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Energetic Dissection of Mab-Specific Reversible Self-Association
Reveals Unique Thermodynamic Signatures
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ABSTRACT
Purpose Reversible self-association (RSA) remains a chal-
lenge in the development of therapeutic monoclonal antibod-
ies (mAbs). We recently analyzed the energetics of RSA for
five IgG mAbs (designated as A-E) under matched conditions
and using orthogonal methods. Here we examine the thermo-
dynamics of RSA for two of the mAbs that showed the stron-
gest evidence of RSA (mAbs C and E) to identify underlying
mechanisms.
Methods Concentration-dependent dynamic light scattering
and sedimentation velocity (SV) studies were carried out for
each mAb over a range of temperatures. Because self-
association was weak, the SV data were globally analyzed
via direct boundary fitting to identify best-fit models, accurate-
ly determine interaction energetics, and account for the con-
founding effects of thermodynamic and hydrodynamic
nonideality.
Results mAb C undergoes isodesmic self-association at all
temperatures examined, with the energetics indicative of an
enthalpically-driven reaction offset by a significant entropic
penalty. By contrast, mAb E undergoes monomer-dimer
self-association, with the reaction being entropically-driven
and comprised of only a small enthalpic contribution.

Conclusions Classical interpretations implicate van der
Waals interactions and H-bond formation for mAb C RSA,
and electrostatic interactions for mAb E. However, noting
that RSA is likely coupled to additional equilibria, we also
discuss the limitations of such interpretations.

KEY WORDS analytical ultracentrifugation . dynamic light
scattering . interacting systems . monoclonal antibody .
nonideality . sedimentation velocity

ABBREVIATIONS
AUC analytical ultracentrifugation
DLS dynamic light scattering
mAb monoclonal antibody;
PBS phosphate buffered saline
RMSD root-mean-square deviation
RSA reversible self-association
SV sedimentation velocity

The large size and high dosage requirements of therapeutic
monoclonal antibodies (mAbs) make them susceptible to mul-
tiple forms of degradation (1). Potential sources include con-
formational instability, colloidal instability, and/or chemical
instability (2,3). Such instabilities can lead to formation of
irreversible oligomers or aggregates, which may result in
injection-site reactivity and immunogenicity (4). Another con-
cern – particularly with regard to practical manufacturing and
analytics – is reversible self-association (RSA), defined here as
the dynamic exchange of monomers with native-state
oligomers. Negative consequences of RSA can include high
viscosity of the mAb drug product, long-term conversion to
“traditional” irreversible aggregates, phase separation, and
opalescence (5–8). Approaches have been proposed to miti-
gate RSA, including modulation of buffer pH, salt
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concentration, and addition of hydrophobic amino acids
(9–11). Additional work has focused on identification of po-
tential interacting residues and regions using homology mod-
eling, followed by mutagenesis and functional analyses (12).
Making these findings practicable will require determining the
role of buffer formulation on long-term stability and degrada-
tion, as well as experimental confirmation of oligomeric struc-
tures and their binding interfaces. Noting that it is still the case
that a mechanistic understanding of RSA remains incomplete,
increased biophysical insight should prove useful in future
sequence engineering, redesign of formulation conditions to
modulate self-association properties, and provide additional
context to potential clinical impacts of RSA.

We previously carried out an analysis of the energetics of
RSA for five IgG mAbs (designated here as A-E) under
matched conditions and using orthogonal methods (13).
Using concentration-dependent dynamic light scattering
(DLS) and sedimentation velocity (SV), we found that the
majority of mAbs examined exhibited some degree of RSA.
However, because the interaction affinities were weak, we also
observed significant thermodynamic and hydrodynamic non-
ideality. As noted above, we define RSA as the dynamic ex-
change of monomers with higher-order oligomers, whereas
thermodynamic nonideality, BM1, reflects contributions from
macromolecular charge and excluded volume (14).
Hydrodynamic nonideality is less precisely defined, but also
includes contributions from charge and volume (15). For self-
associating systems, formation of oligomers will result in a
concentration-dependent increase in the weight-average sed-
imentation coefficient and broadening of the sedimentation
coefficient distribution. However, at high concentrations, hy-
drodynamic nonideality generates a concentration-dependent
slowing and sharpening of the distribution, while thermody-
namic nonideality leads to slight spreading of the distribution
(16). Thus for weakly interacting systems, self-association and
nonideality mask the presence of each other and therefore
confound the ability to extract interaction parameters such
as Keq, Ks and BM1. A detailed analysis of the challenges in
interpreting and analyzing such systems was recently pub-
lished by Correia and coworkers (17). To address these issues,
we carried out direct boundary fitting for each of the five
mAbs. This approach revealed a variety of mAb-specific
RSA behavior, including differences in interaction affinity,
kinetics, and type of self-association model (e.g. monomer-
dimer versus monomer-dimer-tetramer). The accuracy of the
models and their corresponding interaction terms were fur-
ther examined using sedimentation equilibrium, with the col-
lective results forming the basis for future studies of the under-
lying molecular forces responsible for mAb-specific RSA.

Here we examine the thermodynamics of RSA using two of
the mAbs that showed the highest propensities for self-associ-
ation, mAb C and E. Following the approach described
above, we determined the energetics of RSA over a range of

temperatures (10to 35°C) to estimate underlying enthalpic
and entropic terms. Dynamic light scattering and sedimenta-
tion velocity (SV) approaches were again used, with the SV
data analyzed by direct boundary fitting. For mAb C, model
testing indicated that the antibody undergoes isodesmic or
indefinite self-association at all temperatures examined, with
the temperature-dependent affinities indicative of a strong
enthalpic contribution offset by a significant entropic penalty.
By contrast, mAb E undergoes monomer-dimer self-associa-
tion at all temperatures, with the reaction being primarily
entropically-driven and comprising only a small enthalpy con-
tribution. Although interpretation of the enthalpy and entropy
values is not straightforward, the unique thermodynamic sig-
natures for each mAb suggest that distinct mechanisms under-
lie their self-association. Moreover, because self-association
for both mAbs is likely coupled to multiple equilibria – includ-
ing proton, ion-binding and water release reactions – the ther-
modynamic parameters determined here presumably repre-
sent a composite of many molecular contributions. Potential
interpretations are discussed.

MATERIALS AND METHODS

Reagents

Highly purified mAbs C and E (subclass IgG1) were provided
by MedImmune LLC (now a member of AstraZeneca). Both
mAbs have been previously reported to undergo RSA, and
have served as prototypes for understanding the underlying
mechanisms (10,12,13,18–22). Each mAb was dialyzed from
stock concentration into phosphate buffered saline (PBS) at
pH 7.4 (137 mM NaCl, 2.7 mM KCl, 10mM Na2HPO4,
1.8 mM KH2PO4). Final protein concentrations were deter-
mined by absorption spectroscopy (A280 nm) using an extinction
coefficient provided by MedImmune (1.56 mL mg−1 cm−1 for
bothmAbs). A calculated partial specific volume of 0.7245mL/
g, weighted for 2% glycan mass, was also used. The buffer
density and viscosity at 10, 15, 20, 25, 30, and 35°C were
determined using the public domain software program
SEDNTERP (www.jphjilo.maiway.com) (23).

Dynamic Light Scattering

The concentration-dependent, hydrodynamic diameter (DH)
for each mAb was determined at 4, 20 and 37°C using a
Zetasizer Nano ZSP DLS instrument (Malvern), equipped
with a 633 nm He-Ne laser. Scattered light was monitored
at 173° to the incident beam. 120 μL of sample were loaded
into the quartz cuvette covering a concentration range of 1 to
15 mg/mL for mAb C and 1 to 20 mg/mL for mAb E. Data
were collected using 120 s of equilibration time, followed by
three 10-s acquisitions per sample. The hydrodynamic
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diameter and mutual diffusion coefficient at each concentra-
tion were calculated via fitting of the autocorrelation function
using algorithms incorporated in the Malvern software. Prior
to dilution and analysis, samples were buffer-exchanged using
Amicon Ultra-0.5 centrifugal filters and filtered with
Durapore 0.22 μm PVDF membrane filters. Temperature-
dependent solution viscosities were determined using an
Anton Paar Lovis 2000 M/ME microviscometer.

Sedimentation Velocity Analytical Ultracentrifugation

SV experiments were carried out at 10, 15, 20, 25, 30 and
35°C using a Beckman XLI analytical ultracentrifuge
(Beckman Coulter) equipped with interference optics and an
An-50 Ti rotor. Samples in concentrations ranging from 0.3
to 10 mg/mL for mAb C and 0.3 to 13 mg/mL for mAb E
were loaded into two-sector 3 or 12 mm Epon centerpieces
with sapphire windows. The 3 mm centerpieces were used for
all mAb concentrations greater than 1 mg/mL. Samples were
allowed to reach temperature equilibrium for at least 1 h
(overnight for the more extreme temperatures) before centri-
fugation at 42,000 rpm. Data were collected by interferometry
every 60 s until samples were completely pelleted, and ana-
lyzed for sedimentation distributions using DCDT+, version
2.4.3 (24,25). Global boundary fitting and statistical analyses
were carried out using SEDANAL, version 7.17 (http://www.
sedanal.org) (26). When preprocessing the data, scans collect-
ed later in each sedimentation run (50 to 100 scans per mAb
concentration) were chosen for global analysis.

As explained in more detail elsewhere (26), data were fit to
an expansion of the numerical solution to the fundamental
Lamm equation (Eq. 1) by finite-element analysis using the
method of Claverie (27,28).
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where c is the concentration as a function of t and ξ, ξ= r2/2,
t is time,D is the diffusion coefficient and s is the sedimentation
coefficient. The concentration dependence of the sedimenta-
tion coefficient, s(c), and the diffusion coefficient, D(c), were
incorporated via Eqs. 2 and 3,
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1þ kscð Þ ð2Þ
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where Ks is the hydrodynamic nonideality, thermodynamic
nonideality is represented through the second virial

coefficient, BM1, and s0 and D0 are the sedimentation and
diffusion coefficients at infinite dilution, respectively.

The model editor in SEDANAL allows for creation and
editing of any model ranging from single species to various
combinations of non-interacting and interacting species (e.g.
monomer-dimer, isodesmic) and their associated reaction
schemes. For the mAbs examined here, SEDANAL will glob-
ally fit the data to the expansion of the Lamm equation for
multiple species (Eq. 4),
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where N is the number of species. For reacting systems such as
monomer-dimer or isodesmic, the model editor also includes
the relevant binding constants using the monomer concentra-
tion as a reference. Finally, 95% confidence intervals on the
fitted parameters were determined by F-statistics, and cross-
correlation analyses were determined using bootstrap with re-
placement approaches, both as implemented in SEDANAL.

RESULTS

DLS Studies Reveal that mAbs C and E Display
Different Temperature Dependencies of RSA

To assess how temperature influences the self-association of
each mAb, we first carried out DLS studies. Shown in Fig. 1a
are concentration-dependent hydrodynamic diameters for
mAb C determined at 4, 20 and 37°C. At all temperatures,
the hydrodynamic diameter, DH, increases with concentra-
tion, thus indicative of self-association. However, RSA is also
highly temperature-dependent, being most prominent at 4°C
and decreasing significantly as temperature is increased. We
also note some curvature in the concentration-dependent
change in diameter, especially at 4°C. This likely reflects the
high affinity formation of mAb C oligomers leading to a steep
increase in diameter at low concentrations, followed by solu-
tion nonideality increasingly suppressing the apparent diame-
ter at higher concentrations (29).

Shown in Fig. 1b are the same results now determined for
mAb E. Although mAb E also displays an increase in hydrody-
namic diameter consistent with RSA, the extent of self-
association appears to be weaker than mAb C based on the
smaller change in diameter. Also distinct from mAb C, there is
little evidence of any temperature dependence. Consistent with
the above interpretations, the kd values for both mAbs are neg-
ative and thus indicative of attractive interactions, with mAb C
again showing a temperature dependence whereas mAb E does
not (Table I). A representative plot of the mutual diffusion coef-
ficients as a function of mAb E concentration is shown in Fig. 1c.
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Sedimentation Velocity Studies Reveal Extensive
Self-Association for mAb C, Less so for mAb E

To probe the energetics of mAb C and E RSA along with the
underlying thermodynamic contributions, we carried out SV
studies as a function of temperature. The buffer conditions
were identical to the DLS studies and covered a wide range
of temperatures (10 to 35°C). The data were first analyzed in a
model-independent fashion using g(s*) analysis to assess the
extent of RSA, potential contributions from nonideality, and
the presence of irreversibly-formed species.

Shown in Fig. 2a are representative g(s*) distributions formAb
C at 10, 20 and 35°C. As seen at 10 and 20°C especially, mAbC
generates a broad distribution in S values that right-shifts with
increasing concentration. The wide and smooth distribution at
all concentrations suggests the presence of multiple oligomeric
states in rapid equilibrium. Hydrodynamic nonideality is ob-
served as peak sharpening and a slight left-shift of the distribution
at the highest concentrations. Evidence of irreversibly-formed
species are seen as a concentration-independent shoulder at 9–
10 S, which is most obvious at the low concentration distributions
at 35°C. Based on their sedimentation coefficients, these latter
species likely represent irreversible dimer (13). Finally, we also
observe a strong decrease in RSA with increasing temperature,
consistent with the DLS results.

Shown in Fig. 2b are the analogous g(s*) distributions for
mAb E. The distributions show only modest sensitivity to in-
creasing mAb concentration, consistent with the DLS results
and suggestive of a weak self-association reaction. Additionally,
the concentration-independent shoulder at 9–10 S again sug-
gests the presence of irreversibly-formed dimer. Although non-
ideality is not visually present as it was for mAbC, based on our
previous studies this is due to the weak self-association masking
hydrodynamic nonideality. Finally, the distributions show little
temperature dependence, similar to the DLS results.

Direct Boundary Fitting: mAb C Undergoes
Temperature-dependent, nonideal isodesmic
self-association

To determine self-association models, interaction affinities,
and nonideality terms for both mAbs and at all temperatures,

Fig. 1 Concentration-dependent DLS results for mAbs C
and E as a function of temperature. Data were collected at
concentrations covering 0.5 to 15 mg/mL for mAb C (panel a),
and 1 to 20 mg/mL for mAb E (panel b). Studies were carried out
in PBS and temperatures of 4°C (blue), 20°C (black) and 37°C (red).
A representative plot of the mutual diffusion coefficient as a function
of mAb E concentration (4°C) is shown in panel C. Error bars rep-
resent SD from at least three independent experiments.

Table I Estimated kd Values as a Function of Temperature as Determined
by DLS

Temperature (°C) mAb C kd (ml/g) mAb E kd (mL/g)

4 −49.2 ± 13.1 −18.1 ± 1.5

20 −38.7 ± 7.4 −17.2 ± 1.6

37 −27.2 ± 2.6 −18.5 ± 1.2
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we carried out direct boundary fitting. For mAbC specifically,
concentrations ranging from 0.3 to 10 mg/mL were globally
fit to a wide variety of models, with initial model choices guid-
ed by our previously published results and assessment of the
model-independent g(s*) plots in Fig. 2a. For each model, we
locked parameters for which we had independent knowledge
(e.g. mAb molecular weight), and constrained the relationship
among sedimentation coefficients regardless of whether those

parameters were locked or unlocked. As an example of the
latter, for simple models such as monomer-dimer we con-
strained respective sedimentation coefficients based on esti-
mating their S values from fitting a low-concentration data
set where no RSA was occurring, but irreversibly-formed di-
mer was present (e.g. 0.3 mg/mL at 35°C). For more compli-
cated models (e.g. isodesmic) in which it was not possible to
infer structural information on all higher-order oligomers, we

Fig. 2 Concentration-dependent g(s*) analysis for mAbs C and E as a function of temperature. a Representative g(s*) profiles of mAb C at 0.3
(black), 0.5 (green), 1 (blue), 3 (red), 5 (grey), 7 (light green), and 10 (light blue) mg/mL in PBS, and at 10, 20 and 35°C. b Representative g(s*) profiles of mAb E at
0.3 (black), 1 (blue), 3 (red), 7 (light green), 10 (light blue), and 13 (pink) mg/mL in PBS, and at 10, 20 and 35°C.
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constrained S values using the sn = s1 n
2/3 rule, where n refers

to stoichiometry and s1 is the monomer s value (30).
Alternative expressions for relating the monomer s value to
those of the higher-order species [see Ref. 31 for example]
influenced the estimated sedimentation coefficients, but had
no significant impact on the interaction affinities.

Upon global fitting, parameters were successively unlocked
(“floated”) to assess their contribution to the overall fit. Key
parameters of interest were the sedimentation coefficient of
the monomer (s1); the association constant(s) for RSA (Keq);
hydrodynamic nonideality (Ks); thermodynamic nonideality
(BM1); and the proportion of irreversible dimer. With the
exception of the 35°C data, the results we report for mAb C
were determined when all of the above parameters were si-
multaneously floated in the global fit. This approach follows
the strategy of Correia and Stafford for estimating interaction
parameters from SV data in SEDANAL (32). Analysis of sim-
ulated data also proved useful for assessing our ability to dis-
criminate among models and reliably estimate interaction
parameters (not shown).

With regard to mAb C, we previously found that self-
association in PBS at 20°C was best described by an isodesmic
reaction scheme (A + A ⇔ A2; A + A2 ⇔ A3; A + A3 ⇔
A4;…) (13). To determine if this model was most appropriate
for the temperatures examined here, we again tested a variety
of reaction schemes, a subset of which are summarized in
Table II. Here we use the mAb C SV data collected at 10°C
as a testcase since it showed the greatest extent of self-
association (Fig. 2a, top panel). Shown in Fig. 3 is a global fit
of the 10°C data to a nonideal isodesmic model. The isodes-
mic model well-describes all datasets, having an RMSD of
0.023 fringes. As summarized in Table III, the fit returned
an s20,w for the monomer of 6.78 S, a Keq of 5.92e4 M−1, a
Ks of 29.6 ml/g and a BM1 of 17.4 ml/g. (This fit and all
others also included a term to account for irreversibly-formed
dimer, typically about 2% and not reported here.) Although

the sedimentation coefficient and affinity term were generally
consistent with expectations, the nonideality terms were not –
theory and experiment suggest Ks and BM1 should be in the
range of 2–11 mL/g for a mAb monomer (14,15,33–35). We
had observed this previously and address the interpretation
later in the Discussion (13).

Noting that mAb C self-association has been described by
alternative reaction schemes, albeit under conditions different
from those used here (10,18), we also tested a variety of addi-
tional models. These included monomer-dimer-tetramer,
monomer-trimer-hexamer, Adair models (i.e. models that al-
low for sequential binding of a single protomer to a discrete
end-state), and concerted reactions such as monomer-hex-
amer. Additionally, because mAbs are capable of forming
hexameric rings under certain conditions (e.g. in the presence
of complement) (36) we also tested closed reaction schemes.

In general, we found that all non-consecutive self-associa-
tion schemes – that is, reactions in which more than one pro-
tomer at a time is added to the growing oligomer – resulted in
poor fits with visually obvious systematic residuals. For exam-
ple, fitting the data to a monomer-trimer-hexamer model
returned an RMSD of 0.087 fringes or roughly four-fold
worse than the isodesmic fit. Concerted reactions and ring-
closure reactions also resulted in poor fits. By contrast, fitting
the data to Adair-type self-association reactions (e.g. mono-
mer-dimer-trimer-tetramer-pentamer) resolved similar inter-
action affinities as the isodesmic model and best approached
the quality of fit of the isodesmic model once sufficient higher-
order species were included. For example, an Adair model
including species out to tetramer returned an RMSD of
0.069 fringes, whereas once species out to pentamers or hex-
amers were added, the RMSDs decreased to 0.052 and 0.036
fringes, respectively. Adair models that included species of
heptamer or greater offered no improvement of the fit relative
to the hexamer model. Representative models used for anal-
ysis and their best-fit RMSDs are shown in Table II.

Table II Representative Models
and Best-Fit RMSDs for mAb C SV
Data Collected at 10 °C

Model RMSD (fringes)

Monomer-hexamer (i.e. concerted) ~0.5 (failed to converge)

Closed hexamer ~0.2 (failed to converge)

Monomer-dimer-tetramer ~0.2 (failed to converge)

Monomer-trimer-hexamer 0.087

Monomer-dimer-trimer-tetramer 0.069

Monomer-dimer-trimer-tetramer-pentamer 0.052

Monomer-dimer-tetramer-hexamer 0.039

Monomer-dimer-trimer-tetramer-pentamer-hexamer 0.036

Isodesmic 0.023

With the exception of the monomer-hexamer model, all interaction affinities were fit as sequential equilibria constants in
order to best compare to the sequential affinity estimated in the isodesmic model
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The above approach was repeated for the mAb C data col-
lected at all remaining temperatures, with the isodesmic model
consistently resulting in the best fit. The interaction parameters
covering the entire temperature range are summarized in
Table III. Finally, we note that at the highest temperature of
35°C where the weakest self-association was observed (see Fig.
2a, bottom panel), we were unable to reliably estimate nonideal-
ity terms, especially Ks. This is due to strong correlation between
Keq and Ks, which results in the underestimation of both param-
eters (16). For example, attempts to float Ks resulted in a value
that approached 0 mL/g and a Keq on the order of 100 M−1.
Noting that hydrodynamic nonideality is sufficiently strong to be
visually observed in the data (see Fig. 2a), and the estimated Keq

term corresponds to a 10 mM dissociation constant when the
highest experimental mAb concentration was only 68 μM, these
estimates are unrealistic. Based on our previous work and that of
others (13,34,35), we therefore locked the nonideality terms, Ks

and BM1, at intermediate values of 6 and 5.4 ml/g, respectively.

Direct Boundary Fitting: mAb E Exhibits Nonideal
Monomer-Dimer Self-Association

We previously examined the self-association of mAb E in PBS
at 20°C, finding it underwent nonideal monomer-dimer self-
association (13). Shown in Fig. 4 is a global fit to the 10°C data
using such a model (and incorporating an irreversible dimer
term). This model well-describes all data sets, resulting in an
RMSD of 0.042 fringes, an s20,w of 6.46 S and a Keq of 1.72e3
M−1. Similar to the situation for mAbC at 35°C, the relatively
weak Keq value generated strong correlation between param-
eters, making it necessary to lock Ks and BM1 at 6 and
5.4 mL/g, respectively. Attempts to fit the data to more com-
plexmodels (e.g. monomer-dimer-trimer) offered no improve-
ment in fit relative to the monomer-dimer model, whereas
fitting to a noninteracting monomer model with or without
nonideality resulted in a poor fit with strong systematic resid-
uals (RMSD of ~0.2 fringes). A similar result was seen at all

Fig. 3 Global analysis of mAbCSVdata to a nonideal, isodesmic self-associationmodel. Scans were collected at 10°C in PBS, and at 0.3, 0.5, 1, 3,
5, 7 and 10mg/mL. Data (in red) are shown as difference scans in units ofΔfringes versus radius. Best fit is shown in green, with residuals shown in blue. 50 to 100
scans were analyzed at each concentration, resulting in 25 to 50 difference scans; only the first and last difference scans at each concentration are shown for clarity.
Top row: 0.3, 0.5, and 1 mg/mL mAb C; bottom row: 3, 5, 7 and 10 mg/mL mAb C.
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other temperatures, and a summary of the estimated Keq and
S terms is shown in Table IV.

The temperature-dependent association constants for each
mAb were used to estimate enthalpy and entropy terms for
self-association. As shown in Fig. 5, van’t Hoff analysis indi-
cates a strong temperature dependence for mAbCRSA and a

near-negligible dependence for mAb E. Linear fits to the data
returned a self-association enthalpy of −13.3 ± 1 kcal/mol for
mAbC and−1.6 ± 0.8 kcal/mol for mAb E.Using the affinity
constants in Tables III and IV, the entropy terms at 20°C
(expressed as TΔS) were estimated at −7.2 ± 1 kcal/mol for
mAb C and +2.6 ± 0.9 kcal/mol for mAb E.

Table III Estimated Parameters Determined from Direct Boundary Fitting of mAb C SV Data to a Nonideal Isodesmic Model with Irreversible Dimer

Temperature (°C) s20,w Keq (M
−1) Ks (mL/g) BM1 (mL/g) RMSD (fringes)

10 6.78 (6.75, 6.79) 5.92e4 (5.86e4, 6.02e4) 29.6 (29.3, 29.7) 17.4 (16.6, 18.0) 0.023

15 6.53 (6.49, 6.56) 4.72e4 (4.61e4, 4.84e4) 26.7 (26.4, 27.0) 15.2 (14.2, 16.2) 0.025

20 6.42 (6.41, 6.43) 3.37e4 (3.26e4, 3.47e4) 23.6 (23.3, 23.7) 9.4 (9.0, 9.6) 0.022

25 6.43 (6.43, 6.44) 2.26e4 (2.20e4, 2.31e4) 18.6 (18.4, 18.8) 8.5 (8.1, 9.0) 0.021

30 6.46 (7.97. 7.99) 1.35e4 (1.34e4, 1.36e4) 15.2 (15.1, 15.3) 4.8 (4.7, 7.9) 0.025

35 6.43 (6.42, 6.44) 9.21e3 (9.13e3, 9.24e3) 6.0 (locked) 5.4 (locked) 0.018

95% confidence intervals determined by F-statistics as implemented in SEDANAL

Fig. 4 Global analysis of mAb E SV data to a nonideal, monomer-dimer self-associationmodel. Scans were collected at 10°C in PBS, and at 0.3,
1, 3, 7, 10 and 13 mg/mL using interference optics. Data (in red) are shown as difference scans in units of Δfringes versus radius. Best fit is shown in green, with
residuals shown in blue. 50 to 100 scans were analyzed at each concentration, resulting in 25 to 50 difference scans; only the first and last difference scans at each
concentration are shown for clarity. Top row: 0.3, 1 and 3 mg/mL mAb E; bottom row: 7, 10 and 13 mg/mL mAb E.
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DISCUSSION

Is mAb C Self-Association Isodesmic?

Due to its propensity to self-associate, mAb C has long served
as a prototype for exploring the mechanisms of mAb-specific
RSA (10,18). Proposed self-association models include mono-
mer-trimer-hexamer, monomer-trimer-hexamer-nonamer,
isodesmic by trimer, and traditional isodesmic. Under the
conditions examined here – a subset of which were quite dif-
ferent from those of previous studies, including differences in
temperature, pH and ion concentration – self-association was
best described using an isodesmic reaction scheme. This con-
clusion was reached after testing a wide variety of models and
analyzing datasets collected over a range of temperatures.
Our findings did not change when analyzing only subsets of
data; nor did they change when we varied the constraints on
sedimentation coefficients beyond the traditional sn = s1 n

2/3

rule via the use of HYDRO++ to model alternative higher-
order structures (31,37). Finally, isodesmic self-association as a
best-fit model was consistent with our previous analysis of
mAb C, which employed both sedimentation equilibrium
and sedimentation velocity studies (13).

We nonetheless feel that the isodesmic model should be
seen as provisional for the time-being. Shown in Fig. 6 are
the calculated concentrations of mAb C monomer and
higher-order oligomers at the three highest protein concen-
trations examined assuming an isodesmic reaction scheme. It
is evident that even at the highest concentration of 10mg/mL,
species greater than hexamer are only weakly populated.
Consistent with this, fitting of Adair models that included spe-
cies up to hexamer were the second-best fit to the data (see
Table I), and no improvement in the fit was seen upon addi-
tion of species beyond hexamer. However, if an isodesmic
model is indeed “correct”, a prediction of such a model is that
an Adair reaction scheme should equally well-describe the
data once sufficient higher-order species are included. As seen
in Table I, this is clearly not the case, with an Adair model
including hexamers or greater being ~50% worse than the
isodesmic model. More generally, we found that if we force-
fit various models to synthetic data generated from an isodes-
mic model, we observed only qualitative agreement with the
rank-ordering seen in Table I (not shown). These discrepan-
cies suggest that additional factors contribute to the fitting
results (e.g. sample microheterogeneity) and/or that mAb C
undergoes a more complex self-association reaction than tra-
ditional isodesmic.

Currently, we do not have enough information to defini-
tively assign a reaction scheme for mAb C self-association.
However, a step in the right direction would be to indepen-
dently determine the structures of the higher-order oligomers
(e.g. via electron microscopy). An added benefit of a structural
analysis would be the hydrodynamic modeling of individual
oligomeric species, identification of self-association interfaces,
and homology modeling of charge distributions and hydro-
phobic regions, resulting in a more accurate estimate of mAB
C sedimentation coefficients, interaction parameters, and ad-
ditional insight into the forces responsible for self-association.
This combined approach has proven highly effective in the
analysis of other complex, highly self-associating systems such
as β-tubulin and ClpB (31,38). With regard to the gross nature
of self-association, it is generally thought that Fab regions con-
tribute, although recent work has also demonstrated a role for
the Fc region (19).

Table IV Estimated Parameters
Determined from Direct Boundary
Fitting of mAb E SV Data to a
Nonideal Monomer-Dimer Model
with Irreversible Dimer

Temperature (°C) s20,w Keq (M
−1) RMSD (fringes)

10 6.46 (6.44, 6.47) 1.72e3 (1.69e3, 1.78e3) 0.042

15 6.42 (6.41, 6.44) 1.85e3 (1.79e3, 1.91e3) 0.042

20 6.31 (6.30, 6.32) 1.53e3 (1.49e3, 1.59e3) 0.043

25 6.45 (6.44, 6.46) 1.40e3 (1.35e3, 1.45e3) 0.044

30 6.43 (6.41, 6.44) 1.34e3 (1.28e3, 1.40e3) 0.046

35 6.39 (6.38, 6.40) 1.53e3 (1.46e3, 1.56e3) 0.042

95% confidence intervals determined by F-statistics as implemented in SEDANAL

Ks and BM1 terms were locked at 6 mL/g and 5.4 mL/g, respectively

Fig. 5 van’t Hoff analysis of the temperature-dependence of mAb
C and E self-association. Interaction affinities (Keq) determined from global
fitting of the SV data (see Tables 1 and 2) were plotted in natural log units versus
inverse temperature to determine enthalpies of self-association. Linear fits to
the data returned an enthalpy of−13.3 ± 1 kcal/mol for mAb C and−1.6 ±
0.8 kcal/mol for mAb E. Confidence intervals of affinity terms are too small to
be seen in plot. The estimated enthalpy terms were statistically insensitive to
fitting only subsets of data points.
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Finally, we observed unexpectedly large nonideality values
for mAb C, particularly for Ks (see Table II). We had observed
this previously at a single temperature (13), although the un-
derlying origins were unclear. A general expression for Ks has
been derived by Rowe, in which:

K s ¼ 2υ
V s

v
þ f

f o

� �3
" #

ð5Þ

where υ is the solute partial specific volume (mL/g), Vs is the
solute specific volume (mL/g), and f/fo is the solute fric-
tional ratio (unitless) (15). Here Vs describes the volume
per unit mass occupied by the mAb and any “entrained
solvent” (i.e. strongly and weakly-bound solvent mole-
cules). In contrast, f/fo provides gross structural insight,
with values greater than 1 indicative of a deviation from
compact sphere. Ks can thus be seen as being made up of
a solvation term, Vs/v, and a shape term, f/fo. As noted
earlier, we currently have little insight into the structure of
the mAb C oligomers and so it is not possible to deter-
mine their f/fo values. However, work by Philo demon-
strates that at least for irreversibly-formed oligomers out
to hexamer, f/fo is comparable to that of the monomer,
staying constant at 1.5 to 1.6 (39). If we assume that those
findings hold for the reversibly-formed oligomers analyzed
here, then the Ks term for each oligomer is primarily in-
fluenced by its stoichiometric increase in Vs. For example,
if one assumes a Ks value of 10 mL/g for the mAb C
monomer, the Ks values for dimer, trimer, tetramer, pen-
tamer and hexamer can be calculated as 15, 20, 25, 30
and 35 mL/g, respectively.

We note that the Ks values reported in Table II represents
an average across all species in solution. (It is not possible to
individually fit for each Ks value.) This suggests that at lower
temperatures, where the increased affinity of self-association
drives the formation of additional oligomers, the large Ks val-
ues we observe experimentally reflect contributions from the
increased Ks values of dimer, trimer, tetramer, etc. Consistent
with this, if we simulate data using the above calculated Ks

values for each of these species, and then force-fit the data to a
model allowing only single average Ks, the fit returns a value
well above that of a monomer (not shown).

Regarding BM1, it is again the case that it represents an
average across all species in solution. Thus, the larger BM1

values seen at lower temperatures presumably reflect an in-
creased population of oligomers with larger individual BM1

values. In principle, BM1 should be identical for all species;
however, this is only the case if charge, shape, and hydration
remain constant for all species (14). If we again assume that the
f/fo value for all species remains unchanged, this suggests that
mAb charge and/or hydration state are being perturbed upon
oligomer formation. To our knowledge, it is not generally
possible to calculate BM1 values for the individual species
beyond using simple sphere or rod-like shape assumptions
(14); nor are we certain that the isodesmic model is truly the
“correct”model (e.g there may be multiple oligomer shapes at
any given stoichiometry). Thus, considerably more biophysi-
cal and structural work will be necessary to shed mechanistic
light on the origins of the experimentally observed BM1 (and
Ks) values.

What about mAb E?

Here we find that mAb E undergoes weak monomer-dimer
self-association at all temperatures. This is consistent with
what we observed previously at 20°C (13), although others
have found association to tetramer (19). Noting that the latter
studies were carried out at acidic pH and a range of salt con-
centrations, mAb E RSA is likely coupled to additional
proton- and ion-binding reactions. This possibility is discussed
in more detail below.

Although the analysis of mAb E was more straightforward
than that of mAb C, for both mAbs we were forced to lock the
nonideality terms at calculated values when estimating weak
affinities. As has been discussed previously (16,17), this is due
to the masking effect of Ks on Keq and vice-versa, resulting in
strong correlation between the two parameters. This phenom-
enon can be appreciated visually in Fig. 7. Shown are corre-
lation plots determined by bootstrap simulations using a non-
ideal monomer-dimer model and the parameter values deter-
mined at 10°C for mAb E (see Table IV). After thirty simu-
lations, key parameters were plotted against each other and
the extent of correlation determined by straight-line fits. As
shown in Fig. 7a, Ks and Keq are most correlated (R = 0.96),

Fig. 6 Predicted concentrations of mAb C monomer and higher-
order oligomers (N-mers) assuming an isodesmic self-association
model. Interaction parameters determined at 10°C (see Table 1) were used
to calculate the molar concentration of monomer and higher-order oligomers
at three mAb C concentrations using an isodesmic self-association model:
10 mg/mL (blue), 7 mg/mL (green) and 5 mg/mL (blue). Calculations were
carried out using SEDANAL.
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with moderate correlation between seen S20,w and Keq (Fig.
7b), and the least extent between BM1 and Ks (Fig. 7c).
Similar patterns were seen for mAb C at 35°C.

In addition to the above correlations seen for mAb E, for
mAbC at 4°C we also observed strong correlation betweenKs

and the sedimentation coefficient, s20,w. This is likely due to
the fact that even at the lowest mAb C concentration of
0.3 mg/mL there was still evidence of self-association at this
temperature (see Fig. 2a), making it difficult to precisely esti-
mate the monomer sedimentation coefficient. As has been
discussed previously, such strong correlation can result in in-
creased imprecision on parameter estimates (40), possibly
explaining why the sedimentation coefficient for the monomer
is higher than the expected value of ~6.5 S. Alternatively or
additionally, it is likely that the assumed relationship of sedi-
mentation coefficients between monomer and higher-order
species (based on the n2/3 rule) is incorrect, resulting in a
skewing of the sedimentation coefficient estimate.

Thermodynamics of mAb-Specific Self-Association

Temperature-dependent self-association studies were carried
out to determine enthalpy and entropy terms to identify un-
derlying forces of RSA. In principle, thermodynamic values
determined from a van’t Hoff plot as shown in Fig. 5 should
show no discrepancies relative to a calorimetric determination
(41). However, in practice caution is warranted due to exper-
imental limitations (e.g. ability to detect curvature indicative
of a heat capacity change). In terms of interpretation of the
thermodynamic terms, the classical approach follows that of
Ross and Subramanian, in which the signs of the enthalpy and
entropy changes are associated with various molecular pro-
cesses (42). Within this framework, the favorable enthalpy and
entropic penalty for mAb C self-association suggests that van
der Waals interactions and H-bond formation play a role in
RSA. By contrast, the favorable entropy and minimal enthal-
py for mAb E self-association implicate electrostatic effects.
Taken at face value, the above interpretations both expand
and confirm findings of previous studies. For example, previ-
ous work onmAbC found that hydrophobic and electrostatics
were primary contributors to RSA; however, the authors also
identified a thermodynamic signature similar to what was de-
termined here (10). With regard to mAb E, thermodynamic
studies are scarcer, although previous work also identified
electrostatics as a primary contributor to RSA (19).

The above classical approach has long served as a template
for interpreting thermodynamic signatures of macromolecular
interactions. However, more recent studies have highlighted
limitations, particularly for reactions that are coupled to mul-
tiple equilibria (43). in the case of mAb C and E, it is already
known that pH, and specific ion- and salt-type, influence RSA
(10,19). In the context of linkage thermodynamics, these
observations indicate that net proton and ion-binding/release

Fig. 7 Selected correlation plots for a weakly interacting, nonideal
monomer-dimer system. Sedimentation velocity data were simulated in
SEDANAL for mAb concentrations ranging from 0.3 to 13 mg/mL, assuming a
monomer-dimer interactionmodel, and using the following interaction parameters:
s20,w = 6.46 S; Keq = 2.195e3 M−1; Ks = 5.6 mL/g; BM1 = 5.4 mL/g. Upon
globally fitting the data, thirty iterations of subsequent fitting were carried using a
bootstrap with replacement approach. Selected parameters determined from the
bootstrap fits were then plotted against each other to determine the extent of pair-
wise correlation, R. (a) Keq versus Ks; (b) Keq versus s20,w; (c) Ks versus BM1.
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events are coupled to self-association. Noting that hydropho-
bic interactions have also been implicated for mAb C RSA
(10), water release is also likely coupled. Thus, the thermody-
namic signatures determined here almost certainly represent a
composite of reactions and are unlikely to be assignable to a
single molecular contribution or force.

In summary, this work demonstrates that mAb-specific
RSA occurs with unique thermodynamics, suggestive of dis-
tinct underlying mechanisms. Although considerably more
work will be necessary to elucidate such mechanisms, a more
fundamental understanding of mAb-specific RSA may even-
tually make it possible to engineer primary sequence and/or
design new formulations to minimize mAb self-association.
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