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NTU, Nephelometric Turbidity Unit; ASA, Accessible Surface Area; ASAFv-HYD, hydrophobic accessible surface area of the Fv

portion; ASAFv-HPH, hydrophilic accessible surface area of the Fv portion; ZFv, net charge of the Fv; ZFv-app, apparent charge of the Fv;
jFv, zeta-potential of the Fv; DFv, dipole moment of Fv; DGFv, change in Free energy of Fv; D0, diffusion coefficient at infinite

dilution; MD, molecular dynamics; Pagg-VL, aggregation propensity of VL domain; Pagg-VH, aggregation propensity of VH domain;
MAB 1 Control, MAB 1 expressed in CHO cells; RPM, revolutions per minute; CE, Capillary Electrophoresis; cIEF, capillary

Isoelectric Focusing; ZDHH, Debye-Huckel Henry Charge

High viscosity of monoclonal antibody formulations at concentrations �100 mg/mL can impede their development
as products suitable for subcutaneous delivery. The effects of hydrophobic and electrostatic intermolecular interactions
on the solution behavior of MAB 1, which becomes unacceptably viscous at high concentrations, was studied by testing
5 single point mutants. The mutations were designed to reduce viscosity by disrupting either an aggregation prone
region (APR), which also participates in 2 hydrophobic surface patches, or a negatively charged surface patch in the
variable region. The disruption of an APR that lies at the interface of light and heavy chain variable domains, VH and VL,
via L45K mutation destabilized MAB 1 and abolished antigen binding. However, mutation at the preceding residue
(V44K), which also lies in the same APR, increased apparent solubility and reduced viscosity of MAB 1 without sacrificing
antigen binding or thermal stability. Neutralizing the negatively charged surface patch (E59Y) also increased apparent
solubility and reduced viscosity of MAB 1, but charge reversal at the same position (E59K/R) caused destabilization,
decreased solubility and led to difficulties in sample manipulation that precluded their viscosity measurements at high
concentrations. Both V44K and E59Y mutations showed similar increase in apparent solubility. However, the viscosity
profile of E59Y was considerably better than that of the V44K, providing evidence that inter-molecular interactions in
MAB 1 are electrostatically driven. In conclusion, neutralizing negatively charged surface patches may be more
beneficial toward reducing viscosity of highly concentrated antibody solutions than charge reversal or aggregation
prone motif disruption.
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Introduction

Monoclonal antibodies (mAbs) have emerged as the leading
class of biopharmaceuticals, and their continued success in the
clinical studies is driving the need to deliver them conveniently
and at high concentrations. This has led to the development of
small volume (typically, 1 mL), highly concentrated antibody
formulations (typically, 100 mg/mL or more) for delivery via
subcutaneous injections.1-6 In our experience, most therapeutic
mAb candidates are amenable to such product development, but,
in some cases, high solution viscosity can become a hurdle while
developing high concentration antibody drug products.

The product development of a Pfizer proprietary mAb (MAB
1) candidate was discontinued due to its low solubility, elevated
aggregation levels and high viscosity in liquid formulations. The
addition of sodium chloride significantly reduced the viscosity of
this mAb, but led to an increase in opalescence. MAB 1 also
showed phase separation into a solid gel when stored at 2–8�C.
These attributes of MAB 1 complicated processing (i.e., sterile
filtration) and development of stable liquid dosage forms at high
concentrations. Furthermore, in a separate study by Li et al of 11
Pfizer proprietary mAbs whose concentration dependent viscosity
curves were generated in the same buffer using identical experi-
mental procedures, MAB 1 demonstrated the second highest vis-
cosity values at concentrations �100 mg/mL; MAB 1 is mAb 10
in Figure 1A of this study.7 MAB 1 is a good model for exploring
molecular re-designs for improved solution properties because it
presents several drug development challenges. Improved under-
standing of sequence-structural characteristics that govern solu-
tion behavior of antibodies at high concentrations will enable
strategies that allow for a more efficient drug candidate design /
selection, and lead to early stage mitigation / elimination of hur-
dles faced during drug development process.

Both hydrophobic and electrostatic intermolecular interac-
tions determine solution behaviors of an antibody such as viscos-
ity, solubility and aggregation.8-10 It is possible that the same (or
overlapping) inter-molecular interaction hotspots on the molecu-
lar surface drive above mentioned interactions, thus promoting
self-association, and therefore simultaneously underpin more
than one drug development hurdles. The significance of intermo-
lecular hydrophobic and electrostatic interactions increases with
the increase in concentration because molecular crowding leads
to the presence of mAb molecules at close distances, thereby, trig-
gering proximal energy effects described by Laue.11

To assess the relative contributions of hydrophobic vs. charged
patches toward the viscosity of a mAb at high concentrations, 5
rationally designed single point mutants of MAB 1 were evalu-
ated via biophysical experiments. The single point mutations
were designed, using molecular modeling, to specifically target
an aggregation prone region (APR) whose residues also partici-
pate in 2 solvent accessible hydrophobic patches, and a negatively
charged patch present on the molecular surface of the variable
region of MAB 1. Our goal was to study if such point mutations
are capable of reducing the viscosity of MAB 1 at high concentra-
tions. These experiments are part of a multi-stage study that aims
to develop rational strategies for designing low viscosity variants

for problematic therapeutic mAb candidates without sacrificing
biological activity.

The strategies tested in this work involved disruption of an
APR, and charge neutralization / reversal on a surface-exposed,
negatively charged residue in the variable domain (VL) of the
light chain in MAB 1. Two mutants, both present in the light
chain, succeeded in improving apparent solubility and reducing
viscosity of MAB 1 at high concentrations. Notably, APR disrup-
tion decreased viscosity of MAB 1 to a lesser extent than neutrali-
zation of the negatively charged surface patch, showing that
inter-molecular interactions among MAB 1 molecules are elec-
tro-statically driven. Furthermore, the variants of MAB 1 that
were designed to reverse the charge at the same residue led to its
destabilization and loss of solubility. Another single point mutant
that lies in the interface of VH and VL and disrupts the same APR
resulted in drastic destabilization of MAB 1 and abolished its bio-
logical activity. All other mutants of MAB 1 retained biological
activity. This work suggests useful tools and strategies important
for reducing resource requirement, as well as chances of late-stage
drug development failure, by appropriately optimizing a thera-
peutic mAb candidate at early stages of drug discovery for attrib-
utes that enable developability.7

Results

MAB 1, an IgG1l antibody, showed atypical biophysical
properties that limited its options for further development as a
commercially viable biotherapeutic drug product. Historical
drug development data on this mAb in liquid formulation shows
high levels of aggregates, opalescence / gelation at low tempera-
tures (2–8�C), and high viscosity at concentrations �100 mg/
mL. This mAb also bound strongly to TMAE anion exchange
column during purification, thereby, reducing purification yields.

Table 1A compares the data on accumulation of high molecu-
lar mass species (HMMS) in MAB 1 with a reference mAb
(RefmAb) that shows low viscosities at concentrations �100 mg/
mL,7 from formulation stability studies. The HMMS species
were not analytically characterized here and are referred to as
aggregates in this report. These studies involved storing the anti-
bodies formulated in the same buffer (20 mM histidine/histi-
dine-HCl, 5% (w/v) sucrose, 0.02% (w/v) PS80, pH 5.8; see
legend to Table 1A) at different temperatures for up to 3 months.
During storage of highly concentrated (150 mg/mL) solutions of
both the mAbs at 25�C and at 40�C, MAB 1 was found to be sig-
nificantly more aggregation-prone than RefmAb. MAB 1 accu-
mulated approximately 5 times (5£) more aggregates than
RefmAb when both were stored at 40�C (Table 1A). These
results agree with those obtained from turbidity (opalescence)
testing of MAB 1 and RefmAb over 6 months of storage at differ-
ent temperatures. Samples of MAB 1 stored at 25�C showed sig-
nificantly greater turbidity after 6 months (Table 1B). In a study
involving 11 Pfizer proprietary mAbs, concentration-dependent
viscosity curves were measured using the same experimental pro-
cedures, instruments and formulation buffer.7 MAB 1 demon-
strated the second highest viscosity curve (see mAb 10 in Li
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et al.7). Table 1C compares the solution viscosity behavior of
MAB 1 with that of the RefmAb. Again, a 150 mg/mL solution
of MAB 1 is approximately 20 times (20£) more viscous than
RefmAb at a similar concentration.

Further results and discussion in this report will be focused on
MAB 1 and attempts to improve its solution behavior via single
point mutations as outlined in the Materials and Methods sec-
tion. Only the Fv portion of MAB 1 was considered in the

molecular modeling calculations aimed at designing the mAb
variants, but the effect of point mutations was experimentally
studied using the full-length antibodies. Human antibodies con-
sist of constant and variable regions. All the constant domains
(CH1, CL, CH2 and CH3) in human IgG1 k or l mAbs have cal-
culated pI values �7.0 7 and, therefore, have overall positive net
charges in the commonly used formulation pH range (5.5–6.3)
for high concentration mAb products.6 On the other hand,

(A) (B)

(D)(C)

Figure 1. (A) A ribbon diagram showing the schematic structure of Fv portion of MAB 1. VH (top) and VL domains (bottom) are shown in dark green and
cyan colored ribbons, respectively. Heavy chain CDRs 1 and 2 are colored brown while CDR 3 is colored red. All light chain CDRs are shown in magenta.
Aggregation prone regions (APRs) predicted by a TANGO / PAGE combination are shown in yellow. Light chain residues at the sites selected for point
mutations are shown in ball and stick. Note that V44 and L45 in light chain lie in an APR at VH: VL interface. Light chain E59 on the other hand is situated
away from the domain interface. This model is oriented such that the antigen binding site is seen while looking down the plane of paper. (B) APRs spec-
trum for VH region is shown by plotting TANGO13 and PAGE14 predictions simultaneously with respect to the residue number. The procedure followed
here is the same as the one described earlier by Wang et al.12 The Z-score computed from average and standard deviation values of PAGE aggregation
propensity (lnP) score is plotted in blue color while TANGO predicted% aggregation is plotted in green. The 2 horizontal red lines indicate the cut-off val-
ues for Z-score (1.96, upper red line) and% aggregation (10%, lower red line) used. (C) APR spectrum for the VL region is shown. This plot is created in the
same way as (B). Note that the second APR in the light chain (44-VLVIY-48) is the strongest one and was targeted for disruption at sites V44 and L45. (D)
Solvent exposed hydrophobic (green), positively charged (blue) and negatively charged (red) patches on the surface of MAB 1 Fv. This picture is shown
in the same orientation as (A).
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values of pI and net charge for the variable regions can vary from
antibody to antibody, leading to different viscosity curves for the
corresponding antibody solutions.

Computational modeling studies of MAB 1 and variants
An Fv model of MAB 1 was built as described in the methods

section and used to identify potential sites for single point muta-
tions (Fig. 1A). Figure 1B and 1C show TANGO / PAGE pre-
dicted aggregation spectra of heavy and light chain variable
domains in MAB 1, and Table S1 lists all APRs in MAB 1 Fv
predicted by TANGO / PAGE combination.12 Solvent-exposed
hydrophobic and charged patches present on the surface of the
Fv model are shown in Figure 1D. Table 2A describes protein
properties of the Fv portion of MAB 1 (MAB 1 Fv) calculated at
pH 6.0 in 10 mM NaCl. MAB 1 Fv has a calculated pI of 4.4,
which is below formulation buffer pH (6.0). This leads to an
overall negative net charge (ZFv-Net D ¡2.38), negative apparent

charge (ZFv-app D ¡0.29) and a low negative value for j-potential
(jFv D ¡2.90 mV) on MAB 1 Fv (Table 2A) along with the
presence of several negatively charged patches in the antigen
binding site (Fig. 1D). Besides these electrostatic properties,
Table 2A also lists aggregation propensity values of the heavy
and light chains of MAB 1 Fv. Figure 1D shows that several large
hydrophobic patches are present on the molecular surface of
MAB 1 Fv. Intermolecular interactions may play significant roles
in determining solution behavior of antibodies.8-10 Consistent
with this observation, values of net charge, pI and j-potential of
the Fv regions were found to be correlated with viscosity of 11
full-length mAbs at high concentrations.7 Similarly, the presence
of large hydrophobic patches on the protein surface may enhance
its tendency to self-associate, especially when electrostatic interac-
tions have been screened by increasing salt concentration.10

To understand relative contributions of the hydrophobic ver-
sus electrostatic inter-molecular interactions toward solution
behavior of an antibody, it is important to study the effects of
variations in these interactions one by one via carefully chosen

Table 1A. Accumulation of aggregates in MAB 1 during storage stability
experiments as compared to RefmAb*

Storage
duration
(months)

Storage
temperature

(�C)

Total%
HMMS in
MAB 1

Total%
HMMS in
RefmAb

0 NA 1.20 1.59
3 5 0.83 1.70
1 25 1.71 1.62
3 25 3.28 1.90
1 40 5.10 2.20
3 40 17.55 3.29

*%HMMS stands for percent high molecular mass species. The value shown
is the sum of all peaks that elute prior to the main peak in an SEC chromato-
gram. These peaks include dimers and higher order aggregates of the anti-
body molecule. Note that MAB 1 accumulates approximately 5x more
aggregates than RefmAb when stored at 40�C for 3 months. Concentration
of both the antibodies was 150 mg/ml. Both the mAbs were stored in the
20 mM histidine/histidine-HCl buffer, pH 5.8, 50mg/mL sucrose, 0.05 mg/
mL Na2EDTA.2H2O, 0.2 mg/mL PS80.

Table 1B. Turbidity of MAB 1 after 6 months of storage as compared to a
RefmAb*

Storage temperature (�C) NTUs of MAB 1 NTUs of RefmAb

¡40 1.4 1.2
5 1.4 1.2
25 2.4 1.5

*Turbidity / Opalescence testing was conducted as a measure of nephelo-
metric turbidity units (NTU). Each test sample was loaded in a 200 mL vol-
ume into a 96 well UV plate. Turbidity control standards (0.1, 1, 10 and 20
NTU) were loaded in duplicate 200 mL volumes. The plate was placed in a
BMGLabtech NEPHELOstar microplate nephelometer for measurement. A
standard curve was generated from the standard controls. Sample results
were calculated based on the standard curve and results were expressed in
NTU. Concentration of both MAB 1 and RefmAb was 150 mg/ml. Both the
mAbs were stored in the 20 mM histidine/histidine-HCl buffer, pH 5.8, 5%
(w/v) sucrose, 0.05 mg/mL Na2EDTA.2H2O, 0.2 mg/mL PS80.

Table 1C. Concentration dependent viscosity behavior of MAB 1 as com-
pared to RefmAb*

Target
concentration
(mg/ml)

MAB 1 RefmAb

Actual
concentration

Solution
viscosity (cP)

Actual
concentration

Solution
viscosity (cP)

20 19 1.2§ 0.0 19 1.1§ 0.0
50 52 2.5§ 0.0 49 1.5§ 0.0
100 103 15.4§ 0.2 98 2.6§ 0.0
125 131 43.6§ 0.6 126 3.7§ 0.0
150 149 94.7§ 0.6 153 5.4§ 0.1

*Data taken from Table 1 in Ref. 7. MAB 1 and RefmAb were mAb10 and
mAb1, respectively, in Table 1 of Li et al. Solution viscosities of both the
mAbs were measured in same formulation buffer using identical experimen-
tal procedures and same instruments. At 150 mg/mL, solution of MAB 1 is
approximately 20£more viscous than that of RefmAb.

Table 2A.Molecular properties of the Fv portion of MAB 1*

Property Value

Isoelectric point (pIFv) 4.40
Average net charge (ZFv-Net) ¡2.38
Apparent charge (ZFv-app) ¡0.29
Zeta potential (jFv) (mV) ¡2.90
Number of Hydrophobic patches 9
Number of Negatively charged patches 10
Number of Positively charged patches 10
Heavy chain Aggregation propensity (Pagg-VH) 2.23
Light chain Aggregation propensity (Pagg-VL) 6.54

*C-termini of the heavy and light chains in Fv portion were neutralized via
Amidation. The Fv model was re-protonated at pH 6.0, salt concentration
10 mM and optimized again via energy minimizations. These molecular
properties were computed using MOE2013.08 as described in materials and
methods section. The aggregation propensities (Pagg) were calculated using
the sequences of VH and VL domains.
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single point mutations. Calculated values for the change in ther-
modynamic stability (free energy), net and apparent charge, pI
and aggregation propensity of the Fv portions of MAB 1 variants
are given in Table 2B. Table 2B shows that values of pI and net
charge increase for the Fv portions of all the mutants. Moreover,
the increases in values of these parameters are greater for the
charge reversal mutants, M2 (E59R) and M4 (E59K), than for
the APR disruption mutants, M5 (L45K) and M6 (V44K), as
well as for the charge neutralization mutant M3 (E59Y). These
calculations were performed with respect to the Fv portion of
MAB 1 (Table 2A). Note that the Fv portions of MAB 1 or its
variants were not produced in the laboratory and therefore no
experiments were performed on the Fv portions alone.

To study the importance of hydrophobic interactions toward
the solution behavior of MAB 1, the APR 44-VLVIY-48 present
in the light chain of MAB 1 variable domain (VL) was selected
for disruption for the following reasons: The overall sequence of
VL domain is predicted to be approximately 3 times (3£) more
aggregation prone than that of VH, the variable domain in the
heavy chain. The normalized aggregation propensity (Pagg) for
VL is 6.54, while the corresponding value for VH is 2.23
(Table 2A). Prediction for this APR is the strongest one made by
the TANGO/PAGE combination12-14 of all APRs identified in
MAB 1 Fv (Table S1 and Fig. 1C). This APR is situated at the
VH: VL domains interface (Fig. 1A). The APRs can be present at
the protein or subunit interfaces,15 and can contribute signifi-
cantly toward protein stability.16 A parameter called Isolated-
ness16 was used to measure contribution of this APR toward the
native state stability of MAB 1 Fv (see Materials and Methods
section). This parameter calculates the isolation of an APR from
solvent, and therefore, by corollary, it measures how integrated
an APR is with the rest of the protein structure.16,17 The APR
44-VLVIY-48 is more isolated from the solvent (ISOAPR D
0.854) than average Isolatedness of all 5-residue long segments
(i.e., segments of same length as the APR) in this Fv (<ISO>av D
0.73§ 0.13). Therefore it contributes more than average in terms
of enthalpy, toward the native protein stability. Residues from this

APR also participate in 2 large hydrophobic surface patches with
solvent accessible surface areas of 190 A

� 2 and 76 A
� 2. Considering

the location of this APR, its contribution toward Fv stability, and
strength of prediction, this APR was selected for disruption via
point mutations.

Two light chain amino acid residues in the above mentioned
APR, V44 and L45, were chosen for mutagenesis. A mutation to
Lys at either of these positions disrupts this APR (see Fig. S1B
and S1C). Accessible surface area (ASA) calculations show that
V44 is exposed to solvent (ASA of V44 D 31.9%) while L45 is
solvent inaccessible (ASA of L45 D 1%). Visual examination of
MAB1 Fv model showed that the L45 side chain points into the
VH: VL interface while V44 side chain points away from it.
Table 2B presents calculated free energy change in the stability
of the Fv due to the different single point variants explored in
this study. The calculations indicate that L45K mutation is sig-
nificantly destabilizing to the Fv structure, while there is no sig-
nificant effect by the V44K mutation. The conformations of
MAB 1 Fv with and without V44K mutations remain almost the
same. These observations indicate that V44 may be a more suit-
able site for mutation than L45. Therefore, the L45K variant was
used as a negative control to demonstrate that choice of residue
position in an APR targeted for disruption can have important
consequences for the protein folding, function and stability
relationships.

The selection of a Lys residue for mutation at Val 44 (and
Leu 45) was driven by the following reasons: (i) the Lys side
chain is a primary amine with an intrinsic pKa of 11.1,
which makes it highly soluble in water;18 (ii) Lys is found in
place of Val at the analogous sites in other human l light
chain clusters in the IMGT repertoire (http://www.imgt.org/
); and (iii) in a separate study involving a different IgG1 l
mAb, disruption of a similar APR with V44K mutation
resulted in improved solubility.19

To test the importance of electrostatic intermolecular interac-
tions toward the solution behavior of MAB 1, a negatively
charged residue, E59, in the light chain was selected for either
charge neutralization (E59Y) or charge reversal (E59K/R)
because E59 is: (1) highly solvent-exposed (ASA of E59 D
76.8%); (2) situated away from the VH: VL interface (Figs. 1A
and 3) part of the third largest negatively charged surface patch
(ASA of the negative patch D 126.5 A

� 2). Unlike the 2 larger neg-
atively charged patches, the patch containing E59 lies at the
periphery rather than being part of the main antigen binding site
(Fig. 1A and D) of MAB 1 Fv. Therefore, its disruption is
unlikely to affect the antigen binding properties of MAB 1. In
our previous experience, an E59N, but not E59D, variant of
MAB 1 showed decreased binding to TMAE column and there-
fore improved purification yields (data not shown). In the present
study, however, E59N variant of MAB 1 was not tested due to a
potential asparagine deamidation risk at a solvent-exposed site,
even though the risk may be small because of the next residue
being arginine (R60).20 Small polar residues, Ser and Thr, were
also found to be compatible with the E59 position via computa-
tional modeling studies (data not shown). These mutations shall
be included in our future studies.

Table 2B. Calculated changes in thermodynamic stability and other protein
properties of Fv portion of MAB 1 due to single point mutations*

MAB 1
variant

DDGFv

(Kcal/mole)
DpIFv DZFv-net DZFv-app DjFv

(mV)
DPagg-LC

M2 (E59R) ¡2.33 1.14 2.04 0.67 6.94 0.02
M3 (E59Y) ¡2.34 0.18 1.15 0.38 3.91 0
M4 (E59K) ¡1.75 1.12 2.03 0.67 6.93 0.02
M5 (L45K) 1.99 0.40 0.97 0.32 3.32 ¡3.56
M6 (V44K) 0.48 0.37 1.12 0.37 3.81 ¡3.85

*To compute these changes, ResidueScan module in MOE2013.08 was uti-
lized. All variants were evaluated using conformational ensembles gener-
ated from 1 nanosecond implicit solvent molecular dynamics simulations.
See Materials and Methods for details. Not that all the calculations are lim-
ited to the Fv portions of the MAB 1 and variants only. For a given property
X, the change in property was computed as follows: DX D Xvariant Fv – XM1 Fv,
where X is free energy, pI, net or apparent charge, j-potential or aggrega-
tion propensity.
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Experimental studies
MAB 1 and its single point variants (M1-M6) obtained via

transient expression in HEK cells were subjected to tests for
purity, stability, biological activity, apparent solubility and vis-
cosity behavior. Values for Debye-Huckel Henry charge (ZDHH)
and pI were also estimated for MAB 1 and variants. In all these
experiments, MAB 1 produced in the Chinese hamster ovary
(CHO) cells internally at Pfizer was used as a control (MAB 1
Control). Note that all the experiments were performed using
the full-length antibodies.

Purity of MAB 1 and variants
Each antibody molecule (M1-M6) was assessed upon arrival

at Pfizer laboratories for purity by SE-HPLC. Figure 2A shows
an expanded view of an overlay of the SEC chromatograms of

the 6 mAbs. With the exception of M5 (magenta), the main
peak of each variant and wild type had the same retention
time (RT, 10 min) as MAB 1 Control. The percent aggregates
or HMMS eluting before the main monomer peak ranged
from 0.7% (MAB 1 Control) to 9.0% (M6). The SE-HPLC
chromatogram for M5 (L45K) contained 3 peaks, one of
which eluted with the same RT as MAB 1 Control. The other
2 peaks correspond to higher order aggregates and elute before
the monomer peak at 10 min. Furthermore, lower recovery of
the monomer peak for M5 indicates that larger aggregates of
M5 may have been trapped in the SE-HPLC column. A new
batch of M5 reproduced the same SE-HPLC profile, thus, rul-
ing out the possibility of artifacts due to impurities / contami-
nations in M5 sample. These observations suggest that M5 is
destabilized and prone to form aggregates.

(A) (B)

(D)(C)

Figure 2. Observations on purity, thermal stability and concentrate-ability of MAB 1 and its variants are presented. (A) SE-HPLC profile overlays of MAB 1
Control and M1–M6. The SE-HPLC profile of M5 indicates presence of large amounts of high molecular mass species. (B) DSC thermogram overlays for
MAB 1 Control and M1-M6. Again, it can be seen the M5 is significantly destabilized and shows 4 thermal transitions, while the other variants shown
only 3. (C) Comparison of DSC thermal transition temperatures, Tm1, Tm2 and Tm3, for MAB 1 Control (denoted as MAB 1 in the plot), M1-M4 and M6.
MAB 1 is MAB 1 Control, the parent MAB 1 produced at Pfizer using CHO cells. M1 is the parent MAB 1 produced at Syngene using transient transfection.
The variants, M2, M3, M4 and M6 are single point variants of MAB 1, again, produced at Syngene using transient transection in HEK cell lines. (D) Appear-
ance of M1 and its variants at high concentrations at 2–8�C and 25�C. All materials were at »130 mg/mL except for M2 and M4.
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Thermal stability of MAB 1 and variants
Destabilization of M5 was confirmed by the differential scan-

ning calorimetry (DSC) experiments. Figure 2B presents the
overlays of DSC thermograms of MAB 1 Control and M1-M6.
Table S2 in the Supplementary Material presents the data on
these thermal transition temperatures and enthalpies. All variants,
except M5, show 3 thermal transitions, like those reported earlier
for other IgGs (see Fig. 1A in Garber and Demarest21). The
DSC thermogram for M5 shows 4 thermal transitions, demon-
strating that M5 is destabilized under the experimental condi-
tions (Fig. 2B). This observation concurs with the theoretical
calculations (Table 2B) and demonstrates the importance of resi-
due positioning and protein structural context when disrupting
an APR. M5 was not used in further experiments because of the
above described stability issues.

The DSC thermograms also indicate that M1–M6 have lower
apparent enthalpies for each transition compared to MAB 1 Con-
trol (Fig. 2B and Table S2). The 3 thermal transition tempera-
tures (Tms) for MAB 1 Control, M1-M4 and M6 are compared
in Figure 2C. It can be seen that M1 and M6 have similar Tms as
MAB 1 Control. However, more than one Tms are lower for
each of the charge reversal and neutralization variants at position
E59 (M2, M3 and M4) than the corresponding Tms for M1 or
MAB 1 Control (Fig. 2C), suggesting destabilization of different
antibody structural regions. This result appears to be contrary to
the Fv free energy change calculations (Table 2B), which had
suggested that M2, M3 and M4 shall be more stable than M1.
However, the experiments were performed on full-length anti-
bodies rather than just the Fv portions. Interestingly, it is the first
thermal transition (Tm1) that appears to be affected the most.
The Tm1 in DSC curve of a human IgG is associated with the
melting of the CH2 domains in the Fc region.21 The Fc region is
located away from the site of mutations (E59 in VL domain).
The Tm1s for M1, M2, M3 and M4 are 69.0�C, 67.25�C,
67.0�C and 67.66�C, respectively (Table S2). If there were
no thermal coupling between stabilities of the Fab and CH2
domains, then lower Tm1 values for the variants M2, M3
and M4 would be unexpected. Therefore, this observation
shows that inter-domain interactions between Fab and CH2
domains are coupling the stability of CH2 domains to stabil-
ity of the Fab regions, and structural dynamics of the entire
macromolecule might be affected by mutations in the Fv
region. Previously, allosteric intramolecular interaction net-
works and coordination of conformational dynamic effects
have been shown to play a role in antigen recognition by the
antibodies.22,23 Do similar allosteric effects also modulate
Fab: Fc interactions in antibodies when the antigen in absent?
Such questions must await simulation studies on full-length
models of MAB 1 and variants along with further experi-
ments. The second thermal transitions, Tm2s, in the DSC
thermograms of human IgGs indicate stability of the Fab
regions.21 Molecular dynamics (MD) studies performed on
the Fv portions of M1, M2, M3 and M4 have proven useful
in explaining the lowering of the second thermal transition
temperatures (Tm2s). These studies are described in a later
section on Fv dynamics in this report.

Concentrate-ability, phase separation and opalescence
in MAB 1 and variants

The antibodies, M1-M6, needed to be concentrated for bio-
physical experiments because they were received under dilute
conditions (1 mg/mL). Issues such as slow flow through the con-
centrator membrane and cloudiness of the protein solutions at
concentrations �10 mg/mL were encountered during the process
for increasing the concentration of M2 (E59R) and M4 (E59K).
A white precipitate was observed in the M4 sample during this
concentration process. M2 and M4 were also found to be diffi-
cult to pipette due to high viscosity of the solutions. The maxi-
mum concentrations that could be achieved for M2 and M4
were below 100 mg/mL (74 mg/mL and 61 mg/mL, respec-
tively). Attempts at further concentrating these materials caused
protein precipitation. In addition to these, both M2 and M4
showed poor recovery during the concentration processes. These
difficulties in sample preparation for M2 and M4 precluded their
viscosity measurements at high concentrations. M2 and M4 also
phase separated into translucent white gels upon overnight stor-
age at 2–8�C. The phase separation was reversed when these var-
iants were warmed to 25�C (Fig. 2D). Opalescence in M2 and
M4 samples also disappeared once the samples were warmed up
to the room temperature and re-appeared when they were cooled
again.

Taken together, the above observations demonstrate that
charge reversal at the light chain position E59 failed to improve
solution behavior of MAB 1. This was unexpected because the Fv
portions of charge reversal mutants had shown greater increases
in the values of pI and net charge than the other mutants
(Table 2B). In hindsight, it is clear that since the molecular sur-
face of the Fv portion of MAB 1 contains several large negatively
charged patches (Fig. 1D), disrupting just one of them via charge
reversal actually increases the likelihood for self-associations.
This is because the surface patch at position 59 is now positively
charged in M2 and M4 and may promote electrostatic interac-
tions with any of the remaining negative surface patches on the
Fv portions of the other MAB 1 molecules in solution, thereby
strengthening rather than weakening the inter-molecular
interactions.

In contrast to the observations on M2 and M4, M1 (parent
mAb), M3 (E59Y) and M6 (V44K) solutions remained clear
throughout the concentration processes and yielded good protein
recoveries. These variants also did not show any phase separation
when stored overnight at 2–8�C.

Interaction parameter (kD) of MAB 1 and variants
Dynamic light scattering (DLS) experiments were used to

study the solution behavior of MAB 1 Control, M1-M4 and M6
at dilute concentrations (2–10 mg/mL). Results from these
experiments are presented in Figure 3 and Table 3A. Figure 3
plots measured diffusion coefficients (D) vs. concentration for
MAB 1 and its variants. This figure shows that slopes for all mol-
ecules tested in these experiments are negative, suggesting attrac-
tive self-associations. Table 3A shows values of D0 (diffusion
coefficient at infinite dilution), slope and interaction parameter
kD for MAB 1 Control, M1-M4 and M6. The values of D0 for
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MAB 1 Control, M1-M4 and M6 range from 3.11 £ 10¡7 cm2/
s to 4.34 £ 10¡7 cm2/s. These are similar to the diffusion coeffi-
cients of infinitely dilute solutions of human IgGs (4.4§ 1.3 £
10¡7cm2/s) reported by Saltzman et al.24 As reported in the liter-
ature, several studies have attempted to interpret kD in terms of
attractive or repulsive intermolecular interactions, and values of
» ¡9.0 mL/g or lower have been interpreted as the attractive
self-associations.8,25-28 In this study, the kD values are in the
range of ¡12 mL/g to ¡29 mL/g for MAB 1 Control, M1-M4
and M6 (Table 3A). Therefore, the nature of inter-molecular
interactions for MAB 1 and mutants is most likely to be
attractive.

The charge reversal mutant M2 (E59R) has the most negative
kD value (¡28.6 mL/g), indicating that it has the strongest
attractive tendency to self-associate (Table 3A). As described
above, this variant had also presented several issues in regard to
its concentrate-ability, opalescence and phase separation. In addi-
tion to M2, precipitation of M4 during sample processing for
DLS analysis hampered reliable determination of kD due to inter-
ference with the light scattering signal. In contrast to M2 and
M4, M3 (E59Y) has a kD of¡12.7 mL/g. This value is improved
over those for both M1 (kD D¡18.9 mL/g) and MAB 1 Control
(kD D ¡28.1 mL/g) (Table 3A). Therefore, eliminating a nega-
tively charged surface patch in the Fv portion via charge neutrali-
zation reduced the ability of MAB 1 to form attractive

intermolecular interactions. M6 (V44K) shows a similar DLS
profile as M1 (kD D ¡20.8 mL/g), indicating that APR disrup-
tion did not significantly affect the kD value.

The above observations are consistent with the overall nega-
tive charge on the Fv portions of MAB 1 and its variants. The
mutations do not fully neutralize overall negative charge on
MAB 1 Fv (Tables 2A and 2B). The presence of 2 electronega-
tive Fvs in an otherwise electropositive antibody structure (posi-
tively charged constant domains) imparts a multi-polar
electrostatic character to the full-length mAb. This promotes
attractive inter-molecular interactions, which will likely lead to
the formation of large antibody networks capable of resisting
solution deformation upon shear stress. Formation of large anti-
body networks was indeed observed during coarse-grained simu-
lations of MAB 1 (data not shown).

Charge and pI measurements of MAB 1 and variants
To understand the effect of single point mutations on electro-

static properties of full-length MAB 1 and variants, their Debye-
Huckel Henry charge (ZDHH) and pI values were measured using
capillary electrophoresis (CE) and capillary isoelectric focusing
(cIEF) methods, respectively. Table 3B presents results obtained
from these measurements. Global values of pI and charge for
full-length MAB 1 and variants show trends that are consistent
with the trends observed in the corresponding local values for
their Fv portions (Tables 2B and 3B). All the variants (M2, M3,
M4 and M6) show increase in pI and ZDHH. The values of pI
and ZDHH increased to smaller extents for the APR disruption
(M6) and charge neutralization (M3) mutants than for the charge
reversal mutants (M2 and M4) of MAB 1. The data shown in
Table 3B also reinforces the conclusion from an earlier report
from our group that global attributes of full-length antibodies
such as pI and charge may not be linearly correlated with their
solution behavior at high concentrations.7 The mutants M2 and
M4 both show considerably increased pI and ZDHH values com-
pared to M1, the parent MAB 1. However, the solution behav-
iors of M2 and M4 worsened compared to M1. Taken together,
these observations suggest that other electrostatic properties of
MAB 1 and its variants, such as dipole and higher order
moments, may be required for explaining their solution

Figure 3. DLS profiles the parent mAb, M1, and variants M2, M3, M4 and
M6 are shown along with MAB 1 Control. The X-axis shows concentration
of antibody solutions, c (mg/mL), and the Y-axis shows measured diffu-
sion co-efficient, D (cm2/s). Interaction parameters computed from the
plots indicate considerable decrease in self-associative behavior for M3
(E59Y).

Table 3A. DLS measurements on MAB 1 and its variants*

Antibody name Slope (cm2/s.mL/g) D0 (cm
2/s) kD (mL/g)

MAB 1 Control ¡1.22 £ 10¡5 4.34 £ 10¡7 ¡28.1
M1 ¡7.53 £ 10¡6 3.99 £ 10¡7 ¡18.9
M2 ¡1.10 £ 10¡5 3.84 £ 10¡7 ¡28.6
M3 ¡5.31 £ 10¡6 4.19 £ 10¡7 ¡12.7
M4 ¡5.69 £ 10¡6 3.11 £ 10¡7 ¡18.3
M6 ¡8.13 £ 10¡6 3.91 £ 10¡7 ¡20.8

*MAB 1 Control is the parent MAB 1 produced at Pfizer using CHO cells.
Slope was measured via line fits to diffusion coefficients versus concentra-
tion data (Fig. 3A). Value of kD is not reliable for M4 due to precipitation
(see text for more details).

Table 3B. Isoelectric point (pI) and Charge of MAB 1 and variants*

Antibody name pI DpI ZDHH DZDHH RH (nm) DRH (nm)

MAB 1 Control 7.18 0 14.5§ 0.13 0.02 6.33 ¡0.02
M1 7.18 0 14.3§ 0.12 0 6.35 0
M2 8.38 1.20 22.0§ 0.07 7.7 7.00 0.65
M3 7.97 0.79 16.7§ 0.01 2.4 6.32 ¡0.03
M4 8.39 1.21 25.1§ 0.09 10.8 7.35 1.00
M6 7.95 0.77 17.5§ 0.30 3.2 6.56 0.21

*Values of Isoelectric point (pI) were determined using capillary Isoelectric
Focusing (cIEF). The values of charge (ZDHH) and hydrodynamic radius (RH)
were determined using Capillary Electrophoresis (CE). See Material and
Methods for details. The values for the change in pI, ZDHH and RH were com-
puted with respect to the corresponding values for M1 as follows: DXD Xvar-
iant – XM1, where X is pI, ZDHH or RH.
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behaviors. However, such measurements were outside the scope
of present investigation. Perhaps consistent with their lower ther-
mal stability (Table S2), the hydrodynamic radii (RH) for M2
(DRH D 0.65 nm) and M4 (DRH D 1 nm) also increased by
»10–15% compared to the parent MAB 1 (M1, RH D
6.35 nm), whereas the changes in the RH values for M3 (DRH D
¡0.03 nm) and M6 (DRH D 0.21 nm) are insignificant (DRH <

5%, Table 3B).

Apparent solubility of MAB 1 and variants
Relative solubility as measured by apparent solubility scores

was evaluated for M1-M4 and M6 along with MAB 1 Control.
Table 3C shows the PEG apparent solubility data for different
mAb variants. The apparent solubility scores for M3 and M6 are
11.8§ 0.1% and 11.3§ 0.1%, respectively. These values are con-
siderably greater than apparent solubility score for M1 (8.9§
0.1%). Therefore, M3 and M6 showed improved solubility. This
observation is consistent with the improved viscosity of M3 and
M6 at high concentrations (next section). The charge reversal
mutants, M2 and M4, show lower apparent solubility scores
(Table 3C). This is consistent with the other observations on
these variants as described in the previous sections.

MAB 1 Control and M1 have identical amino acid sequences,
but the apparent solubility score for MAB 1 Control is 10.3§
0.1%, 1.4% greater than the score for M1. It is known that the
presence of glycosylation and the types of glycoforms attached to
an antibody may affect its stability and aggregation propensity.29-
32 MAB 1 Control was produced in CHO cells, while the anti-
bodies, M1-M6, were produced via transient transfection of
HEK cells (see Materials and Methods section). Differences in
the cell lines may result in different glycan profiles for M1-M6
than MAB 1 Control33,34 and may explain the discrepancy in
apparent solubility scores between M1 and MAB 1 Control.
Future studies will include the assessment of glycan profiles of
these constructs. The apparent solubility of the RefmAb, also
produced in CHO cells, is 19.5§ 0.5% (Table 3C). The amino
acid sequence differences between RefmAb and MAB 1 are much
greater than those between MAB 1 and its single point mutants.
In addition to these, macromolecular attributes such as pI, net
charge (Z), j-potential, dipole moment, distribution of charged
and hydrophobic residues on the antibody surface may also con-
tribute toward apparent solubility difference between MAB 1

and RefmAb. Clearly, the single point mutations in MAB 1 were
insufficient to increase its apparent solubility to an extent that it
becomes comparable to that of RefmAb.

Concentration dependent viscosity curves for MAB 1
and variants

Solution viscosities were measured at several different concen-
trations for M1-M4, M6 and MAB 1 Control (Table 4) and are
plotted in Fig. 4A. Due to the material limitations, only a few
experimental measurements of viscosity data at high concentra-
tions could be made. The experimentally measured viscosities of
all antibody solutions increase with increasing protein concentra-
tions. At »80 mg/mL and 100 mg/mL concentrations, the var-
iants M3 (hM3 D 5.7 cP at 84.3 mg/mL and 13.2 cP at 103 mg/
mL) and M6 (hM6 D 7.5 cP at 81.3 mg/mL and 15.8 cP at
96.2 mg/mL) have lower viscosities than M1 (hM1 D 8.3 cP at
81.3 mg/mL and 20.4 cP at 108.2 mg/mL) (Table 4). At
»130 mg/mL concentration, the solution viscosities of M1 and
M6 become significantly different (hM1 D 61.0 cP at 134.6 mg/
mL and hM6 D 44.0 cP at 128.8 mg/mL). The viscosity meas-
urements for M1, M3 and M6 could not be made at higher con-
centrations due to lack of materials. In contrast, the experimental
viscosity data on M2 and M4 variants is limited due to their low
solubility (maximum solubility of M2 D 74 mg/mL; maximum
solubility of M4 D 61 mg/mL). At »50 mg/mL, M2 and M4
have similar viscosity values as M1 (hM2 D 3.6 cP at 45.8 mg/
mL, hM4 D 3.7 cP at 51.5 mg/mL and hM1 D 3.5 cP at
50.2 mg/mL) (Table 4). In summary, M3 and M6 showed
improved solution viscosity behavior as compared to M1, but
M2 and M4 did not (Fig. 4A). Interestingly, M1 has a similar
concentration dependent viscosity curve as MAB 1 Control. This
observation is different from the analogous observation made on
apparent solubility scores for MAB 1 Control and M1 in the pre-
ceding paragraph.

The linear relationship between logarithm of relative viscosity
of a solute (antibody) and solute concentration35 was used to
extrapolate the concentration-dependent viscosity curves for
MAB 1 and its mutants, under an assumption that the experi-
mental conditions remain identical. The data on MAB 1 Con-
trol, M1, M3 and M6, were manipulated according to Equations
6–8 in Materials and Methods section to obtain the regression
parameters, slope (B) and intercept (lnA), for each antibody. A
minimum of 3 experimental observations were required to com-
pute the linear regression parameters in each case. The regression
parameters were then used to extrapolate the solution viscosity
curves for these antibodies in the concentration range of 1 mg/
mL to 200 mg/mL. An extrapolated viscosity curve for M4 was
not computed because there is only one experimental viscosity
measurement for M4 (Table 4). An extrapolated viscosity curve
for M2 was also not computed, even though 3 data points are
available for M2. This is because M2 is unlikely to remain in
solution at high concentrations. The extrapolated solution viscos-
ity curves for MAB 1 Control, M1, M3 and M6 are shown in
Figure S3 in the supplementary material. These curves show that
both M3 and M6 have improved concentration-dependent vis-
cosity profiles. However, reduction in viscosity for M3 is more

Table 3C. Apparent solubility of MAB 1 and variants measured using the
PEG precipitation method*

Antibody name Apparent solubility score (%PEG)

MAB 1 Control 10.3§ 0.1
M1 8.9§ 0.1
M2 8.5§ 0.1
M3 11.8§ 0.1
M4 8.6§ 0.1
M6 11.3§ 0.1
RefmAb 19.5§ 0.5

* MAB 1 Control is the parent MAB 1 produced at Pfizer using CHO cells.
RefmAb is the same antibody as in Table 1A and 1C.
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substantial than that for M6. This observation is consistent with
the kD data on these variants obtained from DLS experiments.
Taken together, neutralization of the negatively charged patch
has greater effect on viscosity of MAB 1 than disruption of an
APR.

Biological activity of MAB 1 and variants
In this study, the MAB 1 Control, and M1-M6 were sub-

jected to competitive binding ELISA to determine the biological
activity as described in the materials and methods section. Table 5
shows the results for M1-M6 along with the MAB 1 Control. All
variants of MAB 1, except M5, retain biological activity. No dose
response curve was observed in the case of M5, demonstrating
that this mutant is inactive. MAB 1 binds a soluble protein ligand
and blocks its interaction with a cell surface receptor. The ELISA
method used in this work was designed to mimic the mechanism
of action of MAB 1.

Molecular dynamics simulations on Fv portions of MAB 1
and variants

The above described experimental studies demonstrate that
computational design of MAB 1 variants met with partial success.
Molecular modeling calculations, which were performed only on
the Fv portion of MAB 1, correctly predicted destabilization of
M5 (L45K) and negligible stability change for M6 (V44K)
(Table 2B). However, these calculations had also indicated that
mutations at E59 (M2, M3 and M4) shall increase the stability
of the Fv region (Table 2B). The experiments performed using
the full-length mAbs, showed that M2, M3 and M4 have lower
thermal transition temperatures (Fig. 2C). Specifically all the
3 transition temperatures for M2 are lower than those for M1.
These observations indicate that the effect of sequence mutations
propagated beyond the immediate structural context of E59 in
the VL domain and altered the whole antibody structural dynam-
ics. For M3 and M4, the third thermal transition temperatures
corresponding to melting of the CH3 domains (Tm3s)

21 have
similar values as M1 and MAB 1 Control (Table S2). However,
their Tm1 and / or Tm2 values are lower (Fig. 2C). The modeling

studies performed only on the Fv portions were incapable of pre-
dicting this because the rest of the antibody structure was not
included in the calculations. It remains to be seen if similar calcu-
lations performed using the full-length antibody models would
have predicted the experimental observations.

The second thermal transition, Tm2, in the DSC thermo-
grams of human IgGs corresponds to the stability of the Fab
region.21 Among the variants, M2 has Tm2 (73.58�C) lowered
by 1.81�C compared to the parent mAb (Tm2 for M1 D
75.39�C). For M4, Tm2s is lowered by 0.44�C (Tm2 for M4 D
74.95�C). However for M3, Tm2 (75.34�C, DTm2 D 0.05�C) is
same as that of M1 within experimental errors. These observa-
tions indicate that charge reversal at E59 position (M2 and M4)
may be disrupting specific inter-residue interactions present, but
not revealed in the static structural model of MAB 1 Fv.

To understand how mutations at position E59 in the light
chain affect Tm2 values for the charge reversal/neutralization var-
iants, short molecular dynamics simulations were performed on
Fv homology models of M1-M4 using NAMD.36 The simula-
tions were run at 300 K (Fig. S2A–D), and also at an elevated
temperature 400 K for greater conformational sampling
(Fig. 5A–D). The duration for each simulation trajectory in the
production run was 5 nanoseconds (5 ns). No significant defor-
mations of the overall Fv structures were observed within this
small period in any trajectory. Therefore, these simulations only
explore systemic flexibility/breathing of the Fv structures. In the
M1 simulation at 400 K, formation of a salt bridge between the
side chains of E59 and R53 (Fig. 5A) was observed. In the analo-
gous 300 K simulation, this salt bridge is not formed as readily,
but an electrostatic interaction is formed between the side chain
of R53 and the backbone carbonyl of E59 (Fig. S2A). In the ele-
vated temperature simulation, a third electrostatic interaction
also formed between the side chain of R53 and the backbone car-
bonyl of I57. Overall, the side chain guanidium group of R53,
which lies in structural vicinity to E59, engages in 3 promiscuous
salt bridging interactions with the back bone carbonyl of I57,
and the backbone carbonyl as well as side chain carboxylate of
E59 in M1.

Table 4. Experimentally determined solution viscosity values for antibody solutions of MAB 1 and variants at different concentrations

h (cP)

Approximate Concentration* (mg/mL) 50 70 80 90 100 130

MAB 1 Control 2.9§ 0.1 (52.4) 7.4§ 0.3 (78.2) 16.9§ 0.1 (103.0) 60.4§ 0.2
(133.6)

M1 3.5§ 0.3
(50.2)

5.6§ 0.2
(68.6)

8.3§ 0.1 (81.3) 20.4§ 0.2
(108.2)

61.0§ 0.2 (134.6)

M2 3.6§ 0.3
(45.8)

8.2§ 0.3
(73.8)

11.6§ 0.5 (88.1)

M3 3.7§ 0.1
(50.9)

5.7§ 0.1
(84.3)

13.2§ 0.3
(103.0)

M4 3.7§ 0.1
(51.5)

M6 4.9§ 0.3
(55.7)

7.5§ 0.2
(81.3)

15.8§ 0.4
(96.2)

44.0§ 1.0
(128.8)

*Actual concentration values are given in parenthesis.
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For M2 (E59R), the positively charged side chain guanidium
groups in R53 and R59 are expected to repel each other. During
the M2 simulation, side chains for these 2 amino acid residues
were often far apart. The primary electrostatic interaction formed
during the simulation of M2 was between the side chain guani-
dium group of R53 and the backbone carbonyl of I57 at 300 K
(Fig. S2B) or the backbone carbonyl of R59 at 400 K (Fig. 5B).
Similarly, side chain interactions between residues R53 and K59
were not observed during the simulations of M4 (E59K). For
this mutant, the primary electrostatic interaction formed during
simulations was between the side chain of R53 and the backbone
carbonyl of K59 at both 300 K and 400 K (Figs. S2C and 5C).

During the M3 (E59Y) simulations (Figs. S2D and 5D), side
chain functional groups for Y59 and R53 come closer than 6 A

�
,

much more often than the corresponding side chain interactions
in M2 and M4 (Fig. S2D). At 400 K, this R53-Y59 side chain
interaction forms even more often and for longer periods of time
(Fig. 5D). Therefore, it appears that the charge neutralization
variant, M3, is able to compensate for lost interactions and
recover thermal stability of the Fab region.

Discussion

High concentration formulations of mAb solutions suitable
for subcutaneous delivery are desirable from the perspective of
patient convenience and compliance to prescribed therapeutic
regimes.2,4,6 However, development of certain mAb candidates
has been found to be challenging because of high viscosity and
aggregation issues at concentrations above 100 mg/mL. MAB 1

was peculiar in this regard because it posed multiple challenges
related to stability, solubility, and viscosity at high concentration.
Therefore, it is a suitable model antibody to explore sequence
optimization strategies for mitigating drug development chal-
lenges such as high viscosity. This study was focused on devising
viscosity reduction strategies for MAB 1 via point mutations in
the light chain.

Formulation buffer characteristics, such as pH, ionic strength,
excipients and surfactants contribute toward determining viscos-
ity behavior of an antibody at high concentrations. For example,
addition of salt can significantly affect viscosity of an antibody
solution.10 Hydrophobic salts and excipients, polar solvents,
non-aqueous organic suspensions and gel beads can help reduce
solution viscosity.1,37-39 In practice, overcoming the challenges
posed by high viscosity for an antibody candidate already in
development by altering solution buffer characteristics is a time-
consuming, resource-intensive, trial and error process that is pref-
erably avoided.

Sequence-structural attributes of an antibody also determine
its viscosity at high concentrations. For example, Kalonia, Shire
and their coworkers have studied 2 mAbs that demonstrate high
and low viscosities at concentrations above 100 mg/mL. The
amino acid sequences of the 2 mAbs differ only in their comple-
mentarity-determining regions (CDRs).40-42 Similar observations
implying the role of antibody sequence—structure in determin-
ing viscosity profiles have been made by others as well.43,44 In the
study performed by Li et al.,7 each of the 11 antibodies demon-
strates a different concentration-dependent viscosity curve.

The strategies for optimization of antibody formulation buffer
and those for optimization of antibody sequence-structure are
complementary toward the overall goal of developing low viscos-
ity, high concentration mAb drug products suitable for subcuta-
neous delivery. Computational approaches can identify mAb
candidates with potential for high viscosities at concentrations
�100 mg/mL and provide remedial strategies to reduce viscosity.
These approaches do not consume any materials and can be
applied as soon as lead compounds have been identified.7 This
work was performed to gain an understanding of principles for
rational design of viscosity reducing variants of therapeutic mAbs
and demonstrate a proof of concept.

Several approaches to identifying viscosity reducing variants of
a mAb are available. A hypothetical approach is random

Figure 4. Experimentally measured concentration dependent viscosity
curves for MAB 1 and its variants (M1, M2, M3, and M6) plotted along
with MAB 1 Control (indicated as MAB 1). X-axis indicates concentration
of antibody solutions, c (mg/mL). Y-axis shows the solution viscosity, h
(cP). The horizontal red line indicates a viscosity of 20 cP. As a general
rule, viscosity below 20 cP is desired for highly concentrated antibody
solutions to be delivered subcutaneously. It can be seen that viscosity
behaviors of M3 and M6 are improved compared to M1.

Table 5. Biological activity of MAB 1 and variants measured by competitive
ELISA assays*

Sample Relative biological activity (%)

MAB 1 Control 100 (assigned)
M1 113
M2 137
M3 83
M4 106
M5 no dose response curve was observed
M6 166

*Relative biological activity (%) was measured with respect to the biological
activity of MAB 1 Control.
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mutagenesis of each position in the variable region of light and
heavy chains with all 20 amino acids and high throughput screen-
ing to identify clones with reduced viscosity from a potential
library of up to 5000 variants for an Fv of 250 residues. The
identified clones with reduced viscosity would then need to be
also screened for biological activity, stability and safety. In a
more practical approach, the random mutagenesis could be
restricted to the residues in the CDRs or adjacent Vernier zones,

keeping the framework regions unchanged. Such an approach
still requires screening a potential library of several tens to hun-
dreds of variants. Therefore, sequence and structural properties
of the Fv region of MAB 1 were explored via molecular modeling
to reduce the experimental effort. Initially, only 5 variants were
chosen for the experiments to identify principal intermolecular
interaction hotspots that underpin high viscosity, but whose dis-
ruption may not affect antigen binding. Each of these variants is

(A) (B)

(D)(C)

Figure 5. Five nanoseconds-long molecular dynamics (MD) simulations were performed on the Fv portions of (A) M1, (B) M2, (C) M4 and (D) M3 at ele-
vated temperatures (400 K). In each plot, X-axis shows the simulation time (ns) and Y-axis indicates distances (A

�
) between specific atoms of interacting

residues in the structural context for position 59 in the light chain of MAB 1. The side chain and backbone distances are shown for interactions formed
by the residue at position 59 and I57 with the side chain functional group of R53. The red line shows the distance between central atom in side chain of
residue at position 59 and the Cj atom in the side chain of R53. The green line indicates the distance of the backbone carbonyl atom of the residue at
position 59 with the Cj atom in the side chain of R53. Similarly, the blue line indicates the distance of the backbone carbonyl atom of I57 from the Cj

atom in the side chain of R53. When the distance between carbon atoms is below 6 A
�
, an interaction is considered to be formed (black horizontal line).

This figure shows that side chain guanidium group of R53 engages in promiscuous salt bridging interactions with the back bone carbonyl of I57, and the
backbone carbonyl as well as side chain carboxylate of E59 in the parent mAb, M1. Upon charge reversal at position 59 (M2 and M4 variants), the electro-
static repulsions between the side chains of the residue at position 59 and R53 weaken this electrostatic network leading to destabilization of the Fab as
evidenced by decreased Tm2 values for M2 and M4. However, the charge neutralization variant, M3, restores the network among these 3 residues by
forming tyrosine ring p interactions with the guanidium group of R53. Analogous simulations were also performed at 300 K. These are shown in the sup-
plementary material (Fig. S2A–S2D).
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a single point mutant and the rationale for selecting them was
explained in the Results section. Briefly, these 5 variants explored
the relative contributions of hydrophobicity versus electrostatics
toward a mAb’s solubility, thermal stability and viscosity by dis-
rupting an APR and a negatively charged patch. Table 6 summa-
rizes the effect of each mutation on thermal stability, apparent
solubility, DLS interaction parameter, viscosity and activity of
MAB 1. The major findings are:

i. An APR 44-VLVIY-48 that also participates in 2 solvent-
exposed hydrophobic patches was disrupted by 2 single point
mutations. The mutation L45K (M5) destabilized MAB 1
and completely abolished its antigen binding activity. How-
ever, the same mutation at the preceding position (V44K,
M6) retained both biological activity and thermal stability of
MAB 1. The V44K variant also succeeded in improving
apparent solubility and viscosity behavior of MAB 1. This
finding demonstrates a delicate balance between protein sta-
bility, function, solubility and viscosity for MAB 1. In addi-
tion, it speaks to the need for careful selection of APRs
targeted for disruption,16 as well as the choice of residue
position for mutation.

ii. Neutralization of a negatively charged patch was found to
be better than charge reversal (M2, M4 vs. M3) for
improving solution behavior of MAB 1 in the DLS experi-
ments and for reducing its viscosity. This finding has
important implications toward devising rational strategies
for creating viscosity reducing mutants of antibodies. Elec-
trostatic properties of Fab surfaces40 as well as change in
pH, addition of salts/ions, especially anions, to antibody
solutions can significantly alter physical behavior of anti-
bodies.9,10,45 Number and size of negatively charged
patches can vary among different antibodies, and the rela-
tive importance of hydrophobic versus electrostatic inter-
molecular interactions toward their solution behaviors is
variable.10 Therefore, it remains to be seen whether this
observation can be generalized to other antibodies as well.
For MAB 1, the data suggests that optimization of the
negative charge on the Fv portion is a more appropriate
strategy. It must be noted that experimental measurements
of overall protein charge can be performed using electro-
phoretic techniques, which provide an overall estimate of
protein charge in solution, taking anion binding into
account. Similarly, measurement of dipole moments can
help explain the behavior of concentrated systems.45 How-
ever, these global measurements provide no guidance for
site-directed mutagenesis for which computational models
used in this work are well suited.

iii. Disruption of a hydrophobic patch and neutralization of a
negatively charged surface patch led to similar improvements
in apparent solubility, but improvements in concentration-
dependent viscosity profiles were substantially different.
These findings show that solution viscosity behavior of an
antibody depends mainly on electrostatic inter-molecular
interactions, while hydrophobicity may be important for
‘fine tuning’.

While the above described work is promising, its limitations
should be also acknowledged. First, the modeling efforts were
restricted to the MAB 1 Fv because it was expected that the effect
of mutations on thermodynamic stability shall be restricted to
MAB 1 Fv. The mutations at the solvent exposed site, E59, low-
ered all 3 thermal transition temperatures measured by DSC for
M2, and the first and/or second thermal transitions for M3 and
M4. Therefore, the effect of these mutations on the thermody-
namic stability and conformational dynamics was found to be
global rather than localized. This observation reinforces the
importance of inter-domain interactions and allosteric effects in
antibody structural dynamics,22,23 and simulations of full-length
antibodies are needed to rationalize these observations. Second,
not all the variants succeeded in reducing viscosity of MAB 1 at
high concentrations. The charge reversal variants (M2 and M4)
were expected to raise the net charge and pI of the Fv portion
and of the whole mAb. In the experiments, however, these
mutants increased antibody self-associations. All these are impor-
tant lessons for improving future work.

In spite of the above mentioned limitations, this report
presents results from a comprehensive investigation into the rela-
tive importance of hydrophobic and electrostatic protein—pro-
tein interactions in determining concentration dependent
viscosity behavior of the antibody solutions. As mentioned previ-
ously, Kalonia, Shire and their coworkers had compared amino
acid sequences of 2 mAbs, MAb1 and MAb2, which showed
high and low viscosities, respectively, at high concentrations.40-42

They attempted to lower viscosity of MAb1 by swapping 8 resi-
dues in its CDR regions with those present in MAb2 (charge
swap mutant M7, see Table 1 in Yadav et al 2011).41 The
authors found that replacing the negatively charged residues in
both VH and VL regions simultaneously led to a greater decrease
in viscosity of MAb1 than replacing them in either VH or VL.
This study demonstrated that solvent exposed negatively charged
residues in the CDRs led to increased self-associations for MAb1,
but did not address the question of how the specific CDR muta-
tions affected biological activity of MAb1.41 As far as we know,
ours is the first report that seeks to understand relative impor-
tance of the 2 principal kinds of protein-protein interactions
(hydrophobic and electrostatics) toward viscosity behavior of a
therapeutic mAb candidate via single point mutations, while
simultaneously retaining the biological activity of the mAb. In
future work, the light chain negatively charged patch of MAB 1
will be explored further with additional point mutations, both
singly and in combination with the APR disrupting mutation,
V44K. Simultaneous disruption of the APR and negatively
charged patch is expected to yield synergistic improvements in
viscosity of MAB 1.

Materials and Methods

MAB 1 Fv model building
A molecular model for the Fv portion of MAB 1 was made

using the Antibody Modeler module in MOE2013.08. A total of
625 intermediate homology-based models (25 backbone models
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and 25 side chain models per backbone model) were generated
and optimized to a root mean square gradient (RMSG) of 0.01
via energy minimizations using AMBER99 Force-field with reac-
tion field implicit solvation model. The internal dielectric con-
stant was set to 4 and the external dielectric constant was 80.
Cut-off distances of 10 and 12 A

�
were used to screen non-

bonded interactions. The intermediates were ranked according to
their GB/VI scores and the model with the highest rank was
selected as the final model for the Fv portion of each mAb. The
C-termini of VL and VH domain in the final model were neutral-
ized via amidation and the model was re-protonated at pH 6.0
and 10 mM salt concentration, via Protonate3D in
MOE2013.08, to mimic the experimental conditions (20 mM
histidine/histidine-HCl buffer, 5% (w/v) sucrose, and pH 6.0).
Note that the calculations were carried out at low salt concentra-
tion even though the formulation does not contain salts. This
was done to take into account the effect of Cl¡ anions that may
be tightly bound to the antibody. After these steps were com-
pleted, the final model of MAB 1 Fv was optimized via energy
minimizations to RMSG below 0.00001. To generate molecular
models for Fv portions of MAB 1 variants, the model for MAB 1
Fv was mutated at the light chain (LC) sequence positions V44,
L45 or E59. To carry out these mutations, ResidueScan module
under Protein Design was used with the following settings for
the variant generation: Re-pack environment, 9 A

�
; Alternate pro-

tomers pH, 6.0; and Refine mutations, 0.01 RMSG. For the par-
ent (MAB 1 Fv) and each variant, the conformational ensembles
were generated using molecular dynamics. The following confor-
mational ensemble generation settings were used: Simulation
Length, 1000 ps; Energy Window, 10 Kcal/mole, Conformation
Limit, 100; and Fix residues farther than, 10 A

�
. Overall, the fol-

lowing Fv models were generated: M1, parent MAB 1; M2, LC
E59R; M3, LC E59Y; M4, LC E59K; M5, LC L45K; and M6,
LC V44K.

Computation of molecular properties
Molecular models of the Fv portions of MAB 1 and variants

were used to compute structure-based molecular properties at
pH 6.0 and 10 mM NaCl concentration (low ionic strength)
using Protein Properties and Patch Analyzer modules in
MOE2013.08. The formulation buffer used in the experiments
performed here did not contain any added salt. However, low
ionic strength was still used in these calculations to account for
any ions that may have been carried over from the purification
train. The following quantities were computed for each Fv
model: net charge (ZFv), apparent charge (ZappFv), dipole
moment (DFv), j-potential (jFv), pI (pIFv), hydrophobic and
hydrophilic Van der Waals surface area, and number of positively
charged, negatively charged and hydrophobic surface patches.

Sequence based predictions of aggregation propensity
and APRs

The amino acid sequences of the Fv portions of M1-M6 were
used for aggregation propensity and identification of APRs.
Aggregation propensity values were calculated separately for light
and heavy chains in an Fv. For each chain, the aggregation

propensity, Pagg, was defined as the total TANGO aggregation
score13 for the chain normalized by number of amino acid resi-
dues in the chain. The APRs were identified using a combination
of TANGO13 and PAGE14 as described by Wang et al.12

Isolatedness of APRs from the solvent
Atomic coordinates from MAB 1 Fv model structure were

used to compute solvent accessible surface areas (ASA) for all resi-
dues in the structure using STRIDE.46 The ASA values for indi-
vidual residues in an APR were summed to obtain total solvent
accessible surface area (TotASAAPR) for the APR. The residues
from the APR were also used to compute total surface area values
(TotSAAPR) for the APR outside of its protein structural context.
Note that APR has the same conformation in both the calcula-
tions. TotSAAPR and TotASAAPR values for each APR were used
to compute Isolatedness from the solvent of the APR (ISOAPR) as
follows (Equation 1):

ISOAPR D TotSAAPR ¡TotASAAPRð Þ
TotSAAPR

(1)

The values of ISOAPR range from 0 (the APR is completely
solvent exposed) to 1 (the APR is completely buried in the pro-
tein core or subunit interface).17

ISOAPR can be interpreted as contribution of an APR toward
native state of the protein.16,17 To evaluate the significance of an
APR’s contribution to native protein structure, the Isolatedness
values were also computed for all sequence segments of same
length as the APR. Each segment was obtained by sliding a win-
dow of same length as the APR over the Fv structure one residue
at a time. The Isolatedness values thus computed were averaged
to obtain average Isolatedness (<ISO>) and used for comparison
with each ISOAPR value.

Molecular dynamics simulations
NAMD simulations36 were performed to relax homology-

based molecular models of Fv portions of MAB 1 and its variants,
using the CHARMM27 force field.47 In the simulation setup, all
intra-domain disulfide bonds were formed. The Fv models were
solvated in a bath of TIP3 water and ions were added to neutral-
ize the system. Both chains had their C-termini amidated to neu-
tralize charges. Solvent and hydrogen atoms were energy
minimized first for 20,000 steps using conjugate gradient
descent. Subsequently, all atoms were minimized for 10,000
steps. Simulations were run at 300 K and 400 K for 5 ns with a
2 femto second (fs) time-step. Periodic boundaries conditions
were employed and Particle Mesh Ewald summation was used to
model long range electrostatics past a non-bonded interaction
cutoff of 10 A

�
. Temperature was controlled using a Langevin

dampening coefficient of 5ps¡1. Pressure was simulated at 1
atmosphere and controlled using a Langevin piston. Trajectory
samples were taken every 10 ps for the calculation of structural
properties.
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MAB 1 and variants expression and purification
Full-length cDNA for the parent MAB 1 (M1) and each vari-

ant (M2, E59R; M3, E59Y; M4, E59K; M5, L45K and M6,
V44K) was prepared at Pfizer, Cambridge, MA. MAB 1 and var-
iants were expressed in HEK cell lines using transient transfection
at Syngene (Bangalore, India). These full-length mAbs were puri-
fied using a 2-step column purification process that consisted of a
protein A column followed by size exclusion chromatography
(SEC) (mobile phase: 20 mM sodium phosphate, 150 mM
NaCl, pH 6.0). Approximately 50 mg of each variant was
shipped frozen to Pfizer, Andover, MA, USA for experimental
studies. MAB 1 previously manufactured at Pfizer Andover in
CHO cells was used as an internal control. It is referred to here
as ‘MAB 1 Control’. Upon receipt, an aliquot of each mAb was
thawed and its purity was assessed by size exclusion high perfor-
mance liquid chromatography (SE-HPLC). All mAb variants
produced in these studies were formulated in 20 mM histidine/
histidine-HCl buffer, 5% (w/v) sucrose, pH 6.0.

Size exclusion-high performance liquid chromatography
SE-HPLC was performed on YMC-Pack Diol ¡200 column,

300 mm £ 8 mm ID using a mobile phase containing 20 mM
sodium phosphate, 400 mM NaCl, pH 7.2. The flow rate was
0.75 mL/min and the column temperature set at 30�C. Absor-
bance was monitored at A280 nm over the course of the 30 min
run time. A total of 50 mg of protein from each sample was
loaded neat for each analysis. Instrumentation included Water’s
Alliance 2695 separations module equipped with Water’s
W2489 UV/Vis detector. Empower 2154 was used for data
acquisition and analysis.

Dynamic light scattering
For DLS studies, dilutions were prepared in the same formu-

lation buffer (20 mM histidine/histidine-HCl buffer, 5% (w/v)
sucrose, pH 6.0) for each mAb in the range of 2–10 mg/mL.
DLS was performed using a Dynapro Plate Reader II (Wyatt
Technology) and data analyzed using Dynamics V7.1.7 software.

Measurement of charge for MAB 1 and variants by capillary
electrophoresis

Measurement of electrophoretic mobility for MAB 1 and its
variants was carried out in a Beckman Coulter PA800 instrument
using eCap amine capillary of 30 cm total length (LT) and
50 mm internal diameter (ID). The length of the capillary from
the injector to the detector (LD) was 20 cm. Detection was car-
ried out at 280 nm wavelength. Benzyl alcohol was used as a neu-
tral marker for calculating electrosmotic flow (VEOF) so that it
could be detected at 280 nm. Each sample (2 mg/mL, 20 mM
histidine/histidine-HCl buffer, 5% (w/v) sucrose, pH 6.0) was
mixed with benzyl alcohol prior to injection. Concentration of
benzyl alcohol in the final mix was 0.1% (v/v). The samples were
injected at 0.3 psi for a period of 5 sec. Separation was carried
out under constant voltage of 8 kV, under reverse polarity. In an
amine capillary at the given solution condition (pH 6.0), the
electrosmotic flow is expected to happen from –ve electrode to
Cve electrode, whereas the electrophoretic movement (VELE) of

MAB 1 and its variants are expected to happen in the opposite
direction (Cve to –ve electrode) because the pI values for MAB 1
and variants, as determined by capillary isoelectric focusing
(described below), are more than 7.0 (Table 3B). Based on this,
the electrophoretic mobility (cm2/volt-sec) values for MAB 1 and
variants are calculated using Equation 2.

mD VEOF ¡VELEð Þ
V
LT

D
LD
tEOF

¡ LD
tELE

� �

V
LT

(2)

Where, VEOF and VELE are the electrosmotic flow of neutral
marker and electrophoretic movement of MAB1 and variants
respectively. tEOF and tELE are the elution times for the neutral
marker and for MAB 1 and variants and V is the separation
voltage.

Calculation of Debye-Huckel Henry charge (ZDHH) was per-
formed using Equation 3, as described by Chase et al.48

ZDHH DZeff
1C ka

f kað Þ (3)

Where, Zeff is the effective charge, k is the inverse Debye length
(cm¡1) and f(ka) is the Henry function as described by Winzor
et al.49, and the quantity ‘a’ is described by Equation 4.

aDRH CRi (4)

Where, RH and Ri are the hydrodynamic radii of the mAb (MAB
1 and variants) and the counterion (Cl¡) for the buffer solution,
respectively. The radius of the counterion used in this study was
0.127 nm as described by Durant et al.50 Hydrodynamic radii of
MAB 1 and variants were measured by DLS and listed in the
Table 3B.

Zeff was calculated from electrophoretic mobility using
Equation 5.

Zeff Dm � ft Dm � 6phRH (5)

Where, ft stands for Stokes equation. RH and h are hydrody-
namic radii of the MAB1 and variants and viscosity of the solu-
tion (measured to be 1.18 cP, using mVROC). All the
measurements were made twice.

Determination of pI for MAB 1 and variants by capillary
isoelectric focusing

The pI values for MAB1 and variants were determined via
capillary isoelectric focusing (cIEF) using a ProteinSimple iCE3
instrument and the iCE Chemical Test kit (ProteinSimple, part
no. 101801). Anolyte and catholyte solutions were prepared as
per the manufacturer instructions. The samples for injection con-
tained 0.3 mg/ml protein, 4% Pharmalyte pH 3–10 (GE part
no. 17-0456-01), 2.0 M urea, 0.25% methyl cellulose (Protein-
Simple, part no. 101876), 0.01 mg/ml pI Marker 6.14 (Protein-
Simple, part no. 102220), and 0.01 mg/ml pI Marker 9.50
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(ProteinSimple, part no. 101996). The capillary was cIEF Car-
tridge Column (Fluorocarbon Coated, 100 mm ID £ 50 mm,
ProteinSimple part no. 101701). The samples were prefocused at
1500 V for 1 min followed by a 3000 V focusing period of
6 min. UV detection wavelength was at 280 nm and the iCE
CFR software was used to calibrate the UV image with the pI
markers to determine the sample pI.

Concentrate-ability
To assess ability to concentrate the protein, MAB 1 Control,

M1 and variants (M2-M6) were concentrated up to 50–130 mg/
mL using Amicon� Ultra-4 Centrifugal Filters, 10,000 NMWL
cut off. The centrifugation was performed at 4000 RPM at 15�C.

Apparent solubility by PEG precipitation
The absolute solubility for MAB 1 and variants could not be

determined because of the limited amounts of available materials.
However, apparent solubility measurements of MAB 1 and its
variants were carried out to estimate the change in solubility of
MAB 1 upon point mutations. These measurements were per-
formed using a PEG precipitation method as described earlier51

with minor modifications. A 47% (w/w) PEG stock solution was
prepared by dissolving PEG 12 k into 20 mM histidine/histi-
dine-HCl buffer, pH 6.0. The solutions of MAB 1 and its var-
iants were diluted to a protein concentration of 10 mg/mL using
the same buffer. From solutions of MAB 1 and each of its variant
antibodies, 50 mL samples were used for this analysis. Aliquots
of the stock PEG solution were pipetted into each sample,
0.5 mL at a time. Each antibody sample and PEG aliquot was
thoroughly mixed by pipetting the solutions up and down, so as
to avoid subjecting the mAb to unnecessary shear stress. Addi-
tional aliquots of PEG were added until the antibody started to
precipitate. The minimum amount of PEG required to cause pre-
cipitation (confirmed via visual inspection) of the antibody was
then calculated and used as a relative apparent solubility score for
the antibody sample. The measurements were repeated thrice for
each antibody solution.

Concentration dependent viscosity measurements by Cone
and Plate rheology

Viscosity data were generated on MAB 1 and variants in the
following formulation buffer: 20 mM histidine/histidine-HCl
buffer, 5% (w/v) sucrose at pH 6.0. MAB 1 and its variants were
concentrated to their solubility limits and then a serial dilution
was performed for viscosity measurements. The procedures fol-
lowed for concentrating, diluting and measuring viscosity of
MAB 1 and its variants were the same as described in our earlier
report.7 All samples were buffer exchanged extensively against
their off-set buffers using centrifugal concentrators. The off-set
buffers were based on the method developed by Bolton et al.,52

to compensate for the Donnan effect. The formulation does not
contain any added salt, and all the samples were buffer-exchanged
extensively so that ions carried over from the purification train
were removed as much as possible. Solutions of MAB 1 and var-
iants behaved as Newtonian solutions during the viscosity

measurements, showing no significant fluctuations among differ-
ent readings.

Experimentally measured viscosity data on MAB 1 Control,
M1, M3 and M6 was analyzed using common viscosity and sol-
ute concentration relationships.35 The following equations were
used:

hrelDh=ho (6)

Whereh, ho and hrel are solution viscosity, solvent viscosity and
relative viscosity, respectively. Solvent viscosity, ho, is the viscos-
ity of the formulation buffer (20 mM histidine/histidine-HCl,
5% (w/v) sucrose, pH 6.0). h0 is 0.99 cP (25�C) in the current
experiments.

hrelD AeBc (7)

Or,

ln.hrel/ D lnA C Bc (8)

Where c, lnA and B are solute (antibody) concentration, inter-
cept and slope, respectively. Equation 8 was used to obtain least
square fit lines for MAB 1 and variants.

Differential scanning calorimetry
The DSC experiments were performed with a GE Healthcare

Life Sciences MicroCalTM VP-Capillary DSC system using a
scan rate of 60�C/h over the temperature range of 20�C to
100�C. After achieving 100�C, the sample was cooled then
reheated to determine if the unfolding events were reversible.
The Origin software was used to process the data by subtracting
the thermogram of the formulation buffer (20 mM histidine/his-
tidine-HCl, 5% (w/v) sucrose, pH 6.0) from the thermogram of
the sample. A baseline correction was performed, and then the
thermogram was fit to determine midpoints (Tm) of the 3 ther-
mal transitions.

Competitive binding ELISA
Dilutions of MAB 1 within the concentration range of

0.0009–15 mg/mL were mixed with 10 ng/mL of a custom-
made proprietary biotin-labeled MAB 1 target antigen. The mix-
tures were then transferred to a 96-well plate that had been
coated with the antigen receptor, a custom-made proprietary
receptor fusion protein, to enable binding of antigen to the
coated receptor. After incubation for approximately 2 h at the
room temperature, the 96-well plate was washed to remove MAB
1: biotin–antigen complex unbound to the coated receptor. The
amount of bound biotin-labeled antigen protein was detected
using horseradish peroxidase-conjugated streptavidin (Southern
Biotech catalog #7100–05). After incubation for approximately
one h at room temperature, the plate was washed to remove
unbound streptavidin, and a solution of 3, 30, 5, 50-tetramethyl
benzidine (TMB) substrate (Surmodics, catalog TMB-1000-01)
was added to generate a colorimetric reaction. The resulting
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intensity of the blue coloration is proportional to the amount of
bound biotin-labeled antigen protein. After 30 min of incuba-
tion at room temperature, the reaction was quenched by the
addition of 0.18 M H2SO4 (Fischer Scientific, catalog #A300),
which generated a yellow coloration. The optical density (absor-
bance) of each well in the plate was recorded at 450 nm using
Molecular Devices M5 plate reader and SoftMax Pro software
for data analysis. These absorbance data were used to construct a
dose response curve (% maximum response against log MAB 1
concentration), from which the bioequivalence (i.e., parallelism)
and relative biological activity of a standard vs. test sample was
assessed. This same procedure was followed for all variants of
MAB 1.
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