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This paper reviews the basic principles of the recently developed self-interaction
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crystallization. It gives experimental protocols for both normal-scale and micro-scale { Deteted: in
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SIC experiments, and reviews recent developments and current application of this \ { Deleted: micro

novel technique in the biopharmaceutical area. This paper aims to be a benchmark in

the further proliferation of this highly effective and fast technology for the rational
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design of stable aqueous formulations of therapeutic proteins and the determination

of solution conditions favoring protein crystallization.

1 Introduction

The use of proteins in industrial and pharmaceutical applications has become
increasingly common. For example, many monoclonal antibodies (mAbs) are
currently in the pipeline of biopharmaceutical drug development due to their high
binding strengths and specificities. However, antibodies are susceptible to
aggregation and degradation at elevated concentration. At the higher concentrations

currently reached in industrial production titers, proteins tend to aggregate and
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usually lose their potency. Protein drug formulations containing aggregates are d
known to cause an immunogenetic response and cannot be used. Preparation of very
high concentration of these antibodies at a very low volume per dose is critical.
Therefore, predicting or quickly measuring aggregation behavior is paramount for

B { Deleted: protein
proper formulation development of protein-based biopharmaceuticals. 7
Modern biochemistry relies on the structural information provided by protein
crystallization to understand fundamental mechanisms of action. Knowledge of
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protein solubility is grucial for understanding the crystal growth and crystallization .~ { Deleted: 1o
process of proteins. In the native state, proteins can be crystallized by the addition of
a precipitating agent, which may for example be a neutral salt, a high molecular
weight polymer such as PEG, or a small organic compound such as
methylpentanediol [1, 2]. The addition of salts, like NaCl, screens the protein
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protein crystallization [3]. Growing evidence suggests that protein crystallization can

be understood in terms of phase transition in a system of weakly attractive particles
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[4]. Controlling these attractions is gssential for growing the crystals. However, a P [ Deleted: key
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priori prediction of protein pair potentials governing these attractions is a difficult
task and remains a significant challenge in determining crystallization conditions.

Experimental methods for characterizing the influence of solution conditions (pH,
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ionic strength, temperature, efc.) on the pair potential would provide the 7
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Protein-protein interaction phenomena occur throughout the range of pharmaceutical
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operations; aggregation as a competitive reaction to refolding; precipitation steps;
and inadvertent crossings of solubility thresholds in purification and finishing
processes [5]. Underlying all of these areas is physical protein stability. Physical
protein stability can roughly be defined as the inability for a protein to form protein

aggregates, protein crystals or an amorphous protein in a stored solution. Physical
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stability differs from chemical stability in that no chemical modifications of the P [ Deleted: ent

protein or peptide occur. Measuring realistic protein solubility is hampered by the

ability of proteins to supersaturate. Supersaturated solutions generally are not
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physically stable over storage, periods of months or years. Physical protein stability is .-
a particularly relevant issue today in the pharmaceutical field, as indicated above, and
will continue to gain more importance as the number of therapeutic protein products

in development increases.

Protein-protein self-interactions under varying conditions are important, and

screening tools are being developed. One of the parameters capturing protein-protein
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screened using self-interaction chromatography (SIC). The aim of this paper is to
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review the important factors governing protein solution stability,and protein o
crystallization propensity, and to describe the novel SIC methodology and its
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of protein solutions during nucleation and post-nucleation growth [6] and also to
estimate the particle-size distribution in the protein aggregate mixture [7]. Results
from these types of experiments have been used to postulate the existence of a critical
nucleus to sustain growth [8, 9] and to differentiate between the formation of craggs
(aggregates which eventually result in protein crystals) and praggs (aggregates which

eventually result in amorphous protein precipitates) [10]. Light scattering to
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relatively large amounts of protein are needed. Therefore, there is still a genuine

interest among protein crystallographers for the development of a quantitative pre-
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second virial coefficient (B2;),as a predictor for protein crystallization and showeda .-

correlation between protein crystallizability and Bz,. Their work demonstrated that
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B { Deleted: Thereafter,

a decrease in B»; indicated a shift toward protein self-interaction [12]. Solution P [ Deleted: s

conditions conducive to crystallization have been shown to correspond to slightly
negative values of By, [11, 13]. Such conditions denote weak attraction, whereas

stronger attraction (more negative B;;) was found to correlate with amorphous
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measured virial coefficients could be used to predict solubility within the framework
of the sticky hard sphere model, suggesting that short-range attraction is dominant in
governing phase behavior. The empirical relationship between the second virial

coefficient and solubility of proteins was well supported by complementary studies
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Over the years, B;; has been correlated to physical protein stability; that is, solubility
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For example, Ahamed g7 al. [24] generated a universal protein phase diagramin .
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IDEC152. This link between molecular interactions in terms of B, and protein
crystallization thus offered hope that screening the second virial coefficient values

may be useful for the predictive crystallization of proteins not crystallized previously.

2.2 Measurement and application of B,

Despite the potential utility of By, it was rarely used in biotechnology,
pharmaceuticals, and structural biology because the main techniques for

measurement were slow, sample intensive, and required significant expertise. Over
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Further, with these methods it is difficult to measure interactions between different
proteins because the second virial coefficient of individual proteins must be

determined before making measurements on the mixture. Patro and Przybycien [28],
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conventional Bz, measuring techniques and SIC is given in Table 1.

((Table 1))
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é requires an order of magnitude less protein (<0.002 mg per By, value), hasrapid o
g measurement time scales (<5_min per B, value) and thereby the possibility to

6 generate hundreds of B», measurements per day. It has to be noted that the minimum
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g amount of protein (Table 1) required in MO, SLS and SEC are calculated on the o
12 basis of minimum sample volume that can be handled by the measuring instrument.

12 In case of SIC, as protein is immobilized on column wall, the retention of protein
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i? coverage, multibody interactions give inconsistent B,, values and experiments

ig ’ suggest a surface coverage of 15% to be adequate for optimum coupling [30]. Hence,

32 the minimum amount of injectable protein on a SIC column depends on the number

22 of protein molecules immobilized inside the chromatography column with an optimal

23

24 surface coverage. There has been a substantial decrease in the amount of injectable

25

26 ‘ protein needed with the advent of the micro-SIC platform. The reproducibility of SIC

27

28 is good, but since all the measuring techniques have an inherent inaccuracy, it is

29

30 difficult to state that the SIC technique is the most accurate one. Nevertheless, the

31

32 measurements from SIC and micro-SIC are reproducible and results fall well within

33

34 the scattered literature data set.
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36 Experimental evidence of the suitability of SIC for measuring B, for numerous
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38 proteins, such as BSA [29], myoglobin [29], lysozyme [30-34], equine serum o
39

40 albumin [32], chymotrypsinogen [34] and ribonuclease A [35] has been well
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42 documented over the years. The reproducibility along with the accuracy limit of By,

43

44 for lysozyme was found to be superior using SIC methodology (also known as

45

46 quantitative affinity chromatography [33]) in comparison to other traditional

47

48 techniques [30]. A modified form of SIC, referred to as cross-interaction

49

50 chromatography, was also used to study weak protein interactions (B,3) between
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the suitability of measuring the osmotic second virial coefficient by SIC to predict
crystallization conditions for proteins. Currently, the B, screening method is being

extended to become a rational approach to find solution conditions for crystallizing
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large molecules that have not yet been crystallized, 7

In just over a decade, SIC technique has developed from a qualitative protein

purification [41, 42] and formulation screening approach [28] to a viable method for

quantitatively assessing physical protein stability with applications to rational protein
’ crystallization [34, 42, 43] and macromolecular formulation development [44]. The

SIC methodology not only exploits the specificity of protein-protein interactions that
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formulation additives as physical stabilizers against aggregation. The sensitivity of
the SIC technique and the ease of operation and automation makes it very attractive

as a formulation tool, a convenient way to probe protein-protein interaction sites in

B { Deleted:

as well as

Current applications and views on evaluating protein self-interaction through B;»,
along with technological advances and direct comparison between experimental

approaches, have been summarized in recent reviews [30, 42].
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2.3 Principle of SIC 2

In traditional liquid column chromatography, the ligand of interest is immobilized on
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10 a chromatographic support, a front of ligate in a suitable solution is passed over the
12 stationary phase, and the column effluent is monitored for ligate breakthrough. The

14 retention time reflects the average strength of the interaction. SIC is an affinity

B { Deleted: where

18 chromatographic ligand and ligate [28]. The SIC approach involves covalently
immobilizing protein on chromatographic particles, packing the particles into a

column, and measuring the retention time of a pulse of the same protein injected into
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((Figure 1))
The relative retention of the protein pulse provides a measure of the average protein-

protein interactions. The retention pattern obtained from an SIC run can be used to
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favorable for crystal growth so that specific binding interactions associated with
crystallization can potentially be harnessed in a chromatographic mode. Provided that
the immobilized protein retains its native 3-D structure, the resulting retention time
will reflect the average protein-protein interaction energy under the solution

conditions employed.

2.3.1 Micro-SIC technology

Rapid advances in micro fluidic technology are revolutionizing chemical and

platform for the rational design of protein crystallizations, using substantially less

expensive protein and experimentation time.

10
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3 SIC protocol

3.1 Protein immobilization on solid surfaces

Immobilization of proteins onto solid surfaces is of great importance and several
strategies exist for linking proteins to surfaces, which are mainly based on physical,
covalent and bio-affinity immobilization mechanisms. Immobilized proteins can be
used as a valuable tool for rapid characterization and high-throughput analysis of
thousands of proteins by identifying protein-protein [53], protein-small molecule [54]
and protein-nucleic acid [55] interactions. The interaction of proteins with the surface
is a complex process dependent upon the nature of the individual protein, its
absorbed protein.

Protein immobilization involving physical adsorption suffers from inherent drawback
of non-specific interactions resulting from random orientation mechanism [56].
Covalent attachment of proteins to solid surfaces is becoming increasingly important
in the field of biotechnology. Most methods that involve covalent attachment rely on

non-selective chemical attachment by the reaction between various possible

chemistry is random in nature and often results in heterogeneous immobilization
pattern. Site-specific immobilization, on the other hand, overcomes the limitation of
random immobilization, resulting in optimal and well-ordered attachment on solid

supports [58]. Bio-affinity immobilization, a site-specific variant, offers the

11
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additional advantage of homogeneous attachment and also the possibility of
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detaching the proteins from the surface resulting in a plug-play-type immobilization .-
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To set up an SIC experiment, the first step is to immobilize protein molecules on the .~

chromatography media. The immobilized proteins should be tightly bound to the
solid surface and should not get detached during the experimentation. For the

purpose of self-interaction, the chromatographic material should not have any other
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Chromatography media used till date in the field of SIC are activated agarose [33],
Toyopearl-tresyl [31, 32], Toyopearl-amino [35] and Toyopearl-formyl [34] groups.

There is no concrete general immobilization chemistry and a variety of proteins
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good options for SIC. Optimum coupling can be achieved with a surface coverage of
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direction. The pattern of immobilization, either random or specific, can be obtained
by carrying out limited proteolysis of the immobilized protein and observing the

obtained peptide distribution pattern. More description on the possible influencing
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1
2 parameters and the detailed experimental considerations for the design of a protein
3 B { Deleted: self-interaction
g SIC can be found in literatare (30. L~ | chromatography
6
7
g 3.1.2 Micro-SIC
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hindrance from the vicinity of the support. The protein was then covalently coupled

to the APTES molecule activated by glutaraldehyde. The schematic description of the

B { Deleted: self-interaction

setup used for micro fluidic SIC runs is shown is Fig. 3. . chromatography
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((Figure 3))
Experiments were carried out to monitor lysozyme retention times as a function of
NaCl concentration in the mobile phase under different pH conditions. The labeled

protein solution was then passed through the microchip by a continuous buffer flow

B { Deleted: means of

B { Deleted: by
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of being at least an order of magnitude less expensive in terms of the amount of
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characterization methods.

4 B, results and applicability to the crystallization slot

The key to growing high-quality protein crystals is knowing which solution

conditions (temperature, pressure, protein concentration, precipitating agent
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extensively screen in a wide range of solution conditions, out of which a number of
conditions give a “hit”. Over the years, it has been observed that there is a
commonality to the solution conditions that give the experimenter the “hit” and that

commonality is expressed as the By, value. It is postulated that protein crystallization
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precipitation while in foo-negative B», conditions, amorphous precipitates dominate.
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successfully reported [11]. The link between B», and protein crystallization
conditions offers the possibility that screening B, values may be useful for the
predictive crystallization of proteins proven difficult to crystallize. This also gives the

experimenter a fair insight into possible modification of solution conditions so as to
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push a particular protein into the crystallization slot. Nevertheless, for identical
solution conditions, changes in the solubility trend of different proteins can be related
to the observed B>, behavior and can be used as a predictive tool for crystallizing

industrially relevant proteins.

B { Deleted: ((Figure 5)){

B { Deleted: ml

crystallization slot hypothesis for proteins [11], it would be possible to rationally
increase the solubility of any given peptide by measuring the peptide virial
coefficient and adapting to those solution conditions where By is positive. Although
it is known that peptides self-associate in aqueous solutions, their ability to scatter
light is very weak, making the SLS technique inadequate for virial coefficient

measurements. Recently, SIC, which does not have the same molecular size

limitations as SLS, has been successfully used, for the first time, for the measurement

of the virial coefficient of a 36-amino acid therapeutic peptide “Enfuvirtide” as a
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relatively rapid fashion and also suggested the practical applicability of the

measuring technique, SIC.
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The number of protein-based therapeutic products is growing. The main issues in
developing these products are in-process stability and solubility. In addition to the

stability during_the manufacturing process, the protein formulation products should
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é be physically, chemically and biologically stable for a long shelf life [73]. Protein
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with the marked increase in the enzymatic activity (Fig. 6b). This was not only an 7
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industrially relevant enzymes.

((Figure 6))

Recently, intermolecular interactions of lysozyme in native and denatured state, in
the presence of different co-solvents, were also characterized in terms of By,
determined by SIC [81]. The results indicated that SIC can be used as a rapid

screening process for estimating B, values of different protein
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refolded protein product by enhancing the protein folding rate. In another study,
protein self-interactions (By;) for untested formulation conditions were measured by a
high-throughput SIC approach by combining an incomplete factorial screen
technique with an artificial neural network model [82]. It can be seen that B,, can not
only predict solubility behavior, but can also predict the protein colloidal stability.
Miniaturized SIC on a high-throughput automized platform can further accelerate the
determination of optimum conditions to improve the physical stability of drug

formulations. In future, this correlation can be used by pharmaceutical companies to
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fine-tune the colloidal stability fo obtain stable formulations of therapeutic proteins .~
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6 Concluding remarks
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Recent advances in the development of SIC technologies, especially the micro-SIC

technology platform, provide the opportunity of rapid screening of B, values of a
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42 Figure 5: Osmotic second virial coefficients (B22) as a function of precipitating salt concentration.
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7.4 (white circle with solid line) [29]; myoglobin at pH 7.0 (black circle with dotted line) [29];
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45 line) [71]; BSA at pH 6.2 (black square with dotted line) [71]; chymotrypsinogen at pH 6.8 (white
46 triangle with short dash line) [34]; malate dehydrogenase at pH 8.0 (white diamond with solid line)
47 [72]; ovalbumin at pH 6.0 (white inverted triangle with dotted line) [70]; peptide “Enfuvirtide” at
48 pH 9.0 (solid blue line, no symbols) [38].
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