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GENERAL ABSTRACT

In the present study, protein isoelectric point (pl), molecular weight (MW) and partitioning
coefficient (K) were characterized for a mixture of proteins using a three-dimensional (3D) method
which combined hydrophobic partitioning with two-dimensional (2D) electrophoresis. Protein pl and
MW were obtained from 2D gels directly using the known pl gradients and the positions of MW
standards. Protein partition coefficients were obtained by quantifying protein spot mass for the top
and bottom phase gels so that mass ratios could be calculated for matched spots. The characterized
three protein molecular properties were used to represent protein charge, size and surface
hydrophobicity, which showed different degrees of influence on protein separation behaviors in ion-
exchange chromatography (IEC).

Statistical models correlated the three characterized protein properties to retention times in
cation-exchange chromatography (CEC) using partial least squares (PLS) regression. The resulting
models fit well (R>=0.913 and 0.873 for SP and 158, respectively) considering the limited property
basis and the regression models were able to predict results for a small test set of proteins. The
models showed that pl and MW correlated positively with CEC retention time, while the net
influence of the partition coefficient depended on the base matrix type. This approach could be
extended to host protein extracts to provide guidance for purification of recombinant proteins or

choice of a suitable host for a particular recombinant protein.



CHAPTER 1.
GENERAL INTRODUCTION

1.1 Introduction

Recovery and purification of protein is the most costly part in recombinant protein production
because multiple separation steps are usually needed to remove major contaminants such as host
proteins, nucleic acids, and medium components. A great amount of experimental work is needed
because of the lack of elemental knowledge as regards the molecular properties of the host proteins.
The most frequently used protein separation methods usually operate based on the differences in
surface hydrophobicity, charge and size among target and host proteins. Investigation of those protein
properties for commonly used hosts and their influences on fundamental separation techniques could
establish a database for rational selection of purification strategies for recombinant proteins.

In addition to being used as guidelines for protein purification, the properties and their
relationship with separation behavior could also be used to select among alternative production hosts
or expression target organs on the basis of simplified protein purification.

Ion-exchange chromatography (IEC) is one of the most frequently used protein separation
technique because of its high resolution, modest cost and mild operating conditions. The main
interaction for binding and elution in IEC is electrostatic attraction, so protein charge should be
primarily responsible for binding in I[EC. However, a number of studies showed other protein
molecular properties such as protein size, hydrophobicity, shape, and charge distribution also
influenced protein binding in IEC (Malmquist et al., 2006; Hallgren et al., 2000; Yao et al., 2004; Xu
etal., 1998). Unfortunately, most of those studies were based on of a limited set of known proteins
and their models could hardly estimate the behaviors of a large number of unknown proteins in IEC.

This project is trying to simplify recombinant protein purification strategies and select proper
expression targeting by studying the measurable molecular properties of host proteins and their

relationship to IEC. In order to achieve these goals, two things need to be done: first, find a way to



measure protein molecular properties of large numbers of host proteins; second, test the correlation
between those measured protein molecular properties and IEC retention. The first task has been done
by Gu and Glatz (2007) using a three-dimensional (3D) method to characterize the surface
hydrophobicity (SH), isoelectric point (pl) and molecular weight (MW) of native corn proteins. The
second task will focus on two aspects: 1) modeling the correlation of the measured protein properties
and IEC retention times using a collection of model proteins for which IEC data are already available,
which is addressed in this thesis; 2) extending that correlation to native corn proteins, which will be
investigated in the future work.

1.2 Thesis Organization

This thesis includes three chapters. The first chapter is the general literature review, including
the importance of downstream process for recovery of recombinant protein, how protein properties
influence separation, relationships between protein properties and IEC behavior, modeling of IEC
retention based on protein properties, and the methods available to measure the three fundamental
protein properties.

In the second chapter, a statistical model is reported that correlates ion-exchange behavior with
properties obtained via three-dimensional characterization of proteins. The pl, MW and aqueous two-
phase partitioning coefficients of a set of model proteins were related to retention time in cation-
exchange chromatography (CEC) using partial least squares regression. How well those same three
properties could be determined for a mixture of proteins was also examined using methods reported
previously (Gu and Glatz, 2007). The resulting model fit well (r*=0.905) considering the limited
property basis, and the regression model was able to predict results for a small test set of proteins.
The model showed that pl and MW correlated positively with CEC retention time, while the
partitioning coefficient was negatively correlated.

The third chapter gives the overall conclusions.



1.3 Literature Review
Importance of downstream recovery of recombinant proteins

With the rapid development of transgenic techniques, a variety of hosts, including prokaryotes,
such as Escherichia coli, eukaryotes, such as yeast, mammalian and insect cells, animals, and plants,
have been developed and utilized to produce recombinant protein (Kusnadi et al., 1997). By the end
of 2007, 335 target proteins had been expressed in viruses, 8043 in Achaea, 58806 in bacteria, and
42239 proteins in Fukarya (Graslund et al., 2008).

However, among those recombinant proteins, only 35% of the viruses expressed proteins, 36%
of the Achaea expressed proteins, 30% of the bacteria expressed proteins and 19% of the Eukarya
expressed proteins have been purified (Grislund et al., 2008). Actually, recovery and purification of
recombinant protein is more challenging than production, and it is usually made up of 50-80% of the
total production cost for recombinant proteins. Mison and Evangelista (Menkhaus et al, 2004)
calculated that 94% of the annual operating cost for producing B-glucuronidase from transgenic maize
was attributed to downstream steps, while the grain production was only 6%. Thus, downstream
processing is very important in the whole recombinant protein production process.

Host cell proteins are one of the major contaminants to be removed to achieve highly purified
recombinant proteins. However, extensive experimentation is needed for process development
because of the lack of data on protein properties and limited models for how those proteins determine
separation behavior. Remedying those deficiencies would reduce the costs of process development for
large-scale recombinant protein production.

Processing and purification of recombinant proteins from transgenic corn

Tobacco, corn, soybean, canola and alfalfa have been used as plant hosts to produce recombinant
protein (Whitelam et al., 1993; Khoudi et al., 1999; Menkhaus et al., 2004). Among those crops, corn
was expected to be one of the most likely hosts for the commercial production of recombinant

proteins. The first reason is its abundant protein production per planted acre, which is the same as



protein produced by soy (Menkhaus et al., 2004). Furthermore, as the plant is a natural storage organ,
com seeds can accumulate recombinant proteins and be stored for a long time without degradation
(Menkhaus et al., 2004; Kusnadi, et al., 1997). Other advantages of corn hosts are established
transformation methods, ability to target the recombinant proteins into the different corn grain
fractions. Recombinant proteins, such as aprotinin (Azzoni et al., 2002; Zhong et al., 1999), avidin
(Hood et al., 1997), B-glucuronidase (Kusnadi et al., 1998a; Dharmadi et al., 2003) and dog gastric
lipase (zhong et al., 2006; Gu and Glatz, 2007), have been reported to be separated or produced from
transgenic corn. However, transgenic corn has their own disadvantages. The target proteins it
produced usually have different glycosylation from cell culture products (Giddings, 2001). There are
also public concerns about pollen and gene contamination, and food safety problem. In addition, the
low accumulation levels of recombinant proteins and lack of data on downstream processing of plant
systems (Goddijn and Pen, 1995) also make corn is not a so likely host in the future recombinant
protein production.

Native corn proteins are the contaminants that are most difficult to be removed from
recombinant proteins because of the high degree of the size and charge heterogeneity among the
proteins that could be in a corn extract as shown in Table 1 (Menkhaus et al., 2004).

Table 1. Size and charge characteristics of the major proteins in corn (Menkhaus, 2004)

Protein class

Distinction  Albumins Globulins Glutelins Prolamins
15-20 distinct 15-20 distinct 20 components from  Two major

Molecular . .

. fractions from 16- fractions from  11-127 kDa (in a groups of 45

Weights
400 kDa 16-400 kDa reduced state) kDa and 22 kDa
Most insoluble at

Isoelectric 8 bands from 10 bands from

. pH 4.4; most 6 bands from pH 5-7
Points pH 4-9 pH 5-9

soluble at pH 8.6




The general process for recovery of recombinant proteins from plants includes (1) fractionation
of plant material; (2) protein extraction and solid/liquid clarification; and (3) protein purification.

There are well-established methods to isolate corn germ and endosperm from whole corn kernel
(Johnson, 2000), and the fractionation of plant tissue can reduce the initial solids and enrich target
proteins. Because of the solubility differences between native proteins of the specific kernel fractions,
the purification process could be simplified if recombinant proteins are targeted to one of those
fractions.

The purposes of extraction here are: (1) remove most solids such as insoluble carbohydrates
(including fiber) and ash; (2) release the target protein into aqueous environment. Depending on
where protein expression is targeted, two methods have been used to extract proteins from plant
materials: One is the homogenization of green tissues, such as tobacco leaves or alfalfa; the other is
dry-grinding followed by aqueous buffer extraction of seed or seed fractions (Kusnadi et al., 1997,
Menkhaus et al., 2004). Solubility of both recombinant and host proteins should be compared to
choose extraction conditions (i.e. pH, ionic strength, and using of detergent) for efficient releasing of
recombinant proteins from plant materials while limiting the release of native proteins.

The costs and methods employed in the next stage of purification of the extract depend on the
value and the intended usage of the products. For lower-value protein products such as industrial
enzymes, lower-cost chromatography such as traditional ion-exchange chromatography, or non-
chromatographic methods such as precipitation and aqueous two phase partitioning, could be
employed to separate the final products. For the purification of high-value pharmaceutical proteins,
costlier methods such as affinity chromatography can be employed to reach the required purity. Both
sets of techniques are based on the differences among the molecular properties of native and
recombinant proteins. Table 2 summarizes previous purification processes for recombinant proteins

from corn seed.



Table 2. Downstream processing evaluations made on different recombinant proteins from corn

(Adapted from Menkhaus et al., 2004)

Com . . .
. Protein Purification Reference
fraction
. . .o Kusnadietal,
Adsorption on anion-exchange resin ®
o . 1998a
Com (whole . Hydrophobic interaction . .
Recombinant . Kusnadi et al.,
kernel or . chromatography *
. B-glucuronidase . . 1998b
germ-rich) Anion exchange chromatography ™ ¢ .
. . ‘ Witcher et al.,
Size exclusion chromatography °
1998
"Kusnadi et al.,
Cormn (whole .
Recombinant . Y 1998b
kernel or o Affinity (2-iminobiotin) ™ d
. avidin Hood et al.,
germ-rich)
1997
Immobilized metal affinity
chromatography °
Adsorption with cation exchange resin®  ©Zhong et al..
¢ 1999
Com (whole . . . o . .
Formol Recombinant Affinity chromatography (anti-aprotinin ~Azzoni et al.,
ernel or
. aprotinin antibody)* 2002
germ-rich) c
Reverse phase chromatography £ Zhong et al.,
Heat precipitation 2007
Hydrophobic interaction
chromatography ®
Com Recombinant
(endosperm-  dog gastric Aqueous two phase partitioning " " Gu et al., 2007
rich) lipase

Protein properties and their effects on purification methods

Protein purification usually includes several steps to reach the required product purity. Although

additional steps generally improve purity, they also decrease the final product yield. So it is important



to minimize the purification steps by selecting of the proper protein separation techniques and
arranging them in rational sequence. Table 3 shows protein properties and their influence on
purification strategy. Knowing the properties of recombinant and host proteins will aid selection of
proper separation methods and minimize purification steps.

Table 3. Protein properties and their effect on development of purification strategies (Adapted from

Protein Purification Handbook, Amersham Pharmacia Biotech, 2001)

protein properties Influence on purification strategy

. o Selection of pore size of gel filtration resin or ultrafiltation
Molecular weight (protein size)

membrane

Selection of conditions for ion exchange chromatography or
Charge . . .

isoelectric focusing

o Selection of medium for hydrophobic interaction

Hydrophobicity

chromatography or reverse phase chromatography
Biospecific affinity Selection of ligand for affinity medium

Co-factors for stability or activity

Selection of additives, pH, salts, buffers

Protease sensitivity

Need to add protease inhibitors

Sensitivity to metal ions

Need to add EDTA or EGTA to buffers

Redox sensitivity

Need to add reducing agents

Temperature stability

Need to work rapidly at lowered temperature

pH stability

Selection of buffers for extraction or selection of conditions

for chromatography

Detergent requirement

Selection types of detergent

Post translational modifications

Selection of group-specific affinity medium

Organic solvent stability

Selection of conditions for reversed phase

chromatography

Among different separation techniques, chromatography is the most commonly used because of
its high resolution and relatively gentle operating conditions. Most chromatographic methods separate
proteins based on the differences in four specific protein properties: charge, size, hydrophobicity

and ligand specificity. Unfortunately, insufficient information on those properties of host proteins



makes it difficult to select the proper purification technique (Kusnadi et al., 1997). Hence,
investigation of those properties of host proteins and how they influence chromatographic behavior is
necessary before selection of purification process.

Among available chromatographic techniques, ion-exchange chromatography, hydrophobic
interaction chromatography, reverse phase chromatography, and gel filtration chromatography are the
most frequently used ones. All of those chromatographic methods separate proteins according to one
or several particular properties mentioned above except for ligand affinity. Relatively costly affinity
chromatography separates proteins according to their ligand specificity. Thus, protein charge, size and
hydrophobicity can be considered as the important characteristics that influence protein behavior in
commonly used separation techniques. Therefore, in order to simplify the downstream processing and
improve the vields of recombinant proteins, it is desirable to characterize those three protein
propertics and investigate how they affect separation behavior prior to selecting proper
chromatography techniques and experimental conditions.

Effect of protein properties on ion-exchange chromatography behavior

IEC is one of the most frequently used techniques in the field of protein purification because of
its high resolution and mild running conditions. IEC depends on the reversible adsorption of charged
solute molecules to immobilized ion exchange groups of opposite charge. The mobile phase is usually
a buffer solution containing an ¢luting salt, and the protein is strongly adsorbed when the stationary
phase and protein are of opposite charge at low salt concentrations. When the salt concentration in the
buffer increases, the adsorption strength will decrease rapidly and the proteins will elute.

When considering protein separation by [EC, it is assumed the net charge is the major factor
which influences protein elution in IEC. However, a number of studies found that protein surface
charge (Regnier, 1987; Malmquist et al., 2006), charge asymmetry (Kopaciewicz, et. al., 1983), and
average potential over the molecular surface (Haggerty and Lenhoff, 1991) are all responsible for the

protein’s elution behavior in IEC. In addition to electrostatic interaction, Stahlberg (1999) also



mentioned van der Waals interaction as the other important interaction in IEC. Yao et al. (2004)
found that not only the charge, but protein structural properties, such as size, shape, and charge
distribution, may play significant roles in protein’s retention time. Hallgren et al. (2000) and Xu et al.
(1998) also found protein charge distribution and molecular shape were responsible for the protein
performance in IEC. In addition, Xu and Regnier (1998) found that protein-protein interaction
influenced IEC retention when the column was overloaded. Mazza et al. (2001) used a statistical
model to reduce several hundred molecular descriptors to 8-19 that were significant to IEC behavior.
Ladiwala et al (2005) used a quantitative structure—property relationship models to identify molecular
propertics of protein influencing IEC behavior. Later, Malmquist et al. (2006) correlated 58 protein
molecular descriptors with protein behavior in IEC. The majority of those descriptors are related to
the charge, the rest were three size and shape descriptors, and eight surface hydrophobicity
descriptors. In general, protein behavior in IEC is not solely determined by its charge, but also by its
shape, charge distribution, hydrophobic patches and even the loading conditions.

Recent research which compared IEC and pl from two-dimensional (2D) gel electrophoresis
found that one could not select IEC running conditions only based on the difference between
denatured pl and solution pH (Butt et al., 2001). They suggested that the retention is modified by
surface charge features, by formation of protein-protein complexes (in which the combined pl is
different to the individual pl of the constituents) or by non-ionic interactions with the
chromatographic matrix.

Most of the above studies investigated how IEC performance relates to protein properties by
using a set of known proteins, for which extensive information of protein molecular properties was
available. For large numbers of unknown proteins, it is not practical to characterize so many
properties and relate them to IEC behavior. However, the literature reviewed above cumulatively

notes the influence of pl, size and hydrophobicity. Since it is practical to characterize those three
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protein properties for large numbers using the method of Gu and Glatz (2007), it is worth seeing to
what degree separation behavior prediction can be based on those three.

Modeling of protein retention in ion-exchange chromatography

The stoichiometric displacement model (SDM) is the earliest model to depict protein binding to
ion-exchangers (Boardman and Partridge, 1955; Roth et al., 1996). The fundamental idea of SDM is
that when adsorption happens, a protein molecular displaces ions stoichiometrically. At equilibrium

this exchange can be expressed as equation 1 (Regnier, 1987, Stahlberg et al., 1991)

P+ZC, P +Z-Cy, (1)
where P, and P, refer to free and bound protein concentrations in the mobile and stationary phase,

respectively; C,and C, are the bound and free counterion concentrations, and Z is the number of
charges displaced during the ion exchange process. The chromatography retention factor £ can be

related to Z and C, by
logk =log I +log(C,)”> (2)

where & = (t-t,)/to, and t, is the retention time for the retained sample while t, is the time for an
unretained solute to flow through the column. 7 is a constant which relates to both specific affinity
and non-specific interaction between the solute and the stationary phase (Chicz and Regnier, 1989).
Equation 2 can be used to find the Z number of a solute and thus associate protein charge to the IEC
clution behavior. Because of the steric effects, this Z number only represents those protein charges
which interact with the stationary phase (Regnier, 1987).

The SDM does not directly address the electrostatic interaction force, which has major influence
on protein retention in ion-exchange chromatography (Stahlberg and Jonsson, 1996). To compensate
for this limitation of SDM, Stahlberg et al (1991) proposed a “slab model” by solving the linearized
Poisson-Boltzmann equation of two charged planar surfaces in a solution of electrolytes. The

retention factor £ was expressed as
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P AR SRR
= —+
FQRTes,)"” N1

where 4, is the interacting area between the protein surface and the charged stationary phase, o ,is

the protein charge density, / is the total buffer ionic strength, &, is the dielectric constant of the
medium between the surfaces, g, is the permittivity of vacuum, R is the universal gas constant,
and @ is the column phase ratio. As this model assumes the protein is a sphere with uniform

distributed surface charge, and only half of the total protein arca interacts with the stationary phase,

the protein net charge can be expressed as 2 4, o ,, which can be determined from IEC retention data

by the slope (k*) of In &k vs l/ N giving, by rearrangement of equation 3,24, o ,=

2\/ k'A4,F (2RT £,E, )% ). Thus, this model relates both protein size (as 4, can be used to calculate

protein volume) and charge (as protein net charge can be determined by 2 4, o ) to IEC retention.

Later, Jonsson and Stahlberg (1999) extended this model by treating the binding protein as a charged
sphere rather than a planar surface. This gave better prediction of protein net charge based on IEC
elution data than the previous model. However, the assumption of a homogeneous surface charge
distribution will result in error if the charge distribution of a protein is highly asymmetrical. For
example, Hallgren et al. (2000) found that two mutants of staphylococcal nuclease A showed
different retention behavior although they had same net charge with the difference in retention time
attributed to the different distribution of charge.

Recently, Quantitative Structure-Property Relationships (QSPR) have been successfully applied
to IEC for correlating protein molecular structure properties with retention behavior (Mazza, et al.,
2001; Ladiwala et al., 2005; Malmgquist et al., 2006). The basic theory of QSPR is the possibility of
quantitatively correlating the performance of a process (such as chemical or biological reaction

process) to the molecular structures of the substances which are in that process. Those QSPR model-
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related studies have correlated protein IEC elution behaviors with descriptors derivable from known
protein three-dimensional structure. The QSPR model gave better prediction of protein IEC retention
than earlier models but does require more protein molecular properties. For example, Malmquist et al.
(2006) used 58 descriptors which including 17 surface charge distribution descriptors, 28 electrostatic
potential distribution descriptors, 8 surface hydrophobicity descriptors and 3 size and shape
descriptors.

Availability and measurement of protein properties

For proteins that have been previously purified and crystallized for structure determination, a
number of molecular properties can be found in protein databases such as EXPASY .org. However,
for the larger numbers of host proteins, especially for hosts which are not commonly used, most of
their properties have never been determined. Fortunately, there are different techniques for measuring
those protein properties of interest to us.

The size and charge dimensions:

Two-dimensional electrophoresis is the traditional and most frequently used method to measure
the pl and MW of proteins. A property indicative of the net charge of a protein would be the
difference between pl from 2D electrophoresis and the solution pH (pH-pl); the protein size can be
represented by measured MW. 2D electrophoresis separates proteins in two steps: the first dimension,
isoelectric focusing, separates proteins based on their pl, which is the pl of denatured, unfolded
protein; and the second dimension, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), separates proteins according to their MW. Thus, each resolved spot on the 2D ¢lectrophoresis
gel represents a single protein species (within the limitations of protein resolution in the gel) and the
associated protein MW and pL.

In addition to 2D electrophoresis, protein size can be measured by mass spectrometry (MS). MS
is often combined with 2D electrophoresis to obtain sequence information permitting identification of

the protein. MS is an expensive method and used more often to identify limited number of proteins
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rather than characterize large numbers of host proteins. MS is usually used as the last step of protein
purification, while 2D electrophoresis could be used either to obtain host protein properties before
protein purification or identify target proteins at the end of purification. A chromatography-based
method, chromatofocusing, also can provide a measure of pl of proteins (Pirondini et al., 2006; Qin et
al., 2005). This method is a variant of ion-exchange chromatography that elutes from ion exchangers
exclusively by the means of pH. The advantage of chromatofocusing is that it can measure protein pl
without denaturing the protein, thus it can provide a direct measure of the pl of the folded protein. So,
the protein charges indicated by the difference between those surface pls and solution pH are surface
charges which could give better guidelines for IEC running conditions than pl of denatured proteins.
However, as chromatofocusing collects groups of proteins in fractions, it can not provide specific pl
for individual proteins. Also, charged residues are not often found internally so the denatured protein
and native protein pl may not differ in many cases.

The hydrophobic dimension:

As for the characterization of protein hydrophobicity, there are several methods available.
Hydrophobic interaction chromatography (HIC) (Huddleston et al., 1996) and reverse phase
chromatography (RPC) (Stroink et al., 2005) are two of them. Non-chromatographic techniques such
as potassium phosphate precipitation (Huddleston et al., 1996), (NH,),SO, precipitation (Hachem et
al., 1996), ANS (1-(anilino) naphthalene-8-sulfonate) fluorescent staining (Haskard et al., 1998) and
aqueous two-phase partitioning system (Andrews et al., 2005; Hachem et al., 1996) also have been
used to evaluate hydrophobicity of proteins.

Among those different protein hydrophobicity measuring techniques, ATP has advantages over
others when characterizing large numbers of proteins. First of all, the partition coefficients, K, (the
ratio of concentrations of top to bottom phase) of individual proteins can be determined in a one-step
partitioning of the mixture when combined with 2D electrophoresis quantification of the proteins in

cach phase (Gu and Glatz, 2007). Second, ATP generates fewer fractions (two fractions) when
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compared to RPC, HIC and (NH,),SO, precipitation. The fewer fractions will decrease the possibility
of error because it will reduce experiments in the other two dimensions. The third advantage is that
the two phases of ATP system are both aqueous solutions with high water content (70% - 90%), so
both phases can maintain protein stability.

There are ATP systems which partition proteins based on the difference of protein
hydrophobicity, charge and MW, while polyethylene glycol (PEG)-salt system with added NaCl
shows partitioning dominated by protein hydrophobicity (Gu and Glatz, 2007). In a hydrophobic
force dominant ATP system, the partition coefficients K could be expressed by equation 4 (Gu and
Glatz, 2007; Hachem et al., 1996),

Log K =RxlLog ;
0 4
Here R is the hydrophobic resolution and Py is the intrinsic hydrophobicity of the ATP system.
As Py is identical for all the proteins in a particular ATP system, equation (4) can be arranged to
equation (5)

Alog P = Alog K

&)

R in a particular ATP system can be characterized by a set of proteins with known P. Then, P of an
unknown protein can be calculated from its own K plus K and P of one of model proteins in the same
system using equation (5). Hence, log K, via equation (5) becomes a measure of surface
hydrophobicity.

K values for individual proteins in a complex mixture can be obtained by matching of the
corresponding spots in 2D electrophoresis gels from the two phases followed by using the matched
spot protein contents to calculate the K values with equation K; = C,, 1,/Ci, vonom (Gu and Glatz,

2007). At the same time, the 2D ¢lectrophoresis gels can provide the other two protein characteristics.
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Thus, by combining ATP together with 2D electrophoresis, the three protein properties-size, charge

and hydrophobicity-of a large number of host proteins can be determined.
2D liquid chromatography (chromatofocusing and RPC) followed by MALDI-TOF/MS can also

measure protein charge, hydrophobicity and size (Pirondini et al., 2006; Stroink et al., 2005), but the
equipment is costly and not available in most protein facilities.
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CHAPTER 2.
PREDICTING PROTEIN RETENTION TIME IN ION-EXCHANGE
CHROMATOGRAPHY BASED ON THREE-DIMENSIONAL PROTEIN
CHARACTERIZATIONS

A manuscript for submission to Journal of Chromatography A

Li Xu and Charles E. Glatz

2.1 Abstract

Recovery and purification is the most costly part of recombinant protein production. A great
amount of experimental work is generally needed for process development because of the lack of
knowledge of the molecular properties of the host proteins as well as the means to use such
knowledge to predict behavior. The most frequently used protein separation methods are based on the
differences in charge, molecular weight and surface hydrophobicity among target and host proteins.
Investigation of those protein properties for commonly used hosts and their influences on separation
performance could establish a database for rational selection of purification strategies for recombinant
proteins or could guide selection among alternative production hosts or expression target organs on
the basis of simplifying protein purification.

The isoelectric point (pl), molecular weight (MW) and aqueous two-phase partitioning
coefficients of a set of model proteins were related to retention time in cation-exchange
chromatography (CEC) using partial least squares regression. A three-dimensional (3D) method
which combined hydrophobic partitioning and two-dimensional (2D) electrophoresis was used to
determine those three properties for a mixture of proteins. The resulting models fit well (R*=0.913
and 0.873 for SP and 158, respectively) considering the limited property basis and the regression

models were able to predict results for a small test set of proteins. The models showed that pl and
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MW correlated positively with CEC retention time, while the net influence of the partition coefficient
depended on the base matrix type
2.2 Introduction

Ion-exchange chromatography (IEC) is one of the most frequently used techniques in the field of
protein purification because of its high resolution, mild running conditions and relatively low cost.
When considering protein separation by [EC, it is assumed the net charge is the major factor
influencing protein binding and elution. However, protein surface charge [1, 2], charge asymmetry [3],
and average potential over the molecular surface [4] are all distinct charge-related influences. In
addition to charge distribution, Yao et al. [5] found that protein structural properties, such as size and
shape may play significant roles in protein retention. Hallgren et al. [6] and Xu et al. [7] also found a
combination of charge distribution and molecular shape to be responsible for elution behavior.
Malmgquist et al. [2] included eight protein surface hydrophobicity descriptors among 58 molecular
descriptors found to influence IEC behavior. In general, protein behavior in IEC is not solely
determined by its charge, but also by its shape, charge distribution, size and hydrophobic patches.

Models have been developed to correlate protein molecular properties and IEC retention. Mazza
et al. [8] used quantitative structure retention relationship (QSRR) models of IEC behavior based on
partial least square (PLS) approach to reduce several hundred molecular descriptors to 8 and 19
descriptors for two different resins. Ladiwala et al. [9] used quantitative structure-property
relationship models to determine which protein molecular surface properties influenced IEC behavior;
later, Malmgquist et al. [2] correlated 58 protein molecular descriptors with protein behavior in IEC.
The majority of those descriptors were related to the charge, the rest were three non-pH dependent
size and shape descriptors, and eight surface hydrophobicity descriptors. The above studies were
based on a set of known proteins, for which extensive information of protein molecular properties

was available. For large numbers of unknown host proteins, such detailed information is not available.
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Gu and Glatz [10] proposed a means of characterizing three properties related to IEC behavior
for large numbers of unknown proteins that includes measures of pI, MW and hydrophobicity. In this
study, (pH-pl) is used to represent protein net charge, MW for protein size and partitioning coefficient
(K) in an aqueous two phase partitioning system is used to represent protein hydrophobicity. We then
examine to what degree separation behavior prediction in IEC can be based on these three measures
for a set of model proteins. PLS regression was applied to correlate those three properties to CEC
retention.

2.3 Experimental

Material

Bovine hemoglobin, a-chymotrypsin, a-chymotrypsinogen A, bovine heart cytochrome
c¢.chicken egg white lysozyme, hen egg white avidin, horse heart cytochrome ¢, rabbit muscle
pyruvate kinase, bee phospholipase, bovine pancreatic ribonuclease A, and bovine pancreatic
ribonuclease B were purchased from Sigma (St. Louis, MO). Sodium acetate and sodium chloride
were purchased from Aldrich (Milwaukee, WI). PEG 3350, sodium sulfate, trichloroacetic acid
(TCA), sodium dodecyl sulfate (SDS), hydroxymethyl aminomethane (Tris), urea, acetone, glacial
acetic acid, and methanol were ACS-certified grade from Fischer Scientific (Pittsburgh, PA). Eleven
cm Immobiline™ Drystrip (pH 6-11), IPG buffer (pH 6-11) and Destreak Rehydration buffer were
purchased from GE Healthcare (Piscataway, NJ). DL-dithiothreitol (DTT), iodoacetamide, and 4-20%
(w/v) acrylamide gels were from Bio-Rad (Hercules, CA). Coomassie brilliant blue R-250 stain was
purchased from Bio-Rad (Hercules, CA). The Coomassie Plus® protein assay reagent kit was from
Pierce Biotechnology (Rockford, IL). Water was deionized.

Cation-exchange chromatography

Retention times were taken from reported values [11] for the set of proteins used here. Some of
the proteases were eliminated from their set to avoid proteolysis when combined in the mixture used

here. Their data were for gradient elution of single-protein samples at pH 5 from Fast Flow
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Sepharose SP and Source 15S columns (1 mL) with a linear gradient slope of 20 mM sodium per
column volume.

Aqueous two-phase partitioning

The aqueous two-phase partitioning (ATPP) used the procedure established by Gu and Glatz
[10]. The final ATPP system overall composition (after sample addition) was 15.7% (wt %)
polyethylene glycol 3350 (PEG 3350) (Sigma-Aldrich Corp., St. Louis, MO), 8.9% (wt %) sodium
sulfate (Na,SQ,) (Sigma-Aldrich Corp., St. Louis, MO), 3% (wt %) sodium chloride (NaCl) (Sigma-
Aldrich Corp., St. Louis, MO). For single model protein, the protein loading ratio was 0.2 mg total
protein/ g ATP system; for protein mixture, the protein loading ratio was 0.9 mg total protein/ g ATP
system with equal amounts of each individual protein.

Partitionings were performed at pH 7 in 15 ml polypropylene centrifuge tubes with 3 g ATP
system with gentle mixing s in an end to end shaker (Lab Industries Inc., Berkeley, CA) at room
temperature (22 "C) for 1 hr, followed by phase separation by centrifugation at 1000 x g for 20 min
(Sorvall RC5B Plus centrifuge, DuPont, Wilmington, DE).

After measuring the volumes of the top phase and bottom phase, the top phase was withdrawn
with a 1 ml pipette and the bottom phase was collected by using a syringe through the bottom of the
centrifuge tube. To avoid contamination of the phase samples, the region near the interface was left
in the tube. The protein concentrations in samples from each phase were analyzed using the
Coomassie Plus® protein assay reagent kit (Pierce, Rockford, IL).

2D electrophoresis

Proteins from the initial protein mixture and phase samples were isolated using the TCA
precipitation, washing and redissolution procedures of Gu and Glatz [10]. Total protein
concentrations were determined by Coomassie Plus® protein assay reagent kit.

The isoelectric focusing (IEF) procedure was modified from that of Gu and Glatz [10] to

accommodate the more basic set of proteins used here. Eleven cm Immobiline™ Drystrip (pH 6-11)
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was rehydrated in Destreak Rehydration buffer with added 0.5% IPG buffer (pH 6-11) for 12-16 hr
which consisted of 8 M urea, 2% CHAPS, 50 mM DTT, 0.5% IPG buffer (pH 6-11), and trace
bromophenol blue. Each sample with 100 ul of protein was applied in a localized region through an
open-bottom loading cup (GE Healthcare, Piscataway, NJ) during IEF. IEF was performed in an
Ettan™ [PGphor™ Isoelectric Focusing System (Amersham, Piscataway, NJ) for a total of 20,000 V-
h.

The second dimension SDS-PAGE, staining, destaining, spot matching and quantitation
procedures were also those used previously [10]. The normalized protein spot quantity of matched
spots from protein mixture, top phase and bottom phase gels were used to calculate the concentration,
mass balance and partition coefficient (K) of proteins. Combined with pl and MW obtained from 2D
gels, the three molecular properties of the model proteins were characterized. MW was determined by
interpolation with migration of Precision Plus Protein Unstained Standards (Bio-Rad, Hercules, CA)
in each gel; pl was determined using the linearity of the pH gradient in the IEF strip. MW and pl of
individual protein were assigned by PDQuest software (Bio-Rad, Hercules, CA) after the
determination of MW and pl coordinates of the 2D gels.

Protein concentration assay

Concentration of single-protein solutions was measured at 280 nm, except for horse and bovine
cytochrome ¢, which were assayed at 550 nm. The total concentration of the model protein mixture,
the phase samples and the redissolved TCA precipitates were determined using the Coomassie Plus®
protein assay reagent kit (Pierce, Rockford, IL) with BSA as standard. The ATP phases and extract
buffer were employed in standard curves for corresponding samples to correct for interference from
salt and PEG. All ATP partitioning experiments were replicated three times and replicate samples
were assayed twice.

Data analysis
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Partial least square (PLS) regression was used to model the relationship between the IEC
retention time and the three measurable proteins molecular properties (pl, MW and partitioning
coefficient). PLS is a statistical method which generalizes and combines features of principal
component analysis and multiple linear regression. PLS regression aims to predict dependent
variables based on some other measurable variables. In general, the PLS model can be expressed as:

yv=a,+a,C +a,C,+..+aC, (D)

Where y is the dependent variable (protein retention time), C; is the i PLS component, and «; is
the regression coefficient corresponding to the ™ PLS component. The first PLS component usually
accounts for the greatest portion of the variance in the data. C;can be expressed as:

C,=ay+ax +a,x, +..+a,x; 2

7

Where x; is the 7™ independent variable (each protein molecular property), and a, 1s the "
regression coefficient corresponding to the independent variable. When the maximum number of
components is chosen to explain the variation, the PLS regression is equivalent to the multiple linear
regression (MLR). In this study, the maximum number of components that can be estimated in the
model is three. The numbers of the components in this study were chosen by leave-one-out cross
validation using training data.

The PLS regression was used here for three reasons: (1) to account for multicollinearity in the
dataset; (2) because there was not a well-understood relationship between the measured protein
properties and the [EC retention time; and (3) to avoid over-fitting the data.

In order to validate the usefulness of the regression model, a number of proteins must be used as
“blind test set”. Those test set proteins were excluded from the training set, such that their data were
not used in the PLS regression. It has been recommended that a minimum of 10% of the data be used
for the blind test set [12], thus, two model proteins served to test the validity of the PLS regression
model, which was based on 9 other model proteins. The two test proteins are proteases taken from

model proteins in Ladiwala et al. [11]. These were chosen as test proteins because they would
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degrade other proteins if used in training mixture; however, they did not autolyse during when
measuring their single protein partitioning coefficient.
2.4 Results and Discussion

Three-dimensional characterization of model proteins

Table 1 shows the properties of the eleven model proteins. The pl and MW values are from the
work of others, while the partition coefficients (K) are those obtained from single protein partitioning

experiments in this work.

Table 1. Properties of the model proteins *

Protein pI® MW ° LogK*®
Bovine hemoglobin 7.0 [13] 64.4 [13] -1.04 + 0.06
Pyruvate kinase 7.4 [14] 237.0[15] -0.46 £ 0.04
Bee phospholipase 9.5[16] 14.517] -0.94 +£0.02
Ribonuclease B 9.6 18] 15.0[18,19] -138+0.08
Ribonuclease A 9.6 [20] 13.7119] -1.16 £0.11
Horse cytochrome ¢ 10.0 [21] 12.4 [22] -1.47+0.14
Bovine cytochrome ¢ 10.0 [21] 12.6 23] -1.39£0.19
Avidin 10.0 [24]  66.0[25] -1.72+£0.12
Chicken lysozyme 11.3[26] 14.3 [27] 1.32+0.13
o-chymotrypsinogen A 9.0 [28] 25.6 [29] 0.82+0.02
o-chymotrypsin 8.8 [30] 25.0[31] -0.36+0.02

* Proteins in boldface type were used as the test set.

®pI and MW were obtained from the sources cited with each entry. MW had been calculated from
amino acid sequences.

Log K obtained via single protein partitioning experiments. The + represents the 95% confidence

intervals (3 replicates).

Figs. la-c show the 2D gels from the initial model protein mixture and the two equilibrium

phases after partitioning. The numbers identifying spots in those figures correspond to the entries in
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Table 2, which displays identity, properties and mass balance of protein spots as determined by the
3D method. Protein identification was established by matching these spots with the 2D gels of the
individual proteins (not shown here).

Several proteins appeared as multiple spots on the 2D gels (Figs la~c) as a result of four different
causes. Variable phosphorylation results in the same apparent MW but different pl [32] and
apparently little difference in K. All such forms were all included in the calculation of protein
properties in Table 2. Examples are spots 1a-1c for the B subunit and spots 1d-1f for the o subunit of
bovine hemoglobin, spots 2a-2c¢ for pyruvate kinase, spots 3f and 3h for bee phopholipase, spots Sa-
5b for ribonuclease A, spots 4a-4b for ribonuclease B and spots 8a-8d for avidin. Heterogeneous
multimers appear as the individual subunits with all three properties reflecting the nature of the
subunits. Here this occurs with o and 3 subunits of bovine hemoglobin and again an averaging of the
separate properties are used to estimate the MW and pl of the intact multimer. Because the multimeric
form was present at the partitioning step (confirmed by size-exclusion chromatography (SEC) of the
solutions partitioned), both subunit K’s should be the same. Impurities in the source material result in
spots with different pI, MW and Log K. In this case the minor spots have been ignored since the
reported retention time [11] was determined by the major peak (S. Cramer, personal communication).
Examples here are spots 3a-3¢ and 3g for bee phospholipase and with only spots 3f and 3h being used
for property estimations. The last situation is lysozyme (9a) which dimerizes (9b) giving two spots
showing similar pl and Log K but two-fold difference in MW. In this case only the monomer
properties were used.

The —estimated from 2D gels” column of Table 2 is based on the weighted average of the

retained spot values using Eqns. 3-5.

Z mass, x MW,
Estimated MW = - 3)

Z mass,
i
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mass. x pl.
Y mass, x pl,

Estimated p/ = ———— “)
Zmassl.

i

> mass|

Estimated Log K = SF— (5)
where i is the number of the retained spots for the specific protein as shown in Table 2, # and b refer
to top phase and bottom phases, respectively. The mass; is that obtained from the normalized spot
volumes from image analysis. For mass,'” the mass is that in the partitioning experiment obtained by
correcting the normalized spot volumes from image analysis for the appropriate
dilutions/concentrations occurring during transfer to the gels.

For the multimers, bovine hemoglobin (o,[3;), pyruvate kinase and avidin (o) are tetramers |15,

33, 34] with estimated MW calculated by Eqns. 6 (o) and 7 (a,p,) as appropriate.

Estimated MW = - x4 (6)

Zmassm xMW,, Zmassﬁi xMW,
Estimated MW = -2 x2+-2

i
Z mass Z mass Gi
o Bi

X2 (7
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Figure 1. 2D gels of model proteins. (a) Initial protein mixture; (b) Equilibrium top phase; (c)

Equilibrium bottom phase.

To assess the validation of the 3D characterization method, the pI, MW and Log K data from
Table 2 were compared with those in Table 1. The results show no appreciable difference between the
estimated pl and MW values obtained by 2D electrophoresis experiments from those in Table 1. The
difference between the pl and MW values obtained from the 3D method and those from other sources
in Table 2 are in the range of +£15% except the MW of bovine hemoglobin (30% less than MW
calculated fro