Pharm Res (201 1) 28:1750-1764
DOI 10.1007/s11095-011-0410-0

RESEARCH PAPER

Establishing a Link Between Amino Acid Sequences and
Self-Associating and Viscoelastic Behavior of Two Closely

Related Monoclonal Antibodies

Sandeep Yadav « Alavattam Sreedhara « Sonoko Kanai « Jun Liu « Samantha Lien « Henry Lowman « Devendra S. Kalonia « Steven J. Shire

Received: 24 November 2010 / Accepted: 18 February 2011 / Published online: 6 April 2011

© Springer Science+Business Media, LLC 2011

ABSTRACT

Purpose To investigate the underlying cause for the observed
differences in self-associating and viscoelastic behavior between
two monoclonal antibodies, MAbl, and MAb2.

Methods Several mutants were designed by swapping charged
residues in MAb | with those present in MAbB2 at their respective
positions and vice versa. Rheological analysis was done at low
and high shear rates. Dynamic light scattering quantified
intermolecular interactions in dilute solutions; sedimentation
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equilibrium analysis determined the corrected weight average
molecular weight (M) to assess the self-associating behavior in
high concentration. The molecular charge was estimated from
electrophoretic mobility measurements.

Results Replacing the charged residues in the CDR of MAb|
resulted in a lower M, and solution viscosity. The
corresponding changes in either just the variable light (VL) or
variable heavy (VH) chain showed only a partial decrease in
viscosity, whereas changes in both VL and VH chains resulted
in a dramatic reduction in viscosity. The converse case where
the VL and VH chains of MAb2 were made to look like MAb|
did not self-associate or show increased viscosity.
Conclusions Exposed charged residues in the CDR of MAb|
are critical in determining the self-associating and highly viscous
behavior observed at high concentrations.

KEY WORDS high concentration protein solution -
intermolecular interactions - protein viscosity/rheology -
self-association

INTRODUCTION

Formulation development of Monoclonal antibodies
(MAbs) presents distinct challenges that may not be
associated with other therapeutic proteins. MAbs are
typically administered in higher doses (~10-200 mg) for
the treatment of immunological and allergic disorders or
oncology applications. Furthermore, a liquid subcutaneous
(SC) formulation is desirable to ensure patient convenience
as well as manufacturing ease (1,2). To administer such a
high dose with acceptable dose volumes (<1.5 ml) through the
SC route, the MAbs need to be formulated over a
concentration range from 100 to 200 mg/ml or even higher

depending on the indications (2). The high protein
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concentration often results in a dramatic increase in the
viscosity of the solution (3—6). Thus, high solution viscosity
leads to difficulties with pumping, filling, filtering and
recovering product from vessels, and can also hamper the
injection administration capability of the formulation
(1,2,7).

In general, a higher protein concentration shifts the
equilibrium towards higher order structures that may
favor molecular association or the aggregated state (8—
10). The protein associates/aggregates may arise either
due to covalent or non-covalent interactions. The gener-
ation of covalent aggregate involves a chemical bond
formation between monomer species, for instance a
disulphide (11) or a bityrosine (12) bond, whereas the
non-covalent interactions could be mediated through
hydrophobic (13) or electrostatic interactions, such as
charge-charge (3,10) or dipole-dipole, (14). The covalent
modifications may lead to irreversible aggregates, whereas
weak non-covalent interactions generally result in self-
associated or reversible aggregates. However, the presence
of either of the two may jeopardize the clinical efficacy
and long-term stability of the formulation. In addition, the
presence of irreversible aggregates may have serious
patient safety implications and is known to elicit immu-
nogenic responses (15—18). From a safety and efficacy
point of view, self-associated complexes may not be
potentially hazardous, if and only if the self-associated
forms are completely reversible upon dilution prior to
administration (19). However, if the dissociation rate is
slow as compared to the i wvwo clearance rate, the
complexes may lead to increased exposure or even elicit
an immunogenic response on SC administration (19).
Furthermore, self-associated forms may act as precursors
and impact the rate of irreversible aggregate formation
through generation of covalent linkages during storage
(20).

The MAD formulations, therefore, need to be optimized
for the viscosity as well as self-association and aggregation,
both of which represent the most critical consequence of
developing a high concentration formulation.

MAbI (IgG; M, =145 kD) represents one such mole-
cule wherein high concentration results in both self-
association and a dramatic increase in solution viscosity
(3). There has been considerable effort lately in under-
standing the self-associating and viscosity behavior of
MADbLI (3,21,22).

Liu et al. showed that the reversible self-association of
MADBI molecules at high concentrations correlated with the
observed high solution viscosity (3). At low ionic strengths
(15 mM), the viscosity was highest at pH 6.0 and decreased
rather sharply as the solution pH was changed to either the
acidic or the basic side of pH 6.0. Sedimentation equilib-
rium analysis suggested that MAbI tends to self-associate

weakly and reversibly at high concentration. The addition of
150 mM salt (NaCl) resulted in a considerable drop in the
viscosity as well as lower corrected M,, of MAbI. This
result clearly implicated electrostatic interactions in gov-
erning the self-associating and viscosity behavior of MAb1

Later, Kanai ¢t al. proposed that the self-association in
MADbI, at pH 6.0, originates from multiple Fab-Fab
interactions (21). The authors compared the viscosity
behavior of full-length as well as Fab and F(ab'), fragments
of MAbl and MADb2 molecules. At high concentrations the
full length MAbl showed a much higher viscosity as
compared with MADb2 solutions. The solution of F(ab')y
fragments of MAbI also showed a higher viscosity as
compared with MAb2 F(ab'), fragments, indicating the
network interaction leading to self-association remains
intact in MAb1 even without the Fc domain. The loss of
solution viscosity of MAb1 F(ab'), fragments with addition
of salt corroborated that the interactions originated
specifically from Fab regions and were electrostatic in
nature (21).

Further, Yadav et al. showed that the presence of
specific attractive interactions at pH 6.0 leads to the self-
association and high viscosity of MAbI at high concen-
trations (22). The authors quantified the net charge and
the intermolecular interactions as a function of solution
pH and ionic strength in both dilute and high concentra-
tion MADbI solutions. The observed pH-dependent vis-
cosity behavior for MAb1 correlated well with the nature
of intermolecular interactions at various solution condi-
tions. At pH 6.0, strong attractive interactions, conducive
to self-association and high viscosity, persisted in MAb]
solutions despite a net positive charge on the molecule.
These intermolecular attractions originated specifically
from the Fab regions due to the presence of a number of
charged residues, especially histidyls, in the complemen-
tarity-determining regions (CDR) (22). In subsequent
work, the authors employed the modified Ross and
Minton equation to demonstrate that the presence of
intermolecular attractions led to an increase in the
effective volume of MAbI (labeled as MAb-A) at high
concentrations, demonstrating the self-association of
MADbI at pH 6.0 (6).

The present investigation was intended primarily to
identify and confirm the role of specific charged residues,
present in the CDR, towards the self-associating and high
viscosity behavior of MAb1. The study concentrates on the
solution behavior of several charge-swap mutants obtained
by performing mutations in the variable light (VL) and
variable heavy (VH) chains of MAbl and in another
monoclonal antibody, MAb2, which does not show signif-
icant self-association or high viscosity at high concentration
(>100 mg/mL) at pH 6.0.
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MATERIALS AND METHODS
Materials
Monoclonal Antibodies and Designed Mutants

The monoclonal antibodies MAb1, MAb2, M-1, M-5, M-6,
M-7, M-10 and M-11 were produced at Genentech Inc.
(South San Francisco, CA). The antibodies, MAbl and
MADb2, were constructed with essentially the same human
IgG, framework, with x light chain, and the major
differences reside in the complementarity-determining
regions (CDR) and flanking amino acid residues. MAbI
was the same MAb referred to as MAbl by Liu et al. (3)
Kanai et al. (21) and Yadav et al. (22), and MAb2 was the
same MAD referred to as MAb2 by Liu ¢ al. (3).

Description of Mutants

MAb1 and MADb2, as stated previously, were constructed
from the same IgG; human Fc framework. Thus, the
differences between the two IgG s reside in the CDRs. In
addition to specific site amino acid differences (discussed
below), there is also a 4 amino acid insert (SVDY) in the
CDRI light chain of MAbI. In order to ascertain if this
additional sequence had any impact on the viscosity
properties of MAbI, the mutant M-1 was created with
the 4 amino acid insert removed. It should also be noted
that slight heterogeneity of the carbohydrate is common
during CHO production (23). To determine whether the
carbohydrate played a major role in viscosity of these
antibodies, MAb1 was expressed and purified from . coli to
produce the aglycosylated version of MAb1, designated as
M-11.

To understand the self-associating behavior of MAbI
(originating from Fab regions) (21,22), the amino acid

sequence in the CDR of MAb] was compared with the
sequence of MADb2, which does not self-associate to nearly
the same extent as MAb1 at pH 6.0, and low ionic strength.
It was observed that a number of charged residues are
present in the sequence of MAb1, both in the variable light
(VL) and variable heavy (VH) chain, which are absent in
the sequence of MADb2 at the respective positions. The
charged residues present in the VL chain include some
aspartates, glutamates and histidyl residues, whereas the VH
chain consists of a number of histidyl residues. To elucidate
whether these charged residues are responsible for self-
association at high concentration, several mutants were
designed by swapping charged residues in MAb1 with those
present in MAb2 at their respective positions, and vice versa.

M-5, M-6 and M-7 represent mutations made in the
sequence of MAb1, whereas M-10 is the MAb2 mutant. M-
5 and M-6 are the mutants where the mutations were made
only in the VL or the VH chains, respectively. In the case of
M-7, the charged residues in both the VL and VH chains
were swapped. M-10 represents a mutant where the
charged residues present in the sequence of MAbl were
substituted in both the VL and VH chain sequence of
MAb2. A description of the different mutants used in this
study has been summarized in Table 1.

The aim of designing these mutants was to minimize the
sequence variation between two molecules, i.e. MAbI and
MAb2, and determine whether one behaves like the other
with respect to viscosity and self-associating behavior.
Studies on the viscosity and intermolecular interaction
behavior of M-5, M-6 and M-7 will, therefore, help in
determining whether the specific interactions originate
exclusively from the VL chain or the VH chain, or if the
presence of charged residues on both VL and VH are
responsible. M-10 was constructed to allow us to determine
the contribution of factors in addition to charged residues,
to the self-associating behavior.

Table | Description of Mutants Designed by Performing Mutations in the CDR Sequence of MAb| or MAb2

CDR: Light Chain 1° Light Chain 3° Heavy Chain 3° The rest of the CDR Description
MAbI QSVDYDGDSYMN HEDPYT GSHYFGHWHFAYW  MAb| LC & HC MAbI WT
MAb2 Q——DVNTAVA  YTTPPT WGGDGFYAMDYW MAb2 LC & HC MAb2 WT
M-I Q——DGDSYMN HEDPYT GSHYFGHWHFAVW  MAb| LC & HC MAbI| with SVDY deletion in LCI

M-5 QSVDYAGNSYMN YTTPYT
M-6  QSVDYDGDSYMN HEDPYT
M-7  QSVDYAGNSYMN YTTPYT
M-10 E——DVDTAVA HEDPPT
M-11 QSVDYDGDSYMN HEDPYT

GSGYFGYWMFAVW
GSGYFGYWMFAVW

GSHYFGHWHFAVW  MAb| LC & HC
MAb| LC & HC
MAb| LC & HC
WGHDGFHAHDYW MAb2 LC & HC
GSHYFGHWHFAVW = MAb| LC & HC; made in E. Coli. Aglycosylated MADb |

MAb | with substitution in LC| and LC3
MAb| with substitution in HC3

MAb | with substitution in LCI, LC3 and HC3
MAb2 with substitution in LC |, LC3 and HC3

Mutations performed in the variable light (VL)* and variable heavy (VH)® chain sequence. Numbers |, and 3 correspond to the different loops of the variable

regions (LC light chain; HC heavy chain) in the CDR.

@ Springer
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Reagents and Chemicals

Acetic acid, sodium acetate, sodium chloride, histidine
hydrochloride, monobasic and dibasic sodium phosphate,
tris (hydroxymethyl) aminomethane, sodium hydroxide and
hydrochloric acid were obtained from Fisher Scientific (Fair
Lawn, NJ, USA). All chemicals used were reagent grade or
higher. Deionized water equivalent to Milli-Q™ grade
was used to prepare all solutions. Millipore (Billerica, MA)
Amicon Ultra centrifugation tubes with a molecular
weight cut-off of 10 kD were obtained from Fisher
Scientific. Quartz crystal discs, with fundamental vibrating
frequencies of 10 MHz and plated with gold electrodes on
both sides were obtained from International Crystal
Manufacturing Company (Oklahoma City, Oklahoma).
Fluorocarbon (FC-43) was obtained from Beckman Instru-
ments (Palo Alto, CA).

Analytical Methods
Sample Preparation

Acetic acid-sodium acetate (pH 4.0, 5.0), histidine hydrochlo-
ride (pH 6.0), monobasic-dibasic sodium phosphate (pH 7.0
and 8.0), and N,V-Bis(2-hydroxyethyl)glycine (Bicine) (pH 9.0)
buffers were prepared to maintain the solution pH.
Appropriate buffer concentrations were selected to maintain
the ionic strength at 15 mM without the addition of any salt.
For high ionic strength studies, sodium chloride was added to
adjust the total solution ionic strength to 150 mM. Prior to
analysis, the antibody solutions were buffer exchanged with
the buffer of interest using Millipore Amicon Ultra centrifu-
gation tubes with a molecular weight cut-off of 10 kD. After
buffer exchange, the concentrations of the samples were
determined using a UV spectrophotometer and an absorp-
tivity of 1.6 (mg/mL) 'em ™" for MAb1, M-1, M-5, M-6, M-
7, M-11, and 1.5 (mg/mL)~" cm™" for MAb2 and M-10 at
280 nm for 0.1% IgG, solutions. The solution pH was
checked for each dialyzed sample. Required concentrations
were prepared by dilution with the respective buffer.

Circular Dichroism Measurements

Near-UV circular dichroism (CD) spectroscopy was used to
ensure that no major structural change resulted in the
tertiary structure of MAbs upon mutations of different
residues. Experiments were conducted using a Jasco 815
spectropolarimeter (Easton, MD, USA). Solution ellipticity
was measured from 340 to 240 nm at pH 6.0 histidine-HC1
buffer. Studies were conducted at 0.75 mg/ml MAb
concentration using a 10 mm path length cell. Multiple
scans, at a resolution of 0.1 nm and a scan rate of 10 nm/min,
were accumulated and averaged in order to improve the

signal-to-noise ratio. Buffer spectra obtained with the same
acquisition parameters were subtracted from the averaged
scans for the IgG; solutions.

Viscosity Measurements

Viscosities of samples were measured with an MCR300
cone and plate rheometer (Anton Paar, Ashland, VA).
Samples were loaded onto the lower measuring plate and
were allowed to come to thermal equilibrium at 25°C. A
solvent trap was used to prevent solvent evaporation. The
samples were subjected to two cycles of shear-rate sweeps
with a l-min resting time between the two cycles. The
shear rate was ramped up from 10 to 1,000 s~ with a 1-
min hold time at 1,000 s~ and then ramped down from
1,000 to 10 s~'. Due to the shear thinning behavior of
protein solutions the viscosity values reported are at
1,000 s~ owing to the shear rate independence of viscosity
at this frequency. The reported values are an average of
two shear-rate sweep measurements. The duration of
measurement at each shear rate was optimized using the
US200 software (Anton Paar, Ashland, VA).

Sedimentation Equilibrium Studies

Sedimentation Equilibration analyses of IgG; molecules were
conducted using a Beckman XI-1 ultracentrifuge at 20°C,
using the preparative method described previously (3, 24, 25).
The method was optimized for the IgG, loading concentra-
tion, loading volume, sedimentation equilibrium attainment
time and speed (RPM). Approximately 300 pl of IgG,
solutions were layered on top of 100 ml of Fluorocarbon (FC-
43) i thick-walled polycarbonate tubes (Beckman Instru-
ments, Palo Alto, CA). The samples were than centrifuged for
12,000/15,000 rpm in a swinging bucket SW 60 Ti rotor for
3648 h. Sample loading concentrations of 50 mg/ml and
volumes of 300 pl were enough to acquire a good number
(average 12—15 points) of data points. Sedimentation equi-
librium was attained within 48 h at 12,000 rpm. Attainment
of sedimentation equilibrium was verified by comparing data
obtained after centrifugation for 48 and 64 h. Immediately
after centrifugation, aliquots (10 pl fractions) of the sample
were withdrawn using a BRANDEL® automated micro-
fractionator (minimum step size: 5> mm). The collected
fractions were placed into a 96-well UV plate and diluted
with 30 mM histidine-HCI buffer for measuring protein
concentration by UV spectroscopy.

The apparent weight average molecular weight, A, 4,
at each radial position was determined with the following
equation (24):

My app-” (1=vp). (=12

G, = Ce 2RT - (1)
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where C, is the IgG; concentration at the radial position 7,
C, 1s the initial loading protein concentration, v is the partial
specific volume, p is the buffer density, o is the angular
velocity, 7, 13 the reference radial position, R is the gas
constant, and 7 is the temperature in degrees Kelvin. The
values for the partial specific volumes, v, for MAbI
(0.73 ml/g), MAb2 (0.72 ml/g), M-7 (0.73 ml/g) and M-
10 (0.72 ml/g) were calculated from their amino acid and
carbohydrate compositions using the program SEDNTERP
(www.bbri.org/RASMB/rasmb.html). The buffer density, p
(1.011 g/ml) for histidine-HCI, 15 mM ionic strength at
pH 6, was determined using a digital densitometer
(DMA35, Parr, Paar, Ashland, VA). The apparent weight
average molecular weight as a function of protein concen-
tration for each MAb molecule was obtained from a sliding
regression of the slope of the natural logarithm of protein
concentration, 5. radial position. (In ¢ zs. /2 plot).
Thermodynamic non-ideality at high concentrations due to
the primary charge effect and excluded volume results in an
apparent weight average molecular weight less than the
monomer molecular weight of a typical IgG| molecule (26-28).

The non-ideality corrections for the charge and excluded
volume can be obtained, assuming MAb2 exists as
monomeric species (M,=150 kD) and does not self-
associate appreciably in solution. These corrections can be
obtained from the following relationship between M, ,,, at
weight/volume concentration, ¢, and the actual molecular
weight, M, (29,30):

dlny
Mw’a[,{, = Mw |:1 -+ C< d

C

ﬂ = 150,000%(Corr(c))  (2)

where, y is the activity coeflicient of IgG; molecule and
Corr(c) 1s the multiplicative correction factor.

High Frequency Ultrasonic Rheology

The rheological properties of the monoclonal antibodies were
evaluated using an ultrasonic shear rheometer with quartz
crystals vibrating at a fundamental frequency of 10 MHz. The
theory and experimental procedure have been described
elsewhere (31). For non-Newtonian viscoelastic fluids, the
solution storage (G') and loss (G") moduli and the complex
viscosity (n*) are given by the following relationships (31, 32):

R2 — X7}

G (0) = —=—=, (3)
AQPLZ'I,.
2Ry Xy

(o) = (4)
AQPLz'q

= () + (")) o= 6o (5)

@ Springer

where 4 is a crystal constant, prjq is the liquid density, and
o 1is the quartz crystal frequency. In this study, 35-uL
samples of the IgG; solution were analyzed in triplicate.
The temperature of the liquid samples was controlled at
25%0.1°C prior to and during measurement using a
temperature-controlled water jacket.

Dynamic Light Scattering (DLS)

DLS studies were conducted at 25+0.1°C using a Malvern
Zetasizer Nano Series (Worcestershire, UK). The buffers
were filtered through sterile 0.22 pm Durapore membrane
filters (Millipore, Bellirica, MA) before centrifugal ultrafil-
tration. After buffer exchange, the protein solutions were
filtered through 0.22 pm Millex-W syringe filters (Millipore).
The concentration of IgG) in the solution was adjusted to
12 mg/ml, and the pH was measured to ensure consistency.
Before analysis, the protein solutions were centrifuged at
6,740 X g for 5 min using an eppendorf minispin (Germany
HA) centrifuge. A low volume glass cuvette, DTS2145
(Malvern Instruments, UK), was used for holding the
sample. A total of 15 scans, each with duration of 20 s,
were accumulated for each sample. All the samples were
analyzed in triplicate. DTS software (Malvern Instruments,
UK) was used to analyze the acquired correlogram
(correlation function versus time) and obtain the mutual
diffusion coefficient (D,,). The hydrodynamic radius (R},) of
the molecules can be estimated from the D using the
Stokes-Einstein equation, Dy = kgT/6anRy,, where kg is the
Boltzmann constant, 7 is the temperature in degrees Kelvin
and 7 is the solvent viscosity, i.e. ¢ — 0.

Zeta Potential and Net Charge Determination

Zeta potential (£) measurements were performed at 25+
0.1°C essentially as described previously (6) using a
Malvern Zetasizer Nano Series (Worcestershire, UK). For
the convenience of the reader the procedure is briefly
described again. The measurements were made using an
antibody concentration of 5 mg/ml in a DTS1060 clear
disposable folded capillary cell. The electrophoretic mobil-
ity measured under an applied electric field is then used to
determine the zeta potential using Henry’s equation:

Uy = 2&&fi (ka) (6)

3n

where Uy 1s the electrophoretic mobility under the applied
voltage, ¢ 1s the dielectric constant of the medium, # is the
viscosity of the dispersant, ¢ is the zeta potential in Volts
and fj(xa) is the Henry’s function. Different solutions exist for
Jilka) depending upon the ratio of the radius of curvature to
the thickness of the electrical double layer around the
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particle (33,34). At 15 mM solution ionic strength, the f(xa)
value of 1.066 was used to calculate the zeta potential.

If the zeta potential of a particle is less than £77/¢ (1.e.
25.7 mV at 25°C), the net molecular charge can be
approximated using the Debye-Hiickel approximation of
the Poisson-Boltzmann equation:

4rea(l + ka)é
7 =—"=
4

(7)

where ¢ is the electronic charge, a is the particle radius and
the inverse Debye length x is given by (35).

8N\’ |
== 7?2
* (10005kT> ®)

where N, is Avogadro’s number and £ is Boltzman’s
constant, / is the solution ionic strength and 7 is the
temperature in degrees Kelvin. For the present charge
calculations, the radius « has been substituted by the
hydrodynamic radius, R, calculated using the Stokes-
Einstein equation from the self-diffusion coefficients, D,
obtained from DLS measurements. The use of the
exclusion/hydrodynamic radius, Ry, over the van der
Waals radii « is justified because it is the Stokes radius that
defines the size of an electro-hydrodynamic particle
(36,37).

Theoretical Charge Calculations

The theoretical charges on different IgG; molecules were
calculated using the primary amino acid sequence. The
charges were calculated as function of solution pH using
SEDNTERP. (www.bbri.org/RASMB/rasmb.html).

RESULTS

Impact of Amino Acid Sequence Insert
and Glycosylation on Viscosity of MAbI

The viscosity as a function of concentration for mutant M-1
is similar to the respective parent IgG; molecule, MAbI
(Fig. 1). These data show that the absence of the 4 amino
acid sequence in the CDR of MAbldoes not have a major
effect on the viscoelastic properties of this monoclonal
antibody. In addition, mutant M-11, which was produced
in . coli, has a similar viscosity-concentration profile when
compared to the glycosylated version, MAb1 (Fig. 1).

Viscosity vs. Concentration for MAbl, MAb2
and Their Respective Charge-Swap Mutants

Mutants with substitution of charged residues, only in the VL
chain (M-5) or in the VH chain (M-6) showed a partial loss in

®MAb-1
100 1 e MAb-2 ®
+M-1
OM-5 A
80 * M-6
o XM-7 *
< aoM-10 o} X
> 60 -
= AM-11 A
2 ® ® .
[&]
2 a0 ﬂ_ *
) *
20 iz *o ¢
* ox ¢
' * o Xeo
0lee @ ..l:l *K X Eg

0 50 100 150 200 250 300
Concentration (mg/ml)

Fig. | Viscosity profile of MAbI, Mab2 and the designed mutants as a
function of concentration at solution pH 6.0, 15 mM ionic strength. The
viscosity was measured with MCR300 rheometer (Anton PAAR), using a
CP25-1 cone/plate measuring system at a shear rate of 1,000/.

viscosity, but the viscosity values are still higher than that
observed for MAb2 (Fig. 1). On the other hand, viscosity of
M-7, with charge changes in both VL. and VH chain, is
equivalent to MADb2 (Fig. 1). Interestingly, M-10, where
charge residues from MADb]1 are substituted in the sequence
of MAb2, did not show any increase in the viscosity (Fig. 1).

High Frequency Rheology of MAbI, MAb2
and Charge-Swap Mutants M-7 and M-10

Figure 2a shows the solution G’ as a function of IgG,
concentration for MAbI, MADb2, and the charge-swap
mutants, M-7 and M-10, at solution pH 6.0, 15 mM 1onic
strength. MAb1 showed a high solution G’ at high concen-
trations and a sharp increase with concentration, whereas M-
7 did not show such high solution G" at 125 mg/ml. The
solution G’ for MAb2 and M-10 at 125 mg/ml was also
significantly less in comparison to MAbl along with a
gradual increase with concentration. The solution G', as a
function of pH for these molecules at 125 mg/ml, is shown
in Fig. 2b. MAb1 showed a monotonic decrease of G" with
an increase in pH from 6.0 to 8.0, whereas M-7 did not
show any significant change in G’ on changing solution pH
from 6.0 to 7.0, though the G’ increased with a further rise
in solution pH to 8.0 (Fig. 2b). Both MAb2 and M-10
showed an increase in solution G’ with increasing solution
pH, wherein solution pH 8.0 showed the highest G’ (Fig. 2b).
In addition, at pH 8.0 MAb2 showed a higher G’ in
comparison to M-10 (Fig. 2b).

Dynamic Light Scattering Studies of MAbl, MAb2,
and Charge-Swap Mutants M-7 and M-10

Figure 3a and b show the results from the DLS measure-
ments. Iigure 3a shows a representative plot at pH 6.0,
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a .. from a positive to a negative value. Previous DLS measure-
~®:MAb-1 ments on MAb1 at pH 6.0, 15 mM ionic strength resulted in

005 st e a kp of =21.05 ml/g (22) and —18.54£0.53 ml/g (6). The kp
-5-M-10 value reported in this work (—19.79+1.11 ml/g) is an

0.04 A

0.02 1

Storage Modulus (G')(MPa)
o
&

0.014
0.00 )
20 40 60 80 100 120 140
Concentration (mg/ml)
-6-MADb-115mM
0.06 | - MAb-215mM
g -%-M-715mM
S -2-M-1015mM
= 0.5 A
e/ O\
12
=
>
=} 4
S 004
s P
()
=
g
2 0034 @ -
2 T Q;r/
0.02
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pH

Fig. 2 Solution storage modulus (G') measured using ultrasonic shear
rheometer at |0 MHz frequency (a) as a function of IgG, concentration at
pH 6.0, 15 mM ionic strength (b) as a function of solution pH at 125 mg/ml.
The measurements were made in triplicate. The error bars, if not visible, are
smaller than the symbols used. The line connects the data points to guide the
eye and is not a result of model fitting to the data. The G' data only for MAb|
has been published previously in Reference 22.

where the mutual diffusion coeflicients (D,,) are plotted as a
function of IgG; concentration ranging from 3 to 12 mg/ml.
The lines in the figure represent linear fits to the data using
the following equation (38,39):

D,, = D,(1 + kpe) (9)

where D is the self-diffusion coeflicient (the value of D, at ¢
=0), kp 1s the interaction parameter, and ¢ is the concentra-
tion of the protein (g/ml). The value of D, and kp can be
obtained, respectively, from the intercept and slope of a plot
of Dy, vs. ¢ (Eq. 9). The parameters Table II) at pH 6.0,
15 mM ionic strength, for MAbl and M-6 showed a
negative kp, whereas MAb2, M-5, M-7 and M-10 have a
positive kp. At 150 mM solution ionic strength, MAbI
showed a less negative kp, whereas the kp for MAb2 changed
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average of the earlier two reported values as well as some
additional measurements (6,22). The measurements are
usually repeated with every new lot of MAb1 received, and
essentially represent 5—6 replicates over time for MAbI.
However, the associated experimental error does not change
any conclusion or interpretation of either this work or any of
the previously published manuscripts (6,22).

The interaction parameter, kp, as a function of pH is
shown in Fig. 3b. The value of & for MAb1 becomes less
negative as the solution pH is increased from 6.0 to 8.0
(Fig. 3b). At pH 9.0 the £p attains a positive magnitude,
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Fig. 3 (a) Mutual diffusion coefficient (D,,,) for IgG, molecules at pH 6.0,
I'5 mM (solid symbols) and 150 mM (open symbols) solution ionic strength.
The ionic strength was adjusted to 150 mM with addition of NaCl. The
lines are linear best fits with slope and intercept representing Dskp and Dy
(self diffusion coefficient), respectively. (b) The interaction parameter, kp,
as a function of solution pH, calculated from the slopes of Dy, versus ¢ plots

(Eq. 9).
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Table Il Parameters Calculated From DLS Measurements With 1gG,
Molecules at 25+0.1°C

pH DXI1077 (cm?/sec)’ dyy (nm)P ko (ml/gm)©
MAbBI, 15 mM ionic strength

6.0 4.27=0.05 [1.48+0.18 —19.79x= .11
7.0 4.34=0.08 11.30=0.28 —18.02+0.88
8.0 4.24=0.04 [1.51=0.14 —12.08+0.05
9.0 4.17=0.09 [1.77+0.32 +10.86%1.09
MADbI, 150 mM ionic strength

6.0 4.48+0.03 10.96=0.11 —12.32+0.48
MADb2, 15 mM ionic strength

6.0 4.32+0.03 10.77=0.11 [1.09+0.07
7.0 4.56+0.07 10.79+0.25 —579+0.23
8.0 4.55+0.06 10.82+0.21 —12.55+0.08
9.0 4.52+£0.06 10.86 £0.21 —12.19+0.16
MAb2, 150 mM ionic strength

6.0 4.53+0.04 10.83x0.14 —5.38=+0.64
M-5, 15 mM ionic strength

6.0 4.43+0.03 10.99%0.11 8.04=0.66
M-6, 15 mM ionic strength

6.0 4.32+0.06 10.77£0.21 —14.22+1.20
M-7, 15 mM ionic strength

6.0 4.43=0.03 10.99=0.11 10.66=0.04
7.0 4.48=0.01 10.95+0.04 10.62+0.07
8.0 4.46+0.02 10.95+0.07 10.77 =0.05
9.0 3.97x0.08 12.35+0.28 —8.51%=0.11
M-10, 15 mM ionic strength

6.0 4.54+0.06 10.66+0.20 7.13x0.87
7.0 4.54+0.08 10.62+0.27 —5.45+0.99
8.0 4.53+0.02 10.77=0.08 —-8.26+0.74
9.0 4.44+0.07 [1.06£0.25 —5.80+0.09

9 From the intercept of plots in Fig. 3(a)
b True Hydrodynamic diameter calculated at ¢ —0
¢ Slope (plots in Fig. 3(a))/Ds

whereas the values for MAb2, M-7 and M-10 are positive
at pH 6.0 and become negative at pH 9.0 (Fig. 3b).

Circular Dichroism Studies

Figure 4a shows the near UV CD spectra for MAbl and
M-7 where the charged residues have been replaced in both
the VH and VL chain sequences. The ellipticity is
represented as mean residue molar ellipticity. Although
there are subtle differences in the near UV CD spectra for
MADbI and M-7, no major change in the structure of M-7 is
observed. Moreover, the observed differences in mean
residue molar ellipticity of MAbl and M-7 are expected
due to the substitution of different residues upon mutation.
In comparison to the charged residues present in the
sequence of MAbl, MAb2 possesses certain aromatic

(tyrosine) residues at the respective position and some
tryptophan residue in the vicinity. Therefore, swapping of
charge residues in MAbI with those present in MAb2 at
their respective positions results in the insertion of some
aromatic residues in the sequence of M-7. This is reflected
as increased molar ellipticity in the case of M-7 in
comparison to MAbI. Similarly, no major change was
observed in the CD spectra for M-10 in comparison to
MADb2 (Fig. 4b), indicating that the overall structure of IgG
molecules remains intact following mutation.

Analytical Ultracentrifugation Studies

Figure 5a shows the concentration gradient generated by
preparative analytical ultracentrifugation for the different
IgG| molecules as a function of centrifugal radial position.
Among all IgG| molecules, MAb1 with the highest viscosity
showed the steepest concentration gradient. The apparent
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Fig. 4 Near UV CD spectra of (a) MAb| and M-7 and (b) MAb2 and M-
|0 at solution pH 6.0, histidine hydrochloride buffer at 15 mM ionic
strength. The ellipticity is represented as mean residue molar ellipticity.
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Fig. 5 The sedimentation equilibrium data for IgG, molecules (a), the
concentration of MAbs as a function of centrifugal radial position (b), the
apparent weight average molecular weight, My,qp, of MAbs as a function
of protein concentration, obtained from a sliding regression of In(c) vs. r*/2
plot from the data in figure (a), (c) the corrected weight average molecular
weights (M,,) for MAbI| and mutants, using the non-ideality corrections
for MAb2 (Eq. 8). The measurement was conducted at pH 6.0, histidine
hydrochloride buffer in 15 and 150 mM ionic strength at 12,000 rpm.
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weight average molecular weight computed from a sliding
regression analysis of the In ¢ vs. r° plot is shown in Fig. 5b,
where even before any corrections for non-ideality, MAb1
appears to be more self-associated than the other MAbs.
The corrected weight average molecular weights (M,,,) for
MAb! and mutants, using non-ideality corrections for
MADb2 are shown in Fig. 5c. The M, for MAbI is higher
in comparison to M-7 and M-10, demonstrating that
MADbI undergoes self-association, whereas M-7 and M-10
do not self-associate nearly as much under these conditions.
Replacing charge residues in both the variable light (VL)
and the variable heavy (VH) chain in MAbl (M-7) resulted
in a lower M,,,, suggesting a loss in self-associating behavior.
The converse case, M-10, where the VL. and VH chain of
MAb2 were made to look like MAb1, did not self-associate
and has a viscosity-concentration profile similar to MAb2
(Fig. 5c).

Zeta Potential Measurements

Figure 6 shows the zeta potential results for IgG| molecules
at solution pH 6.0, 15 mM ionic strength. The values in
parentheses are the calculated charges from zeta potential
results using the Poisson Boltzmann equation linearized
with respect to the surface charge and zeta potential using
the Debye-Hiickel approximation. The zeta potential and
effective charge were observed to be the lowest on MAbI
and highest for MAb2 and M-5. The average zeta potential
for MAb1 at pH 6.0, 15 mM ionic strength incorporates
the zeta potential measured and reported previously for
MADbI, 5.01 mV in ref. (22) and 4.3%£1.04 in ref. (6). The
variation in measured potential essentially represents the
error associated with these measurements. The M-6 net

12.0 -
(8.61+1.39)
10.0 4 (8.31+0.68)

(7.29+0.64)
8.0

6.0 | (4.58£1.04) (4.9540.45) (4.980.72)

Zeta Potential(mV)

4.0 |

2.0 4

0.0 +

MAb-1 MAb-2 M-5 M-6 M-7 M-10
Fig. 6 Zeta potential of [gG; molecules at solution pH 6.0, 15 mM ionic
strength. The measurements are performed at a concentration of 5 mg/ml
at 25°C=0.1°C. The number in parentheses represents the effective
charge calculated from linear correlation of § and Z, (Eq. 6). An average
radius, a=5.5 nm, determined from DLS measurements, was used for
charge calculation.
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charge, within error, is nearly the same as MAb-1 (Fig. 6).
The swapping of charge residues in both the VL and VH
chains of MAb1, i.e. M-7, resulted in an increase in surface
charge and a higher zeta potential. Conversely, M-10 (on
placing the charged residues in sequence of MAb2) showed
a reduction in zeta potential and the effective charge
(Fig. 6).

Theoretical Charge Calculations

Figure 7 shows the theoretical charges calculated for the
different IgG; molecules as a function of pH. Table III
compiles the isoelectric point (pI) for the IgG; molecules
and the theoretical and experimental charges at pH 6.0.
The 1soelectric point and theoretical charge at pH 6.0 were
calculated from the primary amino acid sequence (Fig. 7),
whereas the experimental charges were calculated from the
zeta potential measurements (Fig. 6). The experimentally
measured charge for the MAbs was observed to be
substantially less than the theoretically calculated one.
Previously, it has been shown that the theoretically
computed charge values have been in good agreement for
many globular proteins (40,41), whereas for MAbs the
experimental charge was observed to be 15-20 units below
the theoretically estimated value (personal communication:
unpublished data from the laboratory of Dr. Thomas M.
Laue, University of New Hampshire). Additionally, the
presence of counter-ion and its possible binding with
macro-ion may alter the effective molecular charge, which
is not accounted for in theoretical calculations (40). At any
rate, both theoretical and experimental results indicated a
change in effective charge on the molecules following
mutations. The VL chain mutations in MAbl (M-5)
resulted in an increase in the pl as well as the effective
charge at pH 6.0 (Table III). The replacement of histidyl

60
-e-MAb-1

Charge

pH

-80

Fig. 7 Theoretical charge calculated on IgG;s as function of solution pH.
The charges were calculated from the primary amino acid sequence using
SEDNTERP (www.bbri.org/RASMB/rasmb.html).

Table I Isoelectric Point (pl) and the Net Charge on 1gG, Molecules

pH Isoelectric Point?  Theoretical charge  Experimental Charge
(pH 6.0y (pH 6.0

MAbl 7.5 22.6 45=1.1

M-5 8.6 29.1 8.6x1.4

M-6 7.5 18.9 49+04

M-7 8.6 25.4 73+0.7

MAb2 8.8 31.9 8.3+0.6

M-10 83 29.1 49+0.7

9 Calculated theoretically from the primary amino acid sequence, Fig. 7

b Calculated theoretically from the primary amino acid sequence at pH 6.0
(Fig. 7)

€ From zeta potential measurements at 15 mM ionic strength (Fig. 6) using the

Debye Huickel approximation with the linearized Poisson Boltzmann equation
(Eq. 6)

residues in the VH chain of MAb1, M-6, did not result in a
change in the pl, rather the theoretical charge at pH 6.0
was slightly less as compared with that of MAb1 (Table III).
M-7 also showed a higher pl and an increase in effective
charge at pH 6.0. On the other hand, M-10 indicated a
slightly lower pl and less positive net charge at pH 6.0
compared with MAb2 (Table III).

DISCUSSION

Impact of Amino Acid Sequence Insert
and Glycosylation on Viscosity of MAbI

Although the human Fc construct is the same for MAbl
and MADb2, the CDRs are of a different length and are
essentially offset by a 4 amino acid sequence insert. M-1
was constructed so that MAb1 and MAb2 would essentially
have the same length for the CDR. The results of the
viscosity-concentration profile for M-1 vs. MAb1 show that
this insert does not affect viscosity of MAb1 (Fig. 1). In
addition, the profile for mutant M-11, which was made in
E. coli and lacks the carbohydrate chain, is very similar to
the profile for MAb-1 (Fig. 1). This is not too surprising
given the limited accessibility of the carbohydrate chains in
the IgG; structure (42). Most importantly this result
suggests that the usual microheterogeneity of carbohydrate
chains would be expected to have little impact on the
viscosity of MAbl and MAb2.

Protein-Protein Interactions as a Function
of Concentration and pH as Detected by DLS

The kp values determined by DLS measurements as a

function of concentration provide an assessment of protein-
protein interactions. In particular, a positive kp is a result of
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an increase in Dy, over D with increasing concentration,
whereas a negative kp 1s a result of decreasing D, as the
solution concentration increases. Thus, a positive £p
signifies repulsive interactions, and a negative kp implies
attractive intermolecular interactions (43).

At pH 6.0, 15 mM ionic strength (Fig. 3a and Table II),
MADb! with a negative kp suggests the presence of attractive
intermolecular interactions, whereas MAb2 and mutants
M-5, M-7 and M-10 interactions are overall repulsive as
shown by a positive Ap. At higher ionic strength, 150 mM,
the kp value for MAbI becomes less negative (Fig. 3a and
Table II), indicating a decrease in attractive interaction.
This is consistent with a recent observation which shows a
negative Bys in MAbl even at 600 mM solution ionic
strength adjusted with NaCl (44). The replacement of
charge residues in the VL chain (M-5) resulted in complete
loss of intermolecular attractions and subsequent transition
to intermolecular repulsions (Table II). The replacement of
charged residues in the VH chain, M-6, also resulted in loss
of attractive interaction as depicted by a less negative kp
(Table II). Charge replacement in both VL and VH
chains (M-7) led to a transition of intermolecular
attraction to net repulsive potential between molecules
(Table II). Both the effect of salt and the behavior of
mutant M-5, M-6 and M-7 suggest that the charged
residues in MAb]1 are responsible for invoking attractive
interactions in MAbl. The presence of salt results in a
screening of these electrostatic interactions, either due to
screening of surface charge or specific anion binding, and
thereby decreases the intermolecular attractions. However,
when these charge residues are replaced, as in the designed
mutants, the attractive interactions are either decreased (M-6)
or even completely neutralized to favor intermolecular
repulsions (M-5, M-7).

MADb2 showed a positive &p at pH 6.0 and 15 mM ionic
strength, suggesting the presence of repulsive interaction
between MADb2 molecules (Fig. 3a and Table II). The
placement of charged residues in the sequence of MAb2
(mutant M-10) did not result in an overall attractive
interaction, but rather only a slight decrease in intermolec-
ular repulsion, as evident by a less positive kp value (Fig. 3a
and Table II). However, an increase to 150 mM ionic
strength resulted in a negative Ap for MAb2, indicating the
transition of overall intermolecular interactions from
repulsive to attractive in nature (Fig. 3a and Table II).

Previous work (Fig. 6 in reference (22)) has shown that
over a pH range from 4 to 9, the £p value is at a minimum
at pH 6 and 15 mM ionic strength. This indicates that at
low 1onic strength conditions, intermolecular attractions
are relatively strong at pH 6 compared to other solution
pHs. This is consistent with the maximum value of G’
(Fig. 6 in reference (22)) as well as the highest viscosity
(Fig. 5. in ref (3)) at solution pH 6.0 (3,22). The effect of
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salt on kp and G’ corroborated that the intermolecular
interactions are electrostatic in origin (3,22).

As a function of pH, (Fig. 3b), MAb2, M-7 and M-10
showed the existence of intermolecular repulsions at pH 6.0
(positive kp), which becomes attractive with an increase in
solution pH to 9.0 (negative kp). In comparison with
mutants M-7 or M-10, MAb2 showed higher intermolec-
ular repulsion at pH 6.0 and also higher attraction
predominated at pH 8.0 or pH 9.0.

Protein-Protein Interactions as Function
of Concentration and pH as Detected by High
Frequency Rheometry

The solution G’ as measured by high frequency rheometry
1s a measure of solution rigidity that is conferred by the
presence of intermolecular interactions in the system. At
high concentrations the presence of attractive interactions
confers relatively more rigidity to solutions, thereby
restricting the molecular relaxation and momentum trans-
fer in solution. This is reflected as a higher magnitude of
solution G’ in the presence of attractive interactions as
compared with intermolecular repulsions. The interrelation
among pair potentials and rheological functions in estab-
lishing solution elastic modulus, G, as a direct measure of
intermolecular interaction in concentrated dispersions have
been well established (45—47).

The presence of intermolecular attractions in MAb1, at
pH 6.0 15 mM ionic strength, resulted in a higher solution
rigidity as reflected by a high solution G' at 125 mg/ml
(Fig. 2a). Mutant M-7 did not show such high solution G’ at
125 mg/ml (Fig. 2a), which is indicative of the loss of
attractive interactions and is consistent with Ap results
(Fig. 3a). The solution G' for MAb2 and mutant M-10 at
125 mg/ml was also significantly less in comparison to
MADbI due to the presence of repulsions between molecules
(kp results, Fig. 3a). M-10, in spite of the charge swap, did
not show any significant change in intermolecular inter-
actions and hence G’ as compared with MADb2 even at
higher concentrations (Fig. 2a). This further supports the
hypothesis that the attractive interactions between MAbI
molecules contribute to the observed concentration- de-
pendent high viscosity, since mutant M-10 viscosity was
similar to MADb2.

The pH dependence of G’ for MAbI at 125 mg/mL at
15 mM and 150 mM ionic strength was determined
previously (Fig. 6 in reference (22)). At 15 mM ionic
strength, the solution G', representative of the strength of
intermolecular interactions, showed a maximum at pH 6.0.
A sharp decrease in solution G', and hence the intermolec-
ular interactions, was observed with a change in solution
pH to either an acidic or the basic side of pH 6.0 (22). At
150 mM ionic strength the solution G’ flattens off over the
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whole pH range from 4.0 to 9.0, suggesting that the
intermolecular interactions were primarily electrostatic in
origin and could be screened in the presence of salt (22).
Although the intermolecular attractions (kp results, Fig. 3a)
and also G' for MAbl (Fig 2b) showed a monotonic
decrease in attractive interactions with an increase in pH
from 6 to 8, mutant M-7 G' is essentially constant over the
pH range from pH 6 to 7 followed by an increase from
pH 7 to 8 (Fig. 2b). Due to the increase in intermolecular
attractions, both MAb2 and mutant M-10 showed an
increase 1n solution G’ with increasing solution pH, wherein
solution pH 8.0 showed the highest G’ (Fig. 2b). At pH 8.0
MADb2 showed a higher G’ in comparison to mutant M-10,
suggesting stronger intermolecular interaction at this pH

(Fig. 2b).

The Role of Charge Residues in Invoking Specific
Attractive Interactions in MAbI

Solution G’ (Fig. 2a) and p (Fig. 3a) indicated the presence
of intermolecular attractions in MAb] solutions. These
attractive interactions resulted in self-association of MAb]
molecules at high concentrations resulting in higher A,
(Fig. 5¢) and high viscosity (Fig. 1). The replacement of
charged residues in MAbl, either in VL (M-5) or in VH
(M-6), resulted in a loss in the viscous behavior (Fig. I).
However, the viscosity of M-5 or M-6 was still higher as
compared to the viscosity of MAb2 (Fig. 1), suggesting only
a partial loss in self-associating behavior of MADI.
Conversely, replacing charge residues in both the VH and
VL chain resulted in a decrease of viscous behavior, wherein
the viscosity of M-7 was equivalent to the MAb2 solution
viscosity (Fig. 1). This is in agreement with a lower A, for
M-7 (Fig. 5c¢), signifying the loss in self-association of MAb].

However, the substitution of charge residues in the
sequence of MAb2 did not increase either the viscosity or
the self-associating behavior for M-10. At pH 6.0, the M,
(Fig. 5¢) and the viscosity (Fig. 1) of M-10 are significantly
lower as compared to MAbI solutions.

The effect of salt on G', kp and M, indicates the
contribution of electrostatic interactions and consequently
the involvement of charge residues towards self-association
and viscosity behavior of MAbI. The increase in solution
ionic strength to 150 mM with NaCl resulted in a decrease
in solution G’ and a less negative kp (Fig. 3b and Table II),
demonstrating a decrease in electrostatic attractive inter-
actions. The decrease in intermolecular attractions results
in a loss of self-associating behavior, which is reflected as a
lower M, for MAb1 at 150 mM ionic strength (Fig. 5c¢). In
the case of M-7, where the charge residues have been
removed, the addition of salt did not make any significant
change in the M,,, further corroborating the role of charge
residues in self-associating behavior (Fig. 5¢). However, M-

10, where the charged residues are inserted in the sequence
of MADb2, did not show any change in self-associating
behavior at high solution ionic strengths (Fig. 5c¢).

At this point it may seem that the charged residues in
both VL and VH chain are responsible for the self-
associating behavior of MAb]1, the replacement of which
results in a loss of viscosity and lower M, of the M-5, M-6
and M-7 mutants. However, the behavior of M-5and M-7
could also be explained based on the change in effective
charge and pl of the molecule following mutations
(Table III). Previous study on an IgGo molecule (5) and
the present observations on MAb2, M-7 and M-10 (Fig. 2b)
indicate that the viscosity of high concentration protein
solution tends to be higher towards the plI as compared with
other solution pHs. This is due to the fact that at pHs away
from the pl the molecule carries a higher net charge
favoring intermolecular repulsions, whereas at the pl the
net molecular charge is zero, resulting in minimal repul-
sions. Thus, as the solution pH is shifted towards the pl, the
repulsions decrease and the contribution of intermolecular
attractions due to charge-charge, charge-dipole, dipole-
dipole and multipole interactions increases. This is evident
from the kp data (Fig. 3b and Table II) wherein MAb2, M-
7 and M-10 show intermolecular repulsions at pH 6.0.
With an increase in solution pH towards the pI of these
molecules, the £ becomes negative, signifying a transition
of intermolecular interactions from repulsive to attractive in
nature (Fig. 3b and Table II). A further increase in pH
resulted in a higher negative kp, suggesting an increase in
attractive intermolecular interactions (Fig. 3b). The increase
in intermolecular attractions results in an increase in
viscosity (data not shown) and solution G’ towards the pl
(Fig. 2b).

The mutations in the VL and VH chain, M-7, resulted
in an increase in effective charge on the molecule (Fig. 6).
This increase in net molecular charge would favor
intermolecular repulsions. This is corroborated by the
solution G’ (Fig. 2a) and #kp (Fig. 3a) measurements,
indicating the presence of repulsive interactions in M-7
solutions. The presence of repulsions does not favor the self-
association, resulting in a lower M, (Fig. 5¢) and loss of
solution viscosity (Fig. 1) for M-7. A similar argument
would hold for the behavior of M-5, wherein the mutations
are made only in the VL chain, resulting in an increase in
pI and the effective charge (Table III). This increase in net
molecular charge will lead to an increase in intermolecular
repulsions (kp results, Table II), resulting in lower viscosity
as observed (Fig. 1). The increase in net molecular charge
and repulsive interactions therefore explains the loss in
viscosity and self-association for M-5 and M-7.

However, the behavior of M-6, wherein the mutations
are made only in the VH chain, supports our previous
hypothesis that the specific attractive interactions originate
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from a number of histidyl residues in the CDR (22). The
replacement of these charged histidyl residues in MAb1, 1.e.
the charge-swap mutant M-6, did not result in an increase
in the pl or the net charge of the molecule (Table III). In
fact, the theoretical calculations (Fig. 7) showed slightly
lower net charge for M-6 as compared with MAb1, and the
experimental charge is nearly the same (Fig. 6). In spite of
this, M-6 showed a lower viscosity as compared with MAb1
(Fig. 1). This loss in viscosity cannot be attributed to an
increase in intermolecular repulsions, since the net charge
remains the same. If only the net charge were governing the
solution behavior and the intermolecular interactions, then
the viscosity of M-6 should have been equivalent to MAb1.
This indicates that the histidyl residues are responsible for
the high viscosity of MAb1. Although at this point we have
not quantified molecular dipoles, we hypothesize that the
replacement of positively charged histidyl residues essen-
tially results in a loss of net molecular dipole, thereby
decreasing the electrostatic attractive interactions and loss
of self-association. However, the attractions are not com-
pletely lost after swapping in the histidyl residues, as M-6
still exhibits a negative kp, although lesser in magnitude as
compared with MAb1 (Table II). Thus, it appears that
there are other factors, in addition to the charged histidyl
residues, that contribute towards the intermolecular attrac-
tion in MAb-lat pH 6.0, and will be elucidated further.

The behavior of mutant M-10 can also be explained on
the basis of net positive molecular charge (Table III). In low
ionic strength solutions, both MAb2 and M-10 showed a
positive kp, indicating the presence of repulsive interactions
at pH 6.0 (Fig. 3(a)). The &p value for M-10 is lower as
compared to MAb2, suggesting that the placement of
charge residues did result in some attraction between
molecules, thereby decreasing intermolecular repulsions.
However, the net intermolecular interactions are still
repulsive, and therefore do not favor self-association
(Fig. 5c) or an increase in viscosity (Fig. 1). This is evident
even at 125 mg/ml, where the solution G’ for M-10,
though slightly less, is not very different as compared to
MADB2, suggesting similar magnitude of intermolecular
interactions in the two molecules (Fig. 2a). Although the
addition of salt decreases the repulsive interactions to the
extent of favoring intermolecular attractions, resulting in
negative a kp for MAb2 (Fig. 3a), the insertion of the
charged residues is not able to produce the same effect.

It needs to be emphasized that the behavior of MAb1 is
very unique. The theoretical and measured pl (using
1soelectric focusing) of MAb1 1s ~7.5. However, it shows a
high viscosity and solution G’ at pH 6.0 (3,22), which is
about 1.5 units away from the pl. Moreover, attractive
interactions persist in MAb1 solutions despite it being
positively charged at pH 6.0 (Figs. 3a and 6), also previously
published by Yadav et al. (22). The behavior of MAbI,
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therefore, cannot be explained on the basis of nonspecific
electrostatic repulsive or attractive intermolecular interac-
tions as a function of pH. The origin of these attractive
interactions 1is localized specifically in the Fab regions of
MADbL! due to the presence of a number of charged residues
(21,22). The conformational state of these residues will be
critical in regulating the specific attractive interaction and
complementary molecular alignment that results in self-
association. At this stage it would be hard to justify whether
the conformational state of histidyl residues upon insertion
in the sequence of MAb?2 is the same as that of MAb1. This
is evident from comparison of the CD spectra of the MAb2
and M-10 (Fig. 4(b)), which suggests that the local
environment around residues may be slightly different.
Therefore, the placement of these residues in a different
IgG| molecule may not result in similar interactions that
persist in MAb1 solutions, which, in part, may also explain
why the insertion of charged residues did not result in an
increase in viscosity of M-10.

SUMMARY AND CONCLUSIONS

Several previous studies on MAbI have suggested the role
of electrostatic interactions in governing the self-associating
behavior at high concentrations (3,6,21,22). The self-
association appears to originate from the Fab regions (21,
22). Although MAbl and MAb2 have been constructed
with essentially the same human Fc framework and the
differences reside only in the CDR and flanking amino acid
residues, MAb1 shows significant self-association and high
viscosity at pH 6.0, whereas MAb2 is less viscous
accompanied by a lower degree of self-association (44). A
comparison of the amino acid sequence in the CDR
showed the presence of several charge residues in both
VL (aspartate, glutamate and histidyl) and VH (several
histidyl residues) chains. The analysis of MAb1, MAb2 and
the designed mutants seems to point towards the involve-
ment of these residues in governing the solution behavior of
MADI1 at high concentrations. The attractions that result
from the specific residues are hypothesized to result in an
extensive organization, or clustering, of molecules in
solution at high concentration. Essentially, the movement
of one molecule would then result in an application of force
on other molecules, which may result in a viscous drag
yielding higher viscosities as concentration is increased. The
hypothesis of the existence of such network attractions is
controversial, but has been proposed based on several
experimental approaches (48-52). Nevertheless, the present
study provides experimental evidence that the presence of
exposed charged residues in the CDR of MAb1 are critical
in determining the self-associating and highly viscous
behavior observed at pH 6.0. The replacement of these
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charge residues results in a loss of self-associating behavior,

which in turn results in lower viscosities in high concentra-

tion solutions.
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