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ABSTRACT
Concentration-dependent reversible self-association (RSA) of monoclonal antibodies (mAbs) poses a
challenge to their pharmaceutical development as viable candidates for subcutaneous delivery. While the
role of the antigen-binding fragment (Fab) in initiating RSA is well-established, little evidence supports the
involvement of the crystallizable fragment (Fc). In this report, a variety of biophysical tools, including
hydrogen exchange mass spectrometry, are used to elucidate the protein interface of such non-covalent
protein-protein interactions. Using dynamic and static light scattering combined with viscosity
measurements, we find that an IgG1 mAb (mAb-J) undergoes RSA primarily through electrostatic
interactions and forms a monomer-dimer-tetramer equilibrium. We provide the first direct experimental
mapping of the interface formed between the Fab and Fc domains of an antibody at high protein
concentrations. Charge distribution heterogeneity between the positively charged interface spanning
complementarity-determining regions CDR3H and CDR2L in the Fab and a negatively charged region in
CH3/Fc domain mediates the RSA of mAb-J. When arginine and NaCl are added, they disrupt RSA of mAb-J
and decrease the solution viscosity. Fab-Fc domain interactions between mAb monomers may promote
the formation of large transient antibody complexes that ultimately cause increases in solution viscosity.
Our findings illustrate how limited specific arrangements of amino-acid residues can cause mAbs to
undergo RSA at high protein concentrations and how conserved regions in the Fc portion of the antibody
can also play an important role in initiating weak and transient protein-protein interactions.

Abbreviations: RSA, reversible self-association; CG-MALS, composition-gradient multi-angle light scattering; HX-MS,
hydrogen exchange mass spectrometry; CDR, complementarity-determining regions
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Introduction

Protein-protein interactions play a critical role in many biologi-
cal and biochemical processes. Like many biological processes
however, protein-protein interactions can have negative as well
as positive effects.1-4 In vivo, cellular proteins are usually pres-
ent in a very crowded, highly concentrated environment.5 At
such high protein concentrations, due to increases in molecular
crowding and decreases in intermolecular distances between
molecules, the extent of specific and non-specific protein-pro-
tein interactions driven by exposed charged and apolar regions
on the protein surface increase.6-8 Independent of whether a
protein is in vivo or in vitro (e.g., a purified protein drug candi-
date stored in a vial), molecular crowding causes protein solu-
tions to deviate from ideality, thereby affecting macromolecular
interactions and potentially protein conformation.9 Identifica-
tion of the interfaces that mediate protein-protein interactions
can open new avenues for drug targeting and discovery, and
guide protein engineers in the development of macromolecule
candidates that are more stable and easier to administer.

Monoclonal antibodies (mAbs) comprise a major class of bio-
therapeutics used for the treatment of many chronic conditions.10

The subcutaneous delivery route enables patients to self-administer
1-2 mL of injectable volume per dose. To deliver the amount of
drug needed, which is often tens to hundreds of milligrams, in this
volume, themAbsmust be formulated at very high protein concen-
trations.2,10 Due to decreases in intermolecular distances between
protein molecules at high protein concentrations, attractive pro-
tein-protein interactions may overcome repulsive interactions,
thereby favoring the formation of reversibly associating intermolec-
ular protein complexes.11,12 Formation of large protein complexes
increases the solution shear modulus, which can result in dramatic
increases in viscosity at higher concentration,13,14 leading to formu-
lation and manufacturing-related challenges. In addition, antibody
clustersmay act as seeds for the formation of irreversible aggregates
at high protein concentration.15 Moreover, high shear stress during
pumping of viscous solutions of self-associated proteins has, in
some cases, been shown to also contribute to the formation of irre-
versible protein aggregates.16 Such irreversible aggregates can
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decrease protein activity and stability, and may elicit adverse
immunogenic reactions in patients.17-19 In addition, parenteral
administration of highly viscous liquids requires thicker gauge nee-
dles that may causemore painful injections.2

Previous work has shown that reversible self-association (RSA)
between different IgG1 mAbs can result from different binding
interfaces, despite high sequence similarity between the mAbs.20-22

Studies of enzymatic fragmentation of IgG1 monomers into Fab
and Fc domains,21,23,24 site-specific mutations in complementarity-
determining region (CDR),25 and coarse-grained simulations of
such protein interactions26,27 suggest that intermolecular reversible
interactions between mAb molecules can be initiated by either
Fab-Fab or Fab-Fc associations and to a lesser extent through Fc-
Fc interactions. Despite providing experimental insights into how
solution conditions modulate the rate and extent of reversible pro-
tein-protein interactions, and which major regions of the mAb
might be involved in such phenomena, these studies offer an
incomplete and low-resolution picture of mAb reversible self-asso-
ciation. A more complete understanding of the specific molecular
mechanisms of reversible protein-protein interactions requires
site-specific information about the surfaces that mediate such
associations.

Hydrogen exchange (HX) is a robust bioanalytical tool used
to study protein dynamics and protein-protein interactions.28-33

The rate of hydrogen exchange depends on the higher order
structure of the protein: backbone amides that are fully solvated
(lacking hydrogen bonding) undergo rapid HX while amides
located in structurally protected or strongly hydrogen-bonded
regions exchange significantly more slowly.34-36 Thus, HXmeas-
urements can be used to map protein interfaces of intermolecu-
lar protein-protein interactions because the formation of
intermolecular contacts directly affects the solvation and hydro-
gen bond strengths at the protein interface.33 Mass spectrometry
coupled to HX (HX-MS), extends the HX technique to complex,
multi-domain macromolecules like mAbs.37-43 Recently, we
described a novel HX-MS method to map protein interfaces
formed between mAbs undergoing reversible protein-protein
interactions directly at up to 60 g/L.39

Here, we applied this technique to investigate the molecular
mechanism by which an IgG1 mAb (mAb-J) undergoes reversible
self-association, and further probed this mechanism by a variety of
other biophysical techniques. We also mapped the interface of the
reversible, concentration-dependent intermolecular interactions
between mAb-J monomers using hydrogen exchange mass spec-
trometry (HX-MS). The results of this study augment our knowl-
edge of how proteins interact with each other at high protein
concentrations under crowded environments.

Results

Increases in mAb hydrodynamic diameter suggests
reversible self-association

In an initial set of experiments done to better understand the
possible mechanism(s) of mAb-J RSA, the effects of solution
properties and additives on the magnitude of RSA at relatively
low protein concentration (1-10 g/L) were examined. All results
are described relative to mAb-J in a control solution (20 mM
citrate-phosphate, 30 mM NaCl, pH 6.0). Fig. 1 shows the

effects of charged co-solutes and sugars and changes in solution
pH on the average hydrodynamic diameter of mAb-J, as deter-
mined by dynamic light scattering (DLS). The average hydro-
dynamic diameter of a full length, monomeric IgG1 mAb
molecule is typically 9-12 nm.44,45 At 10 g/L, the hydrodynamic
diameter of mAb-J in the control solution was 17.5 nm, signifi-
cantly higher than a typical monomeric IgG1 mAb. The large
hydrodynamic diameter suggests that mAb-J undergoes self-
association even at the relatively low concentration of 10 g/L at
low ionic strength. The average hydrodynamic diameter of
mAb-J in solution decreased, from 17.5 nm at low ionic

Figure 1. Effects of additives and pH on the hydrodynamic diameter of mAb-J as
measured by dynamic light scattering. (A) Addition of incremental amounts of
NaCl and 100 mM arginine to the control buffer and (B) addition of sugars and the
effect of pH on the hydrodynamic diameter of mAb-J. All measurements were
taken at 25�C. For panel A, mAb-J was prepared at 10 g/L in control solution
(20 mM citrate-phosphate buffer containing 30 mM NaCl at pH 6.0) containing
either additional NaCl (30, 60 and 100 mM) or 100 mM arginine. For panel B, addi-
tional 10% (w/v) sucrose and trehalose were added to the control solution with
the pH adjusted to (5.0, 6.0 and 7.0). The error bars represent one standard devia-
tion from 3 independent DLS measurements.
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strength to 12.8 nm, in the presence of an additional 100 mM
NaCl. This same hydrodynamic diameter vs. ionic strength
trend also was evident in the presence of either sucrose or tre-
halose (Fig. 1A). The average hydrodynamic diameter of
mAb-J decreased, from 17.5 nm to 10.8 nm, in the presence of
100 mM arginine. In contrast, the addition of sucrose and tre-
halose caused increases in the average hydrodynamic diameter,
from 17.5 nm to 18.8 and to 19.7 nm, respectively (Fig. 1A).
Raising the pH from 5.0 to 7.0 also resulted in an increased
hydrodynamic diameter, from 13.0 nm to 18.8 nm (Fig. 1B).
Taken together, these data suggest that the extent of mAb-J
RSA, even at 10 g/L, decreases as the ionic strength increases.
MAb-J RSA increases, however, in higher pH solutions or upon
addition of sugars. Since the experimental limit for DLS is
around 10 g/L protein concentration, which limits the investi-
gation of association at higher concentrations, we then used
dynamic viscosity to investigate protein-protein interactions at
higher mAb-J concentrations.

Effects of solutes on the dynamic viscosity of mAb-J
solutions

Highly associated protein will usually cause a dramatic increase
in solution viscosity at high protein concentrations.20,21 Trends
in mAb-J solution viscosity with increased protein concentra-
tion under various solution conditions are shown in Fig. 2. The
solution viscosity of mAb-J in the control buffer increased
exponentially with protein concentration, an effect that can be
attributed to RSA between mAb monomers. Addition of NaCl
or arginine to the control solution at concentrations up to
100 mM weakened the effect. Consistent with DLS results, the
effect of arginine on the viscosity of mAb-J was stronger than
NaCl. The effect of pH and sugars can be seen by comparing
the solution viscosity of mAb-J at 60 g/L. As the pH of the con-
trol buffer was increased from 5.0 to 7.0, the viscosity of 60 g/L
mAb-J increased (Fig. 2D). When either trehalose or sucrose
was added, the viscosity of the mAb-J solution increased, with
the effect of trehalose stronger than sucrose. The solution vis-
cosity of buffer in the absence of protein only increased slightly
upon addition of sugars. Taken together, the viscosity results
provide further evidence supporting the presence of concentra-
tion-dependent transient protein-protein interactions between
mAb monomers. An increase in the ionic strength of the solu-
tion or addition of arginine decreased solution viscosity, while
an increase in pH from 5.0 to 7.0 caused the dynamic viscosity
of mAb-J solution to increase. These observations suggest that
mAb-J intermolecular interactions are primarily driven by
attractive electrostatic interactions.

Reversible self-association of mAb-J involves a monomer-
dimer-tetramer equilibrium

The nature of mAb-J intermolecular interactions was further
studied using composition-gradient multi-angle light scattering
(CG-MALS). Static light scattering quantifies the excess Ray-
leigh ratio (R), the fractional amount of incident light that is
scattered by the macromolecule per unit volume of the solu-
tion. Intermolecular interactions affect the magnitude of the
Rayleigh ratio. If the relationship between R, as a function of

the scattering angle (u), and protein concentration is known,
then the apparent molecular weight, size, and extent of
self-association of the molecule can be determined using values
of the osmotic second virial coefficient (A2) combined with
stoichiometry estimates based various association models
(as described in detail in the Experimental Section).

The mole fractions of monomeric, dimeric, and tetrameric
forms of mAb-J under the experimental conditions were deter-
mined (Fig. 3) based on fitting the static light scattering data to
a monomer, dimer, tetramer association equilibrium model.
First, for mAb-J at 20 g/L in control buffer containing 10% w/v
trehalose, the solution had equal mole fractions of monomeric
mAb-J (0.48) and tetrameric mAb-J (0.48) (Fig. 3A). This
observation suggests extensive protein-protein interactions,
supported by an osmotic second virial coefficient (A2) value
of ¡9.6 £ 10¡5 mol mL g¡2. In the presence of an additional
100 mM NaCl in the control buffer, the mole fraction of mono-
meric mAb-J did not decrease as steeply, reaching a value of
0.63 at 20 g/L. Interestingly, the mole fraction of dimer was
0.27, whereas tetramer was only 0.1 under these conditions
(Fig. 3B). The value of A2 for mAb-J in the presence of addi-
tional 100 mM NaCl became positive, 2 £ 10¡5 mol mL g¡2, in
contrast to the negative value under low ionic strength solution
conditions. The positive A2 value indicates disruption of pro-
tein-protein interactions. In the presence of 100 mM
arginine, mAb-J was completely monomeric even at 20 g/L,
suggesting complete disruption of attractive intermolecular
interaction between mAb-J monomers over the concentration
range tested (Fig. 3C). Disruption of protein-protein interac-
tions by arginine is further supported by a large, positive value
of A2 (9 £ 10¡5 mol mL g¡2) for mAb-J in the presence of
arginine.

Hydrogen exchange mass spectrometry reveals
association between the Fc and Fab

To map the interfaces responsible for protein-protein interac-
tions, the non-associating and associating protein states must
be compared. We chose to compare the protein concentrations
5 g/L (»90% monomeric) and 60 g/L (less than 50% mono-
meric) by HX-MS analysis. To conduct hydrogen exchange at
high protein concentration, we followed an approach we
recently developed,39 which involves reconstituting lyophilized
mAb-J with D2O-containing buffer rather than diluting the
solution with D2O. A combination of size-exclusion chroma-
tography (SEC), circular dichroism (CD), and viscosity meas-
urements confirms the structural integrity of mAb-J samples
after lyophilization, as described in the Supporting Information
(Fig. S1, and Table S3). To maintain the high concentration of
mAb-J during hydrogen exchange, the lyophilized samples of
mAb-J were reconstituted with pure D2O to yield a final solu-
tion composition of 20 mM citrate phosphate buffer (pH 6)
containing 10% w/v trehalose and 30 mM NaCl (i.e., control
buffer C 10% w/v trehalose in D2O). To eliminate artifacts that
might potentially arise from altered chemical exchange kinetics,
the composition of the buffer was held constant while only the
mAb-J concentration was changed. Following selected intervals
of hydrogen exchange, the reaction was quenched by lowering
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the pH to 2.5, and the sample was then digested with pepsin,
and analyzed by LC-MS.

No significant differences were observed in the measured HX
between low and high protein concentration for almost 95% of the
peptic peptides of mAb-J (see Fig. S3). Deuterium uptake plots for
some representative peptides in this category are shown in Fig. 4A.
There were certain peptides, however, that exhibited significant
protection against hydrogen exchange at 60 g/L mAb-J. Fig. 4B
shows representative deuterium uptake plots for some of the pepti-
des that became significantly protected. Deuterium uptake plots for

all of the peptides from mAb-J are shown in Fig. S3 and a list of all
the peptides and their sequential numbering is given in Table S4. A
global representation of all of the changes in hydrogen exchange
betweenmAb-J at 5 and 60 g/L is shown in Fig. 5. Relativemass dif-
ference or the differences in deuterium uptake Dmð Þ between
mAb-J peptides from 60 and 5 g/L samples (Eq.4) are plotted on
the vertical axis and ordinal peptide number on the horizontal
axis of the plot with:

DmDm60 g6 L ¡m5 g6 L (Eq: 1)

Figure 2. Concentration-dependent effects of additives and pH on the dynamic viscosity of mAb-J solutions. Effects of (A) NaCl and (B) arginine on solution viscosity as a
function of mAb-J concentration. Effects of (C) 10% (w/v) sucrose and trehalose and (D) pH on solution viscosity of mAb-J solutions at 60 g/L protein concentration. All
measurements of solution viscosity were taken at 25�C. In panels A, B and C, all samples of mAb-J were prepared in the control solution containing additional amounts of
NaCl, arginine, or sugars. In panel D, mAb-J samples were prepared in the control with pH adjusted to (5.0, 6.0 and 7.0). The error bars represent one standard deviation
from a set of 3 independent measurements in A and B the error bars are smaller than the symbols.
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These plots show the location of protected (Dm< 0 Da) and
de-protected (Dm> 0 Da) regions in mAb-J.

Comparison of the level of deuteration revealed various
regions within mAb-J that became significantly protected at
60 g/L, conditions where mAb-J was substantially self-associ-
ated. The protected regions are located in the variable heavy
chain (VH), variable light chain (VL), and constant domain of
the heavy chain (CH3) of the antibody. In the heavy chain of
the antibody, these regions cover HC 92-116 (peptide numbers
42 to 47) located in the third complementarity-determining
region of the heavy chain (CDR3H) and HC 381-408 (peptide
numbers 105 to 111) that surrounds a region in the CH3
domain. In addition, in the light chain, a segment that became
significantly protected (LC 39-76), peptide numbers 135 to 140,
spans the second CDR of the light chain (CDR2L) located in
the VL domain of the antibody. None of the regions in mAb-J
became significantly more flexible (higher HX) at high protein
concentration.

Thus, significant decreases in hydrogen exchange (i.e.,
increased protection against deuterium uptake) were observed
upon RSA of mAb-J in 2 of the 6 CDR regions (i.e., the CDR2
region of the light and CDR3 region of the heavy chain) and in
the CH3 domain of mAb-J. Fig. 6 shows the protected regions
mapped onto a homology model of mAb-J (for details about
the homology model, see the Materials and Methods section).
The segments that became significantly protected at high pro-
tein concentration are highlighted in yellow (Fig. 6). A surface
representation of the Fab and Fc of mAb-J is also shown in
Fig. 6 where protected segments, presumably the primary pro-
tein interface of RSA, are colored in yellow as in the ribbon
representation. In the surface representation, the negatively-
charged residues that became protected are colored red, the
positively charged residues that became protected are blue, and
surface exposed hydrophobic residues are colored in green. It
should be noted that while the level of confidence in the loca-
tion and surface exposure of residues in the highly-conserved

CH3 domain is high, the exact location and surface exposure
information of the VH and VL domain residues may be less
reliable.

To confirm that the changes in hydrogen exchange resulted
from specific interactions between mAb-J monomers rather
than non-specific interactions arising from non-ideality at high
protein concentrations, we compared a mAb-J control at 60 g/
L to mAb-J samples at 60 g/L containing control buffer and
either 100 mM arginine or 100 mM NaCl (Fig. S4). As
described above, arginine and sodium chloride both reduced
the extent of self-association as indicated both by decreased
hydrodynamic diameter (Fig. 1A) and reduced solution viscos-
ity (Fig. 2), although the effect of arginine was much stronger.
The regions of mAb-J that became significantly protected under
control solution conditions were the same regions that became
protected at high protein concentration when compared to low
concentration non-associating control (Fig. 5), confirming the
validity of the analysis. Stronger protection in the control
mAb-J sample when compared to that with 100 mM arginine
reflects arginine’s more potent action at disrupting mAb-J RSA
in comparison to 100 mM NaCl. Regions in the heavy chain,
HC 87-93 (peptide number 41) and LC 35-38 (peptide number
132) became significantly more rigid upon addition of arginine
at 60 g/L (see Fig. S4A). These regions are at the N-terminal of
the RSA interface present in VH and VL domains of the anti-
body. A decrease in local flexibility upon addition of arginine
could be attributed to allosteric effects of the arginine-inhibited
self-association.46

We also compared hydrogen exchange by mAb-J at 60 g/L
in control buffers containing either 100 mM NaCl or 100 mM
arginine to a sample of mAb-J at 5 g/L in control buffer without
any additional charged solutes. Difference plots comparing HX
between these samples are shown in Fig. S5. None of the 182
peptides analyzed in this experiment became either protected
or de-protected. These observations suggest that a solution of
mAb-J containing additional 100 mM NaCl or 100 mM

Figure 3. Effects of additives on the reversible self-association of mAb-J monomers based on analysis of static light scattering showing the mole fractions of monomeric
(black squares), dimeric (red circles), and tetrameric (blue triangles) mAb-J species over a protein concentration range of 0.2-20 g/L in (A) control solution, (B) control solu-
tionC NaCl, and (C) control solutionC arginine. In Panel C, the mole fractions of both dimer and tetramer are superimposed at zero. Samples of mAb-J were prepared in
the control solution containing 20 mM citrate-phosphate buffer, 30 mM NaCl, 10% (w/v) trehalose at pH 6.0 with or without additional 100 mM NaCl or arginine. Panel A,
B and C show mean of triplicate measurements at 25�C and error bars represent one standard deviation from the calculated mean.
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arginine at 60 g/L protein concentration behaves similarly to a
dilute solution of mAb-J without any additional charged sol-
utes, indicating the absence of significant specific intermolecu-
lar interactions.

Discussion

MAbs may form intermolecular protein-protein interaction
networks at high protein concentration.20,21 These large, associ-
ated protein complexes typically cause a dramatic increase in
solution viscosity that can introduce a number of challenges to
their pharmaceutical use. This work has 2 primary goals: 1) to
determine the macroscopic nature of protein-protein interac-
tions between mAb-J monomers at high protein concentration;
and 2) to further delineate the underlying molecular mecha-
nisms that promote RSA by mapping the protein interface of
interaction at high protein concentration.

To investigate the nature of reversible non-covalent protein-
protein interactions, their extent was measured indirectly by
measuring the hydrodynamic diameter and dynamic viscosity
of mAb-J solutions at varying pH values, with and without
charged and uncharged solutes. The hydrodynamic diameter
and the viscosity of mAb-J decreased as ionic strength
increased. Based on fitting static light scattering measurements
to various association models, we found that a monomer-
dimer-tetramer equilibrium provided the best fit for mAb-J

self-association. A sharp decline in monomer mole fraction
with increasing protein concentration and a negative A2 value
at low ionic strength was observed. On the contrary, a slower
decrease in the monomer mole fraction and positive A2 values
in the presence of additional NaCl or arginine was observed. A
decrease in the propensity of mAb-J to form protein-protein
complexes with an increase in ionic strength can be attributed
to electrostatic attractive interactions being the dominant con-
tributor governing protein-protein interactions between mAb-J
monomers.47-49 Based on Derjaguin-Landau-Verwey-Overbeek
theory, as ionic strength is increased, the Debye screening
length (the thickness of the electrical double layer surrounding
the protein molecule) shortens and the effective charge on the
mAb will decrease due to electrostatic charge screening.50

Under such conditions, the strength of both repulsive and
attractive electrostatic interactions decreases, thereby causing
disruption of intermolecular protein interactions between
mAb-J molecules.

The predicted isoelectric point for mAb-J is »7.3. Increasing
the pH from 5.0 to 7.0 promoted the extent of protein-protein
interactions between mAb-J monomers. This observation con-
tradicts predictions based on the electroviscous effect that
describes the viscosity of dilute colloidal solutions as directly
proportional to the electrostatic charge on the molecule.51

According to the electroviscous effect, solution viscosity should
decrease as the pH is moved toward the pI of the protein where

Figure 4. Representative deuterium uptake plots for 8 peptide segments of mAb-J. Black squares and red circles represent HX-MS experiments at low (5 g/L) and high
(60 g/L) protein concentrations, respectively. The data in panel A are representative of peptides that showed no significant differences in hydrogen exchange kinetics
between the 2 concentrations of mAb-J. Peptide segments shown in panel B are representative of peptide segments that showed significant protection (slowed HX) at
high protein concentration. The domain location and peptide index number are shown in parenthesis at the top of each plot. Error bars represent one standard deviation
from 3 independent HX measurements. (For deuterium uptake plots of all peptide segments of mAb-J, refer to Fig. S3).
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the overall net charge on the molecule approaches its mini-
mum.52-54 However, we observed the opposite. Yadav et al.47

also observed an increase in the extent of mAb1 association

near the pI of the antibody. In another report, Yadav et al.48

showed that the mutual diffusion coefficient for an antibody
decreased as the pH value approached the pI of the protein.
This observation was attributed to an increase in the extent of
specific protein-protein interactions between mAb-2 molcules
near the pI. At a pH value below or above the pI, the overall net
charge on a protein will be either positive or negative, respec-
tively. Away from the pI, the electrostatic repulsive interactions
between protein molecules dominate and contributions by
attractive dipolar interactions are weakest. At the pI, although
the overall net charge on the protein reaches its minimum, thus
decreasing global intermolecular repulsions, large numbers of
charged amino acids can still be present at the surface. These
charged side chains, if present in a specific distribution, can
cause formation of localized charged patches on the protein
surface. Charged patches on the protein surface can lead to spa-
tial reorientation of protein molecules, which might initiate
favorable dipole-dipole and charge-dipole interactions between
protein molecules.47 At high protein concentrations the inter-
molecular distances between protein molecules decrease to a
few Angstroms. Around the pI, where intermolecular repulsive
interactions reach a minimum, short-ranged and non-specific
attractive interactions between surface-exposed hydrophobic
residues, hydrogen bonding, and van der Waals interactions
can also become significant contributors to intermolecular pro-
tein-protein interactions. These attractive non-covalent interac-
tions could cause the monomers to form protein-protein
associated complexes that further cause a dramatic increase in
solution viscosity at high protein concentrations.

The addition of sugars and polyols has been shown to affect
protein structure and protein-protein interactions.55,56 Our
results (Figs. 1B and 2D) show both sucrose and trehalose
enhanced the extent of protein-protein interactions as reflected
by increased hydrodynamic diameter and solution viscosity of
mAb-J. Sugars are preferentially excluded from the protein
surface, causing water molecules to populate around protein
domains. Accumulation of water at the surface produces
an unfavorable increase in protein chemical potential.57,58 To
counter such thermodynamically unfavorable interactions
between apolar side-chains and water molecules, the protein
structure responds by minimizing the exposed surface area,
leading to lower preferential exclusion. Thus, sugars are often
added to protein solutions to increase protein conformational
stability. At high protein concentrations, however, where the
intermolecular distances between protein monomers are rela-
tively shorter, preferential exclusion can also lead to formation
of reversible (or potentially irreversible) protein-protein
interactions because the interactions decrease solvent exposure,
thereby lowering the extent of unfavorable preferential exclu-
sion. While stabilizing, added sugars can also contribute to the
formation of protein-protein complexes that cause an enhanced
effect on the exponential increases in solution viscosity at high
protein concentrations, as seen here.

To map the protein interfaces of mAb-J self-association at
high protein concentration, we used HX-MS to compare asso-
ciated and non-associated mAb-J. Based on our HX-MS
results (see Fig. 5), we conclude that both Fab and Fc regions
are involved in formation of the primary interface for inter-
molecular protein-protein interactions between mAb-J

Figure 5. Differential deuteriumuptake by 182 peptides at 4 different hydrogen exchange
times comparing high (60 g/L) and low (5 g/L) concentrations of mAb-J at pH 6.0. Peptides
are numbered in order from N terminus of the heavy chain to the C terminus of the light
chain on the horizontal axis of the plots (see Table S4 for exact locations). The vertical axis is
difference in HX between high vs. low protein concentrations,Dm tð ÞDm60 tð Þ¡m5 tð Þ.
Positive bars show peptide segments with faster HX at high protein concentration and
negative bars indicate peptide segments with slower HX at high protein concentration.
The dashed horizontal bars at§ 0.40 Da are the 99% confidence intervals. Vertical dashed
lines separate boundaries of different domains of mAb-J (domains are listed at the top of
the plot). The locations of the CDR segments are shaded in blue. Some peptides span
more than one domain thus the boundaries are approximate. An average of 3 indepen-
dent HX measurements was used to calculate each mass difference.
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monomers. This is supported by control HX experiments
comparing 60 g/L mAb-J with and without viscosity-lowering
additives (Figs. S4 and S5) where the same regions in mAb-J
in control buffer became significantly protected. Among all
the charged side-chains in the region spanning CDR2L in the
VL domain, LC 39-76 (YQQLPGTAPKLLIYDNFNRPSG
VPDRFSGSKSGTSASL) D53, R57, R64 and K69 are solvent
exposed in the homology model. Only one lysine (K102) was
solvent exposed in the VH domain interface of mAb-J, which
spans the CDR3H, HC 92-116 (AVYYCATVMGKWIKGGYD
YWGRGTL). Taken together, solvent-exposed residues give
the Fab region interface a net surface charge of C3 at pH 6.0
(Fig. 6B). On the contrary, in the region of the Fc domain of
the antibody that became significantly protected, LC 381-408
(IAVEWESNGQPENNYKTTPPVLDSDGSF), all the charged
residue side-chains are either fully or partially solvent exposed,
giving the interface a net surface charge of ¡4 at pH 6.0
(Fig. 6C).

As mentioned previously, confidence in the homology
model is lowest in the variable regions; however, CDR loops
are primarily unstructured, dynamic, and solvent exposed,59

thus it is reasonable to expect that the lysine and arginine side-

chains will be accessible. The interface on the surfaces of the VL

and VH domains of the antibody forms a patch with a net posi-
tive charge and the interface on the surface of the Fc region has
a net negative charge. The presence of charge anisotropy
between the protein interfaces of the Fab and Fc regions is con-
sistent with the biophysical characterization of mAb-J RSA that
suggests protein association is initiated by long-range electro-
static attractive interactions.

The involvement of the CDR in the Fab region in intermo-
lecular protein-protein interactions has been well docu-
mented.21,22,24,25,39 Few reports, however, have implicated the
Fc region in mediating mAb RSA.23, 26 Nishi et al. used low
resolution biophysical tools to show the involvement of the Fc
region in mediating reversible Fc-Fc interactions between
mAb monomers. Chaudhri et al. used coarse-grained molecu-
lar dynamic simulations to probe the nature of site-site inter-
actions between mAb monomers. Significant intermolecular
Fab-Fc interactions were present in one of the 2 antibodies
that they simulated. Ido et al.,60 using frequency modulation
atomic force microscopy (FM-AFM), showed that mAbs self-
assemble into rosette-shaped hexamers through lateral Fc-Fc
interactions between monomers. Based on our HX

Figure 6. Locations of significant protection at high protein concentration mapped onto a homology model of mAb-J. The protected regions are colored yellow. A
zoomed-in surface representation of Fab and Fc domains of mAb-J is presented in the inset panels to the right. Surface exposed, positively and negatively charged resi-
dues located in protected segments during RSA are highlighted in blue and red, respectively, and solvent-exposed hydrophobic residues are colored in green. Segments
with no significant difference in HX between high and low protein concentrations of mAb-J are gray; regions with no mass spectrometry data are white.
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measurements, mAb-J monomers could undergo association
through Fab-Fab, Fc-Fc or Fab-Fc interactions. However, due
to the presence of opposite charges on Fab and Fc domain
interfaces of mAb-J, Fab-Fc mediated protein-protein interac-
tions seem most likely.

To the best of our knowledge, this report provides the first
direct interfacial mapping of mAb RSA at high protein concen-
tration with protein interfaces in both Fab and Fc region of the
antibody. The protein sequence of the mAb-J Fc interface is
conserved between all antibodies of IgG1 subclass. Thus, the
negatively-charged patch would be present in all IgG1s. In con-
trast, the corresponding interface in the Fab region spans the
CDR2L and CDR3H regions of this specific antibody. Amino
acid sequences of the hypervariable regions or the CDR regions
differ greatly between different mAbs. A special case of specific
orientation and distribution of charged, aliphatic and aromatic
amino acids in the Fab region interface of mAb-J might con-
tribute significantly to initiating favorable interactions between
Fab and Fc domain interfaces of mAb-J.

Another observation of interest was the more potent action
of arginine compared to NaCl on decreasing the hydrodynamic
size of mAb-J complexes and reducing the viscosity of the
mAb-J solutions (Figs. 1A and 2A, B). Analysis of the static
light scattering data showed that arginine completely disrupts
the interactions between mAb-J monomers, and that its effect
is stronger than the effect of NaCl, which still allows formation
of dimers and tetramers of mAb-J (Fig. 3). These results suggest
that, although the interactions between mAb-J monomers are
dominated by electrostatic attraction, there may also be addi-
tional secondary contributions by other short range non-cova-
lent interactions, such as van der Waals interactions, hydrogen
bonding, p-p stacking interactions, and hydrophobic interac-
tions. These observations collectively suggest that arginine’s
effect is not limited to only electrostatic charge shielding and
disruption of charge-charge attractive interactions.

Arginine’s potent effect on protein-protein interactions has
been previously reported by other researchers.61-63 In addition
to its charge-charge interactions with the ionizable side-chains
of amino-acids, arginine has also been shown to interact favor-
ably with the apolar and aromatic amino acids.61 Kita et al. and
Arakawa et al.64,65 suggested that arginine penetrates the pro-
tein solvation shell to interact with specific amino acid side
chains in the protein. Shukla et al. performed molecular
dynamics simulations that suggested formation of favorable
interactions between arginine co-solute and aromatic and
charged side-chains present on the protein surface.63 Forma-
tion of favorable cation-p interactions between the guanidi-
nium side chain of arginine and aromatic side chains of
tryptophan, tyrosine, and phenylalanine and formation of salt
bridges with charged side chains of amino acids on the protein
surface help to explain the more potent action of arginine in
suppression of protein-protein interactions.66

In addition to possessing surface-exposed oppositely
charged amino acids at protein interfaces in the Fab and Fc
regions of the mAb-J, the patches also contain surface-
exposed hydrophobic residues. The interaction interfaces in
the VL and VH domain together contain a tyrosine, a phenyl-
alanine, a valine, and an isoleucine residue that are fully or
partially surface-exposed in the homology model. The

protein interface in the Fc domain contains a tyrosine, a
tryptophan, and a valine residue that are surface exposed.
These surface-exposed aliphatic and aromatic residues at
protein interfaces might be involved in mediating short-
range non-covalent van der Waals and hydrophobic interac-
tions. The effect of arginine on short-range non-covalent
interactions in associating mAb systems is a topic currently
being further evaluated in our laboratories.

Our proposed hypothetical model for mAb-J RSA is shown
in Fig. 7. Because mAb-J associates through Fab-Fc interactions
at high protein concentrations, depending upon the kinetics of
association, the associated species might be tetramers or the
association could potentially extend to the formation of either
linear fibrous complexes or rosette-shaped protein complexes.
Higher-order associated complexes formed at high protein con-
centrations would increase the shear modulus of the mAb solu-
tions, causing a dramatic increase in solution viscosity.

In conclusion, our experiments show that mAb monomers
can form reversibly-associated protein complexes mediated
through Fab-Fc interactions. We also demonstrated that,
although mAb-J intermolecular interactions are primarily
driven by electrostatic attractive interactions, other short-
ranged non-covalent forces may also play a role in mediating
complex formation at high protein concentrations. Our results
contribute to a better understanding of the nature of mAb RSA
at high protein concentrations. This study further supports the
notion that HX-MS can substantially aid protein engineering
and candidate selection efforts directed toward the develop-
ment of improved mAb therapeutics with superior physio-
chemical properties.67

Materials and methods

Sample preparation

A purified IgG1 mAb, mAb-J, at a concentration of 150 g/L was
obtained from MedImmune LLC, Gaithersburg, MD. The stock
solution of mAb-J was dialyzed against the “control buffer”
(20 mM citrate-phosphate buffer at selected pH values, con-
taining 30 mM NaCl) with or without additional NaCl, arginine
hydrochloride, or sugars (sucrose and trehalose) at 4�C using
3500 kDa molecular-weight cutoff membranes (Slide-A-Lyzer,
Thermo Scientific, Rockford, IL) for 24 hours. For static light
scattering and lyophilization, additional 10% w/v trehalose was
added to the samples. Subsequently, after dialysis stock solu-
tions of mAb-J were diluted using corresponding buffer
solutions.

Dynamic light scattering

Samples of mAb-J at 10 g/L prepared in control (pH 5.0-7.0)
with or without additional NaCl, arginine hydrochloride or
sugars (sucrose and trehalose) were centrifuged at 12,000 £ g
for 5 minutes before analysis. DLS was measured in triplicate
using the DynaPro Plate Reader (Wyatt Technology, Santa Bar-
bara, CA). Scattered light was analyzed using a backscatter
detector fixed at an angle of 1738. Fifteen runs of 5 second
acquisitions were collected and averaged to determine the
hydrodynamic diameter for each sample.
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Viscosity measurements

Samples of mAb-J, ranging from 5 to 60 g/L were prepared by
diluting the dialyzed stock with corresponding buffer solutions.
Solution dynamic viscosity was measured at 25�C with an m-
VROC viscometer (Rheosence, San Ramon, CA) at a rate of
100 mL/min with a shear rate of 1420 1 s¡1. Triplicate viscosity
measurements were recorded over a duration of 100 seconds.

Composition-gradient multi-angle light scattering

Dialyzed stock of mAb-J at 150 g/L in control (containing 10%
w/v trehalose) with or without additional 100 mM NaCl and
arginine was diluted with corresponding buffer solutions to
prepare samples of mAb-J at 2 and 20 g/L. Thereafter, these
samples were filtered through 0.22 mm Millex-GV syringe filter
units (EMD Millipore, Billerica, MA). A fully automated CG-
MALS instrument with a dual syringe-pump Calypso sample
preparation and delivery unit (Wyatt Technology, Santa Bar-
bara, CA) was used to measure light scattering at room temper-
ature. A Dawn Heleos II light scattering instrument (Wyatt
Technology, Santa Barbara, CA), equipped with a 661 nm laser
and an Optilab Rex refractive index detector (Wyatt Technol-
ogy, Santa Barbara, CA), was used to measure both light scat-
tering and protein concentration. Filtered HPLC grade toluene

(Fisher Scientific, Fair Lawn, New Jersey) was used to calibrate
voltage and light scattering intensities. Rayleigh ratio light scat-
tering intensities were obtained over a protein concentration
range of 0.2–20 g/L. The light scattering and concentration
data were fit to a set of association models using Calypso soft-
ware (Wyatt Technology, Santa Barbara, CA).

To obtain a stoichiometric analysis of RSA of mAb-J under
different solution conditions, light scattering data were fit to
various association models using equation 2, a virial expansion
for non-ideal solutions containing associating components;

Ru

K
D

X
i
iMCi

1C 2A2MCtot
(Eq: 2)

Ru is the excess Rayleigh ratio, M the molecular weight, i is the
stoichiometry of the associated species (e.g., i D 2 for a dimer),
Ci are the concentrations of the individual species, and Ctot is
the total concentration. A2 is the osmotic second virial coeffi-
cient, left unconstrained during data fitting. A2, provides useful
insights into intermolecular interactions between protein mole-
cules. A negative value of A2 indicates that the overall interac-
tions between protein molecules are attractive, while a positive
value indicates that the overall interactions are repulsive. K in

Figure 7. A model of mAb-J reversible self-association illustrating 2 possible morphologies that an associated mAb network could form at high protein concentrations
resulting in elevated solution viscosity. On the left, the Fab domain of the antibody is shown in orange and the Fc is green. On the right homology model of mAb-J with
protein interfaces of RSA colored in yellow are arranged to show contact points between mAb-J monomers and possible arrangement of associated complexes.
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equation 2 is the optical constant described by equation 3

K D 4p2n20
NAλ

4
0

6 dn
dc

� �2

(Eq: 3)

with n0 as the refractive index of the solvent (1.33), NA is Avo-
gadro’s number (mol¡1), dn=dc is the refractive index incre-
ment of the protein/solvent pair (0.185 mL/g),68,69 and λ0 is the
wavelength of the incident light in vacuum. Following an itera-
tive procedure, A2 and Ci values were optimized to achieve the
best fit (based on x2) between the light scattering data and vari-
ous association models (see Table S1 for the x2 values). A
monomer-dimer-tetramer association equilibrium model best
fit the light scattering data for mAb-J (see Table S2 for the A2

values).

Lyophilization of mAb-J samples

Stock solutions of mAb-J at 150 g/L, dialyzed against the con-
trol buffer (containing 10% w/v trehalose), were diluted to 5
and 60 g/L using control buffer, and dispensed into 3 mL
FIOLAX� clear Type 1 glass vials (Schott North America,
Elmsford, NY) with a fill volume of 500 mL. The vials were par-
tially stoppered by 2-leg, 13 mm siliconized rubber stoppers
(Wheaton Industries Inc., Millville, NJ). The samples were then
lyophilized using a LyoStar II lyophilizer (SP Scientific, War-
minster, PA) using an optimized lyophilization cycle described
previously.39

Circular dichroism

Lyophilized mAb-J samples at both 5 and 60 g/L were reconsti-
tuted with D2O to a concentration of 0.3 g/L. CD experiments
were carried out with a Chirascan Plus Circular Dichroism
Spectrometer (Applied Photophysics Ltd., Leatherhead, UK)
equipped with a Peltier temperature controller and a 4-position
cuvette holder. Far-ultraviolet (UV) CD spectra of non-lyophi-
lized control and freeze-dried mAb-J samples (0.3 g/L) were
collected from 200 nm to 260 nm using 0.1 cm path length
quartz cuvettes. CD scans were collected at 10�C using a sam-
pling time of 1 second and a bandwidth of 1 nm. Non-lyophi-
lized mAb-J samples were prepared in H2O-based control
buffer. Ellipticity values obtained from the instrument were
then converted to molar ellipticity by dividing ellipticity by pro-
tein concentration (M) and cuvette path length (m).

Size-exclusion chromatography

Freeze-dried mAb-J samples at both 5 and 60 g/L were recon-
stituted to 0.5 g/L using D2O and then centrifuged at 14000 £
g for 5 minutes to remove any insoluble aggregates prior to
SEC analysis. A Shimadzu high performance liquid-chromatog-
raphy system equipped with a photodiode array detector capa-
ble of recording UV absorbance spectra from 200 to 400 nm
was used. A 7.8 mm £ 30 cm Tosoh TSK-Gel BioAssist
G3SWxL (TOSOH Biosciences, King of Prussia, PA) and a cor-
responding guard column were preconditioned with 0.2 M
sodium phosphate, pH 6.8, and then calibrated using gel-

filtration molecular weight standards (Bio-Rad, Hercules, CA).
mAb-J species were separated at 0.7 mL min¡1 based on their
size. A dual wavelength quantification method described previ-
ously70 was used to quantify the amounts of various species of
mAb-J in solution. Non-lyophilized samples were prepared in
H2O-based control buffer. To calculate the amount of insoluble
aggregates in reconstituted mAb-J samples, the total area of all
the species (soluble aggregates, monomer, and fragment) in the
chromatogram was calculated. The difference between the total
peak areas of the sample and the control was defined as total
insoluble aggregates.

Deuteration of arginine

To remove exchangeable 1H from arginine, arginine hydrochlo-
ride was dissolved in D2O at appropriate concentrations and
then dried at 30 8C for 24 hours in a VacufugeTM vacuum con-
centrator (Eppendorf, Hauppauge, NY). The process was
repeated 3 times. After the third drying cycle, the deuterated
arginine powder was reconstituted with D2O-based 5 mM cit-
rate-phosphate buffer (pH 6.0). The final pH was adjusted with
deuterium chloride or deuterium oxide to be within 0.02 pH
unit of the desired pH. The pH values was recorded without
correction for the deuterium isotope effect.71

Hydrogen-exchange mass spectrometry

Hydrogen exchange was initiated by adding 500 mL of D2O to
vials of lyophilized mAb-J as described in more detail previ-
ously.39 Labeling was thermostated to 25�C on an Echotherm
chilling/heating plate (Torrey Pines Scientific, Inc. Carlsbad,
CA). Hydrogen exchange was quenched after 120, 2760, 104

and 105 seconds by adding 20 mL of the exchange reaction mix-
ture to 180 mL of quench buffer containing 0.5 M tris(2-carbox-
yethyl)phosphine hydrochloride, 4 M guanidine hydrochloride,
and 0.2 M sodium phosphate at pH 2.5 pre-equilibrated at 1�C.
An H/DX PAL robot (LEAP Technologies, Carrboro, NC) was
used for sample handling and injection. Subsequent to the
quench step, samples were loaded into the sample loop of the
refrigerated column compartment containing 3 valves con-
nected to an Agilent 1260 infinity series LC (Agilent Technolo-
gies, Santa Clara, CA), an immobilized pepsin column, a
peptide desalting trap, and a C18 column. The level of deutera-
tion in each peptide was measured using an Agilent 6530 quad-
rupole-time of flight mass spectrometer (Agilent Technologies,
Santa Clara, CA), equipped with a standard electrospray ioniza-
tion source operated in positive mode. A complete description
of the hydrogen exchange methodology was previously
reported.39

Hydrogen exchange mass spectrometry (HX-MS) with
viscosity-decreasing solutes

A D2O-based 5 mM citrate-phosphate buffer (pH 6.0) was used
to make reconstitution solutions containing 100 mM of deuter-
ated arginine and 100 mM NaCl, respectively. Lyophilized
mAb-J samples at 5 g/L were reconstituted using 500 mL of
D2O-based 5 mM citrate-phosphate buffer (pH 6.0). Half of the
lyophilized mAb-J samples at 60 g/L were reconstituted using
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5 mM citrate-phosphate buffer (pH 6.0) containing 100 mM
deuterated arginine while the other half was reconstituted using
the same buffer containing 100 mM NaCl instead of 100 mM
arginine, yielding a final solution composition of 25 mM citrate
phosphate buffer (pH 6.0) containing 30 mM sodium chloride,
10 % (w/v) trehalose with or without 100 mM arginine or
100 mM NaCl. The hydrogen exchange reaction was quenched
after 2760 seconds. A full description of the hydrogen exchange
process is described elsewhere.39

HX-MS data processing and analysis

mAb-J peptic peptides were identified using accurate mass
(§ 10 ppm) and tandem MS with collision-induced dissocia-
tion on a quadrupole-time of flight mass spectrometer. A total
of 182 peptides covering 92% of the primary sequence of
mAb-J were identified and used for analysis. HDExaminer
(Sierra Analytics, Modesto, CA) was used for initial processing
of the HX-MS data. Deuterium uptake plots with average deu-
terium uptake values and standard deviations from triplicate
hydrogen exchange runs for each peptide were generated using
an R script, written in-house. A 99% confidence interval of
§0.40 Da for the differences in our dataset was calculated using
a procedure we described previously.39 HX-MS results were
mapped onto a homology model of mAb-J.

mAb-J homology model construction

An in silico Padlan structure was used as a template to con-
struct the homology model of mAb-J, using Modeler version
9.12.72,73 The Fab domain homology model was constructed
from the structure of the human antibody molecule Kol.74 The
homology model of the Fc domain was derived from
PDBI:3AVE, which has the same amino acid sequence as mAb-
J. Both the structures were superimposed over the in silico tem-
plate to produce a homology model of the whole antibody.75

The atomic coordinates of the residues in the hinge were
obtained from the in silico hypothetical structure assembled by
Padlan.73
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