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Simulations of HIV Capsid Protein Dimerization Reveal the Effect of
Chemistry and Topography on the Mechanism of Hydrophobic Protein
Association
Naiyin Yu and Michael F. Hagan*
Martin Fisher School of Physics, Brandeis University, Waltham, Massachusetts
ABSTRACT Recent work has shown that the hydrophobic protein surfaces in aqueous solution sit near a drying transition. The
tendency for these surfaces to expel water from their vicinity leads to self-assembly of macromolecular complexes. In this article,
we show with a realistic model for a biologically pertinent system how this phenomenon appears at the molecular level. We focus
on the association of the C-terminal domain (CA-C) of the human immunodeficiency virus capsid protein. By combining all-atom
simulations with specialized sampling techniques, we measure the water density distribution during the approach of two CA-C
proteins as a function of separation and amino acid sequence in the interfacial region. The simulations demonstrate that CA-C
protein-protein interactions sit at the edge of a dewetting transition and that this mesoscopic manifestation of the underlying
liquid-vapor phase transition can be readily manipulated by biology or protein engineering to significantly affect association
behavior. Although the wild-type protein remains wet until contact, we identify a set of in silico mutations, in which three hydro-
philic amino acids are replaced with nonpolar residues, that leads to dewetting before association. The existence of dewetting
depends on the size and relative locations of substituted residues separated by nanometer length scales, indicating long-range
cooperativity and a sensitivity to surface topography. These observations identify important details that are missing from descrip-
tions of protein association based on buried hydrophobic surface area.
INTRODUCTION
The hydrophobic effect provides a crucial driving force
for the self-assembly of proteins into many biological
complexes, such as viral protein coats or capsids (1,2), cyto-
skeletal filaments (3), and amyloid fibrils (e.g., (4,5)).
Although the surfaces of unassembled proteins are wet in
solution (6,7), assembly leads to contact surfaces that are
dry (8,9). It has been recently shown that hydrophobic
protein surfaces sit near a local drying transition, enabling
them to form soft interfaces with water that lead to
assembly. This work shows how this phenomenom arises
in a realistic model.

Many models for self-assembly and other biological asso-
ciation phenomena assume that binding energy is correlated
to buried hydrophobic surface area (e.g. (10–12)). Although
this generalization has been extremely useful, its accuracy
is limited because it does not account for effects such
as surface roughness (13), curvature (14,15), or long-range
correlations between chemical groups (16). Corrections
arising from these effects will be most important for weak
protein-protein interactions, which are ubiquitous in biolog-
ical systems (17) and often essential for the formation of
biological assemblages (e.g. (1,18)). By accounting for the
molecularity of water, our study provides critical details
missing from the surface area-based calculation that eluci-
date how the geometric arrangement and sizes of different
chemical groups within a hydrophobic surface determine
its interaction.
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Theoretical work (19–21) has shown that hydrophobic
association depends on the fact that solvation of a hydro-
phobic particle exceeding 1 nm in diameter leads to an
excess of unsatisfied hydrogen bonds in the surrounding
water, which can lead to a state that is close to the liquid-
vapor coexistence at ambient conditions. A large, ideal
hydrophobic surface (which experiences only repulsive ex-
cluded volume interactions with water) pushes the system
over a dewetting transition and a liquid-vapor interface is
formed (19–21). On the other hand, realistic surfaces such
as proteins exert van der Waals and/or electrostatic interac-
tions that attract the water and thus remain wet. The prox-
imity of a dewetting transition is then only revealed by
fluctuations of water density (22) or the response of water
density to perturbations (15,21), such as the confinement
introduced by the approach of two such surfaces. If the
surfaces are sufficiently close to a dewetting transition, their
approach within a critical distance can lead to dewetting and
subsequent hydrophobic collapse (20,21,23–31). However,
surfaces of typical proteins found in biological assemblages
are geometrically rough and chemically heterogeneous, in-
variably including hydrophilic groups that locally stabilize
liquid water (16,29,31–33). It is unclear how the principles
describing dewetting of idealized surfaces can be applied to
more complex protein surfaces.

Recently, Patel and co-workers developed specialized
sampling techniques (22,34) to measure water density fluc-
tuations in the vicinity of topographically rugged interfaces,
and used these to demonstrate that the model proteins BphC
and melittin are close to dewetting transition boundaries
(31). Here, we apply these techniques to understand the
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association of the C-terminal domain of the human immuno-
deficiency virus (HIV) capsid protein (CA-C), as a model
system with which to understand the assembly of macromo-
lecular complexes. The size and composition of residues in
the interface is typical for protein association interfaces.
Furthermore, the CA-C dimerization interface (Fig. 1) plays
an essential role in HIV capsid assembly (35–40) and recent
studies suggest that it could be a highly effective target for
small drug molecules that inhibit assembly (41–43). Isolated
CA-C domains dimerize in solution with a dissociation
constant of ~10 mM (44) which is similar to that of the
full-length CA (18 mM (45)), with structures that closely
correspond to those found in mature HIV capsids (39).

We find that, although density fluctuations are enhanced
with respect to those found in bulk solution, a dewetting
transition does not occur during association of the wild-
type (WT) protein. However, the system is close to
dewetting as revealed by its sensitivity to perturbations in
chemistry or topography. By performing a systematic series
of in silico mutations, we identify a set of three hydrophilic
residues whose simultaneous mutation to nonpolar amino
acids of similar size leads to dewetting during association.

The distances between mutated residues show coopera-
tive effects on nanometer-length scales, whereas the depen-
dence of dewetting on the size of the substituting residues
indicates that both topography and chemistry control water
behavior. These results indicate that the proximate dewet-
ting transition can be manipulated by small perturbations
to the CA-C interfacial microarchitecture to effect large
changes in association behavior. In contrast to the assump-
tions underlying traditional surface-area-based estimates
of protein association behavior, our results show that the
transition to dewetting does not depend only on the total
buried hydrophobic surface area or the mean hydrogen-
bonding potential of the surface, but does depend sensitively
on the relative locations and sizes of the mutated residues.
FIGURE 1 Geometry and chemistry of the CA-C dimerization interface.

(A) A space-filling model of one monomer from the CA-C dimer (PDBID

1A43 (46)). The residues that play a significant role in dimerization ((47))

are color-coded according to residue-type: nonpolar in red, polar in green,

basic in blue, and acidic in purple. Three residues that play a key role in

determining water behavior, Ser-178, Glu-180, and Gln-192 are labeled.

(B) A side view of the dimer interface is shown, with Ser-178, Glu-180,

and Gln-192 represented by space-filling models and the remainder of

CA-C dimer structure shown in ribbon representation. Images created

with VMD ((76)).
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System

We perform simulations based on the crystal structure
PDBID 1A43 (46), whose electron density closely fits that
found at the hexamer-pentamer interface in electron micro-
graphs of the mature HIV capsid structure (39). As shown
in Fig. 1, dimerization occurs via the mutual association
of a-helix 2 (residues S178–V191). The interface involves
~1200 Å2 of buried solvent accessible area contributed by
nonpolar residues, comprising a hydrophobic ‘‘patch’’ at
the center of the contact region, which exceeds a nanometer
in all directions. The CA-C dimerization interface is thus
representative of capsid protein assembly interfaces and
other protein-protein association surfaces in terms of struc-
ture and composition. Based on the changes in binding
affinity upon mutations of each residue at the dimerization
interface, association is primarily driven by hydrophobic in-
teractions but attenuated by electrostatic effects (45,47–51).
In particular, residues whose mutation to alanine signifi-
cantly impair association are mostly nonpolar, whereas
mutation of several polar or charged residues (Ser-178,
Glu-180, Gln-192) lead to a stronger association (48).
RESULTS

The CA-C interface on an isolated monomer is wet
in solution but leads to enhanced water density
fluctuations

We began by investigating the behavior of water near the
dimerization interface of an isolated WT CA-C monomer.
Because the protein surface has an irregular shape, we em-
ployed an extension of the indirect umbrella sampling
method (34,31) that allows sampling the probability distri-
bution PyðNÞ of numbers of water N in an arbitrarily shaped
volume y (31) as described in the Methods (in the Support-
ing Material). As shown in Fig. 2, the mean number of
FIGURE 2 Effect of interfacial chemistry on water behavior near iso-

lated CA-C monomers. The distribution of water density fluctuations

PyðNÞ is shown as a function of the number of waters N in the evaluation

volume y (pictured on the right in red) in the vicinity of the CA-C dimer-

ization interface. Distributions are shown for WT monomers, monomers

with the indicated sets of mutations: E180L, Q192L, and S178A/E180L/

Q192L (TM), and a region of bulk water with the same volume as the eval-

uation region.



Water Behavior during HIV Capsid Protein Dimerization 1365
waters is close to that found in a region of bulk water with
the same volume, reflecting the fact that the surface is wet.
However, fluctuations to low densities are enhanced near the
interface; i.e., PyðNÞ is enhanced at low N in comparison to
the distribution for bulk water. This result is consistent with
observations on self-assembled monolayers and model
proteins BphC and melittin (31).

To understand how water near the interfacial surface
responds to perturbations in the protein sequence, we mea-
sured PyðNÞ in the same volume for CA-C monomers with
hydrophilic amino acids in the interfacial region mutated to
hydrophobic amino acids with similar sizes. The measured
distributions are shown in Fig. 2 for proteins with one to
three such mutations. As shown in Fig. 2, the single point
mutations lead to a small enhancement of low-N fluctuations,
and as additional amino acids are mutated the low-N fluctu-
ations are further enhanced. However, the most probable
number of waters in the region changes only slightly, and
in all cases the surfaces remain wet. This observation reflects
the fact that changing the hydrophobicity of a surface does
not affect the mean water density in its vicinity, but rather
alters the local water fluctuation behavior.
Water density fluctuations during association

To investigate the behavior of water as two CA-C proteins
associate, we placed two monomers at different separation
distances D, and calculated PyðNÞ in the interfacial region
between the monomers (Fig. 3 A). Although low-N fluctua-
tions and the probability of drying, Pyð0Þ, increase as the
WT monomers approach (Fig. 3 B), the interface remains
wet until the two surfaces come into contact. Specifically,
although the most probable value of N decreases with
the monomer separation because the interfacial volume
decreases, the mean density remains essentially constant
and the most probable value of N remains finite. Thus, we
conclude that dimerization of WT CA-C proteins does not
involve a dewetting transition.

We next systematically investigated the effect of the
interfacial composition on water behavior during associa-
tion by measuring PyðNÞ distributions at a separation of
D ¼ 4 Å for a series of mutations to amino acids in the
interfacial region (Fig. 4). We identified no single point
or double mutation that led to a dewetting transition,
but the mutation Q192L lead to a significant enhancement
of low-N fluctuations (Fig. 4 A). We also identified a double
mutation, E180L/S178A, for which ~5 waters tend to
vacate the interfacial region, but dewetting remains rela-
tively improbable. In contrast, the triple mutation S178A/
E180L/Q192L (denoted TM) does lead to dewetting, with
a dramatic change in PyðNÞ and a most probable value
of N ¼ 0 (Fig. 4 B). A further mutation S178A/E180L/
E187L/Q192L (denoted QM) leads to more aggressive
dewetting, as indicated by a higher relative probability of
Pyð0Þ.

To identify the threshold distance Dt for dewetting during
approach of these mutants, we calculated PyðNÞ for a series
of separation distances D. As shown in Fig. 3 C, the surfaces
remain wet for distances larger than Dtz4:1 �A. Near the
critical value, the PyðNÞ distributions are bimodal, with
high probabilities for the wet (high N) and dry (low N) states
separated by a low probability intermediate region, suggest-
ing the presence of a small barrier to dewetting. In a molec-
ular dynamics simulation with two QM monomers held
fixed at this separation but no water biasing potential applied
to the interfacial region, we observed transitions between
locally wet and locally dry states with an approximate time-
scale of 15 ps. This observation is consistent with the
observed barrier size of only a few kBT and a characteristic
timescale for water motions of ~1 ps. A barrier to desolva-
tion could potentially influence the kinetics of dimerization;
however, it would be important to determine if such a barrier
exists when the proteins associate via different approach
vectors.
Dependence of dewetting on the location of
mutations

Comparison of PyðNÞ from various protein sequences indi-
cates that mutations are cooperative and that the effect
FIGURE 3 Water density distributions during

association of CA-C and a mutant. (A) The evalu-

ation volume y in red is superposed on the CA-C

structure with separation D ¼ 5 Å. (B) The distri-

bution of water density fluctuations PyðNÞ is shown
for WT CA-C proteins at separations ofD¼ 4, 4.5,

and 5 Å. (C) The distribution of water density fluc-

tuations PyðNÞ is shown during the approach of

two S178A/E180L/Q192L (TM) proteins at sepa-

rations of D ¼ 4, 4.1, and 4.5 Å. For B and C,

representative snapshots are shown in which water

within 5 Å of both proteins is shown along with

one monomer oriented to view the interface in

cross section; the solvent accessible surface of

the protein is shown, with polar regions colored

blue and nonpolar regions colored gray.
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FIGURE 4 Interfacial chemistry determines water behavior during asso-

ciation. The distribution of water density fluctuations PyðNÞ is shown for

a separation of D ¼ 4 Å for (A) WT CA-C proteins and indicated single

mutations, and (B) the indicated sets of multiple mutations.

FIGURE 5 Distribution of water density fluctuations PyðNÞ is shown for

D ¼ 4Å from mutants Q192A/E180A/S178A (TM-A) and Q192A/E180A/

S178A/E187A (QM-A). The smaller volume of the substituted ALA resi-

dues slightly increases the evaluation volume, leading to a larger mean

number of waters than observed for WT (Fig. 4 A).
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depends sensitively on the relative location of mutated
residues. For example, E180L/S178A increases the proba-
bility of evacuating five waters, but the individual muta-
tions E180L and S178A lead to essentially no
enhancement of low-N fluctuations in comparison to the
association of WT proteins. This observation can be
understood by noting that the two monomers are rotated
by 180 with respect to each other in the crystal structure,
meaning that E180 from monomer A is juxtaposed with
S178 in monomer B. Thus, the overlapping hydrophobic
area increases only if both amino acids are mutated. On
the other hand, the single point mutation Q192L does
enhance low-N fluctuations because the Q192 residues
from the two monomers partially overlap in the associated
structure. A combination of these three mutations (TM)
then leads to a sufficient increase in the contiguous overlap-
ping hydrophobic area to give rise to dewetting, even though
the mutated amino acids are separated by up to 10 Å. In
contrast, other combinations of three mutations that did
not lead to as significant a change in the overlapping hydro-
phobic area did not lead to dewetting. Similarly, Q192L/
E180L did not enhance low-N fluctuations of the associating
monomers relative to those of Q192L.We thus conclude that
perturbations that increase the hydrophobic area of an indi-
vidual monomer have relatively little effect on the pro-
pensity for dewetting during association unless the
contiguous overlapping hydrophobic area is increased by
the mutation.
Biophysical Journal 103(6) 1363–1369
Dependence of dewetting on the volume of
substituted amino acids

The mutations described in the preceding paragraph were
designed to substitute nonpolar amino acids that matched
the size and shape of WT residues as closely as possible.
However, the contribution of a particular amino acid or
group of amino acids to association is commonly assessed
experimentally by substitution to alanine, and the most
closely related set of mutations that has been studied exper-
imentally is S178A/E180A/E187A/Q192A (QM-A) (48).
Given the sensitivity of dewetting to the location of muta-
tions and other small perturbations, we anticipated that
the identity of the residue that is substituted for the WT
amino acid could also affect water behavior. Thus we
repeated our measurements for triple and quadruple mutants
in which all residues were substituted with ALA: S178A/
E180A/Q192A (TM-A) and QM-A. As shown in Fig. 5,
the behavior of these proteins is markedly different from
that of TM and QM. Both all-ALA mutation sets exhibit
PyðNÞ, which are similar to those of the WT, and dewetting
is not favorable at any separation distance. This observation
can be understood by noting that the substituted alanine resi-
dues contribute little nonpolar surface area and their small
size in comparison to the WT residues decreases the topo-
graphic complementarity of the associating interfaces.
Hydrogen bonding potential does not imply
propensity for dewetting

It is important to note that the mutations QM and TM do not
lead to dewetting simply because they reduce hydrogen
bonding between the dimerization interface and solvent,
thereby reducing the enthalpic barrier to releasing waters
during drying. Both the size-preserving mutants (TM and
QM) and the all-alanine mutants (TM-A and QM-A) replace
the same number of hydrophilic groups at the interface, and
thus should lead to an equivalent reduction in the number of
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hydrogen bonds between the solvated protein interface and
water. To verify this supposition, we measured the number
of hydrogen bonds among interfacial side chains and water
molecules for the cases of isolated monomers (Mon), the
dimer complex (Dim), and monomers separated by 4 �A
but solvated (Dim-Sol), for the sequences WT, TM, and
TM-A. As shown in Table 1, the number of hydrogen bonds
is reduced by the same amount within statistical error for
both TM and TM-A as compared to WT. The similarity
in hydrogen bonding between TM and TM-A, combined
with the observation that TM undergoes a dewetting during
association, whereas TM-A does not suggests that hydrogen
bonding potential and the propensity for dewetting are not
uniquely related. Because the shape of the dimer interface
is better perserved in TM proteins, we conclude that the
geometric complementarity of hydrophobic regions on asso-
ciation surfaces also plays an important role.
DISCUSSION

Our computational prediction of mutations that alter the CA-
C association mechanism could be examined by solution
measurement of binding affinities for mutated CA-C
proteins or the assembly behavior of mutated full-length
protein. The existence of dewetting implies a stronger hy-
drophobic contribution to the association free energy as
compared to cases without dewetting. Therefore, we expect
that S178A/E180L/Q192L (TM) or S178A/E80L/E187L/
Q192L (QM) should have substantially smaller values of
Kd than the WT CA-C. Notably, comparison of water
behavior for the double mutant S178A/E180L and the
mutants S178A/E180L/Q192L (TM) or S178A/E180L/
E187L/Q192L (QM) (Fig. 4) shows cooperative effects on
water behavior of mutations that are separated by >10 Å.
TABLE 1 Number of hydrogen bonds for interfacial residues

of the WT, S178A/E180L/Q192L (TM), and S178A/E180A/Q192A

(TM-A) sequences in the case of a solvatedmonomer (Mon), the

dimer complex (Dim), and the two monomers at the verge of

association, separated by 4 Å but solvated (Dim-Sol)

Configuration Protein

Number of h-bonds

Waters Waters and side chains

Mon WT 32 49

TM 22 39

TM-A 22 40

WT 26 54

Dim TM 19 43

TM-A 21 45

WT 33 52

Dim-Sol TM 20 40

TM-A 23 41

Table shows the average number of hydrogen bonds between side chains of

the interfacial residues and (column 3) water or (column 4) water and side-

chain atoms. The standard error is ~2 hydrogen bonds. The interfacial resi-

dues are T148, I150, L151, D152, R154, L172, E175, S178, E180, V181,

W184, M185, E187, T188, L189, V191, Q192, N193, K199, and K203.
This cooperativity arises because the protein interface is
already situated at the edge of a dewetting transition. Such
a result could be surprising, given that effects ofmutations, as
measured by the resulting change in an association constant,
are usually additive over distances of 6 Å or more (52).

Such a comparison is complicated because the mutations
will increase the binding affinity by alleviating some repul-
sion between charged groups in the dimer. For example, the
single point mutations S178A, E180A, E187A, and Q192A
all led to an increase in the dimerization affinity, likely by
eliminating electrostatic repulsions in the dimer (47,48).
This complication could be avoided by comparing disso-
ciation constants for the triple or quadruple mutants with
the analogous alanine scanning mutants, TM vs. S178A/
E180A/Q192A (TM-A) or QM vs. S178A/E180A/E187A/
Q192A (QM-A). Because repulsions between charged
groups are eliminated in both cases, we anticipate that the
size and shape preserving mutants TM and QM will have
increased dimerization affinities in comparison to TM-A
and QM-A. Interestingly, the binding affinity has already
been measured for QM-A and the results showed long-range
nonadditive effects of the mutations, with a smaller increase
in dimerization affinity than for Q192A alone (48).

Notably, the amino acids, which we have found to most
strongly influence dewetting, S178, E180, Q192, are highly
conserved among HIV and simian immunodeficiency virus
(SIV) variants (53) because they are not necessary for stereo-
specific binding (seeMethods in the SupportingMaterial and
(48)). Experimental and theoretical investigations have
shown that capsid assembly reactions become trapped
when protein-protein interactions are too strong (1,18,54–
60). It is possible that the CA-C interface has evolved to
avoid a dewetting transition to maintain the relatively weak
interactions required for successful assembly.

Because the CA-C dimerization interface is typical of
protein binding surfaces, our results raise the possibility that
many proteins sit near a dewetting transition. This scenario
is consistentwith the idea that biological systems tend to posi-
tion themselves near phase transitions to enable sensitive
regulation (61). It can be tested by applying the computational
methodologies described here to other proteins to identify
mutations that bring about or eliminate dewetting during
association, and then experimentally investigating the effects
of these mutations on binding affinities. Considering the
requirement for weak binding interactions in biological
assembly reactions and the prevalence of assembly in biolog-
ical systems, it is of great importance to extend our under-
standing of the relationship between sequence, structure,
and association behavior to include effects of themolecularity
of water, as we have done here for CA-C.
SUPPORTING MATERIAL

Methods, two figures, and references (62–76) are available at http://www.

biophysj.org/biophysj/supplemental/S0006-3495(12)00878-8.
Biophysical Journal 103(6) 1363–1369
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