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ABSTRACT

Preferential interactions of excipients with the antibody surface govern their effect on the stability of antibodies
in solution. We probed the preferential interactions of proline, arginine.HCl (Arg.HCl), and NaCl with three
therapeutically relevant IgG1 antibodies via experiment and simulation. With simulations, we examined how
excipients interacted with different types of surface patches in the variable region (Fv). For example, proline
interacted most strongly with aromatic surfaces, Arg.HCl was included near negative residues, and NaCl was
excluded from negative residues and certain hydrophobic regions. The differences in interaction of different
excipients with the same surface patch on an antibody may be responsible for variations in the antibody's
aggregation, viscosity, and self-association behaviors in each excipient. Proline reduced self-association for all
three antibodies and reduced aggregation for the antibody with an association-limited aggregation mechan-
ism. The effects of Arg.HCl and NaCl on aggregation and viscosity were highly dependent on the surface
charge distribution and the extent of exclusion from highly hydrophobic patches. At pH 5.5, both tended to
increase the aggregation of an antibody with a strongly positive charge on the Fv, while only NaCl reduced the
aggregation of the antibody with a large negative charge patch on the Fv. Arg.HCl reduced the viscosities of
antibodies with either a hydrophobicity-driven mechanism or a charge-driven mechanism. Analysis of this data
presents a framework for understanding how amino acid and ionic excipients interact with different protein
surfaces, and how these interactions translate to the observed stability behavior.
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Introduction which are typically based on a combination of quantum calcula-
tions and experimental data.'® One type of experimental data that
can be used to validate force field parameters involving protein-
excipient-water mixtures is the preferential interaction coefhi-
cient (T3)."

Timasheff and others have studied the preferential interactions
of certain sugars and polyols with small proteins using preferential
interaction theory.'>”"* It is hypothesized that the exclusion of
these osmolytes from the protein surface favors the native, folded
state to minimize the exposed surface area. This may lead to
a reduction in aggregation, depending on the aggregation
mechanisms. The preferential interaction coefficient of antibody-
excipient mixtures can be measured experimentally via vapor
pressure osmometry,'> and is also accessible via simulation."'

Numerous experimental'®’® and simulation®**** studies
have been performed on the effects of amino acid and ionic
excipients on proteins. However, many of the studies that have
been performed focus on how excipients interact with only one or
two proteins. Even when comparing excipient effects across multi-
ple proteins, they infrequently investigate the reasons for differ-
ences in behavior. For example, Wang et al. studied the viscosity
behavior of two antibodies.® They noted that the salt-form exci-
pients reduced the viscosity of one antibody much more than the
other and speculated that this was due to the protein-protein
interaction mechanisms, but did not elaborate or investigate the
antibody surface properties that might have accounted for this

Formulating monoclonal antibodies (mAbs) at high concen-
trations may allow delivery via subcutaneous injection, but at
high concentrations these formulations may exhibit reduced
stability and increased viscosity." Irreversible aggregation of
proteins can provoke an immune response.” Subcutaneous
injection typically requires viscosities below 15-20 cP.!
Antibody viscosity might be due to electrostatic interactions,
with oppositely charged regions interacting and leading to
electrostatic association, or due to short-range hydrophobic
interactions that promote self-association, or both.’
Excipients can be added to mAb formulations to influence
the aggregation and viscosity of the solution.* Common exci-
pient classes include amino acids and electrolytes because
charges on the antibody surface are thought to influence pro-
tein-protein interactions, and thus aggregation and viscosity.”
In some cases, the addition of salts can lead to charge screen-
ing, which reduces attractive protein-protein interactions.®
Charged amino acids, such as arginine hydrochloride (Arg.
HCI), have been found to interact with charged residues as
well as with hydrophobic residues via cation-m interactions.”
Molecular dynamics (MD) simulations can be used to model
antibody-excipient interactions, but they require accurate force
field parameters. Numerous force fields exist for simulating pro-
teins, including the widely-used CHARMM® and Amber’ force
fields. Extensive work is put into developing force field parameters,
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difference. Other studies have specifically focused on how the
antibody sequence and structure affect aggregation and viscosity,
but these studies do not also discuss excipient behavior.**~*°

This study aims to examine the connection between antibody
surface properties and excipient interactions. While trends in the
impact of certain ionic and amino acid excipients on mAbs have
been studied experimentally,'®'”'*'* and trends in the impact of
antibody sequences and structures have been studied,”*>*” the
molecular mechanisms behind the impact of excipients on mAb
behavior are not well understood. Here, we use simulations and
experiments to investigate the mechanisms by which three com-
mon amino acid and ionic excipients (proline, Arg.HCI, and
NaCl) affect the aggregation and viscosity of three antibodies
studied previously.'"">** By examining multiple antibodies, we
can assess how the excipients interact with different antibody
surfaces to identify molecular mechanisms underlying the
behavior.

Results
Antibody characteristics

Three IgG1 antibodies (mAbs A, B and C) were considered in this
study. These antibodies differed in sequence only in the antigen-
binding fragment (Fab) domains. mAbs A and B have k-type light
chains, while mAbC has A-type light chains. Due to the sequence
similarity of these antibodies outside of the variable (Fv) domain,
this work focused on differences between the variable domains of
these antibodies. All formulations considered were compared to
the buffer conditions, 25 mM sodium acetate (NaOAc), pH 5.5.
Characteristics of the antibody structures, including net charges,
pl, spatial aggregation propensity (SAP)> scores, and spatial
charge map (SCM)® scores, are summarized in Table 1.
Visualizations of the antibody Fv domains, viewed side-on to
ensure that all complementarity-determining regions (CDRs) are
included in the view, are shown in Figure 1, colored by the atomic
SAP and SCM scores.

While all three antibodies have some exposed hydrophobic and
hydrophilic regions on the Fv domains, mAbC has the most
exposed hydrophobic area, indicated by the red coloring in the
SAP figures in Figure 1. Despite the similar net charges (+7 and
+6) of the Fv domains of mAbs A and B, Figure 1 indicates that
primarily positive charge is exposed in the Fv domain of mAbA,
shown by blue SCM coloring. mAbB has some exposed positive
and negative charge, while mAbC has a significant amount of
exposed negative charge.

Parameter set development and preferential interactions

Experimental results indicated that proline and Arg.HCl were
preferentially excluded from all three antibodies, as shown in
Figure 2. However, simulations performed using the parameters

Table 1. mAb characteristics, calculated from the structures of the entire anti-
bodies. pl data from Sudrik et al.?*

Net charge  Net charge (Fv) pl SAP SCM
mADbA +38 +7 9.1 577 £ 8 614 + 16
mAbB +36 +6 9.04 581 +4 735 £ 24
mAbC +24 0 7.0-75 6775 1298 £ 31

mAbB mADbA

mAbC

Figure 1. Views of the Fv domains, side-on, as indicated by the eyeball in the
inset, so that the figures include all complementarity-determining regions. The
figures are colored by the atomic SAP and atomic SCM scores. Each antibody has
some hydrophobic regions on the Fv, indicated by red coloring in the SAP figures,
although mAbC has the most exposed hydrophobicity. The SCM coloring indicates
mostly positive charge (blue) on mAbA, both positive and negative charges on
mAbB, and mostly negative charge on mAbC.

for Arg.HCI and proline from the CHARMM36m force field
unexpectedly indicated preferential interaction coefficients that
were much higher than experimentally determined values, and
in some cases indicated preferential inclusion (Figure S1). We
found that proline-protein interactions needed to be reduced and
proline-water interactions strengthened, because proline was too
included. We found that arginine-protein interactions needed to
be reduced and arginine-arginine self-interactions increased,
because Arg.HCl was too included and did not display
a quadratic dependence on Arg.HCI concentration. These changes
were achieved by modifying the Lennard-Jones parameters for the
excipient atoms, as these affect nonbonded interactions. Changes
to the partial charges of the atoms were also considered, but the
preferential interaction coefficient was relatively insensitive to
modifications to the partial charges. Note that for both proline
and Arg.HCI, the parameter set developed was used for the
excipient molecules, while the original CHARMM36m force
field was used for all amino acids in the antibody molecule.

For proline, the ¢ values for all atoms were scaled by 0.6
compared to those of the CHARMMB36m force field.
Additionally, the o values for the N, H, and O atoms of the C-
and N-termini were set as specified in Table 2. o values for all other
atoms, including alkyl hydrogens, were the same as in the
CHARMM36m force field. Note that Table 2 specifies different o
values for non-water, “general”, and water interactions. Effectively,
this means that the o values in the topology file was updated to the
“general” value, and NBFIX terms were specified for interactions
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Figure 2. Preferential interaction coefficients of mAbs A, B, and C with proline, arginine, and NaCl. Simulations with proline and arginine were performed using the force
field parameters previously described. Parameters for all other atoms are from the CHARMM36m force field. With the exception of mAbC in Arg.HCl, there is generally
good agreement between simulation and experiment. Experimental measurement of I3 of mAbB in NaCl was only carried out below about 0.2 m NaCl due to phase

separation at higher NaCl concentrations.

of these atoms with water atoms, using the o value from the
“water” column and the appropriate mixing rule. This approach
was necessary to achieve the proper balance of proline-protein and
proline-water interactions. More than 350 possible parameter sets
for proline were tested, each involving different combinations of
modifications to the partial charges, 0, and ¢, with the parameter
set given in Table 2 most accurately reproducing the I';; results.

For Arg HCI, most o values were scaled by 1.05. The exceptions
were the o values for the following atoms involved in Arg.HCI-
ArgHCl interactions: N (N-terminal), H (N-terminal),
O (C-terminal), and Cl. Additionally, several modifications were
made to the & values of these atoms, as summarized in Table 3.
More than 600 possible parameter sets for Arg.HCI were tested,
each involving different combinations of modifications to the
partial charges, o, and ¢, with the parameter set given in Table 3
most accurately reproducing the I',; results.

The performance of these parameter sets, as well as of the
CHARMM36m parameter set for NaCl, in modeling the prefer-
ential interactions of mAbs A, B, and C with proline, Arg. HCI, and

Table 2. 6 (nm) values for proline.

Fitted
CHARMM36m General Water
N 0.33 0.34 0.32
H 0.04 0.05 0.04
0] 0.30 0.33 0.30

Table 3. Force field parameters for Arg.HCl. Note that the o values for all Arg
atoms (except for N, H, O, and Cl interactions with other Arg.HCl molecules or
water) were scaled by 1.05.

€ (kJ/mol)
Fitted
CHARMM36 Arg-Arg interactions Arg-water interactions
N 0.84 0.9 0.84
H 0.19 0.25 0.19
0 0.50 0.65 0.50
cl 0.63 0.63 0.50

NaCl is shown in Figure 2. The experimental results for I';; with
Arg HCl and NaCl are taken from our previous study.'” With the
exception of mAbC in Arg. HCI, there is generally good agreement
between simulation and experiment, indicating that the simula-
tions are capturing the appropriate level of excipient exclusion.
No parameter set considered accurately modeled the T3
behavior of Arg.HCl with mAbs A, B, and C. Figure S1 shows
the T3 behavior with the CHARMM36m parameters, the
fitted parameter set described in Table 3, and a third para-
meter set labeled set 1. This third parameter set is shown to
demonstrate how parameter sets that better captured Arg. HCl
exclusion from mAbC perform less well on mAbs A and
B. This particular parameter set failed at lower concentra-
tions, where it indicated a local maximum near an excipient
concentration of 0.25 m, which disagreed with the experi-
mental I'; curve. Additionally, this parameter set was
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significantly more different from the CHARMM36m para-
meter set, as it involved modifications to ¢ values as well as
scaling all & values by 0.7. Because mAbC is known to be
a poorly behaved molecule and known to self-associate,'**°
we considered it possible that there are important protein-
protein interactions occurring that are not captured in our
simulations, and thus we selected the parameter set that best
captured the exclusion of Arg.HCl from mAbs A and
B. However, we did examine the local interactions of Arg.
HCI with the Fv domain using both the fitted parameter set
and parameter set 1, as shown in Figure S2. We have the most
confidence in the local interactions that appear similar for
mADbC with both these parameter sets.

Proline-antibody interactions

Local I'»3 with Fv residues
The summed local I'y; values for proline’s interactions with var-
ious types of residues in the Fv domains of mAbs A, B, and C are

given in Figure 3, calculated from simulations of the entire anti-
body molecule in 0.15 m excipient. Proline is net excluded from
the Fv domain of these antibodies. Additionally, proline is net
excluded from all residue types considered within the Fv domain:
hydrophobic residues, aromatic residues, polar uncharged resi-
dues, and charged residues. However, the extent of exclusion
varies, with less exclusion of proline observed near hydrophobic
residues, and especially aromatic residues. A representative snap-
shot of proline interacting with aromatic residues in the CDR is
shown in Figure 4. mAbB has several aromatic residues in the
CDR that are highly exposed, which may contribute to proline’s
stronger interactions with these residues. The net local T';3 value of
proline with the three labeled TYR residues is 0.13 + 0.01, indicat-
ing that proline is included near these residues. This is signifi-
cantly higher than the interaction that would be expected if
proline interacted an average amount with all residues on the
antibody Fv surface, which would lead to a local I'y; value of
—0.07 £ 0.01 with this same region. This value was calculated by
averaging the local I'y3 values with all exposed residues in the Fv
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Figure 3. Sums of the local 53 values for different types of residues in the Fv domains. Values taken from simulations with the excipients at 0.15 m bulk concentration.
For all three antibodies, proline is net excluded from all types of residues in the Fv. Interestingly, for all three antibodies, Arg.HCl and NaCl show opposite net inclusion/

exclusion behaviors with negative residues.
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Figure 4. A representative snapshot from a simulation of mAbB in 0.5 m proline
showing a view of part of the Fv domain. It shows several proline excipient
molecules interacting with exposed TYR residues. The local I3 value with the
three labeled TYR residues is 0.13 £ 0.01, which is significantly higher than the
expected interaction if proline interacted only an average amount (—0.07 + 0.01).
Antibody residues are colored by the local I';3 value.

domain and then summing that value over the three TYR residues
being considered.

Aggregation

The impact of 100 mM proline on antibody aggregation is shown
in Figure 5(a). Proline has no effect on the monomer loss rate of
mADbA, reduces the monomer loss rate of mAbB, and has no effect
on that of mAbC. The ability of proline to reduce the aggregation
of mAbB is likely related to the mAbB aggregation mechanism. As
shown in Figure S3, mAbB has an association-limited aggregation
rate, demonstrated by the increase in aggregation rate with
increasing antibody concentration. Proline colloidally stabilizes
all three antibodies, but only reduces the aggregation rate of
mAbB because mADbB is the only antibody with an association-
limited aggregation rate. Additionally, the simulation results indi-
cated that proline is slightly included near certain aromatic resi-
dues in the mAbB Fv domain, as shown in Figure 4. These
interactions might contribute to the reduction in aggregation of
mADbB observed in the presence of proline. Note that the aggrega-
tion rate of mAbC was measured at 42.5°C, while that of mAbs
A and B was measured at 52.5°C, due to the significantly higher

Normalized monomer loss rate
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aggregation rate of mAbC."” Therefore, while the direction of the
effects of each excipient on the behavior of each mAb can be
compared, the magnitude of the effects will be different for
mADbC due to the lower incubation temperature.

Viscosity

The impact of 100 mM proline on antibody viscosity is shown
in Figure 5(b). Proline had little effect on the viscosity of
mADbA, but reduced the viscosities of mAbs B and C. Due to
the low (5 cP or less) viscosity of mAbA in the 25 mM NaOAc
buffer, pH 5.5, as well as in the presence of all three excipients,
the very slight effects of the excipients on the viscosity of
mADbA were not further considered. The reduction in viscosity
of mADbB is likely related to the interactions of proline with the
exposed hydrophobic residues shown in Figure 4.

Figure 6(a) shows the SCM of the Fv domain of mAbC,
indicating a large negatively charged region on the left-hand
side. Figure 6(b) shows where proline interacts with mAbC,
with the regions of strongest inclusion toward the top of the
figure shown in red. In simulations with a bulk excipient con-
centration of 0.15 m, the net I';; value for proline’s interactions
with the negatively charged patch is — 0.2 = 0.1 . The mechan-
ism by which proline reduces the viscosity of mAbC may be
through the interactions of the zwitterionic proline molecule
with this charged patch, as these interactions may disrupt
charge-charge interactions that led to elevated viscosity.

Reversible self-association

The impact of 100 mM proline on antibody reversible self-
association (RSA), as quantified by measuring kp, is shown in
Figure 5(c). Proline increased the kp, value of all three antibodies,
which is supportive of reduced RSA tendency for all three anti-
bodies. As mentioned above, this increase in kp suggests an
improvement in colloidal stability in all three antibodies.

Arg.HCl-antibody interactions

Local I'»3 with Fv residues
The summed local T',3 values for Arg.HCl’s interactions with
various types of residues in the Fv domains of mAbs A, B, and

(a) (mAb at 50 mg/mL) (b) mAb (100 mg/mL) viscosity ©) kp (mL/g)
2.5 :I: 6() 4 ™. 25 mM NaOAc buffer 25
o I 100 mM Proline 0
=2 2.0- 100 mM Arg.HCI -
3 = 100 mM NaCl 25
h= 154 £ 401 ) = -
g * =y a3 =501
- E
£ 1.0 2 g —737
S g = 20+ I - -
z _ i
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- I —1251
0.0- -
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mAbA mAbB mAbC

mAbA mAbB mAbC

Figure 5. (a) The ratio of monomer loss rates in the presence of 100 mM excipient (k) and in buffer alone (kp,, 25 mM sodium acetate, pH 5.5) was determined at 52.5°C
for mAbs A and B and 42.5°C for mAbC. (b) The viscosity of the antibodies at 100 mg/mL in buffer alone or in 100 mM excipient. (c) The diffusion interaction parameter

kp. For mAbs, values below —8.9 mL/g indicate attractive self-interactions.
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(b) Proline

(c) Arg.HCI

(d) NaCl

o e
.

Figure 6. Views of the variable region of mAbC. (a) Coloring indicates SCM values, with red coloring indicating exposed negative charge. (b)-(d) Coloring indicates local
I3 values for proline, Arg.HCI, and NaCl, respectively, with bulk excipient concentrations of 0.15 m. Red indicates preferential inclusion. All three excipients show some
positive interactions with at least part of the negatively charged patch shown in (A). Views are of the Fv domain, side-on, as indicated by the eyeball in the inset, so that

the figures include all complementarity-determining regions.

C are given in Figure 3, calculated from simulations of the entire
antibody molecule in 0.15 m excipient. Arg.HCI has a net T3
value of about zero for the entire Fv domain of mADbA, is net
excluded from the Fv domain of mAbB, and is net included near
the Fv domain of mAbC. For mAbA, Arg HCl is very slightly net
excluded from hydrophobic residues, has a near zero I'y; with
aromatic residues, and is more strongly excluded from polar
uncharged residues. Arg.HCl is net included near both positively
and negatively charged residues of mAbA. Many of these trends
hold for mADbB, with the exception of positively charged resi-
dues. With mAbB, Arg. HCl is excluded from positively charged
residues. For mAbC, Arg. HCl is included near all residue types
considered, although the lowest I';3 values are observed with
aromatic and positively charged residues.

Aggregation

The impact of 100 mM Arg.HCI on antibody aggregation is
shown in Figure 5(a). Arg. HCl increases the aggregation rate of
mADA, but has no effect on the aggregation rates of mAbs
B and C. mAbA has the highest positive charge in the variable
region of the three antibodies, with a net charge of +7 in the Fv
domain, and Figure 1 shows that mAbA has primarily posi-
tively charged patches in the Fv, shown by the blue coloring of
the SCM. All three antibodies have net charges of +12 in the Fc
domain at pH 5.5. Therefore, Arg.HCI likely leads to charge
screening of the positive charged domains of mAbA, reducing
electrostatic repulsion between antibody molecules compared
to behavior in the absence of Arg.HC. This is supported by the
net inclusion of Arg.HCI near charged residues in mAbA as
shown in Figure 3.

The observation that Arg.HCI does not affect the aggrega-
tion behavior of mAbB suggests that electrostatics may not be
a primary contributor to mAbB aggregation. It is interesting to
note that Arg.HCl does not reduce the aggregation rate of
mADC, as that molecule is known to have strongly negatively
charged patches on the Fv domain, and because NaCl does
reduce its aggregation rate. This may be related to the interac-
tions of Arg.HCl with hydrophobic residues on the antibody.
As shown in Figure 3, Arg.HCl is net included near the hydro-
phobic and aromatic residues in the Fv domain of mAbC. To
examine this further, we examined these interactions in the
context of local SAP scores. Figure 7(a) shows the SAP scores
mapped onto the Fv domain of mAbC, with the highest-SAP
region circled. We projected the local I';3 of Arg.HCl onto the
Fv domain of mAbC, as shown in Figure 7(b). These values are
taken from simulations of the whole antibody in the presence

Figure 7. Views of a portion of the mAbC Fv. (a) is colored by the SAP score, with red
indicating exposed hydrophobicity. (b) and (c) are colored by the local I3 values
with Arg.HCl and NaCl, respectively, with red indicating inclusion. Values are taken
from simulations with bulk excipient concentrations of 0.15 m. Arg.HCl is net
included in the circled high-SAP patch (0.07 & 0.03), while NaCl is net excluded
from this patch ( — 0.08 & 0.03). Views are of the Fv domain, side-on, so that the
figures include all complementarity-determining regions, albeit from a slightly
higher angle than in Figure 6 so as to view the whole high-SAP region, circled.

of 0.15 m ArgHCl Arg.HCI is slightly included with this
circled high-SAP patch, with a net I',3 value of 0.07 £ 0.03.
Inclusion of excipient can lead to conformational
destabilization.'> Arg.HCI has no effect on the aggregation of



mAbC, though, likely due to this conformational destabiliza-
tion being balanced by electrostatic interactions elsewhere. In
contrast, NaCl, which does reduce the aggregation of mAbC, is
excluded from this patch.

Viscosity

The impact of 100 mM Arg.HCI on antibody viscosity is shown
in Figure 5(b). Arg.HCI has negligible impact on the viscosity
of mAbA and reduces the viscosity of mAbs B and
C. Interestingly, Arg.HCI reduces the viscosity of mAbB by
about 50%, less of a reduction than in proline (70% reduction).
This suggests that the viscosity of mAbB is not primarily due to
electrostatic effects. It is also interesting to note that NaCl
reduces the viscosity of mAbB by only about 20%, suggesting
that the ability of Arg.HCI to reduce the viscosity of mADbB is
not only due to its ionic nature, but also due to its other
interactions. Figure 8(a) shows the variable region of mAbB
colored by the SAP score. As shown in Figure 8, Arg.HCl
interacts more strongly with the high-SAP residues than
NaCl. As shown in Figure 3, Arg.HCI interacts with hydro-
phobic and aromatic residues of mADbB to a similar extent as
proline. These interactions may contribute to the observed
reduction in viscosity of mAbB.

Arg HCI very effectively reduces the viscosity of mAbC,
reducing it by about 85% compared to the viscosity in the
25 mM NaOAc buffer. The molecular dynamics simulations
indicated where Arg.HCI interacts with mAbC. Specifically
focusing on the Fv domain, Figure 6(c) shows the Fv domain
of mAbC colored by the local T,; values in the presence of
0.15 m ArgHCl. Comparison with Figure 6(a), which shows
the mAbC Fv domain colored by the SCM scores, indicates that
Arg HCI interacts strongly with the negatively charged patch
shown in red, with a net I';; value of 1.4 £ 0.1. This suggests
that the ability of Arg.HCI to reduce the viscosity of mAbC
may be related to its ability to interact electrostatically.”

Reversible self-association

The impact of 100 mM ArgHCl on the reversible self-
association of the antibodies is shown in Figure 5(c).
Compared to behavior in the buffer alone, the addition of Arg.
HCI slightly reduces the kp value of mAbA to approximately
zero, has little effect on that of mAbB, and greatly increases the
kp value of mAbC to approximately zero. This corresponds to
a slight increase in antibody-antibody interactions in the

(b) Proline
g LYS

GLN
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presence of ArgHCl for mAbA, no effect for mAbB, and
a large reduction in antibody-antibody interactions for mAbC.

The slight increase in mAbA antibody-antibody interac-
tions in the presence of ArgHCI agrees with the proposed
mechanism by which Arg.HCI increases the aggregation of
mADbA described in the aggregation section. This mechanism
suggested that the addition of Arg.HCI might lead to charge
shielding, decreasing electrostatic repulsion between antibo-
dies. While reversible self-association events do not necessarily
lead to the formation of irreversible aggregates, aggregate for-
mation does require antibody-antibody interactions.

The lack of an effect of Arg.HCI on the kp, value of mAbB
agrees with the above proposed association-limited aggrega-
tion mechanism for mAbB, indicated in Figure S3. Because
Arg.HCI does not reduce the self-association rate of mAbB, it
also should not reduce the aggregation rate of mAbB.

The large impact of Arg. HCl on the self-association behavior
of mADC is interesting, especially in light of the lack of impact of
ArgHCI on the aggregation rate of mAbC. Arg.HCI is net
included near the surface patch identified by Arora et al. as
being involved in RSA, with a net local '3 value of 0.4 + 0.1
near this patch, based on a simulation of mAbC in 0.15 m Arg.
HCIL. This strong inclusion of Arg.HCI near the region involved
in RSA likely leads to the large increase in kp. However, as
shown in Figure S3, the aggregation rate of mAbC is not depen-
dent on the concentration of mAbC. This suggests that mAbC
has an unfolding-limited aggregation mechanism. Thus, despite
the decreased antibody-antibody interactions in the presence of
Arg HC], there is no impact on the aggregation rate.

NaCl-antibody interactions

Local I'»; with Fv residues

The summed local T',; values for NaCl’s interactions with
various types of residues in the Fv domains of mAbs A, B,
and C are given in Figure 3, calculated from simulations of the
entire antibody molecule in 0.15 m excipient. NaCl exhibits
the same trends in behaviors for all three antibodies, although
the magnitudes of net inclusion and exclusion vary. The
summed I'53 value for NaCl with all residues in the Fv domain
is negative for all three antibodies, indicating net exclusion.
Additionally, NaCl is net excluded from hydrophobic, aro-
matic, and polar uncharged residues. NaCl is net included
near charged residues as a whole and near positive residues,
but is slightly excluded from negatively charged residues.

(c) Arg.HCI

Figure 8. Views of the variable region of mAbB. (a) Coloring indicates SAP values, with red coloring indicating exposed hydrophobic regions. (b)-(d) Coloring indicates
local I';3 values for proline, Arg.HCI, and NaCl, respectively, with bulk excipient concentrations of 0.15 m. Red indicates preferential inclusion. Views are of the Fv domain,
side-on, as indicated by the eyeball in the inset, so that the figures include all complementarity-determining regions.
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Aggregation

The impact of 100 mM NaCl on antibody aggregation is shown
in Figure 5(a). The presence of NaCl increases the aggregation
rate of mAbA, has no effect on that of mAbB, and virtually
eliminates the aggregation of mAbC. As described in the sec-
tion on the effects of Arg.HCI on aggregation, mAbA has net
positive charges in the Fv domain and the Fc domain, leading
to electrostatic repulsion between molecules in the absence of
excipient. NaCl can act to screen some of that charge, thus
reducing electrostatic repulsion between antibody molecules
and contributing to the elevated viscosity observed in the
presence of NaCl.

The lack of an effect of NaCl on the aggregation of mAbB
suggests that charge effects are not primary contributors to the
aggregation of mAbB. Conversely, for mAbC, the effective
elimination of aggregation observed in the presence of NaCl
suggests that charge effects do significantly contribute to the
aggregation of mAbC.

Viscosity

The impact of 100 mM NaCl on antibody viscosity is shown in
Figure 5(b). NaCl has little impact on the viscosity of mAbA,
slightly reduces the viscosity of mAbB, and greatly reduces the
viscosity of mAbC. As described above, mAbA had viscosities
of 5 cP or less in 25 mM NaOAc buffer alone or in the presence
of any of the excipients, and thus its viscosity behavior will not
be further discussed.

NaCl reduced the viscosity of mAbB by about 20%. This,
combined with the results with proline (70% reduction), sug-
gests that charge effects are not primarily responsible for the
viscosity behavior of mAbB. However, the ability of NaCl to
slightly affect the viscosity of mAbB indicates that charge
effects might be a secondary contributor to the viscosity beha-
vior of mAbB.

NaCl reduced the viscosity of mAbC by about 80%, similar
to the reduction in viscosity observed in the presence of Arg.
HCI (85%). These results suggest that the viscosity of mAbC is
primarily due to charge effects. The simulation results indicate
that NaCl interacts strongly with a portion of the negatively
charged patch on the mAbC Fv domain, as shown in Figure 6
(d). The net local I';; value with the entire negatively charged
patch is 0.1 + 0.1. While this is close to zero, this is significantly
more inclusion than the “average” interaction with mAbC, as
NaCl is net excluded from the entire Fv domain and from the
entire mAb molecule. Thus, these interactions with the nega-
tively charged patch on mAbC may contribute to the reduction
in the viscosity of mAbC through charge shielding.

Reversible self-association

The impact of 100 mM NaCl on the kp, values of the antibodies
are shown in Figure 5(c). Compared to the behaviors of the
antibodies in the 25 mM NaOAc buffer alone, NaCl decreases
the kp values of mAbs A and B, but increases that of mAbC.
This corresponds to an increase in antibody-antibody interac-
tions for mAbs A and B, but a decrease in antibody-antibody
interactions for mAbC. The observed increase in antibody-
antibody interactions for mAbA agrees with the observed
increase in aggregation for mAbA in the presence of NaCl.
Although the aggregation rate of mAbA is not association-

limited, as demonstrated in Figure S3, the presence of NaCl
may lead to charge shielding, contributing to the association of
the partially-unfolded forms of mAbA and thus leading to
irreversible aggregation.

It is interesting that the increase in mAbB self-association
observed in the presence of NaCl does not lead to an increase in
mADbB aggregation. Figure S3 indicates that the aggregation of
mAbB is association-limited, which would suggest that
increased self-association might lead to increased aggregation.
It is possible that the presence of NaCl interferes with other
interactions that contribute to aggregation.

The reduction in self-association of mAbC in the presence
of NaCl agrees with a previous study that found that the self-
association of mAbC was primarily driven by charge effects.””
Figure 6(d) indicates that NaCl is slightly included near
a portion of the strongly negatively charged patch on the Fv.

Discussion
Parameter set development and preferential interactions

Parameter set development is a multivariable optimization
problem, with a single set of parameters attempting to lead
to a model that will match all experimental properties.
However, because the force fields are inherently simplifica-
tions of the real quantum interactions, they cannot necessa-
rily match all experimental behavior. One potential reason
that the CHARMM36m force field did not accurately capture
the I',; values for mAbs A, B, and C with proline and Arg. HCI
is that the force field was developed primarily to model pep-
tides and whole proteins rather than free residues.® MacKerell
et al. found that they needed to include properties of crystal
structures in parameter development. Later, they also
tweaked parameters based on MD studies of proteins.*
Thus, the CHARMM36m parameters may not be well-suited
to modeling free zwitterionic amino acids in dilute solution,
which may be why they overpredicted antibody-excipient
interactions. Others have performed molecular dynamics
simulations of zwitterionic amino acids in solution and
found that doing so accurately required adjusting force field
parameters.“’32

It is possible that parameter sets other than those described
here for free proline and free Arg.HCl will accurately repro-
duce the experimental I';3 behavior for these excipients with
the antibodies. This is the reason that the parameter sets
developed for proline and Arg.HCI were kept as close as pos-
sible to the CHARMM36m parameters while still improving
the accuracy in modeling the overall T'»; values. However,
testing the parameter set on multiple antibodies helps to sup-
port the validity of the force field, as each antibody has different
exposed residues, particularly in the Fv domain.

This result also demonstrates an important limitation in
existing force field parameters. As discussed above, existing
force fields such as CHARMM focus on accurately modeling
proteins in water, but do not consider the presence of cosolute
molecules.'™> Here, we have demonstrated that protein-
cosolute preferential interaction coefficients can be used as an
additional experimental property in the development and opti-
mization of force field parameters.



Antibody-excipient interactions

This study found that the impact of an excipient on an anti-
body was highly dependent on the antibody. That is, the same
excipient can have very different impacts on different antibo-
dies. For example, NaCl increased the aggregation rate of
mADbA but virtually eliminated the aggregation of mAbC.
This variability in the impact of an excipient is what leads to
the use of high-throughput screening for antibody formula-
tions and other techniques to experimentally measure antibody
behavior in the presence of different excipients.****

The experimental stability properties of the antibodies
depend on a balance of antibody-antibody, antibody-
excipient, and antibody-water interactions. The mechanisms
leading to changes in these properties are not necessarily the
same between antibodies. In addition, we observed no parti-
cular relationship between aggregation and viscosity behavior.
For example, as indicated in Figure 5, the impact of an exci-
pient on the viscosity of an antibody could not be predicted
solely from the aggregation behavior, and vice versa. This is
indicative that different mechanisms may govern aggregation
and viscosity behavior.

Our results suggest that there are definite trends in local
protein-excipient interactions, such as the net inclusion of Arg.
HCI and NaCl near charged residues, as indicated in Figure 5.
However, the impact of these interactions depends on how these
interactions affect the underlying mechanisms of protein-protein
interaction. For example, the net inclusion of NaCl near charged
residues leads to charge screening. However, for mAbA, charge
screening increases aggregation, as it reduces the electrostatic
repulsion between molecules, while for mAbC, charge screening
decreases aggregation. The surface charge distribution differs
between mAbs A and C, so while the local interaction near
charged residues of NaCl (inclusion) is the same for both, the
resulting stability behavior is different. Therefore, in evaluating an
antibody formulation, it is important to consider that antibody’s
particular surface properties, including SAP and SCM, to deter-
mine the expected experimental stability properties.

Proline was the only excipient found to increase kp, for all three
antibodies. Because protein-protein interactions are generally
influenced by a balance of long-ranged and local electrostatic
and hydrophobic interactions, proline’s zwitterionic nature may
allow it to influence electrostatic interactions. The combination of
the zwitterionic molecule with a ring structure that can interact
with hydrophobic residues may be responsible for proline’s ability
to reduce protein-protein interactions for all three antibodies.**>*

Interestingly, a previous study on a different mAb found
that proline effectively increased colloidal stability at pH 6, but
not at pH 5, which was further from the mAb pL."” The pI of
the mAb in that study was 9.3. The pIs of mAbs A, B, and C are
9.1, 9.0, and 7.2, respectively.'"' Another study indicated that
proline is a desirable excipient under stressful conditions, such
as low pH, because it reduces aggregation.”® Thus, proline’s
impact on conformational and colloidal stability might be
dependent on formulation pH and mAb pl.

Since Arg.HCI and NaCl are both ionic excipients with the
same anion, it is interesting that they have different interactions
with protein residues, especially with positively charged residues,
as shown in Figure 5. Notably, Arg.HCI has lower local I';; values
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near positively charged residues for all three mAbs. As the
interactions with positively charged residues are likely primarily
due to CI interactions, this result indicates that the presence of
Arg" molecules influences the distribution of CI™ anions. The
larger size of Arg" molecules compared to Na* ions may be
partially responsible. Additionally, the clustering behavior of
Arg" molecules”*’ in solution may also contribute to this result.
Clusters of arginine molecules may affect the distribution of Cl™
ions in solution more so than free Na" ions, leading to fewer Cl”
positive residue interactions in Arg.HCl compared to NaClL
Additionally, as indicated in Figure 5, Arg.HCl is included near
negatively charged residues, while NaCl is excluded. This may
also be related to the clustering of arginine molecules. As
described by Shukla et al., arginine molecules in solution may
form clusters due to charge-charge interactions, as the
C-terminus is negatively charged and both the R group and
N-terminus are positively charged.” Thus, a single arginine
molecule might interact with a negatively charged residue of
the antibody, and meanwhile the free end of the arginine mole-
cule may be involved in clustering.

While NaCl interacts with antibodies through charge-charge
interactions, Arg.HCI interacts via charge-charge interactions
and via other arginine-protein interactions, such as cation-n
interactions. Previous studies*"*** have shown that arginine can
interact with aromatic residues through cation-n interactions.
These interactions will impact antibody conformational stability
and potentially the available hydrophobic surface of the anti-
body, thus affecting hydrophobic-hydrophobic interactions
leading to aggregation. Thus, the choice of ionic formulation
excipient should consider whether the excipient should interact
primarily through charge-charge interactions, or whether it
should also interact with certain uncharged residues.

In conclusion, we have used both simulation and experiment
to examine how certain amino acid and ionic excipients interact
with the surfaces of three different antibodies and examined how
those interactions lead to observed aggregation and viscosity
behavior. Broadly, proline colloidally stabilized all three antibo-
dies, thus reducing the aggregation of mAbB, which has an
association-limited aggregation mechanism. The impact of
Arg HCI and NaCl on aggregation primarily depended on the
charge distribution in the Fv. All three excipients tended to
reduce viscosity, but the effectiveness depended on whether the
viscosity was due to hydrophobic effects or charge effects. The
impact of Arg.HCI and NaCl on the colloidal stability of the
antibodies was also strongly dependent on exposed hydropho-
bicity and charge in the Fv. In this way, the surface character-
istics of an antibody are shown to be important in understanding
potential protein-protein interaction mechanisms, and could
inform formulation development studies in selecting appropri-
ate excipients to potentially disrupt particular interactions that
may negatively impact overall protein stability.

Materials and methods
Materials

MADs A, B and C are IgG1 antibodies that differ in sequence
only in the Fab domains. MAbs A and B have k-type light
chains; mADbC has A-type light chains. Aliquots of mAbs A, B,
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and C were provided as purified stocks by AstraZeneca. High
purity proline and glacial acetic acid (A6283) were purchased
from Sigma. Buffers were prepared in 18.2 MQ deionized
water, with pH adjusted using either 5 N sodium hydroxide
or hydrochloric acid. Antibodies were dialyzed in 25 mM
sodium acetate buffer with the pH adjusted to 5.5 using 20
kDa molecular weight cutoff (MWCO) mini dialysis devices
(88405, Thermo Scientific). The antibodies were then concen-
trated using 50 kDa MWCO spin concentrators (UFC505024,
Amicon/Millipore). L-proline, L-Arg.HCI, and NaCl solutions
were prepared in 25 mM sodium acetate buffer, pH 5.5.

Vapor pressure osmometry

The protocol for quantifying preferential interactions of the
antibodies with proline is the same as that used in previous
studies.”® Briefly, serial dilutions of proline in buffer and solu-
tions of antibody and proline in buffer were prepared, up to
excipient concentrations of about 0.5 m. The final antibody
concentration was about 50 mg/mL. The osmolality of these
solutions was measured using a vapor pressure osmometer
(Wescor VAPRO 5600). The resulting data were analyzed
using the method of Hong et al.*’

Accelerated aggregation kinetics

The protocol for measuring accelerated aggregation kinetics
was the same as that used previously.”® Briefly, antibodies were
incubated in a PCR thermal cycler at a concentration of 50 mg/
mL mADb, with and without the addition of 100 mM proline to
the buffer solution. The incubation temperatures (52.5°C for
mAbs A and B, 42.5°C for mAbC) were chosen such that
5-10% monomer loss was observed over 10-12 days in buffer
alone. These temperatures are below the T,,1 onset tempera-
ture as identified via differential scanning calorimetry. Samples
were diluted to 1 mg/mL in 100 mM sodium phosphate,
200 mM L-arginine. HCI (pH 6.5) buffer and run on a TSKgel
SuperSW mAb HTP column (Tosoh) with an inline MALS
detector (miniDAWN TREOS, Wyatt Technology) to measure
remaining monomer content.

Dynamic light scattering

The diffusion interaction parameter, kp, was estimated from
the apparent diffusivity of the antibody molecule, as described
previously,”®** using a DynaPro Nanostar (Wyatt
Technology). Diffusivity was recorded for samples with
a percent polydispersity below 20 to avoid artifacts. mAbs
A and B were measured at concentrations of 5-25 mg/mL.
mADbC, which exhibits significant self-association, was mea-
sured at mAb concentrations only up to 5 mg/mL. At least
three mAb concentrations were used to estimate kp, for each
formulation.

Viscosity measurements

The dynamic viscosities of the antibody formulations were
measured using a DHR-3 (TA instruments) cone and plate
rheometer with a 1-degree cone with 20 mm diameter.

Viscosities were measured for antibody concentrations of
about 130, 120, 100, and 90 mg/mL (concentrations deter-
mined with UV-Vis spectroscopy). Samples were measured
with a plate temperature of 20°C and using shear rates within
the 800-2000 s~' range. Viscosities of three independent sam-
ples were measured for each data point to account for instru-
mental and loading errors.

Molecular simulations

Antibody structures were generated from primary sequences
provided by AstraZeneca, as described previously."
Simulations were set up as described in Cloutier et al.'" All-
atom whole antibody structures were generated using the
methods of Brandt et al.*’ from either the Fab structures
(mADbA protein data bank (PDB) code: 4ypg, mAbC PDB
code: 5anm) or from a homology model of the Fv domain
generated using the RosettaAntibody protocol.*® The Fab or
Fv structures were attached to an IgGl antibody”” template
using text editing software. Simulations were performed using
Gromacs 5.0.5* using the CHARMM36m™ parameter set for
antibody atoms and NaCl and the TIP3P*’ water model.
Parameters used for the excipients Arg.HCl and proline were
developed based on the CHARMMS36m parameter set.
Simulations were performed in the NpT ensemble at 1 atm
and 298 K. The pH was set to 5.5 by adjusting the protonation
states of ionizable residues using the PROPKA® framework.
All simulation boxes were made charge-neutral by the addition
of CI” counterions. All simulations were energy minimized and
equilibrated for 15 ns prior to the beginning of production
simulations.

Preferential interaction coefficient calculation from
simulation

The preferential interaction coefficient, I';3, of an antibody with
an excipient can be calculated according to equation 1, as
described by Baynes and Trout’' and Shukla et al.>>

T3(r) = ns(r) — m(r) <M) (1)

niatal _ l/ll(T’)

The subscript 1 refers to water, 2 to protein, and 3 to excipient.
n;(r) is the number of molecules of type i within a distance r or
the protein van der Waals surface. T;(r) converges to
a constant value past some cutoff distance R, usually around
8 A, as shown in Figure S4. For this study, all I';; results are
reported at r = 8 A. This converged value can be compared to
the experimental result obtained with vapor pressure
osmometry.

For ionic excipients, the I';3 values were calculated sepa-
rately for each molecule and then combined using equation 2.

1
I = 5(T+ +T_ —|2Z]) 2)
In this equation, I'; and I'_ refer to the preferential interaction

coefficients for the cation and anion, respectively, calculated
according to equation 1. Z, is the net charge of the protein.



Local preferential interaction coefficients for each residue
were determined by assigning each water molecule, based on
center of mass, and each excipient atom, based on the center of
each atom, to the closest antibody residue. Then, the total
number of excipient atoms assigned to each antibody residue
was totaled and divided by the number of atoms per excipient
molecule, allowing for fractions of excipient molecules to be
assigned to antibody residues. This approach allowed for
a single excipient molecule to contribute to interactions with
multiple antibody residues, depending on the proximity of
individual atoms. Finally, the local T'»; values were calculated
using equations 1 and 2.

Antibody surface analysis

The spatial aggregation propensity (SAP), which is a measure
of the surface-exposed hydrophobicity, was calculated using
the methods of Chennamsetty et al.*> with a radius of 5 A, the
distance found by Chennamsetty et al. to best correlate with
experimental aggregation behavior. The equation to calculate
the SAP score of each atom is:

Patomi = < Z

°
residues with 1+sidechainatom within 5 A of i

®3)

SAA of SC atoms within 5 /o\
SAA of SC atoms, fully exposed

x residue hydrophobicity) >

The spatial charge map (SCM), which measures charge distri-
bution while accounting for surface exposure, was calculated
using the methods of Agrawal et al.” using a radius of 10 A, the
distance found by Agrawal et al. to best correlate with experi-
mental viscosity. The equation used to calculate SCM for each
atom is:

artial charge
SCMatomi = P 4
atom,t Z ) ( of the atom @)
exposed side — chain
atoms within 10A of i
Abbreviations
Arg.HCl arginine. HC]
CDR complementarity-determining region
Fab fragment antigen binding

Fv fragment variable

mAb monoclonal antibody

MD molecular dynamics

MWCO molecular weight cutoff

PDB Protein Data Bank

RSA reversible self-association
SAP spatial aggregation propensity
SCM spatial charge map
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