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1 Abstract

In this study, the thermodynamics of binding of two industrial mAbs to multimodal cation
exchange systems was investigated over a range of buffer and salt conditions via a van’t Hoff
analysis of retention data. Isocratic chromatography was first employed over a range of
temperature and salt conditions on three multimodal resins and the retention data were analyzed
in both the low and high salt regimes. While mAb retention decreased with salt for all resins at
low salts, retention increased at high salts for two of the resins, suggesting a shift from electrostatic
to more hydrophobic driven interactions. The retention data at various temperatures were then
employed to generate non-linear van’t Hoff plots which were fit to the quadratic form of the van’t
Hoff equation. At low salts, retention of both mAbs decreased with increasing temperature and the
van’t Hoff plots were concave downward on Capto MMC and Nuvia cPrime, while being concave
upward on Capto MMC ImpRes. Different trends were observed on some of the resins with respect
to both the concavity of the van’t Hoff plots as well as the impact of temperature on the favorable
enthalpies in the low salt regime. Interestingly, while increasingly favorable enthalpy with
temperature was observed with Capto MMC and Nuvia cPrime at low salt, favorable enthalpy
decreased with temperature for Capto MMC ImpRes. At high salts, binding of both mAbs on the
two Capto resins were consistently entropically driven, consistent with desolvation. While the
negative heat capacity data at low salts indicated that desolvation of polar/charged groups were
important in Capto MMC and Nuvia cPrime, the positive data suggested that desolvation of non-
polar groups were more important with Capto MMC ImpRes. Finally, the data at high salts
indicated that desolvation of non-polar groups was the major driver for binding of both mAbs to

the Capto resins under these conditions.

Key words: Multimodal chromatography, thermodynamics, non-linear van’t Hoff plot,

monoclonal antibody.
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2 Introduction

Traditional platform processes for the downstream purification of monoclonal antibodies
(mAbs) have employed post protein A polishing steps that have used single mode interaction
systems such as ion exchange (IEX) or hydrophobic interaction chromatography (HIC) [1,2].
Recently, multimodal (MM) chromatography has emerged as a promising alternative polishing
step owing to enhanced selectivity resulting from the combination of electrostatic, hydrogen
bonding, hydrophobic and/or aromatic interactions within a single ligand [3—8]. Further, MM resin
materials that vary in surface properties (e.g. geometric presentation of functional groups, ligand
density, linker between resin and ligand) have been shown to interact differently with libraries of
model proteins thus creating unique windows of selectivity as compared to the traditional single

mode interaction systems [9—12].

Our group and several others have been actively working on improving our understanding of
selectivity in MM chromatography [9-29]. Chung et al. employed a library of cold shock protein
B mutant variants to demonstrate the importance of charge and hydrophobicity on the protein
surface for interacting with MM chromatographic systems [13]. Nfor et al. developed an empirical
mixed mode isotherm to model the binding of proteins to MM resins [24]. Tong et al. have
employed Molecular Dynamics (MD) simulations to provide a molecular level understanding of
the mechanisms involved in the binding of the IgG1-Fc domain to a hydrophobic charge induction
chromatographic (HCIC) system at different pH and ligand densities [29]. Woo et al. and Robinson
et al. have examined the retention of a library of model proteins to shed light on the effect of ligand
structure, chemistry and density on selectivity patterns observed in MM cation exchange (MM
CEX) and anion exchange (MM AEX) systems [11,12]. Srinivasan et al. have used biophysical
techniques (Nuclear Magnetic Resonance (NMR), Atomic Force Microscopy (AFM), Isothermal
Titration Calorimetry (ITC)) in combination with Molecular Dynamics (MD) simulations to study
the binding of a preferred face of ubiquitin on two MM CEX surfaces; Capto MMC and Nuvia
cPrime [22,23]. Robinson et al. have also examined potential preferred binding regions of mAbs
in MM CEX systems [16]. While these and other studies have improved our understanding of
protein-surface interactions in MM systems, there is still a lack of understanding of the

thermodynamic basis of these interactions, especially for large complex biomolecules like mAbs.
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There is a vast literature that has employed a van’t Hoff (VH) analysis of chromatographic
retention data to study the thermodynamics [30-39]. Roush et al. used linear VH plots to evaluate
the effect of temperature on the binding of recombinant rat cytochrome bs to an AEX resin [30].
While linear VH plots are associated with a zero heat capacity change (ACp.ags), these plots are
often non-linear, indicating a heat capacity change (either positive or negative) associated with
binding. Thus, protein chromatography often requires a non-linear VH analysis in order to fully
describe the behavior. This has been carried out using either a logarithmic approach which assumes
the heat capacity change to be temperature invariant or a quadratic formulation that allows for
variation of ACpads With temperature [31]. Several groups have employed these non-linear VH
analyses to elucidate the mechanisms of protein binding in various single mode interaction systems
such as HIC and IEX. In the current study, we employ the quadratic formulation of the VH
equation to examine how the enthalpic and entropic contributions to binding change with mAb

and salt concentration in different MM CEX chromatographic systems.

In the current paper, MM chromatographic separations that have previously been reported
to exhibit interesting selectivity trends for two commercial mAbs are examined from a
thermodynamic perspective. Isocratic retention of these mAbs on three commercial MM CEX
resins (Capto MMC, Nuvia cPrime and Capto MMC ImpRes) is carried out over a range of salt
and temperature conditions and a quadratic Van’t Hoff analysis is carried out to determine the
enthalpic and entropic contributions as well as the heat capacity changes associated with these
interactions at low and high salt regimes. The work presented in this paper provides

thermodynamic insights into mAb binding in MM CEX chromatography.

3 Materials and Methods

3.1 Materials

Purified IgG1 antibodies (A, pl 7.59 and C, pl 8.27) were supplied by Merck and Co., Inc.
(Kenilworth, NJ, 07033, USA). Both the antibodies have a common Fc domain but have different
Fab domains as identified by the amino acid sequence. Disposable PD10 desalting columns were
purchased from Cytiva (Uppsala, Sweden). Sodium acetate, Tris base, sodium chloride and
hydrochloric acid were purchased from Sigma-Aldrich (St. Louis, MO, 63134, USA). Capto™
MMC and Capto™ MMC ImpRes chromatographic resins were purchased from Cytiva (Uppsala,



105
106

107
108
109
110
111
112
113

114
115
116
117
118
119
120
121
122
123
124
125
126

127

128

129

130
131

Sweden). Nuvia™ cPrime™ chromatographic resin was donated by Bio-Rad Laboratories

(Hercules, CA, 94547, USA).

3.2 Protein Solutions

Protein solutions were buffer exchanged using the PD10 desalting columns. Briefly, the
column was equilibrated with buffer B (20 mM sodium acetate, Tris and 2.5 M NaCl adjusted to
pH 6.0). 2.5 mL of protein sample (~10 mg/mL) was added to the column and the buffer was
allowed to flow through. The buffer exchanged protein was eluted by addition of 3.5 mL of buffer
B and was diluted with appropriate amounts of buffer A (20 mM sodium acetate, Tris adjusted to

pH 6.0) to get the desired salt concentration as well as a final mAb concentration of 3 mg/mL.

3.3 Chromatography Experiments

Chromatographic media were packed into a 5 x 50 mm column and isocratic
chromatography was carried out at 1 column volume (CV)/min on an AKTA™ Explorer 100
(Cytiva, Uppsala, Sweden) controlled by Unicorn 5.1 software (except 4°C experiments, which
were performed on AKTA™ prime). Experiments were conducted in a temperature-controlled
room maintained at different temperatures (4°C, 17°C, 22°C, 30°C and 37°C + 0.5°C). Buffers A
and B (described above) were used for all the experiments and columns were regenerated using 1
M sodium hydroxide to prepare the columns for the next protein injection. The column was
equilibrated at the desired salt concentration by appropriately mixing buffers A and B followed by
injection of 100 pL of buffer exchanged protein (3 mg/mL) in the running buffer. The column
effluent was monitored at a UV wavelength of 280 nm. An acetone pulse was used to determine
the retention time of an inert unretained solute. Retention time was determined by the average first

moment from duplicate runs.
4 Theory

The retention factor was determined directly from the chromatogram as [40]:

tg — t
k= ¢))
to

where tr 1s the retention time of the solute and to is the retention time of an inert unretained solute.

The phase ratio was determined using the retention time of the unretained solute [41]
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@ — V - t0V, (2)
toV'

where V is the column volume and V' is the volumetric flowrate. It is important to note that this
definition of the phase ratio considers the entire volume of the resin to be the stationary phase

volume (V — t,V"), consistent with the previous literature [30-39].

The thermodynamic framework presented here is adopted from ref [31]. The relationship between

the retention factor and the equilibrium constant is given by:
k' = Koq® (3)

The Gibbs free energy of adsorption is linearly related to the logarithm of the equilibrium rate

constant as follows:
AGaqs = —RTInK,, 4)

where R is universal gas constant and T is the absolute temperature. Combining equations 3 and 4

along with the standard thermodynamic formulations, we obtain the linear VH equation:

r_ _AHads ASads
Ink' = — &+ — % + Ing (5)

where AHags and ASags are the enthalpy and entropy changes for adsorption. This equation holds
true only when the heat capacity change is zero and the enthalpy and entropy changes are
independent of temperature. When the heat capacity changes for adsorption to chromatographic
resins are non-zero and non-constant, the resulting non-linear quadratic VH equation is obtained:

b ¢
Ink =a+T+ﬁ+ln® (6)

The parameters a, b and ¢ can be calculated by fitting equation 6 to the experimental data and
equations 7, 8 and 9 can then be used to determine the enthalpic and entropic contributions and the

heat capacity change upon adsorption.

2c

AHg4s = —R (b + 7) (7)
2Rc

ASads = R (a - F) (8)
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5 Results and Discussion

5.1 Linear Gradient Chromatography

a EmAbA EmAbC

600 b

500

=
o
o

Capto MMC 70-90 pmol/mL
Capto MMC ImpRes 25-39 pmol/mL

H
N
o]
H\)L
N
0=
0

Nuvia cPrime 126 pmol/mL

300

200

Elution salt conc. (mM)

=
o
o

Capto MMC Nuvia cPrime Capto MMC ImpRes

Figure 1. (a) Chromatographic retention of mAbs A (purple) and C (blue) on multimodal cation exchange
chromatography systems and structures of the (b) Capto and (c¢) Nuvia cPrime ligand head groups (numbers
in parenthesis indicate the corresponding ligand densities on the chromatographic resin surfaces). Capto
MMC and Capto MMC ImpRes resins have the same ligand head group with different surface ligand density.
Linear salt gradients were from 0 to 1 M NaCl, 40 column volumes, pH 6. Retention data reproduced from
ref [16].

Our group has previously reported that two mAbs exhibited different selectivity patterns
on three commercially available MM CEX resins (Capto MMC, Nuvia cPrime, Capto MMC
ImpRes) [16]. These two mAbs shared a common Fc with different Fab domains resulting in pls
of 7.6 and 8.3 for mAbs A and C, respectively. The MM ligands in these resins are shown in Figure
1, with the aromatic ring being more solvent exposed for the Capto MMC ligand (Figure 1b) as
compared to the Nuvia cPrime ligand (Figure 1c). In addition, while the Capto MMC and Nuvia
cPrime resins had relatively high ligand densities the Capto MMC Impress had significantly lower
density. As can be seen in Figure 1a (data obtained from Figure 6 of ref [16]) the elution order on
Capto MMC (mAb A followed by mAb C ) was different than that observed in Nuvia cPrime and
Capto MMC ImpRes. While the selectivity difference between Capto MMC and Nuvia cPrime
was mainly due to the higher retention of mAb C on Capto MMC, the shift in selectivity in Capto
MMC ImpRes was more subtle with both mAbs exhibiting reduced binding. In order to study the
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Figure 2. Ln kK’ vs Ln Cs plots for retention of mAbs A (purple) and C (blue) on (a) Capto MMC, (b) Nuvia
cPrime and (¢) Capto MMC ImpRes at room temperature (295 K).

relative electrostatic and hydrophobic behavior of these systems, we first examined the impact of

salt on the retention behavior of these mAbs in the three resin systems at room temperature.

5.2 Isocratic Chromatography

As described in methods section, isocratic chromatography experiments were carried out
with mAbs A and C on Capto MMC, Nuvia cPrime and Capto MMC ImpRes at different salt
concentrations ranging from 0.45 M to 2.5 M NaCl. The retention times of the mAbs (first
moment) at a given condition were used for calculating the k’s and the resulting In-In plots for
mAbs A and C on these resins at room temperature (22°C) are presented in Figure 2. To facilitate
the discussion, we divide the salt concentration range into the low salt (below 1.2 M NaCl) and
high salt regimes (1.2 to 2.5 M NaCl). In the low salt regime, the elution order observed in the
isocratic experiments was in qualitative agreement with that seen in the linear salt gradient
experiments (Figure 1a) on all resin systems. Further, in this regime the retention of both mAbs
decreased with increasing salt concentrations. In this salt range, both mAbs were more retained on
Capto MMC and Capto MMC ImpRes as compared to Nuvia cPrime. Interestingly, the decrease
in retention with salt observed in the Nuvia resin was significantly more pronounced than that seen
with the Capto resins, indicating that while electrostatic interactions were likely playing a
dominant role in Nuvia cPrime the interactions in the Capto systems were more complex. It can
also be seen that the Capto MMC system had higher retention and selectivity than the Capto MMC
ImpRes system at low salt conditions. This is likely due to the enhanced electrostatic interactions

occurring at higher ligand densities [42].

This difference in elution behavior on these resin systems was even more pronounced at
elevated salt conditions. For the Nuvia system, while mAb C was not retained in this high salt

regime, there was a very weak retention of mAb A that plateaued with increasing salt

8
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concentration. In contrast, the retention of the mAbs increased in both Capto systems at the higher
salt concentrations. Further, while the retention plots were similar for mAb A at both ligand

densities, the behavior of mAb C was markedly different on the Capto MMC and Capto MMC

ImpRes systems.

At elevated salt concentrations, electrostatic interactions are screened, and hydrophobic
interactions tend to play a more dominant role. The difference in retention behavior between the
Nuvia cPrime and the Capto systems is likely due to the enhanced hydrophobicity of the Capto
ligand which has the more solvent exposed aromatic ring [10]. This has also been observed
previously when examining a range of model proteins [10,11]. Previous work on the
chromatographic behavior of mAbs A and C in HIC systems and their surface hydrophobicities
using a Surface Aggregation Propensity (SAP) analysis have established that mAb A is more
hydrophobic [16]. Thus, at elevated salt concentrations, it would be expected that mAb A would
have a higher retention than mAb C on a ligand with higher relative hydrophobic properties.
Further, the dramatic difference in the retention behavior of mAb C at elevated salt concentrations
in the Capto MMC and Capto MMC ImpRes systems is likely due to the decreased hydrophobicity
of the lower ligand density Capto MMC ImpRes system. This may also be related to the recently
hypothesized aromatic cluster behavior at the higher ligand density, which may further enhance

the degree of hydrophobic interactions with mAb C [19].

These results indicate that very different retention behavior occurred with these two mAbs
in three MM systems at various salt conditions. Since the retention mechanisms in multimodal
chromatography can be quite complex, with many modes of interactions playing a role, we carried

out a VH analysis to determine the thermodynamic driving forces contributing towards binding.

5.3 Van’t Hoff Plots

Isocratic experiments were carried out over a range of salt and temperature conditions as
described in the experimental section and a VH analysis was carried out to determine the
thermodynamics. Figures 3 and S1 show representative VH plots (In k’ versus 1/T) for the retention
data of mAbs A and C, respectively, on the three resin systems. Representative data for the lower
and higher salt regimes are presented at the top and bottom portions of the figure. The data were
fit to the quadratic VH equation (Eq. 6) using Matlab R2019b to determine the parameters a, b and

¢ with a maximum fitting error of 10% in a 95% confidence interval and the resulting curves are
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Figure 3. Non-linear van’t Hoff plots for adsorption of mAb A on (a,d) Capto MMC, (b,e) Nuvia cPrime and
(c,f) Capto MMC ImpRes at different salt concentrations. Curves generated by fitting the quadratic VH
equation are presented as dotted lines for low salt regime (0.45, red; 0.55, blue; 1 M, brown; NaCl) and solid
lines for high salt regime (1.2, violet; 1.5, orange; 2, grey; and 2.5 M, green; NaCl).

also presented in the Figures. As can be seen, the data were accurately represented by the non-
linear VH plots. The non-linearity of the VH plots can be a result of multiplicity of interactions
further indicating dependence of enthalpy and entropy of binding on temperature in the
temperature range studied [31-33,43]. While non-linear VH plots can arise from both changes in
thermodynamics as well as changes in phase ratio, in these MM systems under investigation it is

unlikely that there are any phase ratio changes that are responsible for this non-linearity.

As can be seen in the Figures, at all temperatures, the retention decreased with salt in the
lower salt regime and increased with salt in the higher salt regime. Further, in the low salt regime,
for both mAbs, while the retention decreased with increasing temperature on all MM CEX
systems, the curvature behavior was different. For example, the VH plots for mAb A were all
concave downwards for Capto MMC and Nuvia cPrime (Figure 3a,b) while being consistently
concave upwards for Capto MMC ImpRes (Figure 3c). The VH plots for mAb C (Figure Sla,b,c)
in general exhibited the same curvature trends as observed for mAb A. The differences in curvature

of these plots will be discussed in the next section on the VH analysis.

In the high salt regime, the binding behavior of mAb A in the Capto MMC and Capto
MMC ImpRes systems were similar, with a strong temperature dependence only seen at the upper

end of the high salt regime (e.g. 2.5 M NaCl). On the other hand, mAb C was weakly retained in

10
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Figure S1. Non-linear van’t Hoff plots for adsorption of mAb C on (a,d) Capto MMC, (b,e) Nuvia cPrime and
(c,f) Capto MMC ImpRes at different salt concentrations. Curves generated by fitting the quadratic VH
equation are presented as dotted lines for low salt regime (0.45, red; 0.55, blue; 1 M, brown; NaCl) and solid
lines for high salt regime (1.2, violet; 1.5, orange; 2, grey; and 2.5 M, green; NaCl).

both Capto resin systems at the higher salt conditions and showed minimal temperature
dependence (Figure S1d,f). For the Nuvia resin, there was minimal or no retention under all high
salt conditions. The increased retention with increasing temperature observed with mAb A in the
Capto resin systems at high salt is similar to that previously reported in some HIC systems
[31,32,44]. While the data trends and the observed differences in curvature in the VH plots were
quite interesting, it was also important to determine the enthalpic and entropic contributions

towards these interactions in order to provide additional information.

5.4 Van’t Hoff Analysis

As described in the previous section, the data from the VH plots (Figures 3 and S1) were fit
to the quadratic VH equation (Eq. 6) using Matlab R2019b to determine the parameters a, b and c.
The enthalpic (AHags) and entropic (-TASads) components were then calculated using equations 6-
9 and are presented in the top and bottom portions, respectively, of Figures 4 and S2. To facilitate
the discussion, a representative salt concentration from the low (0.45 M NaCl) and high salt (2.5
M NaCl) regimes are presented as well as an intermediate salt condition (1.2 M NaCl). As can be
seen in Figure 4a,b,c, the enthalpic contribution to the binding of mAb A to the MM CEX resins
was dependent on temperature for all the resin systems. In the low salt regime, the results indicated

that while the binding was enthalpically driven in all cases, the trends with temperature were

11
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Figure 4. Enthalpic (top) and entropic (bottom) contributions at different temperatures (278, 290, 295, 303
and 310 K) and salt concentrations (0.45, red; 1.2, violet; and 2.5 M, green; NaCl) for binding of mAb A on
(a,d) Capto MMC, (b,e) Nuvia cPrime and (c,f) Capto MMC ImpRes.

different, with the favorable enthalpic contributions increasing with temperature for Capto MMC
and Nuvia cPrime systems and decreasing for Capto MMC ImpRes. In the high salt regime, the
trends for mAb A were very similar for both Capto systems, with the favorable enthalpic
component consistently decreasing with temperature at all salt concentrations (Figure 4a,c).
Further, at the highest salt (2.5 M NaCl) the enthalpic contributions were consistently unfavorable
for mAb A. For the Nuvia resin, the mAb A was weakly retained at salt concentrations above 0.45

M NacCl, limiting our analysis to this relatively low salt concentration.

Interestingly, the enthalpic trends observed for mAb C on the three resins at various salt
concentrations (Figure S2a,b,c) were in general quite similar to those observed with mAb A. For
Capto MMC, the changes in enthalpic trends seen for mAbs A and C at different salt concentrations
could potentially indicate shifts in the preferred binding regions on the mAb surface for interacting

with this resin.

The entropic contributions (-TASags) to the binding of mAb A to the MM CEX resins
(Figure 4d,e,f) exhibited the opposite trends with temperature as were seen with the enthalpy,
indicating enthalpy-entropy compensation [31,37,45,46]. In the low salt regime (0.45 M NaCl),
the entropic contribution for binding was unfavorable for all the MM CEX resins, except at very
low temperature (278 K) on Capto MMC resin, where it was favorable. While the favorable

entropic component decreased (positive slope) with temperature for Capto MMC and Nuvia

12
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Figure S2. Enthalpic (top) and entropic (bottom) contributions at different temperatures (278, 290, 295, 303
and 310 K) and salt concentrations (0.45, red; 1.2, violet; and 2.5 M, green; NaCl) for binding of mAb C on
(a,d) Capto MMC, (b,e) Nuvia cPrime and (c,f) Capto MMC ImpRes.

cPrime systems, it increased for the Capto MMC ImpRes resin. On the other hand, in the high salt
regime, while we were unable to determine the entropic component in the Nuvia system due to
weak retention of mAb A, the entropic trends were similar for the two Capto resins, with both
exhibiting an increase in favorable entropy (negative slope) with temperature. Further, for mAb A
the binding was completely entropically dominated at the highest salt (2.5 M NaCl) in both resins.
As was observed with the enthalpy, the entropic trends at different conditions for mAb C (Figure
S2d,e,f) were in general similar to those observed for mAb A (Figure 4d,e,f).

It’s interesting to note that in the low salt regime, favorable enthalpic and unfavorable
entropic contributions were observed for the binding of mAbs on all three MM CEX resin systems
(Figures 4 and S2). The adsorption of proteins to MM resins can be driven by a complex
combination of electrostatic, hydrophobic, H-bonding, van der Waals, pi-cation and/or aromatic
interactions. Previous studies on microcalorimetric evaluation of protein binding to IEX systems
have shown that the attractive electrostatic interactions are the major contributors towards
favorable enthalpic contributions [47]. Since the binding of both mAbs on all MM resins decreased
with increasing salt concentration in this low salt regime, the electrostatic interactions are likely

also playing an important role here with the MM systems.

Interestingly, while the favorable enthalpic contributions increased with temperature for

Nuvia cPrime and Capto MMC, they decreased for the Capto MMC ImpRes resin (Figures 4a,c
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and S2a,c). These opposing trends for the Capto systems at these lower salt conditions may be due
in part to differences in the resulting electrostatic potential presented by these resins at the two
ligand densities. While the salt may be more effective at charge screening on the lower ligand
density Capto MMC ImpRes, the higher density Capto MMC surface may have relatively lower
charge screening while also exhibiting higher hydrophobicity. In fact, the increasing favorable
enthalpic trend with temperature seen with Capto MMC has also been observed in some HIC
systems where van der Waals interactions play an important role [31,48]. On the other hand, the
enthalpy dependence on temperature observed with Capto MMC ImpRes is similar to that seen in
IEX systems [49], where the decreasing strength of electrostatic interactions at elevated
temperatures was indicative of decreasingly favorable enthalpic contributions. These results
indicate that even though the binding was enthalpically driven for mAbs on the three MM CEX
resins in the low salt regime, they likely interacted with different binding mechanisms which will

be explored below when discussing the heat capacity data.

In contrast to the low salt conditions, the enthalpic contributions became less favorable and
the binding was increasingly entropically driven on both Capto systems in the high salt regime
(Figures 4 and S2). The decreasing favorable enthalpic contributions is likely due to the screening
of electrostatic interactions at the higher salt concentrations. At the highest salt condition (2.5 M
NacCl) the entropic contributions were observed to be favorable for both mAbs and Capto systems,
indicating that hydrophobic interactions were very likely playing an important role in binding. It
is well established that while the release of water molecules (desolvation) during binding results
in a favorable entropic contribution, this disruption of well-ordered water structure also can lead
to unfavorable enthalpy changes, trends observed in both figures. The observed increase in the

entropic driving force with increasing temperature on both Capto resins, also supports desolvation
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Figure S. Heat capacity change upon adsorption of mAb A on (a) Capto MMC, (b) Nuvia cPrime and (c)
Capto MMC ImpRes at different temperatures (278, 290, 295, 303 and 310 K) and salt concentrations (0.45,
red; 1.2, violet; and 2.5 M, green; NaCl).
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Figure S3. Heat capacity change upon adsorption of mAb C on (a) Capto MMC, (b) Nuvia cPrime and (c)
Capto MMC ImpRes at different temperatures (278, 290, 295, 303 and 310 K) and salt concentrations (0.45,
red; 1.2, violet; and 2.5 M, green; NaCl).

playing an important role here. This temperature behavior has also been observed in HIC systems
[37,39,44] where desolvation entropy was deemed important. Finally, while unfavorable
configurational entropy can sometimes play a role in protein binding, the fact that the entropy was
consistently favorable at the high salt conditions again supports desolvation as a major driver.
Clearly, the energetic trends for mAb interactions with the MM resins at low and high salt

conditions are indicative of different binding mechanisms occurring in these two regimes.

The heat capacity values were also obtained from the VH analysis and are presented in
Figures 5 and S3. As can be seen, the heat capacities showed minimal dependence on temperature.
Further, while modest negative values for ACpags were obtained for both mAbs on Capto MMC
and Nuvia cPrime at low salt, the heat capacities were positive at the higher salts for Capto MMC
(note: weak retention of mAbs at higher salts on Nuvia cPrime, limited our analysis for this resin
to the low salt condition. In contrast, the ACp ags values for Capto MMC ImpRes were consistently
positive for both mAbs in the two salt regimes. Reports in the literature have indicated that while
negative heat capacity values are indicative of desolvation of the polar/charged residues upon
binding, the dehydration of non-polar groups result in positive ACp,adgs values [31,50]. In addition,
protein conformational changes upon binding can lead to exposure of buried non-polar groups,
potentially contributing towards positive ACp.ds values [32]. The negative values in the low salt
regime for the binding of both mAbs in the Capto MMC and Nuvia cPrime systems indicate that
desolvation of polar groups may be playing a role in binding, supporting our contention that the
electrostatic interactions are playing a major role in binding. In contrast, the results with Capto
MMC ImpRes at the low salt condition indicate that desolvation of non-polar groups may be
playing an important role which may be due to a different preferred binding region for this lower

ligand density resin material. On the other hand, at the high salt conditions where the hydrophobic
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interactions were more important for binding, the positive values for both Capto systems are likely
indicative of dehydration of the non-polar residues. These heat capacity results in concert with the
thermodynamic data discussed above, shed light on the dominant modes of interactions of these
mAbs in the MM CEX systems in the two salt regimes as well as subtle differences between the

different resin systems.

6 Conclusions

In this study, the binding of two industrial mAbs that had previously been shown to exhibit
unique selectivity patterns on MM CEX resins was evaluated from a thermodynamic perspective.
Isocratic chromatographic experiments were carried out on these resins (Capto MMC, Nuvia
cPrime and Capto MMC ImpRes) over a range of temperature and salt conditions to generate the
data for the non-linear VH analysis. The retention data were evaluated in both the low (0.45 to 1.0
M NacCl) and high salt (1.2 to 2.5 M NaCl) regimes. While the retention at room temperature of
the two mAbs decreased with salt for all the resins in the low salt regime, the retention increased
at elevated salts on the two Capto systems. The Nuvia cPrime resin exhibited a stronger
dependence on salt than the Capto systems in the low salt regime, while having minimal retention
above 0.6 M NaCl, likely due to decreased contributions from the sterically inaccessible aromatic
moiety on the ligand. These retention patterns with salt indicate a shift from electrostatically driven
to more hydrophobic interactions in the Capto resins when transitioning from the low to the higher

salt regime.

The retention data at various temperatures were used to generate VH plots which were
clearly non-linear and which were well fit to the quadratic form of VH equation. This indicated
that multiple interactions were likely involved in the binding. In the low salt regime, the retention
of both mAbs decreased with increasing temperature and the VH plots were concave downward
on the Capto MMC and Nuvia cPrime resins while being concave upward on the Capto MMC
ImpRes system. Further, this difference in curvature was more pronounced with the more
hydrophobic mAb A than with mAb C. In the high salt regime, while the retention of mAb A
increased with temperature on both Capto resins, mAb C exhibited minimal temperature

dependence.
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The fits of the data to the quadratic VH equation were used to provide insights into the
enthalpic and entropic contributions to binding under different conditions as well as the heat
capacities. In the low salt regime, while the entropic contributions were unfavorable, the enthalpy
was favorable for all resin systems with different temperature trends observed. Interestingly, while
increasingly favorable enthalpic contributions with increasing temperature were observed with the
Capto MMC and Nuvia cPrime systems, the favorable enthalpy was seen to decrease with
increasing temperature for Capto MMC ImpRes. These enthalpic trends with temperature indicate
different mechanisms involved in binding in these MM systems at low salt. On the other hand, at
the high salt condition (2.5 M NaCl), binding of both mAbs on the two Capto resins was

consistently entropically driven, indicating that desolvation was the major driver for binding.

Clearly, the complexity of these mAb biomolecules makes it difficult to directly connect this
thermodynamic information with their specific molecular interactions with the multimodal resins.
However, some insights were obtained by examining the heat capacity trends. For example, the
negative heat capacities at low salts obtained with the Capto MMC and Nuvia cPrime resins
indicated that desolvation of polar/charged groups on the mAb surfaces were potentially playing
an important role. In contrast, the positive heat capacity values at low salts with the lower ligand
density Capto MMC ImpRes resin, may be indicative of a contribution from desolvation of non-
polar groups. Finally, in the high salt regime, the positive heat capacity values in concert with the
entropic driving forces were indicative of desolvation of non-polar groups being an important

driver for the binding of both mAbs on the two Capto systems.

The work in this paper demonstrates clear differences in the thermodynamic behavior for
the three MM CEX resin systems in two salt regimes. It is expected that these thermodynamic
differences will be even more pronounced in multimodal anion exchange systems, where increased
retention with salt has been observed even at lower salts. Further, the difference in energetics with
temperature for these two mAbs raises questions about the distribution and types of binding
regions on these protein surfaces. Future work will focus on evaluation of the preferred regions on
the mAb surfaces involved in binding to the resins using covalent cross-linking and mass
spectrometry analysis as well as MD simulations. This will enable us to make more direct
connection between the thermodynamic trends and molecular interactions involved with these

particular binding regions and chromatographic surfaces.
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Figure Captions

Figure 1: (a) Chromatographic retention of mAbs A (purple) and C (blue) on multimodal cation

exchange chromatography systems and structures of the (b) Capto and (C) Nuvia cPrime ligand

head groups (numbers in parenthesis indicate the corresponding ligand densities on the
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chromatographic resin surfaces). Capto MMC and Capto MMC ImpRes resins have the same
ligand head group with different surface ligand density. Linear salt gradients were from 0 to 1M

NaCl, 40 CV, pH 6. Retention data reproduced from ref [16].

Figure 2: Ln k’ vs Ln Cs plots for retention of mAbs A (purple) and C (blue) on (a) Capto MMC,
(b) Nuvia cPrime and (¢) Capto MMC ImpRes at room temperature (295 K).

Figure 3: Non-linear van’t Hoff plots for adsorption of mAb A on (a,d) Capto MMC, (b,e) Nuvia
cPrime and (c,f) Capto MMC ImpRes at different salt concentrations. Curves generated by fitting
the quadratic VH equation are presented as dotted lines for the low salt regime (0.45, red; 0.55,
blue; 1 M, brown; NaCl) and solid lines for the high salt regime (1.2, violet; 1.5, orange; 2, grey;
and 2.5 M, green; NaCl).

Figure 4: Enthalpic (top) and entropic (bottom) contributions at different temperatures (278, 290,
295, 303 and 310 K) and salt concentrations (0.45, red; 1.2, violet; and 2.5 M, green; NaCl) for
binding of mAb A on (a,d) Capto MMC, (b,e) Nuvia cPrime and (c,f) Capto MMC ImpRes.

Figure 5: Heat capacity change upon adsorption of mAb A on (a) Capto MMC, (b) Nuvia cPrime
and (c¢) Capto MMC ImpRes at different temperatures (278, 290, 295, 303 and 310 K) and salt
concentrations (0.45, red; 1.2, violet; and 2.5 M, green; NaCl).

Figure S1: Non-linear van’t Hoff plots for adsorption of mAb C on (a,d) Capto MMC, (b,e) Nuvia
cPrime and (c,f) Capto MMC ImpRes at different salt concentrations. Curves generated by fitting
the quadratic VH equation are presented as dotted lines for the low salt regime (0.45, red; 0.55,
blue; 1 M, brown; NaCl) and solid lines for the high salt regime (1.2, violet; 1.5, orange; 2, grey;
and 2.5 M, green; NaCl).

Figure S2: Enthalpic (top) and entropic (bottom) contributions at different temperatures (278, 290,
295, 303 and 310 K) and salt concentrations (0.45, red; 1.2, violet; and 2.5 M, green; NaCl) for
binding of mAb C on (a,d) Capto MMC, (b,e) Nuvia cPrime and (c,f) Capto MMC ImpRes.

Figure S3: Heat capacity change upon adsorption of mAb C on (a) Capto MMC, (b) Nuvia cPrime
and (c) Capto MMC ImpRes at different temperatures (278, 290, 295, 303 and 310 K) and salt
concentrations (0.45, red; 1.2, violet; and 2.5 M, green; NaCl).
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