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ABSTRACT: Multimodal chromatography is a powerful approach for purifying
proteins that uses ligands containing multiple modes of interaction. Recent studies

Protein-Ligand

Ligand Structure Ligand Solvation

have shown that selectivity in multimodal chromatographic separations is a Interactions
function of the ligand structure and geometry. Here, we performed molecular o

dynamics simulations to explore how the ligand structure and geometry affect . C: z: L ;
ligand—water interactions and how these differences in solution affect the nature of C:’ : ¢ o

protein—ligand interactions. Our investigation focused on three chromatography o "o
ligands: Capto MMC, Nuvia cPrime, and Prototype 4, a structural variant of Nuvia

cPrime. First, the solvation characteristics of each ligand were quantified via three

metrics: average water density, fluctuations, and residence time. We then explored how solvation was perturbed when the ligand was
bound to the protein surface and found that the probability of the phenyl ring dewetting followed the order: Capto MMC >
Prototype 4 > Nuvia cPrime. To explore how these differences in dewetting affect protein—ligand interactions, we calculated the
probability of each ligand binding to different types of residues on the protein surface and found that the probability of binding to a
hydrophobic residue followed the same order as the dewetting behavior. This study illustrates the role that wetting and dewetting

play in modulating protein—ligand interactions.

B INTRODUCTION

In recent years, protein-based therapeutics have emerged as a
powerful approach to treating complex diseases, fueling the
need for developing effective and efficient methods for
purifying these drugs at scale. Recently, a new type of
chromatography, multimodal chromatography, has emerged as
a leading approach for performing protein separations."”
Unlike single-mode chromatography techniques, multimodal
chromatography separates proteins by using ligands capable of
multiple types of weak interactions (e.g.. charge, hydro-
phobicity, and hydrogen bonding). By combining these modes
of interaction synergistically, ligands can bind with varying
affinities to proteins that differ by only small changes in their
surface properties.”” This has made multimodal chromatog-
raphy particularly effective at purifying difficult-to-separate,
industrially relevant mixtures such as product-related variants
and aggregate species.”>”’ Despite these advantages, the
promise of multimodal chromatography in industrial applica-
tions has not been fully realized due to a poor fundamental
understandin% of the nature of protein—multimodal ligand
interactions."

Protein—ligand interactions in multimodal chromatography
are complex in nature. The protein and the ligand-covered
resin surface interact with each other through many types of
noncovalent interactions, each of which are mediated by water
and ions. Many studies have attempted to simplify this
problem by assuming that weak multimodal interactions are
additive in nature.*” While this assumption can prove useful in
specific circumstances, many studies have shown that even
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most commonly used multimodal ligands display nonadditive
behavior when interacting with therapeutically relevant
proteins.” In fact, Woo et al.'”'' and Robinson et al.'”"’
illustrated that multimodal resins with different chemistries and
architectures lead to changes in selectivity and Bilodeau et al."*
showed that multimodal resins are generally orthogonal to ion
exchange resins. Thus, this nonadditive behavior is not an
exception but rather the norm."?

The nonadditivity of multimodal interactions is not unique
to protein separations and has been observed in many other
biological and colloidal systems. Recent studies indicate that
the hydrophobic effect near molecules and at interfaces is
governed by the density fluctuations and dynamics of water
molecules."®™"” The behavior of these water molecules is, in
turn, governed not only by the presence of specific chemical
groups but also by the precise arrangement and patterning of
those chemical groups.”’”>* This phenomenon has implica-
tions for a variety of important systems including protein—drug
interactions™”** and protein—protein interactions.'”*>

Molecular dynamics (MD) simulations have been previously
used to fundamentally understand molecular-scale phenomena
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Figure 1. (a—c) Chemical structures of Capto MMC, Nuvia cPrime, and Prototype 4, respectively, with the color representing the type of chemical
moiety. (d) Snapshot from an MD simulation of Prototype 4 and a sodium counterion (spacefill) solvated in water (wireframe) in a three-
dimensional periodic box with dimensions of ~4 X 4 X 4 nm. Color scheme: sodium, blue; hydrogen, white; oxygen, red; carbon, cyan; and
nitrogen, blue. (e—g) Spatial density distribution function of water near Capto MMC, Nuvia cPrime, and Prototype 4, respectively, with a purple
contour representing the water density equal to 2X the bulk water density. (h) Number of water molecules in the solvation shell of each moiety
normalized by the number of heavy atoms present in that moiety for Capto MMC (solid), Nuvia cPrime (dotted), and Prototype 4 (hashed). (i)
Fluctuations in the number of water molecules in the solvation shell of each moiety normalized by the number of atoms present in that moiety for
Capto MMC (solid), Nuvia cPrime (dotted), and Prototype 4 (hashed). (j) Average water residence time for each moiety for Capto MMC (solid),

Nuvia cPrime (dotted), and Prototype 4 (hashed).

in chromatographic systems. MD simulations have been
successfully applied in identifying protein binding orientation
and conformation in ion exchange, hydrophobic charge
induction, and multimodal chromatography.”*~*’ Additionally,
the simulations have yielded insights into the mechanism by
which arginine can elute proteins from Protein A,*”*'
multimodal cation exchange, and multimodal anion exchange
resins.”””" Finally, the technique can be used to identify
binding free energies of specific protein faces,”” and when
combined with molecular mechanics/Poisson-Boltzmann
solvent accessible surface area methods shows potential for
predicting the relative free energy of binding to chromato-
graphic surfaces.*>** Here, we focus on the role that water
plays in governing protein—ligand interactions, a perspective
that has proven useful for understanding protein folding®**°
and protein—protein interactions,'®” but which has been less
thoroughly explored for chromatographic applications.

In this paper, we explore the role that chemistry and
chemical arrangement play in governing the hydrophobicity of
three multimodal cation exchange ligands. We first study the
water behavior near each ligand by performing MD simulations
and analyzing the average water density distribution, the water
fluctuations in the ligand solvation shell, and the water
residence time in the ligand solvation shell. We then perform
simulations with ligands in free solution around the protein to
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investigate how water behavior changes when the ligand binds
to the protein surface. Finally, we explore how these differences
in water behavior drive differences in ligand affinity for various
types of amino acids. This investigation illustrates how changes
in ligand chemistry and architecture cause changes in solvation
which, in turn, govern ligand—protein interactions.

B METHODS

As has been described previously,”® Capto MMC (Cytiva) and
Nuvia cPrime (Bio-Rad Laboratories) are both commonly
used, commercially available multimodal cation-exchange
ligands (Figure lab). Prototype 4, a ligand based off of the
structure of Nuvia cPrime, was developed previously in a
collaboration with Bio-Rad"' and differs from Nuvia cPrime in
that the amine is located at the ortho position instead of the
para position, as shown in Figure lc. In the chromatographic
resin, Capto MMC is immobilized to an agarose bead via a
polyglycerol linker attached to the alkyl thiol group (yellow),
while Nuvia cPrime and Prototype 4 are both immobilized
directly to a polyacrylamide bead via the amine group
(orange). In this study, we explore the behavior of water
molecules near each ligand by performing MD simulations of
each ligand alone in water and in the presence of three
antibody fragments.

https://doi.org/10.1021/acs.jpcb.1c01549
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Single Ligand in Water. MD simulations first were
performed with each ligand solvated in a 4 nm cubic box of
TIP4P water with a single sodium counterion.’”** A previous
work showed that ligand hydration and conformational
behavior are similar for TIP3P and TIP4P force fields.”® The
general Amber force field"' was used to assign force—field
parameters to each ligand and the RESP method** was used to
assign partial charges, as has been described previously
(parameters for Prototype 4 can be found in Supporting
Information because they have not been previously
reported).”® Simulations were performed using GROMACS
4.5.3"7" for 10 ns with a timestep of 2 fs and storing
coordinates every 1 ps. Bonds with hydrogen atoms were
constrained using LINCS.*® The Particle-Mesh Ewald
method”” with a 0.1 nm grid was used to calculate
electrostatics. Simulations were performed in the NPT
ensemble with a temperature of 298 K and a pressure of 1
bar achieved using a Nosé—Hoover thermostat® and a
Parrinello—Rahman barostat,*’ respectively.

Ligands in the Presence of Proteins. To explore how
ligands are hydrated during the binding/unbinding process in
proteins, each ligand was then simulated in free solution
around three Fab fragments from different antibodies referred
to here as Fabs A, B, and C (9 simulations total). Each
simulation included 64 ligand molecules (~0.1 M concen-
tration), 64 sodium counterions, and one protein and was
solvated in TIP3P water molecules® to fill a box size of 9.5 X
10 X 12 nm (selected to allow for a margin of ~1.5 nm on each
side of the protein). Each protein was modeled using the
AMBERY9 force field® and the protonation states of the side
chains were determined using PROPKA®" at pH 6 which is a
typical pH for preparative multimodal cation exchange
separations. Four buried alpha carbons near the center of
each domain of each Fab were harmonically constrained with a
40,000 kJ/(mol-nm?) to prevent translation and rotation of the
protein. All other MD parameters remained unchanged.

Spatial Density Distribution Function Calculation.
The spatial density distribution function for each ligand was
calculated by first performing hierarchical clustering over the
ligand conformation (based on torsion angle) in each frame of
the MD trajectory containing only a ligand in water. The
centroid of the largest cluster was then used as the
conformation for calculating the spatial density distribution
function.”” An additional 1 ns MD simulation was performed
with the ligand heavy atoms harmonically constrained with a
constant of 40,000 kJ/(mol-nm?). Average water density near
the ligand was then calculated from this 1 ns trajectory at each
point on a cubic grid centered around the ligand with side
length 2.5 and 0.1 nm spacing.

Average Residence Time Distribution Calculation.
The average water residence time is the average quantity of
time the water spends in the solvation shell of a given atom.
Because this phenomenon occurs on a shorter timescale than
the other behaviors studied, an additional 1 ns simulation was
performed saving frames every 0.01 ps (for a total of 11 ns
simulation time). Any average residence times reported are
calculated only on this last 1 ns and all other reported
measurements are calculated only on the first 10 ns. We then
consider water molecules to be in the solvation shell of a given
heavy atom if the oxygen atom is within 0.4 nm of the atom.
To account for water molecules lingering near this threshold,
we use a buffer time of 0.1 ps such that if the water molecule
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leaves but comes back within 0.1 ps the water molecule is
considered to have never left.

B RESULTS AND DISCUSSION

Our investigation focused on three multimodal cation
exchange chromatography ligands. Two of these, Capto
MMC and Nuvia cPrime, are commonly used, commercially
available ligands. The third ligand, Prototype 4, was previously
developed in collaboration with Bio-Rad and is based on the
structure of Nuvia cPrime."" Each ligand contains a common
chemical motif (hippuric acid) consisting of a phenyl ring
connected to a carboxylate by an amide linker, making each
ligand negatively charged and partially hydrophobic. In
addition, Capto MMC has an alkyl thiol group attached to
the methylene portion of hippuric acid and Nuvia cPrime has
an amine group bonded to the phenyl ring at the para position.
Prototype 4 differs from Nuvia cPrime in that the amine group
is instead located at the ortho position.

Despite the fact that these three ligands had nearly identical
chemistry, multiple studies have shown that their subtle
differences in the structure can lead to significant changes in
selectivity. In particular, comparisons between Capto MMC
and Nuvia cPrime on libraries of model proteins,lo Fab
variants,” and mAbs'> showed that Capto MMC strongly
retained proteins with exposed hydrophobic regions, in some
cases leading to greater selectivity on the basis of hydro-
phobicity. Prototype 4 (ortho configuration) has also been
shown to have enhanced retention of proteins compared with
Nuvia cPrime and in different cases has had selectivities
resembling either Capto MMC or Nuvia cPrime.'”'” This
leads to the question: How do subtle molecular differences
between multimodal ligands lead to significant changes in
protein—ligand interactions? The first part of this paper studies
how small molecular perturbations cause differences in
molecular solvation. The second part of this paper explores
how these differences in solvation lead to differences in
protein—ligand interactions.

Ligand—Water Interactions. The strength of water-
mediated protein—ligand interactions results from a balance
between direct protein—ligand, protein—water, and ligand—
water interactions.”® Therefore, to understand how ligands
differ in terms of protein selectivity, it is important to first
study how ligand—water interactions are controlled by ligand
chemistry. We evaluated the solvation characteristics of each
ligand by performing MD simulations in a 64 nm® cubic box
with a single counterion (Figure 1d) and measured three
attributes of water behavior in the solvation shells of the
ligands as follows: density at equilibrium, density fluctuations,
and residence time.

Figure le—g illustrates the water density at equilibrium in
the vicinity of Capto MMC, Nuvia cPrime, and Prototype 4,
through visualizing the spatial density distribution function of
water as a purple isosurface representing water density greater
than twice that of bulk water. As expected, high-density regions
of water were found to occur near the hydrogen bonding
groups on each ligand. For Capto MMC (Figure le), the
hydrogen bonding groups (the carboxylate and amide groups)
were located near the center of the ligand, while the relatively
hydrophobic moieties formed the two ends of the ligand. In
contrast, Nuvia cPrime’s hydrogen bonding groups (the
carboxylate, amide, and amine groups) were located at the
ends of the ligand with the comparatively hydrophobic region
centered toward the middle of the ligand (Figure 1f). In this
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Figure 2. (a) Snapshot from an MD simulation of Fab A (gray, surface representation) solvated in water (wireframe) with Capto MMC ligands
(licorice). Color scheme: hydrogen, white; oxygen, red; carbon, cyan; and nitrogen, blue. Probability of observing N,,., molecules in the solvation
shell of (b) phenyl ring of Capto MMC, (c) carboxylate of Capto MMC, (d) phenyl ring of Nuvia cPrime, and (e) phenyl ring of Prototype 4 in a
free solution (colored purple for the phenyl ring and red for the carboxylate), with the ligand bound to the protein (black open circles) and the

moiety bound to the protein (black, dashed line, x markers).

way, water density near Capto MMC followed a “low-high-
low” motif, while the water density near Nuvia cPrime followed
a “high-low-high” motif. This difference in solvation likely
affects the nature of protein—ligand interactions in solution
because the ends of each ligand are more accessible to the
protein than the ligand center. As described earlier, Prototype
4 differed from Nuvia cPrime in that the amine was located at
the ortho instead of the para position. Figure 1g illustrates that
this difference caused the water density near the amine to
merge with the water density near the amide/carboxylate
groups, leading to a “low-high” water density motif.

Figure 1h illustrates the equilibrium water density in the
solvation shell of each moiety within each ligand. The
carboxylate on each ligand contained the most water molecules
in its solvation shell, likely due to its ability to hydrogen bond
with water at two locations. The amide group had the next
highest number of water molecules in its solvation shell likely
because it was capable of hydrogen bonding but was less
sterically accessible. The phenyl and amine groups had similar
numbers of water molecules in their solvation shells, likely
because the water density on average near the amine was
significantly affected by the much larger neighboring phenyl
ring. Each type of chemical moiety had a relatively constant
number of water molecules in its solvation shell across all three
ligands, with only minor differences. The carboxylate and
amine groups on Prototype 4 had fewer water molecules in
their solvation shells compared to the same groups on Nuvia
cPrime. We note that the amine group on Prototype 4 was
found to hydrogen bond with the amide group, which is likely
the reason for the reduced number of neighboring water
molecules. In addition, the carboxylate, phenyl, and amide
groups on Capto MMC had fewer water molecules in their
solvation shells compared to the same groups on either
Prototype 4 or Nuvia cPrime.

While the distribution of water density sheds light on the
strength of ligand—water interactions, the free energy of
forming a cavity in water near the ligand is more closely related
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to fluctuations in water density.'”>* In fact, numerous studies
have shown that density fluctuations of water capture the
macroscopic “contact-angle” notion of hydrophobicity better
than water density and that, for a variety of common surfaces,
equilibrium density and density fluctuations are not corre-
lated.'®*° Therefore, when studying ligand—water interactions,
it is useful to not only measure equilibrium density but also
density fluctuations.

Figure 1i illustrates the equilibrium water density fluctua-
tions in the solvation shell of each moiety within each ligand
normalized by the square of the average number of water
molecules and the number of atoms in the moiety:

2 2
<nwater > - <nwater>

2
(nwater>

where n,, refers to the number of atoms in the moiety.
Interestingly, the density fluctuations of water molecules in the
solvation shell of the Capto MMC phenyl ring (purple, solid)
were far higher than the phenyl rings of either Nuvia cPrime
(purple, dotted) or Prototype 4 (purple, hashed), suggesting
that the presence of the vicinal amine group dramatically
affected the hydrophobicity of the phenyl ring. Additionally,
while the equilibrium water densities in the solvation shell of
the phenyl and amine groups were found to be similar, the
water density fluctuations in the solvation shell of the phenyl
ring were significantly higher than those near the amine group.
Thus, while the amine group was solvated by relatively few
water molecules, these molecules would be difficult for a
protein to displace upon binding.>

While the equilibrium water density and the fluctuations
about that equilibrium tell us about the thermodynamics of
ligand—water interactions, they lack the time dependence
required to describe the dynamics of the solvation shell water
molecules.’® Water dynamics in the form of residence time and
diffusivity have been shown to be exploited by biomolecules to
affect functional dynamics.””** Similarly, water dynamics near
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Figure 3. (a) Given the probability that each ligand is bound to the protein surface, the probability of each ligand to bind to a positively charged
residue (blue), a hydrophobic residue (green), or a positively charged and hydrophobic residue simultaneously (black). (b) Given the probability
that each ligand is bound to the protein surface, the probability of each ligand to be bound to an aromatic residue (purple) or an aliphatic residue
(green). (c—e) Joint probability for Capto MMC, Nuvia cPrime, and Prototype 4, respectively; given that each ligand is bound to the protein
surface, that a given moiety and residue are also involved in the binding interaction.

chromatography ligands on the timescale of adsorption/
desorption events could influence water-mediated protein—
ligand interactions.

To explore these water dynamics, Figure 1j illustrates the
average residence time of water in the solvation shell of each
atom in each moiety. As was observed for the previous two
measurements, hydrogen bonding interactions drove the
overall trends such that the highest residence times were
observed for the carboxylate group. The alkyl thiol and phenyl
rings, which did not hydrogen bond with water, had the lowest
residence times. Interestingly, in contrast to the previous two
measurements, water molecules in the solvation shell of the
amine group had a higher residence time than in the solvation
shell of the amide group. Thus, while strong ligand—water
interactions tend to lead to high water density, low density
fluctuations, and long water residence time, these measure-
ments are not always correlated and therefore have different
implications for quantifying the hydrophobic qualities of a
given ligand.

Changes in Ligand—Water Interactions upon Binding
to Proteins. To study how ligand—water interactions change
when the ligand binds to the surface of a protein, we
performed MD simulations of each ligand in free solution
around three proteins, as illustrated in Figure 2a. We focused
our study on three Fab fragments—referred to here as Fabs A,
B, and C—of different antibodies that were representative of
therapeutically relevant proteins. Each protein had different
distributions of hydrophobic, polar, and charged patches as has
been described previously.'” We performed 200 ns simulations,
allowing each ligand to bind to each protein in a variety of
chemical and topological settings and selected frames every S0
ps to evaluate ligand solvation. In this study, a ligand was
considered bound if any heavy atom was located within 3 A of
any protein heavy atom.

Figure 2b shows the distribution of the number of water
molecules in the solvation shell of the phenyl group for Capto
MMC, normalized by the number of heavy atoms in the phenyl
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group. In free solution, the probability of fully desolvating the
phenyl group, p(0), was small (although nonzero). Upon
binding to the protein surface, this probability increased
dramatically, and given that the phenyl group was in contact
with the protein (shown with x markers in Figure 2b), the
probability of fully desolvating the phenyl group was 0.41. In
contrast, the probability of fully desolvating the Capto MMC
carboxylate (Figure 2c) was zero regardless of whether the
ligand is bound or unbound.

Figure 2d shows the distribution of the number of water
molecules in the solvation shell of Nuvia cPrime’s phenyl
group. In contrast to Capto MMC, upon binding to the protein
surface, the probability of fully desolvating the Nuvia cPrime
phenyl group remained comparatively low (0.13). Thus, while
the Capto MMC phenyl group underwent full dewetting upon
binding to the surface, the Nuvia cPrime phenyl group
displayed only partial dewetting behavior. This is consistent
with our observations of the individual Capto MMC and Nuvia
cPrime ligands in aqueous solution, namely, that the Nuvia
cPrime phenyl ring had higher water density, lower water
fluctuations, and a higher water residence time when compared
with the Capto MMC phenyl ring. The difference in the
solvation characteristics of the two phenyl rings is likely due to
the fact that the amine (located at the para position of the
phenyl ring on Nuvia cPrime) was more difficult to desolvate
than the phenyl rings, illustrated by the higher water densities,
lower water fluctuations, and higher water residence times of
the amine group compared to any of the phenyl rings (Figure
1).

Figure 2e shows the distribution of the number of water
molecules in the solvation shell of Prototype 4’s phenyl group.
Interestingly, upon binding to the protein surface, the
Prototype 4 phenyl group displayed an intermediate
probability of full desolvation [p(0) = 0.22]. Thus, shifting
the location of the amine from the para position to ortho
position increased the dewetting behavior of the phenyl ring,
nearly doubling the probability of full dewetting. Unlike the
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previous solvation trends, this intermediate dewetting behavior
was not indicated by most of the measurements of the
individual ligands. As shown in Figure 1h—j, the average water
density, fluctuations, and residence time in the vicinity of the
Prototype 4 phenyl ring did not differ significantly from the
Nuvia cPrime phenyl ring. This is likely because the increase in
dewetting can be attributed to the improved accessibility of the
phenyl ring, illustrated by the “low-high” motif observed in
Figure 1g, allowing the phenyl ring to readily bind to the
protein unimpeded by the amine group.

Ligand—Residue Interaction Preferences. In the
previous sections, we have investigated how water solvates
Capto MMC, Nuvia cPrime, and Prototype 4 ligands in free
solution and bound to the surfaces of proteins. How do
changes in solvation drive differences in selectivity for proteins
with varying surface properties? To address this question,
Figure 3a shows the probability of each ligand binding to a
given type of residue (normalized by the probability that the
ligand was bound to the protein). While each ligand was
roughly equally likely to bind to a positively charged residue
(blue), there were significant differences in each ligands’
propensity to bind to a hydrophobic residue (green). As can be
seen, while Capto MMC was the most likely to bind to a
hydrophobic residue, Nuvia cPrime was the least likely.
Interestingly, Prototype 4 exhibited an intermediate probability
of binding to the hydrophobic residues. We also found that
Capto MMC and Prototype 4 were roughly equally likely to
bind simultaneously to both positively charged and hydro-
phobic residues, while Nuvia cPrime was less likely to do so.
This difference was largely driven by the tendency for Capto
MMC and Nuvia cPrime to interact with aliphatic residues as
compared to Nuvia cPrime (Figure 3b). This is consistent with
the prior work reported by Parimal et al.>” where it was found
that for two proteins, ubiquitin and a-chymotrypsinogen A,
Capto MMC tended to interact strongly with aliphatic clusters
on the protein surface while Nuvia cPrime interacted relatively
weakly.

To explore how the observed differences in protein—ligand
interactions could be attributed to differences in the ligand
structure, Figure 3c—e illustrates the joint probability of each
moiety in the ligands binding to each residue type considered
for Capto MMC, Nuvia cPrime, and Prototype 4, respectively
(again normalized by the probability that each ligand was
bound to the protein). While most of these joint probabilities
were similar across all three ligands, the joint probability that
the phenyl ring and aliphatic residues were involved in binding
was significantly higher for Capto MMC and Prototype 4 (0.4S
and 0.44, respectively) as compared with the Nuvia cPrime
ligand (0.34). This illustrates that the observed preference for
aliphatic residues by Capto MMC and Prototype 4 in
comparison with Nuvia cPrime can be attributed to differences
in the behavior of the phenyl ring.

These differences in ligand—residue interactions can lead to
differences in the relative strength of interactions as well as the
shapes, sizes, and positions of the preferred binding regions on
the proteins. To illustrate this, Figure 4 shows the specific case
of these ligands binding to the proximal positively charged
(colored blue in Figure 4) and hydrophobic regions (including
aromatic and aliphatic residues, colored purple and green,
respectively, in Figure 4) in the complementary-determining
region (CDR) of Fab C. While all three ligands bound to the
positively charged region (illustrated by the black, mesh
isosurface in Region 1 in Figure 4), Capto MMC bound to a
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Capto MMC Nuvia cPrime

Region 1 Region 2

Region 1

Prototype 4

Residue Color Scheme
Il Positively Charged
- Negatively Charged
[ Aliphatic

Il Aromatic

[ Polar

Region 3

[E5] Ligand Density
(50x bulk ligand density)

Region 1

Figure 4. Snapshots of the top (CDR) of Fab C, represented using a
surface representation and colored based on residue type: aromatic,
purple; positively charged, blue; negatively charged, red; aliphatic,
green; and polar, gray. Ligand density is shown as an orange mesh
contour representing a bound density of S0X bulk ligand density.

wider region, also encompassing the hydrophobic residues
(Region 2 in Figure 4). While Prototype 4 was not observed to
bind to the hydrophobic region in the center of the CDR loops
(Region 2 in Figure 4), it did interact favorably with a second,
separate hydrophobic region in the CDR (Region 3 in Figure
4). Thus, the differences in each ligands” interaction with the
different residue types resulted in each ligand interrogating a
different combination of regions on the protein surface.

B CONCLUSIONS

In this work, we performed MD simulations to explore how
multimodal ligand solvation and desolvation govern protein—
ligand interactions. We first quantified the average water
density, fluctuations, and residence time near each ligand and
found that small differences in the ligand arrangement affected
how water molecules behaved in the solvation shell of each
ligand. These differences in solvation were then found to drive
differences in dewetting upon each ligand binding to the
surface of a protein, such that that the Capto MMC phenyl
ring had a high probability of fully dewetting (0.41), the
Prototype 4 phenyl ring had an intermediate probability of
fully dewetting (0.22), and the Nuvia cPrime phenyl ring had a
low probability of fully dewetting (0.13). These solvation/
desolvation trends affected how each ligand interacted with
different types of residues on the protein surface. While each
ligand was bound to positively charged residues with a roughly
equal probability, the probability of binding to a hydrophobic
residue followed the order Capto MMC > Prototype 4 > Nuvia
cPrime, matching the order of the probability of full
desolvation. These differences in ligand—residue interactions
resulted in the formation of different protein—ligand
interaction hotspots, illustrated in Figure 4. This work
illustrates how a small modification to Nuvia cPrime such as
changing the phenyl ring substitution can dramatically change
ligand solvation, which in turn affects protein—ligand
interactions.

The dewetting behavior of these ligands also has important
implications for understanding previously reported experimen-
tal trends. Woo et al."” showed that a library of model proteins
was generally more retained on Capto MMC compared with
Nuvia cPrime. They also showed that proteins with particularly
enhanced retention on Capto MMC were classified as
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aliphatic, while proteins that were highly retained on both
resins were aromatic. Similarly, Woo et al.'' showed that
Prototype 4 retained proteins more strongly than Nuvia
cPrime and attributed this to the increase in hydrophobic
surface area associated with the change in the phenyl ring
substitution. More recently, Gudhka et al.”’ showed that Capto
MMC has a more hydrophobic character than Nuvia cPrime
by performing isocratic experiments with two mAbs at varying
salt concentrations. The results reported in this article are
qualitatively consistent with these previous experimental
findings and illustrate the potential underlying molecular
phenomena that drive the observed chromatographic behavior.

Here, we presented a workflow for quantifying ligand
solvation properties and illustrated that these properties are
important for describing protein—ligand interactions. While
simulating proteins in the presence of ligands (the last two
sections) is computationally expensive, it is relatively
inexpensive to simulate individual ligands in water and
measure solvation characteristics. Therefore, in the future, we
will use these measurements as quick screening metrics that
can be easily used to evaluate which new ligand designs have
the potential to have interesting selectivities. Further, for
systems where experimental data are available, we will use
these properties as QSAR descriptors'' and evaluate their
ability to predict protein retention in a chromatography
column. In this way, we envision that ligands deemed
promising using molecular simulations and/or other modeling
techniques could then be synthesized and tested experimen-
tally.

While in this work, we have focused on ligands interacting
with proteins in free solution, in a chromatography column,
ligands are immobilized on a resin surface. In this context,
ligands are forced to remain in close proximity to one another,
which at relevant ligand densities can result in the formation of
ligand aggregates near the resin surface.’’! Therefore, in the
future, we will explore the solvation characteristics of ligands
immobilized on a surface. It is important to note that while the
properties of the chromatographic surface are likely to be of
great importance to understanding selectivity in multimodal
chromatography, they will also be more challenging to study.
Because multimodal surfaces are large, soft, and flexible and the
solvation shell is difficult to define, enhanced sampling
techniques will likely be required to accurately evaluate water
behavior. Therefore, we believe that these two levels of
complexity, free ligand simulations (less complex) and surface-
immobilized ligand simulations (more complex), should be
used in a strategic combination to further explore protein—
ligand interactions in multimodal chromatographic systems.
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