolecular; intramolecular interactions dominate at low protein concentration
while intermolecular interactions are more significant at higher protein concen-
tration where such forces are involved in processes such as aggregation. That is
not to say that intermolecular interactions are not important at low protein con-
centrations; however, such interactions are usually driven by specific multivalent
interactions.!

The study of protein conformation has been of great interest for the study of
the relationship between structure and function®* for some time and for the study
of protein folding.>® The emergence of biosimilars in commercial biotechnology’'*
has increased interest in the use of protein conformation study in comparability
studies.!>'® Comparability is also of importance when there are process changes,
formulation changes, and change in source material.'®-%3

Protein conformation is the combination of secondary structure (helix, pleated
sheet)?*3" and tertiary structure.’'-7 It is generally accepted that primary struc-
ture drives secondary structure, which in turn drives the formation of tertiary
structure,-40

The characterization of a protein therapeutic is a critical part of the development
and drug approval process. Classic methods such as sequence analysis, composi-
tional analysis, solution behavior with particular emphasis on the formation of aggre-
gates and, more recently, analysis by mass spectrometry are used in the evaluation of
protein structure as a biopharmaceutical. The question then is what quality attributes
are critical for product performance and what physical/chemical techniques would
effectively measure these attributes. It is generally accepted that immunogenicity is a
most significant problem. Issues with glycosylation, which influence product half-life
and may influence immunogenicity, are also of importance. The problem of immu-
nogenicity is discussed below and elsewhere in detail*'-0 as are techniques for the
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evaluation of glycosylation.*’->* Glycosylation presents a little amount of challenge:
while glycosylation is important for circulatory half-half (specifically the covering
of galactose/galactosamine by sialic acid), there is precious little evidence to suggest
a true functional role for glycosylation.

Most solution protein chemistry characterization assays for biologics have focused
on chemical structure and biological activity. There is somewhat less interest in the
use of conformational analysis. There are several reasons for this. First, to a certain
extent, conformational analyses for purposes of identity or comparability only are
useful if there is no change: if there is change, it is usually, but not always, difficult
to quantitate as compared, for example, to a chemical modification in the peptide
chain. However, there are a variety of techniques that can be used to study protein
conformation.>

Analytical techniques such as amino acid analysis and mass spectrometry pro-
vide information regarding the chemical structure of the product. Techniques such as
electrophoresis, chromatography, and size exclusion chromatography provide infor-
mation about purity and can, in selected situations, provide insight into conformation
and chemical structure. Hydrophobic interaction chromatography®>-° can also be
useful in the study of conformational changes in proteins.®0-¢’

The past 40 years have provided an increase in the sophistication of the tech-
nologies available to measure conformational change in proteins; there has not been
an increase in the parameters measured. Kauzmann® proposed a classification sys-
tem for the levels of conformation similar to the general classification of primary,
secondary, tertiary, and quaternary structure, which separated conformation issues
into shape properties and short-range properties. Shape properties (long-range) were
parameters dependent on the overall shape (globular, rod, etc.), which might be rela-
tively insensitive to changes in the immediate vicinity of amino acids and peptide
bonds. Short-range properties include parameters defined by the immediate envi-
ronment around individual amino acid residues. Granted that this is an imperfect
separation, it does prove useful. Schellman and Schellman® reviewed the problem of
conformation change in proteins in 1964 and as observed by Cantor and Timascheff,*
there had been no change in the some 20 years between the two reviews. There has
been a marked increase in the sophistication of the instrumentation, and Schellman
and Schellman extended Kauzmann’s earlier suggestions. Shape properties included
hydrodynamic parameters such as frictional coefficient and viscosity changes and
solution properties such as fluorescence depolarization and flow birefringence. Also
included in shape is electron microscopy, dipole moments, and diffusion through
controlled pore membranes (thin film dialysis).”’-’> Short-range properties are, to
some extent, “micro” properties as compared to the “macro” properties of shape.
Schellman and Schellman include optical properties such as absorbance (IR, UV)
and circular dichroism and chemical properties such as side chain reactivity (trace
labeling, chemical footprinting), individual pK,’s, hydrogen isotope exchange, bio-
logical activity, and immunogenicity as short-range properties. Also included in
short-range properties are nuclear magnetic resonance (NMR) and binding of small
molecules such as dyes. This division is admittedly imperfect; for example, immu-
nogenicity could be more accurately defined as a shape property but reactivity is
dependent on epitopic change.
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Most of the techniques used for the conformational analysis of protein were
developed either for the study of protein denaturation or, more recently, for the study
of protein folding. The focus of this chapter is directed toward the application of
solution protein chemistry to the study of conformational change associated with
the processing of biotechnology products. These changes can be considered more
closely related to denaturation than to protein folding. Denaturation’ can be consid-
ered to be phenomena associated with the change in the spatial arrangement of the
polypeptide chains in a protein (tertiary structure) from the native, ordered structure
to a more disordered structure in an irreversible process. Denaturation is usually,
but not always, associated with loss in solubility. Denaturation is not usually asso-
ciated with the cleavage of the peptide chain. There are, however, situations that
seem to be a slight exception to this; the conversion of fibrinogen to fibrin and the
cleavage of peptide chains. Protein denaturation is frequently, but not always, associ-
ated with the loss of biological activity as it has long been accepted that configura-
tion is important for biological activity.”4” Protein denaturation is not necessarily
irrereversible’s-8! but there can be a divergence in the quality of structure recovery
dependent on measurement.®>-3* The key to renaturation is, in part, dependent on
the quality of protein; for example, while some zymogens (e.g., pepsinogen) can be
reversibly inactivated under conditions where active enzymes (e.g., pepsin) are irre-
versibly inactivated.33-%7 On the other hand, trypsin can be reversibly denatured®®3°
and may be more stable than trypsinogen to denaturation.”*-*2 Techniques such
as light scattering®>-*® and analytical ultracentrifugation®-1% provide information
about the shape and solution behavior of the material (tertiary structure and quater-
nary structure). These two techniques together with size exclusion chromatography
are critical for the evaluation of aggregation in pharmaceutical preparations. There
is also reason to consider measurement of the second virial coefficient. The second
virial coefficient is a factor used to correct for the nonideal behavior of a particle.
Virial coefficients were originally developed as a series of coefficients of inverse
powers of Vin a polynomial series to approximate the quantity of pV/RT in an equa-
tion of state of an ideal gas or similar collection of particles.!*>! From a practi-
cal perspective, the second virial coefficient is related to the excluded volume of
a particle!”1%® and is important in accounting for protein—protein interactions and
molecular crowding.!?-112 The excluded volume of any particle depends on shape
and can be defined as the volume surrounding and including a given object, which is
excluded to another object.'”” The second virial coefficient is mentioned most often
in the study of the osmotic pressure of proteins but has general use for the study of
protein—protein interaction.'*-'?” The reader is recommended to articles on protein
shape,'28-132 as this attribute is frequently overlooked in favor of the more sophisti-
cated approaches discussed below.

Techniques such as circular dichroism,'*3-140 optical rotatory dispersion,514-147
Fourier transform infrared spectroscopy (near infrared [NIR]),'#3-157 NMR,!58-170
intrinsic fluorescence,'”!-182 binding of fluorescent probes,'#*-1°2 hydrogen—deuterium
exchange,!?3-27 differential scanning calorimetry,?’8-224 Raman spectroscopy,225-24!
protein footprinting,*?-2#" limited proteolysis,?*3-2%° and trace labeling?®®-2* can pro-
vide information about secondary and tertiary structure. NIR spectroscopy is also
useful for noninvasive determination of moisture.26°-276
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One of the major problems with the use of most of these techniques is the
requirement for substantial amounts of protein. This can be an issue with thera-
peutic proteins, which are biologically active at the microgram level and the use of
a destructive analytical technique is difficult to justify. However, the use of mass
spectrometry for analysis enhances the sensitivity and therefore the value of hydro-
gen isotope exchange and trace labeling. An analysis of the literature indicates that
optical rotatory dispersion is of limited value today as compared to other analytical
technologies.

The key issue is—what is the question that you wish to answer? Each of the
various techniques has the potential to show changes in conformation secondary
to changes in the solvent environment. However, what is the relationship of these
changes to biological activity, in vivo clearance, or immunogenicity? In the case of
a biopharmaceutical, if you lose activity, you are losing product. Creation of new
epitopes (increase or change in immunogenicity; neoantigenicity) either results
in an unfortunate immunological response or increased product clearance.*>44277
Changes in the immunological properties of biotherapeutic proteins can be identi-
fied by established immunoassays.*78-28! Changes in glycosylation such as the loss
of sialic acid (exposure of galactose/galactosamine) can also increase the rate of
product clearance. The demonstration of conformation change in a protein does not
necessarily predict a loss of activity or neoantigenicity but can provide insight into
the chemistry responsible for such changes. The material below described the rela-
tionship between the chemical modification of a protein and changes in secondary
or tertiary structure.

First, while the following discussion emphasizes changes in protein conforma-
tion (secondary and tertiary structure), primary structure and quaternary structure
should be briefly considered. Changes in primary structure can be divided into two
categories: first, the modification of individual amino acid residues, which is cov-
ered in great detail in Chapter 18 and, second, the cleavage of peptide bonds mostly
by proteolytic enzymes or chemical means (i.e., cleavage at asparagine?$>-2%0),
Changes in primary structure will be discussed as such changes in primary struc-
ture influence secondary and tertiary structure; changes in quaternary structure
are in turn driven by changes in secondary and tertiary structure. As practical
note, this author is not aware of any biotherapeutic proteins that were displaying a
quaternary structure as an issue; however, general issues of protein—protein inter-
action, which are important for quaternary structure, are important in the action of
most protein biotherapeutics.

Protein conformation can be influenced by both physical and chemical agents.
One of the more lively discussions 40 years ago concerned the effect of site-specific
modification on protein conformation with respect to the elucidation of the relation-
ship between chemical structure and biological function. Without belaboring the
detail, it was generally accepted that it was possible to accomplish the site-specific
chemical modification of a protein without gross conformational change, but it was
always useful to evaluate such potential changes.?’-?%° This has been an active area
of interest with the PEGylation of proteins.??0-2%3



Introduction to Biopharmaceutical Conformational Analysis 5

REFERENCES

I

10.

11.

12.

13.

14.

15.

16.

17:

18.

19.

20.

Stevens, F.J., Analysis of protein—protein interaction by simulation of small-zone size-

exclusion chromatography: Application to an antibody—antigen association, Biochemistry
25, 981-993, 1986.

. Sung, M., Poon, G.M.K., and Gariépy, J., The importance of valency in enhancing the

import and cell routing potential of protein transduction domain-containing molecules,
Biochim. Biophys. Acta 1758, 355-363, 2006.

. Schellman, J.A. and Schellman, C., The conformation of polypeptide chains in proteins,

in The Proteins, 2nd edn., Vol. 2, ed. H. Neurath, Academic Press, New York, pp. 1-137,
Chapter 7, 1964.

. Fasman, G.D., Prediction of Protein Structure andthe Principles of Protein Conformation,

Plenum Press, New York, 1989.

. Nall, B.T. and Dill, K.A., Conformation and Forces in Protein Folding, AAAS,

Washington, DC, 1991.

. Merz, K.M. and Le Grand, S.M., The Protein Folding Problem and Tertiary Structure

Prediction, Birkhéduser, Boston, MA, 1994.

. Schellekens, H., Biosimilar therapeutic agents: Issues with bioequivalence and immuno-

genicity, Eur. J. Clin. Invest. 341, 797-799, 2004.

. Kessler, M., Goldsmith, D., and Schellekens, H., Immunogenicity of biopharmaceuti-

cals, Nephrol. Dial. Transplant. 21(Suppl. 5), v9-v12, 2006.

. Gerrazani, A.A., Biggio, G., Caputi, A.P. et al., Biosimilar drugs: Concerns and oppor-

tunities, BioDrugs 21, 351-356, 2007.

Roger, S.D. and Mikhail, A., Biosimilars: Opportunity or cause for concern? J. Pharm.
Pharm. Sci. 10, 405410, 2007.

Pavlovic, M., Girardiin, E., Kapetaneovic, L. et al., Similar biological medicinal prod-
ucts containing recombinant human growth hormone: European regulation, Horm. Res.
69, 14-21, 2008.

Moran, N., Fractured European market undermines biosimilar launches, Nat. Biotechnol.
26, 5-6, 2008.

Kawanishi, T., Regulatory perspective from Japan—Comparability of biopharmaceuti-
cals, Biologicals 34, 65-68, 2006.

Lubiniecki, A.S. and Federici, M.M., Comparability is not just analytical equivalence,
Biologicals 34, 45-47, 2006.

Kuhlmann, M. and Covic, A., The protein science of biosimilars, Nephrol. Dial.
Transplant. 21(Suppl 5), v4—v8, 2006.

Deechongkit, S., Aoki, K.H., Park, S.S., and Kerwin, B.A., Biophysical comparability
of the same protein from different manufacturers: A case study using Epoetin alfa from
Epogen and Eprex, J. Pharm. Sci. 95, 1931-1943, 2006.

Heavner, G.A., Arakawa, T., Philo, J.S. et al., Protein isolated from biopharmaceuti-
cal formulations cannot be used for comparative studies: Follow-up to a “case study”
using Epoetin Alpha Form Epogen and EPREX, J. Pharm. Sci. 96, 3214-3225,
2007.

ICH 5QE: Comparability of biotechnological/biological products subject to changes in
their manufacturing process, International Committee on Harmonisation, http://www.
ich.org; http://www.ich.org/cache/compo/276-254-1.html, 2005.

DeFelippis, M.R. and Larimore, F.S., The role of formulation in insulin comparability
studies, Biologicals 34, 49-54, 2006.

Petriccciani, J., A global view of comparability concepts, Dev. Biol. (Basel) 106, 9—13,
2002.



21,

22

23.

24.
25.

26.

27

28.

29.

30.

31,

3Z.

33.

34.

35

36.

37.

38.

39,

40.

41.

42.

43.

45.

Approaches to the Conformational Analysis of Biopharmaceuticals

Moos, M. Jr., Regulatory philosophy for comparability protocols, Dev. Biol. (Basel)
109, 53-56, 2002.

Chirino, A.J. and Mire-Sluis, A., Characterizing biological products and assessing com-
parability following manufacturing changes, Nat. Biotechnol. 22, 1383—-1391, 2004.
Simek, S.L., Characterization of gene therapy products and the impact of manufacturing
changes on product comparability, Dev. Biol. (Basel) 122, 139-144, 2005.

Robertson, J.S., Changes in biological source material, Biologicals 34, 61-63, 2006.
Sewerin, K., Shacter, E., Robertson, J., and Wallerius, C., Changes in biological source
materials, Biologicals 34, 71-72, 2006.

Johnson, W.C. Jr., Protein secondary structure and circular dichroism: A practical guide,
Proteins 7, 205-214, 1990.

Yada, R.Y., Jackman, R.L., and Nakai, S., Secondary structure prediction and determi-
nation of proteins—A review, Int. J. Pept. Protein Res. 31, 98-108, 1988.

Andersen, C.A. and Rost, B., Secondary structure assignment, Methods Biochem. Anal.
44, 341-363, 2003.

Pelton, J.T. and McLean, L.R., Spectroscopic methods for analysis of protein secondary
structure, Anal. Biochem. 277, 167-176, 2000.

Xie, M. and Schowen, R.L., Secondary structure and protein deamidation, J. Pharm.
Sci. 88, 8-13, 1999.

Blow, D.M., Chymotrypsin: Tertiary structure and enzymic activity, Biochem. J. 110, 2P,
1968.

Crippen, G.M., Correlation of sequence and tertiary structure in globular proteins,
Biopolymers 16, 2189-2201, 1977.

Richardson, J.S., Describing patterns of protein tertiary structure, Methods Enzymol.
115, 341-358, 1985.

Barton, G.J. and Sternberg, M.J., A strategy for the rapid multiple alignment of pro-
tein sequence. Confidence levels from tertiary structure comparisons, J. Mol. Biol. 198,
327-337, 1987.

Wang, C.X., Shi, Y.Y., and Huang, F.H., Fractal study of tertiary structure of proteins,
Phys. Rev. A 41, 7043-7048, 1998.

Meiler, J. and Baker, D., Coupled prediction of protein secondary and tertiary structure,
Proc. Natl. Acad. Sci. USA 100, 12105-12110, 2003.

Shen, B.W., Spiegel, P.C., Chang, C.H. et al., The tertiary structure and domain organi-
zation of coagulation factor VIII, Blood 111, 1240-1247, 2008.

Sela, M., Anfinsen, C.B., and Harrington, W.F., The correlation of ribonuclease activity
with specific aspects of tertiary structure, Biochim. Biophys. Acta 26, 502-512, 1957.
Anfinsen, C.B., The tertiary structure of ribonuclease, Brookhaven Symp. Biol. 15,
184-198, 1962.

Anfinesen, C.B., The formation of the tertiary structure of proteins, Harvey Lect. 61,
95-116, 1967.

Mire-Sluis, A.R., Challenges with current technology for the detection, measurement
and characterization of antibodies against biological therapeutics, Dev. Biol. (Basel)
109, 59-69, 2002.

Hermeling, S., Crommelin, D.J.A., Schellekens, H., and Jiskout, W., Structure—
immuonogenicity relationships of therapeutic proteins, Pharm. Res. 21, 897-803,
2004.

Sampaio, C., Costa, J., and Ferreira, J.J., Clinical comparability of marketed formula-
tions of botulinum toxin, Mov. Disord. 19(Suppl 8), S129-S136, 2004.

. Frost, H., Antibody-mediated side effects of recombinant proteins, Toxicology 209,

155-160, 2005.
Thorpe, R. and Swanson, S.J., Current methods for detecting antibodies against erythro-
poietin and other recombinant proteins, Clin. Diag. Lab. Immunol. 12, 28-39, 2005.



