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Abstract

Purpose Reversible self-association (RSA) has long been a concern in therapeutic monoclonal antibody (mAb) development.
Because RSA typically occurs at high mAb concentrations, accurate assessment of the underlying interaction parameters
requires explicitly addressing hydrodynamic and thermodynamic nonideality. We previously examined the thermodynamics
of RSA for two mAbs, C and E, in phosphate buffered saline (PBS). Here we continue to explore the mechanistic aspects of
RSA by examining the thermodynamics of both mAbs under reduced pH and salt conditions.

Methods Dynamic light scattering and sedimentation velocity (SV) studies were conducted for both mAbs at multiple pro-
tein concentrations and temperatures, with the SV data analyzed via global fitting to determine best-fit models, interaction
energetics, and nonideality contributions.

Results We find that mAb C self-associates isodesmically irrespective of temperature, and that association is enthalpically
driven but entropically penalized. Conversely, mAb E self-associates cooperatively and via a monomer—dimer-tetramer-
hexamer reaction pathway. Moreover, all mAb E reactions are entropically driven and enthalpically modest or minimal.
Conclusions The thermodynamics for mAb C self-association are classically seen as originating from van der Waals inter-
actions and hydrogen bonding. However, relative to the energetics we determined in PBS, self-association must also be
linked to proton release and/or ion uptake events. For mAb E, the thermodynamics implicate electrostatic interactions. Fur-
thermore, self-association is instead linked to proton uptake and/or ion release, and primarily by tetramers and hexamers.
Finally, although the origins of mAb E cooperativity remain unclear, ring formation remains a possibility whereas linear
polymerization reactions can be eliminated.
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not straightforward. This is in part because of the relatively
modest energetics of RSA (K,,), which cause oligomers to
form at concentrations in which hydrodynamic nonideal-
ity (ky) and thermodynamic nonideality (BM;) become
non-negligible. For example, in transport methods such as
sedimentation velocity (SV), a self-associating mAb will
generate a larger weight-average sedimentation coefficient
(S50, and wider sedimentation coefficient distribution as
mAb concentration is increased. However, at high concentra-
tions (typically greater than several mg/mL), hydrodynamic
nonideality will reduce the weight-average sedimentation
coefficient and narrow the distribution. Simultaneously,
thermodynamic nonideality will cause a slight broadening
of the distribution. Collectively, these events are due to the
charge, shape and excluded volume effects that underlie the
nonideality terms [8, 9]. As a result, nonideality and self-
association tend to conceal the presence of each other, thus
creating significant challenges in the accurate determination
of interaction parameters such as K, k; and BM;.

To resolve these issues, we globally fit the SV data to
identify the most appropriate interaction models, estimate
self-association free energies, and assess contributions from
hydrodynamic and thermodynamic nonideality. We previ-
ously used this approach to analyze the thermodynamics of
two interacting mAbs, C and E, in phosphate buffered saline
(PBS) at pH 7.4, finding that the mAbs displayed unique
self-association pathways and distinct thermodynamic sig-
natures [10, 11]. Here we investigate the self-association
thermodynamics for the same mAbs now under reduced
pH and salt concentration (pH 6.0 and 100 mM NacCl). The
impetus for the present studies was that mAbs are often for-
mulated under low pH conditions, and that perturbation of
solution conditions allows for more detailed insight into the
underlying mechanisms of RSA, including the identification
of additional reactions that may be linked to self-association.
Under the conditions examined here, we find that mAb C
follows an isodesmic reaction pathway (i.e., indefinite and
noncooperative) for all temperatures. Additionally, the
reaction is enthalpically driven and entropically penalized.
Conversely, mAb E follows a cooperative monomer—dimer-
tetramer-hexamer reaction. Moreover, all self-association
steps for mAb E are entropically driven and enthalpically
modest or minimal.

The favorable enthalpy and unfavorable entropy for
mADb C is traditionally interpreted as arising from Van der
Waals interactions and hydrogen bonding [12]. However,
we emphasize that the thermodynamics measured here
reflect not only the interfacial contacts that directly medi-
ate oligomerization, but also all other reactions that are
linked to oligomerization. Noting that our previous stud-
ies in PBS (and thus at a higher salt concentration and pH)
demonstrated that mAb C also undergoes isodesmic self-
association but with stronger energetics than seen here,
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thermodynamic linkage theory predicts that oligomeriza-
tion must be linked to net proton release and/or ion uptake.

For mAb E, the signature of a favorable entropy and mini-
mal enthalpy is traditionally viewed as arising from electro-
static interactions [12]. Interestingly, in PBS, mAb E forms
only dimers and with comparable energetics to the dimer
formation seen here. Thus, in opposition to mAb C, mAb E
self-association must be linked to proton uptake and/or ion
release, but primarily via formation of tetramers and hexam-
ers. Finally, although a molecular interpretation of mAb E
cooperativity is not straightforward, “simple” linear polym-
erization reactions can be eliminated. Alternative models
such as ring formation are discussed.

Materials and Methods

As noted above, we previously carried out analyses of mAb
C and E RSA in PBS at pH 7.4 (10 mM disodium phosphate,
1.8 mM potassium phosphate, 137 mM NaCl, 2.7 mM KCI)
[10, 11]. Because there were otherwise no modifications to
the present studies beyond changes in buffer conditions, and
our methods with complete detail were presented elsewhere
[10], we only briefly summarize our approach.

Reagents

Both mAbs were supplied by MedImmune LLC (now part
of AstraZeneca) and dialyzed into sodium phosphate buffer
(20 mM sodium phosphate, 100 mM NaCl, pH 6.0). Con-
centrations were estimated via an extinction coefficient of
1.56 mL mg~! cm™!. For each mAb, the partial specific
volume corrected for 2% glycan mass was calculated to be
0.7245 mL/g. SEDNTERP was used to estimate buffer vis-
cosity and density at each temperature [13].

Dynamic Light Scattering

Light scattering studies were conducted using a Zetasizer
Nano ZSP DLS instrument (Malvern), with the hydro-
dynamic diameter (Dy) for each mAb being estimated at
multiple concentrations and temperatures. Hydrodynamic
diameters and mutual diffusion coefficients were determined
using the Malvern software. All samples were filtered exten-
sively prior to analysis.

Sedimentation Velocity Analytical
Ultracentrifugation

SV experiments were conducted over a range of concentra-
tions and temperatures using a Beckman XLI analytical ultra-
centrifuge (Beckman Coulter). Samples were sedimented at
42,000 rpm and protein concentrations were 0.3 to 10 mg/mL
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for mAb C and 0.3 to 13 mg/mL for mAb E. Model-inde-
pendent analyses were conducted using DCDT +[14]. Global
fitting, simulations and statistics were conducted using SEDA-
NAL [15].

Finally, the dependence on concentration for the sedimenta-
tion coefficient, s(c), and the diffusion coefficient, D(c), were
addressed via Egs. 1 and 2,

So
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where s, and Dy, are respectively the sedimentation and dif-
fusion coefficients at infinite dilution, and k, and BM, are
respectively hydrodynamic and thermodynamic nonideality.

Results

As Determined by DLS, Both mAbs Undergo
Concentration-Dependent RSA, but Only One Shows
Temperature Dependence

Plotted in Fig. 1A are mAb C hydrodynamic diameters,

Dy, at multiple protein concentrations and temperatures;
the diameters are clearly concentration-dependent and
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Fig.1 DLS analysis for mAbs C and E at multiple temperatures. Concentration range covered 0.5 to 15 mg/mL for mAb C (panel A), and 1 to
20 mg/mL for mAb E (panel B). Buffer conditions were 20 mM sodium phosphate, 100 mM NaCl, pH 6.0 and temperatures of 4°C (blue), 20°C
(black) and 37°C (red). Examples of the mutual diffusion coefficient versus mAb E and mAb C concentration at 4°C are plotted in panels (C)

and (D), respectively.
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therefore supportive of RSA. Self-association also decreases
with increasing temperature. In Fig. 1B are the results for
mAb E. This mAb also shows an increase in diameter with
concentration, although without a temperature effect. Rep-
resentative plots of the mutual diffusion coefficient at 4°C
versus mAb concentration are shown for mAbs C and E in
Fig. 1C and D, respectively. We emphasize that the shapes
of the plots reflect contributions from both nonideality and
self-association; this is especially evident for mAb C, which
shows clear curvature due to the larger role of self-associa-
tion relative to mAb E. For this reason, diffusion interaction
parameters (k) are not reported.

SV Indicates that the Two mAbs Follow Unique
Pathways for Self-Association

To examine the underpinnings of mAb-specific self-asso-
ciation in more detail, we conducted SV analyses over a
range of concentrations and temperatures. Data were initially
analyzed model-independently to assess the degree of and
type of self-association, as well as contributions from hydro-
dynamic nonideality. (Thermodynamic nonideality is less
obvious by visual inspection [16].) In Fig. 2A are examples
of normalized g(s*) distributions for mAb C collected at
multiple temperatures. Most noticeable, especially the low-
est and intermediate temperatures, is that mAb C displays a
wide and smooth series of distributions that increase with
concentration, suggestive of multiple higher-order species in
rapid equilibrium. Our own simulations (see Discussion) and
the work of others (Bishop and Correia, submitted) suggest
that the shapes of the distributions are indicative of non-
cooperative self-association. Also evident is a decrease in
self-association at higher temperatures, in line with the DLS
studies. Finally, hydrodynamic nonideality is observed most
prominently in the 10 and 20°C data as a narrowing of the
distributions at the highest concentrations.

In Fig. 2B are normalized g(s*) results for mAb E, again
at multiple temperatures. Like mAb C, a broad concentra-
tion-dependence is observed, although the shapes of the
distributions are clearly different than mAb C, indicating a
distinct self-association pathway. For example, at all tem-
peratures a shoulder at appears ~9 S, with the 35°C results
in particular showing a nearly bimodal inflection. Again,
our simulations and those of Bishop and Correia (submit-
ted) suggest that these shapes reflect cooperative addition
of protomers. The distributions also show little temperature
dependence as was seen in the DLS studies. Finally, hydro-
dynamic nonideality is not immediately obvious in the mAb
E distributions compared to mAb C. We address this appar-
ent discrepancy below and in the Discussion.

Historically, a quantitative means to visualize and meas-
ure hydrodynamic nonideality has been via linearization of
Eq. 1:
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where in the present case, s, represents the weight-average
sedimentation coefficient at each mAb concentration as
determined from the distributions in Fig. 2. Upon trans-
formation of the weight-average sedimentation coefficients
using Eq. 3, a plot of /s, versus c for a noninteracting
mAb would generate a linear or straight-line response with
a positive slope, and a fit of the data to Eq. 3 would allow
estimation of k,. However, as shown in Fig. 3, representa-
tive data for each mAb generate a negative slope, and cur-
vature for at least mAb C. The negative slopes are a result
of mADb self-association not being accounted for in Eq. 3,
and the curvature in the data for mAb C arises from the
more dominant role of hydrodynamic nonideality, ki, rela-
tive to mADb E. For both mAbs, if the concentration were
further increased, the plotted data would eventually reach
a minimum and then increase with a positive, linear slope
as hydrodynamic nonideality completely concealed self-
association (see Discussion and [16]). Thus, the graphical
representation here provides an example of the reciprocal
masking of self-association energetics and hydrodynamic
nonideality and speaks to the importance of direct boundary
fitting to explicitly determine both parameters as described
below [11, 16].

mAb C Self-Association is Isodesmic
and Enthalpically Favorable

We next analyzed the sedimentation velocity data to assess
the most appropriate self-association models, binding ener-
getics, and contributions from hydrodynamic and thermo-
dynamic nonideality. Specifically, data were analyzed by
model-dependent global fitting, guided by our earlier studies
[10, 11], the work of others [17-20], and interpretation of
the normalized g(s*) plots in Fig. 2. Parameters were locked
(fixed) if we had independent values such as mAb molecular
weight, and unless otherwise stated, sedimentation coeffi-
cient values were constrained by s, =s, n*3, where s, is the
monomer s value, n is stoichiometry of any particular spe-
cies (e.g. dimer), and s, is the s value for that species [21].
Finally, floating of kinetic rate constants for dissociation
returned values of 1 to 0.01 s™! and without any improve-
ment in fit, thus indicating that that both mAbs are in rapid
equilibrium. The rate constants were therefore locked at the
default values of 0.01 s™! and not considered further.

Our earlier studies found that mAb C self-association in
PBS is isodesmic in character (2A & A); A+ A, & Ag;
A+A; & Ay;...) with the affinity being identical for all reac-
tion steps [10, 11]. This was again the case in the current
conditions. A fit of the mAb C data at 20°C using a non-
ideal isodesmic model is presented in Fig. 4. (All fits also
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Fig.2 Normalized g(s*) analysis for mAbs C and E at multiple temperatures. (A) Concentration-dependent distributions for mAb C at 0.3
(black), 0.5 (green), 1 (blue), 3 (red), 7 (light green), and 10 (light blue) mg/mL in 20 mM sodium phosphate, 100 mM NaCl, pH 6.0 and at 10,
20 and 35°C. (B) Analogous distributions for mAb E at 0.3 (black), 1 (blue), 3 (red), 7 (light green), 10 (light blue), and 13 (pink) mg/mL, also
in 20 mM sodium phosphate, pH 6.0 and at 10, 20 and 35°C.

included a parameter for estimating irreversible dimer, typi-
cally ~2% by mass and otherwise not reported.) This model
describes well all of the datasets (RMSD of 0.016 Afringes),

with a monomer s, of 6.30 S, a K, equal to 1.70e4 M a
k, of 19.3 mL/g and a BM, of 7.8 mL/g. The sedimentation
coefficient, interaction affinity, and BM, term are consistent
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Fig. 3 Plots of inverse weight- A B
average sedimentation coef- 0.15 0.16 -
ficients versus concentration ) )
for mAbs C and E. (A) mAb
C. (B) mAb E. Weight-average 0.14 4 0.15
sedimentation coefficients at
10°C and for each mAb concen-
tration were determined from 3— 0.13 3 0.14
the distributions in Fig. 2 using & &
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Fitting started 2021-11-23 15:44:02 WIN-UUGURIBATSA Control file: C:\SEDANAL\User_data‘MI C NaPhos 20C\C NaPhos 20C AUC files\isodesmic.abc
Levenberg-Marquardt iteration 3 Fitting original input Jacobian col 14 of 14 pioy on/0ff

Analytic solution is being used to solve the chemical equilibria

ClavSim started 2021-11-23 16:19:34.793 Run5Scan10  6138.72sec Start16:19:44 10t= 6533.307 dt= 3.119247  Steps this dt=10 Rztried/s=0/0
Cae ] A
B8] | )| =3

0 &.3mgmi 2038 0. 206-21 12:39:40 9 \mgml 2018-gp=g] 12:39:40
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Iter Std dev sfA) Keq(1) Ksf&) BM1(4) LdO01(&) -
init 1.56246547€-02 6.29992775E+00 1.70331673E+04 1.93428733E-02 7.82158809E-03 3.21996597E-C _
=
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Fig.4 Global fitting for mAb C using a nonideal, isodesmic self-association model. SV data were collected in 20 mM sodium phosphate,
100 mM NaCl, pH 6.0 at 0.3, 0.5, 1, 3, 7 and 10 mg/mL and at 20°C. Data (red) presented as difference scans (Afringes versus radius), with
best-fit in green and residuals in blue. 50 to 100 scans were analyzed per concentration, resulting in 25 to 50 difference scans. For clarity, only
the first and last difference scans at each concentration are presented. Top row: 0.3, 0.5, and 1 mg/mL mAb C; bottom row: 3, 7 and 10 mg/mL

mAbD C.

@ Springer



Pharmaceutical Research (2023) 40:1383-1397

1389

with expectations; however, k was unexpectedly high, more
typically found to be 4-11 mL/g [8, 9, 22-24]. We have
observed this anomaly previously and address it in more
detail in the discussion. Finally, all other models resulted in
poorer fits, consistent with what we reported in our earlier
work [10].

We repeated this analysis for the mAb C data collected
at other temperatures, finding that the isodesmic model pro-
vided the highest quality fit. Table I tabulates the resultant
interaction parameters. We note that relatively weak self-
association was observed at 35°C, which as discussed pre-
viously, generates increased correlation and poor resolution
of K, and kg [10, 25]. Although one solution to this prob-
lem would be to work at even higher mAb concentrations
and therefore increase the contribution from the nonideality
terms, this is not always possible due to introduction of opti-
cal artifacts or if the mAb in question cannot be sufficiently
concentrated. k, and BM; were therefore fixed at 10 mL/g
for the 35°C analysis.

We next used the estimated affinities at all temperatures to
determine the thermodynamics of mAb C self-association.
A van’t Hoff analysis is presented in Fig. 5, with a linear fit
(solid line) returned an enthalpy (AH) of -11.5 + 1.4 kcal/
mol and an entropy (AS) of -5.8 + 1.5 kcal/mol at 20°C. For
comparative purposes, we also show the analogous results
from our previous studies of mAb C self-association in PBS,
which show a stronger affinity at all temperatures but with a
similar temperature-dependence [10]. Consistent with this,
the enthalpy of self-association under this latter condition
(-13.3 + 1.0 kcal/mol), was statistically identical to the value
we observe presently, and thus indicates that isodesmic self-
association under both conditions is enthalpically driven and
entropically penalized.

Finally, visual inspection of the data points in the van’t
Hoff plot suggests modest curvature in the current buffer.
The presence of a nonlinear temperature-dependence indi-
cates that the enthalpy and entropy of self-association are
themselves temperature dependent, and that the results could
be better described by a modified van’t Hoff expression that
allows for a heat capacity change, AC,, [26]. Fitting to such

12

Ir"(Kiso)
>
1

T T 1
0.0034 0.0035 0.0036

1T

Fig.5 van’t Hoff plot for mAb C self-association. Affinities (red
circles) were estimated from the global fits of SV data. A linear fit
(solid line) resulted in a self-association enthalpy of -11.5+ 1.4 kcal/
mol and entropy of -5.8 + 1.4 kcal/mol. For comparative purposes, the
temperature-dependence of mAb C self-association under our previ-
ous conditions (PBS; open black circles) is also shown. For both con-
ditions, the affinities were also fit to a modified expression to estimate
an apparent heat capacity change (dashed lines). For some affinity
terms, error bars are too small to be seen.

T
0.0032  0.0033

an equation (dashed line in Fig. 5) resulted in a visually
improved fit and returned an apparent AC,, of -0.7 + 0.3 kcal/
mol-K. By comparison, an analogous fit to the data in PBS
returned a AC,, of -0.5 +0.2 kcal/mol-K. We address the pos-
sibility and implications of an apparent heat capacity change
later.

mAb E Self-Association Follows a Monomer-
Dimer-Tetramer-Hexamer Pathway
that is Cooperative and Entropically Favorable

We previously showed that mAb E displays nonideal mon-
omer—dimer (2A & A,) self-association in PBS [10, 11].
Judging by the g(s*) distributions that extend out to nearly
14 S (Fig. 2B), self-association in the present buffer is more
extensive than simply monomer—dimer. We therefore exam-
ined a wide range of models, with some examples shown in
Table II. The best-fit and most parsimonious (shown in bold

Tablel mAb C Interaction Tempera- sy, K., (M) k, (mL/g) BM, (mL/g) RMSDP
Parame.ters Estlrpated from NY% ture (°C) ’ q (Afringes)
Analysis and Using a Nonideal
Isodesmic Model” 10 6.58 (6.56, 6.59)  2.45e4 (2.20e4,2.55¢4)  21.4(20.9,21.8) 7.9 (6.6,9.1) 0.024

15 6.48 (6.47,6.49) 2.15e4 (2.01e4, 2.66e4) 21.5(21.2,21.7) 8.1(7.0,9.2) 0.020

20 6.30 (6.29,6.31)  1.70e4 (1.55e4,2.01e4) 19.3(18.9,19.6) 7.8(6.9,8.5) 0.016

25 6.50 (6.48,6.51)  1.10e4 (1.02e4, 1.54e4) 15.7(15.5,15.8) 5.3(5.0,5.9) 0.017

30 6.45 (6.44.6.46) 8.31e3(8.06e3, 8.42e3) 14.5(14.1,14.8) 53(4.8,5.8) 0.014

35 6.55(6.54,6.56)  4.54e3 (4.23e3,4.61e3) 10 (locked) 10 (locked) 0.015

“Confidence intervals (95%) were estimated using the F-statistics module in SEDANAL

square deviation

. PRoot mean
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Tgb!e Il Example Models and Model® RMSD® (fringes)
Fitting Results for mAb E SV
Data at 20°C* 2A & A, ~0.8 (failed to converge)
2AS A A+A, S A, 0.307
2A S Ay 2A, 0 A, 0.085
2A & Ay 3A, ©A 0.073
Isodesmic by dimer (2A & A,; 2A, ©A4; A,+A, © A6; ...) 0.052
2A & Ay 2A, S A AQ)+HA & A 0.037
2A0 Ay 2M, & A Ay+ A, & A Ay+Ag o Ay 0.037

#Sequential binding affinities were estimated in all mAb E fits to directly evaluate against the sequential
binding affinity estimated for mAb C oligomerization. "Following the formalism of SEDANAL, all mod-
els are presented as monomeric species A associating to dimer (A,), trimer (A;), tetramer (A,), etc. “Root
mean square deviation

in Table II) was a cooperative and nonideal monomer—dimer-  (RMSD =0.039 Afringes). The resultant parameters were
tetramer-hexamer reaction (2A < Ay 2A, © A Ay+ A, & ansy, of 6.24 S, and K, values of 3.03e3 M~ for mono-
Ag). Shown in Fig. 6 are the results of globally fitting the 20°C ~ mer—dimer formation, 1.19e4 M~ for dimer-tetramer forma-
data to that model and again allowing for irreversible dimers  tion, and 9.40e4 M~! for tetramer-hexamer formation. Similar

'_OJ SedAnal v7.47.20551 64 x64 2021-1-22 Windows 7 E] [+
Fitting started 2021-11-22 10:26:06 WIN-UUGURSBATSA Control file: C:ASEDANAL\User_datatMI E NP 20C\test twenty seq.abc 2
Levenberg-Marquardt iteration 6 Fitting original input Jacobian col 15 of 15 pjot on/off CLOSE

ClavSim staited 2021-11-2214.18.14.311 Run 4 Suan 30 6858.31 sev Slait 141817 8601= 4085206 Ji=0.7646058  Steps his Ji=11 Relied/s=1/0

ODEInt  36430000: step= 3.031165€-02 steps (G/B)=1/0 o (04| ]| Caal ] C=3 ] R

Diff

12:54:24

005
T mgmi 207 §BF05 12:54:24
3.6 g 9
i N
g:g i R
3 /
T
24 /
2.2
-
6 ff
1.4 4
T:2
1
0.8 f
0.6 4
0.
) 4
=
Iter Std dev s(&) Keq(1) Keq(2) Keq(3) | LdO1(&) -
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Fig.6 Global fitting for mAb E using a nonideal, monomer—dimer-tetramer-hexamer model. SV data were collected in 20 mM sodium phos-
phate, 100 mM NaCl, pH 6.0 at 0.3, 1, 3, 7, 10 and 13 mg/mL and at 10°C. Data (red) presented as difference scans, with best-fit in green and
residuals in blue. 50 to 100 scans were analyzed per concentration, resulting in 25 to 50 difference scans. For clarity, only the first and last differ-
ence scans at each concentration are presented. 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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results were seen at all other temperatures as summarized in
Table III. Finally, the modest Keq for monomer—dimer self-
association resulted in strong correlation like that for mAb C,
which required locking the nonideality parameters at 10 mL/g.

Shown in Fig. 7 is a van’t Hoff plot for mAb E self-associ-
ation. Unlike mAb C, we see no evidence of curvature in the
temperature-dependent affinities, with linear fits returning an
enthalpy for self-association of +0.4 + 1.8 kcal/mol for mono-
mer—dimer formation, +4.7 +2.1 kcal/mol for dimer-tetramer
formation, and —0.2 +2.2 kcal/mol for tetramer-hexamer forma-
tion. The corresponding entropy values were +5.1+ 1.9 kcal/
mol, +10.2+4.7 kcal/mol, and +6.5+2.2 kcal/mol, respec-
tively. Thus, in direct contrast to mAb C, all mAb E self-asso-
ciation reactions are entirely entropically driven and comprised
of only a minimal or modest enthalpy contribution.

For comparative purposes, we also show the results from
our previous studies of mAB E self-association in PBS
[10]. This analysis revealed only monomer—dimer forma-
tion, and with a slightly weaker affinity than that observed
currently (~twofold) and a similar thermodynamic signa-
ture (AH=-1.7+0.8 kcal/mol, TAS= +2.6 +0.9 kcal/
mol). Collectively then, a conservative interpretation of the
results suggests that the reduced pH and salt concentration
examined here only mildly influence an already pre-exist-
ing dimerization reaction, but dramatically induce tetramer
and hexamer formation. Moreover, the increase in affinity
from monomer—dimer formation (4¢3 M~! on average) to
dimer-tetramer formation (1e4 M~! on average) to tetramer-
hexamer formation (8e4 M~! on average) suggests that self-
association is cooperative in nature, consistent with the
interpretation of the model-independent results in Fig. 2B.

Discussion

mADb C Self-Association is Linked to Additional
Reaction Equilibria

Self-association of mAb C has been examined by a num-
ber of groups, under a variety of buffer conditions, and
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Fig.7 van’t Hoff plot for mAb E self-association. Affinities for
monomer—dimer (red circle), dimer-tetramer (blue squares), and
tetramer-hexamer formation (green triangles) estimated from
global fits of the SV data. Linear fits (solid lines) resulted in self-
association enthalpy of +0.4+1.8 kcal/mol for monomer—dimer
formation, +4.7+2.0 kcal/mol for dimer-tetramer formation, and
-0.2+2.2 kcal/mol for tetramer-hexamer formation. Correspond-
ing entropies were +5.1+1.9 kcal/mol, +10.2+4.7 kcal/mol,
and +6.5+2.2 kcal/mol, respectively. For comparative purposes, the
temperature-dependence of mAb E monomer—dimer self-association
in our previous conditions (PBS; open black circles) are also shown.
For some affinity terms, error bars are too small to be seen.

described by a range of reaction schemes [10, 11, 17, 18,
27]. In the present buffer and at all temperatures, we find that
the best fit model is isodesmic. This finding is in line with
our earlier work, which also used SV and was further sup-
ported by sedimentation equilibrium studies [10, 11]. The
model-independent analyses in Fig. 2A are also in line with
this interpretation — as described below and in more detail
by Bishop and Correia (submitted), isoenergetic addition
of protomers (e.g. via an isodesmic model) will generate
smooth distributions without inflections or bimodality, con-
sistent with fundamental Gilbert theory [28].

To better illustrate the above point, we carried out a
series of simulations covering a mAb C concentration
range from 0.3 to 50 mg/mL. Shown in Fig. 8A are the
experimentally determined sedimentation coefficient dis-
tributions for mAb C as seen in Fig. 2, but now presented

Table Il mAb E Interaction Parameters Estimated from SV Analysis and Using a Nonideal Monomer—Dimer-Tetramer-Hexamer Model®
Temp' (OC) sZO,w Kmonfdim (M_l) Kdim—tel (M_l) Ktetfhex (M_l) RMSDL
(Afringes)

10 6.37 (6.36, 6.38) 4.59¢3 (4.26e3, 4.91e3) 1.06e4 (8.80e3, 1.26e4) 6.18e4 (5.48e4,7.04¢e4) 0.047

15 6.37 (6.36, 6.38) 4.35e3 (4.14e3, 4.55¢e3) 9.22e3 (8.13e3, 1.05¢4) 1.21e5 (1.12e5, 1.31e5) 0.048

20 6.24 (6.23, 6.26) 3.03e3 (2.82e3, 3.24e3) 1.19e4 (9.58e3, 2.27¢e4 9.40e4 (8.78e4, 1.13e5) 0.039

25 6.39 (6.38, 6.40) 3.52e3 (3.27e3, 3.77e3) 2.13e4 (1.88e4, 2.42¢4) 6.63e4 (6.23e4, 7.06e4) 0.053

30 6.33 (6.32, 6.35) 5.26e3 (4.78e3, 5.78e3) 1.34e4 (1.10e4, 1.65¢4) 8.12e4 (7.35e4, 9.02e4) 0.048

35 6.50 (6.49, 6.51) 4.37e3 (3.93e3, 4.79¢3) 1.98e4 (1.60e4, 2.40e4) 7.97e4 (7.20e4, 8.82¢e4) 0.044

“Confidence intervals (95%) were estimated using the F-statistics module in SEDANAL. ® k, and BM, were fixed at 10 mL/g. “Root mean square

deviation
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as normalized s*g(s*) plots and in log units to better
emphasize the presence of higher-order oligomers. Shown
in Fig. 8B are simulated distributions out to 50 mg/mL
using the isodesmic model and parameters from Table I,
but assuming no contributions from hydrodynamic and
thermodynamic nonideality. Although the absence of
nonideality is physically unrealistic, it demonstrates how
isodesmic self-association generates a broad and smooth
distribution without inflections or bimodality regardless
of mAb concentration. This is a general consequence of
all models in which the K, values for self-association are

4 T T T T T
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identical (i.e., noncooperative). Shown in Fig. 8C is the
same simulation except the hydrodynamic and thermo-
dynamic nonideality terms reported in Table I are now
included. Nonideality clearly conceals self-association
beginning even at 3 mg/mL (compare to the 3 mg/mL
distribution in Fig. 8B) and drives the distributions to
increasingly smaller s values at concentrations of 25 mg/
mL and greater. Note also that the simulated distribu-
tions from 0.3 to 10 mg/mL (in grey) closely match the
experimental distributions in Fig. 8A once nonideality is
included. Finally, shown in Fig. 8D is a plot of mAb C
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31 ! ——0.5mg/mL ]|
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Fig. 8 Normalized s*g(s*) analysis for mAb C using experimental and simulated data. (A) Normalized s*g(s*) versus log s* for experimental
data collected in 20 mM sodium phosphate, 100 mM NaCl, pH 6.0 at 20°C and covering a concentration range of 0.3 to 10 mg/mL. Data are
adapted and rescaled from those in Fig. 2 to compare to simulated data below. (B) Normalized s*g(s*) versus log s* plot generated from simu-
lated data using an isodesmic model, the sedimentation coefficient and K, values in Table I at 20°C and covering a range from 0.3 to 10 mg/mL
(grey tones) and 25 to 50 mg/mL (red tones). K  and BM, values were set to 0.0 mL/g. Vertical dashed line refers to sedimentation coefficient of
mAb C monomer from Table II. (C) Same as panel B, but with k,=19.3 mL/g and BM, =7.8 mL/g. (D) Plot of inverse weight-average sedimen-
tation coefficient versus mAb C concentration. Sedimentation coefficients were determined from experimental data in panel A (black squares)

and simulated data in panel C (red circles) using SEDANAL.
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concentration versus inverse weight-average sedimenta-
tion coefficient for the experimentally determined data
in Fig. 8A using Eq. 3, overlaid with the analogous val-
ues from the simulated data in Fig. 8C. Good agreement
between experiment and simulation is seen over the range
of 0.3 to 10 mg/mL, and analysis out to 50 mg/mL reveals
the curvature and eventual increase in 1/S,, ,, as predicted
for a nonideal self-associating system.

Regarding the estimated interaction parameters for mAb
C, we note all are in the range of expected values except
for the nonideality term, kg, which is greater than typical
estimates of 4—11 mL/g reported for monomeric mAbs [8,
9, 22-24]. This was especially true at the reduced tempera-
tures where enhanced RSA is occurring and thus where
oligomers are increasingly populated. Based on work by
Rowe [8], k, can be expressed as follows:

_ Ve £33
ky = 20[— + (f_) ] )
0 0

In the present case, v refers to the partial specific vol-
ume of mAb C (mL/g), V| refers to the specific volume of
mAb C (mL/g), and {/f, refers to the mAb C frictional ratio
(unitless). The V, term describes mAb volume per unit
mass, which includes all strongly and weakly bound water
molecules (i.e., “solvent entrainment”; [22]). In contrast,
the f/f, term reflects the gross structure of the mAb, with
values greater than 1 indicating a departure from spherical.
Thus, k, represents contributions from two values — mAb
solvation (V/v) and mAb structure (f/f,).

The f/f, values for reversible mAb C oligomers are
unknown; however, previous studies have found that irre-
versible mAb oligomers have f/f, values like that of the
monomer (~ 1.5-1.6; [29]). If this relationship holds for
the reversible oligomers examined here, and noting that
the k, terms in Table I represent an average of k, values
over all oligomeric states in solution, then an increase in
the average k, must arise from increased solvation of the
oligomers relative to the mAb C monomer. Of course, it
is also possible that the increase in kg is instead due to
larger f/f, values of the oligomers relative to the mono-
mer. In the event that future studies reveal the structure of
the oligomers, recent software developments [30] would
allow calculation of the k, terms for each stoichiometric
species and potential parsing of their solvation and shape
contributions.

Regarding the molecular forces driving mAb C RSA, we
find that self-association is enthalpically driven and entropi-
cally penalized. Qualitatively similar thermodynamics have
been seen previously [17]. Keeping in mind the limitations
of interpreting thermodynamic parameters from van’t Hoff
plots [31-33], classical interpretations of the above ther-
modynamics indicate that van der Waals interactions and/

or hydrogen bonding are critical in mediating mAb C self-
association [12]. Yet we emphasize that the thermodynamics
determined here reflect both direct interactions associated
with oligomerization and all reactions indirectly linked to
self-association (e.g., protonation events, conformational
isomerization, or buffer-specific interactions). Noting that
mAD C also engages in isodesmic RSA at the higher salt
concentration and pH of PBS but with stronger energetics,
linkage thermodynamics predict that self-association must
be coupled to net proton release and/or ion uptake events
[34, 35]. Although the number of net protons and/or ions
linked to self-association cannot be determined with the
present results, in part due to differences in buffer composi-
tion and the limited data from only two solution conditions,
this interpretation is in line with earlier work showing that
mAD C self-association is influenced by pH, salt concen-
tration, and specific ion types [17]. However, these studies
also showed that monovalent cation type had no influence
on RSA, suggesting that at least Na* and K* are not play-
ing differential roles. Noting that the interaction energetics
change in the pH range of 6.0 to 7.4, our results suggest that
net proton release is occurring at histidine sidechains, which
are being perturbed to more acidic pK,s in the oligomers. Of
note, histidine residues were previously identified as being at
the interface of mAb C oligomers using hydrogen exchange
mass spectrometry [19]; however, our thermodynamic inter-
pretation does not preclude the possibility of residues out-
side of interfacial regions playing a role in proton and/or
ion binding events. Therefore, caution should be observed
in assigning specific histidines (or any other residues) to the
present results.

Finally, we note that the van’t Hoff data show curvature
(Fig. 5), suggestive of an apparent heat capacity change upon
oligomerization. This behavior was observed regardless of
how we analyzed the data and is often interpreted as arising
from burial of hydrophobic residues due to the hydropho-
bic effect. However, apparent heat capacity changes can be
observed for a variety of reasons, including the hydropho-
bic effect, but also molecular bond vibrations or additional
linked reactions with differing thermodynamic contributions
[35-37]. Thus, even though hydrophobic interactions have
been identified as playing a role in mAb C RSA [17], con-
siderable more work will be needed to confirm the apparent
heat capacity change seen here (e.g. by using sedimenta-
tion equilibrium to independently determine the interaction
energetics). Subsequent studies would then be needed to
assign the change to the hydrophobic effect, linked reac-
tions, or otherwise. With that said, noting that the AC;, val-
ues trend increasingly negative as pH and salt concentration
are reduced, one appealing possibility is that the apparent
change arises from a proton- or ion-interaction event linked
to self-association [31].
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Relative to mAb C, Cooperative mAb E
Self-Association is Inversely Linked to Net Proton
and/or Salt Binding

Under the present conditions, mAb E displays mono-
mer—dimer-tetramer-hexamer RSA. Previous studies sug-
gested a monomer—dimer-tetramer reaction, although that
work also showed that mAb E self-association is influenced
by concentration of salt, ion type, excipient type, and pH
[20]. Noting that the buffer conditions used here are differ-
ent to those employed previously, it may not be surprising
that the best-fit models are different. It is also worth not-
ing that based on the parameters in Table III, the hexamer
is only weakly populated even at the highest mAb concen-
trations (~ 5% by mass), making resolution of this species
challenging.

We also note that mAb E self-association is cooperative as
judged by the model-dependent increases in affinity for asso-
ciation to hexamer (Table III), and by the model-independent
pattern of sedimentation coefficient distributions in Fig. 2.
To better emphasize this latter point, we again carried out
simulations analogous to those of mAb C. Shown in Fig. 9A
are the experimentally determined sedimentation coefficient
distributions for mAb E as adapted from Fig. 2. Shown in
Fig. 9B are simulated distributions out to 150 mg/mL using
the monomer—dimer-tetramer-hexamer model and param-
eters in Table III, but assuming no hydrodynamic or ther-
modynamic nonideality. Of note is the significantly different
pattern of distributions as compared to the isodesmic simu-
lation in Fig. 8B, specifically the concentration-dependent
decrease in maximal signal at the lower concentrations and
the inflections that appear at intermediate concentrations. In
this example, these differences arise from the increases in
K4 values for mAb E association (primarily via dimer and
tetramer formation since hexamers are weakly populated)
but are also a general feature of other cooperatively inter-
acting systems (Bishop and Correia, submitted). Shown in
Fig. 9C are the same simulations but with hydrodynamic
and thermodynamic nonideality now added. As was seen for
mAb C (Fig. 8C), nonideality conceals self-association at the
higher concentrations, even as the distinct pattern associ-
ated with cooperativity is maintained at the lower concen-
trations. Note also that the simulated distributions at lower
concentrations again closely match the experimental data
(Fig. 9A). Finally, shown in Fig. 9D is the concentration
versus inverse weight-average sedimentation coefficient plot
for the experimental and simulated data. Both datasets are
in good agreement in the experimentally accessible range of
0.3 to 13 mg/mL, with the predicted minimum and eventual
positive slope appearing at higher concentrations. Note also
how the smaller k value relative to that of mAb C shifts
the minimum to higher mAb concentrations. Overall, the
simulations in Figs. 8 and 9 serve a critical role for the visual
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interpretation of model-independent datasets such as those
in Figs. 8A and 9A — in this case suggesting that the data in
Fig. 8A support an isoenergetic or noncooperative reaction
whereas those in Fig. 9A support a cooperative reaction.
See Bishop and Correia (submitted) for a more detailed
presentation.

With respect to the mechanism of mAb E cooperativity,
we currently have insufficient information to offer a defini-
tive interpretation; however, linear or noncooperative polym-
erization models can clearly be eliminated. The enhanced
energetics of tetramer formation relative to that of dimers
could suggest larger interfaces being formed, followed by
a capping mechanism via hexameric ring formation. (Since
the fits were not improved by addition of species beyond
hexamers (see Table II), there is no need to invoke structures
with greater stoichiometries.) Yet the modest contribution
of cooperativity in forming hexamers — only an ~ eightfold
increase relative to tetramer formation — suggests there are
energetic penalties for any putative capping or ring closure
event. Whether these penalties arise from topological con-
straints, structural rearrangements, or otherwise remains to
be determined.

Concerning the thermodynamics determined for mAb
E, the traditional interpretation is that electrostatics must
play a dominant role in self-association [12]. Although this
view is consistent with those of previous studies [20], we
reiterate that the thermodynamics measured here reflect all
reactions linked to self-association, not just those associated
with direct interfacial contacts. As we previously reported,
mADb E forms only dimers when in PBS [10]. However, in
the present buffer, mAb E self-association leads to forma-
tion of tetramers and hexamers and with little change in
the energetics of dimer formation (Fig. 7). Assuming that
the same dimerization reaction is being observed in both
PBS and the current conditions, formation of tetramers
and hexamers must therefore be preferentially linked to net
proton uptake and/or ion release. (To our knowledge and
unlike mAb C, the role of monovalent cation in mAb E self-
association has not been systematically explored, thus it is
unclear if Na* and K* play differential roles.) If net proton
binding is occurring, such a linkage would again implicate
histidine residues. Interestingly — and contrary to mAb C
— histidines have not been identified as playing a role in
mAb E self-association [20]. This suggests that the pKa’s of
other residues are perturbed more dramatically than that of
histidine (e.g., cysteines) or that the type of self-association
observed in previous studies is different from that observed
here. Finally, and from an applied perspective, the near lack
of a pH and salt dependence to dimer formation indicates a
different mechanism relative to that of tetramer and hexamer
formation; therefore, proposed attempts to modulate solution
conditions to mitigate RSA may have an impact only on a
subset of all reactions [0, 7].
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Fig. 9 Normalized s*g(s*) analysis for mAb E using experimental and simulated data. (A) Normalized s*g(s*) versus log s* for experimental
data collected in 20 mM sodium phosphate, 100 mM NaCl, pH 6.0 at 20°C and covering a concentration range of 0.3 to 13 mg/mL. Data are
adapted and rescaled from those in Fig. 2 to compare to simulated data below. (B) Normalized s*g(s*) versus log s* plot generated from simu-
lated data using a monomer—dimer-tetramer-hexamer model, the sedimentation coefficient and Keq values in Table III at 20°C and covering a
range from 0.3 to 13 mg/mL (grey tones) and 25 to 150 mg/mL (red tones). K, and BM, values were set to 0.0 mL/gL. Left vertical dashed line
refers to sedimentation coefficient of mAb E monomer from Table II; right vertical line refers to calculated sedimentation coefficient of mAb E
hexamer of 20.53 S. Calculated values of mAb E dimer (9.14 S) and tetramer (15.67 S) are not shown for clarity. (C) Same as panel B, but with
k, and BM, =10 mL/g. (D) Plot of inverse weight-average sedimentation coefficient versus mAb E concentration. Sedimentation coefficients
were determined from experimental data in panel A (black squares) and simulated data in panel C (red circles) using SEDANAL.

Finally, we note that for both mAbs, the enthalpy
changes (AH) between buffer conditions in PBS and the
present conditions (AAH) are statistically negligible. This
is surprising since proton-and ion-specific binding events
are associated with significant enthalpy contributions [9].
Given this lack of change, this raises the possibility of
additional and still hidden reactions that thermodynami-
cally compensate for reactions such as proton binding.
However, given the limited range of conditions examined
so far, more work will be necessary to confirm this inter-
pretation and identify such reactions.

Conclusions

In sum, the present studies demonstrate that mAbs C and E
follow distinct self-association pathways; that the thermo-
dynamics of self-association for each mAb point to unique
driving forces; that one mAb associates non-cooperatively
while the other associates cooperatively; and that even for
an individual mAb (mAb E), the mechanisms of successive
self-association appear to be distinct. Moreover, relative
to our previous studies [10], mAb C self-association is
linked to proton release and/or ion uptake whereas mAb
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E shows the opposite linkage. Future work should con-
tinue to focus on the rigorous analysis of how interaction
parameters such as K, kg and BM;, are modulated under
varying solution conditions. Such an approach will reveal
the binding equilibria linked to self-association and result
in a more predictive and quantitative framework for inter-
preting mAb-specific RSA.
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