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Human immunodeficiency virus type 2 (HIV-2) and simian immunodeficiency virus isolated
from a macaque monkey (SIVmac) are assumed to have originated from simian immun-
odeficiency virus isolated from sooty mangabey (SIVsm). Despite their close similarity in
genome structure, HIV-2 and SIVmac show different sensitivities to TRIMba, a host restric-
tion factor against retroviruses. The replication of HIV-2 strains is potently restricted by
rhesus (Rh) monkey TRIMb5a, while that of SIVmac strain 239 (SIVmac239) is not. Viral cap-
sid protein is the determinant of this differential sensitivity to TRIMb5a, as the HIV-2 mutant
carrying SIVmac239 capsid protein evaded Rh TRIMba-mediated restriction. However, the
molecular determinants of this restriction mechanism are unknown. Electrostatic potential
on the protein-binding site is one of the properties regulating protein—protein interactions.
In this study, we investigated the electrostatic potential on the interaction surface of cap-
sid protein of HIV-2 strain GH123 and SIVmac239. Although HIV-2 GH123 and SIVmac239
capsid proteins share more than 87% amino acid identity, we observed a large difference
between the two molecules with the HIV-2 GH123 molecule having predominantly posi-
tive and SIVmac239 predominantly negative electrostatic potential on the surface of the
loop between a-helices 4 and 5 (L4/5). As L4/5 is one of the major determinants of Rh
TRIMb5a sensitivity of these viruses, the present results suggest that the binding site of
the Rh TRIMbBa may show complementarity to the HIV-2 GH123 capsid surface charge
distribution.
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INTRODUCTION

The host range of human immunodeficiency virus type 1 (HIV-1)
is narrow, limited to humans and chimpanzees (Gao et al., 1999).
HIV-1 fails to replicate in activated CD4-positive T lymphocytes
from Old World monkeys (OWM), such as rhesus (Rh; Shibata
et al., 1995; Himathongkham and Luciw, 1996) and cynomol-
gus (CM) monkeys (Akari et al., 1996, 1999). On the other
hand, simian immunodeficiency virus (SIV) isolated from sooty
mangabey (SIVsm) and SIV isolated from African green monkey
(SIVagm) replicate well in their natural hosts (VandeWoude and
Apetrei, 2006). SIV isolated from a macaque monkey (SIVmac)
evolved from SIVsm in captive macaques, and replicates efficiently
in Rh (Shibata et al., 1995; Himathongkham and Luciw, 1996) and
CM (Akarietal., 1996, 1999) monkeys. Human immunodeficiency
virus type 2 (HIV-2) is assumed to have originated from SIVsm
as the result of zoonotic events involving monkeys and humans
(Hahn et al.,2000). Previous studies have shown that HIV-2 strains
vary widely in their ability to grow in cells of OWM (Castro et al.,
1990, 1991; Locher et al., 1998, 2003; Fujita et al., 2003).

TRIM5a was identified as an anti-HIV-1 host restriction fac-
tor in Rh monkey cells (Stremlau et al., 2004). TRIM5 proteins
are members of the tripartite motif family containing RING, B-
box, and coiled-coil domains. The o isoform of TRIM5 has an

additional C-terminal PRYSPRY domain (Reymond et al., 2001).
TRIM5a recognizes the multimerized capsid (viral core) of an
incoming virus by its PRYSPRY domain and causes degradation
of the core (Sebastian and Luban, 2005; Stremlau et al., 2006).
In CM monkey, TRIM5a has also been shown to restrict HIV-1
infection (Nakayama et al., 2005).

We previously evaluated the sensitivity of HIV-2 and SIVmac
to Rh and CM TRIM5as, and found that HIV-2 strain GH123
carrying P at position 120 of the capsid protein (CA) was potently
restricted by CM TRIMb5a, while the HIV-2 GH123 mutant in
which P was replaced with Q was resistant to CM TRIM5a (Song
etal., 2007). In contrast, Rh TRIM5a potently restricted the repli-
cation of both viruses (Kono et al., 2008). Three amino acid
residues, TFP, at positions 339-341 in the PRYSPRY domain of
Rh TRIM5a were necessary for restricting HIV-2 strains that
were resistant to CM TRIM5a (Kono et al., 2008). Although SIV-
mac239 CA possesses Q at position 118 corresponding to position
120 of GH123, SIVmac239 was resistant to both of CM and Rh
TRIM5as (Kono et al., 2008, 2010). Therefore, we attempted to
identify the viral determinant of SIVmac239 underlying evasion
from Rh TRIM5a-mediated restriction, and found that multiple
regions including the N-terminal loop, a loop between a-helices
4 and 5 (L4/5), and a loop between a-helices 6 and 7 (L6/7) in
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the N-terminal half of STVmac239 CA are necessary for complete
evasion of Rh TRIMb5a restriction (Kono et al., 2010).

Apart from the sequence and structural characteristics regu-
lating protein—protein interaction, the electrostatic potential at
the binding site is an important factor allowing molecular interac-
tions. The electrostatic potential on the protein surface is generated
through redistribution of electrons according to local electrical
fields. It is defined as the potential energy of a proton at a particu-
lar location near a molecule. Negative electrostatic potential results
in attraction of the proton by the concentrated electron density.
Positive electrostatic potential results in repulsion of the proton by
the atomic nuclei in regions where low electron density exists and
nuclear charge is incompletely shielded. Electrostatic effects were
shown to be a major factor in determining the nature and strength
of the interactions between protein surfaces (Dong and Zhou,
2002; Kortemme and Baker, 2002). A complementary charge on
the binding site of both proteins may result in an attractive force
allowing binding to occur.

In the present study, we analyzed the electrostatic potentials of
the surface regions of the CA loop. We analyzed two CA variants,
HIV-2 GH123 and SIVmac239 CAs, showing opposite restriction
phenotypes. We first modeled the 3-D structures of the pro-
teins by homology modeling and next calculated the electrostatic
potentials in the regions of interest based on Adaptive Poisson—
Boltzmann Solver and non-local electrostatic method. We found
a large difference in the electrostatic potentials of the loop sur-
face between the HIV-2 GH123 and SIVmac239 CAs, potentially
responsible for the differential TRIM5a sensitivity of these two
viruses.

MATERIALS AND METHODS

MODELING

The structure of the N-terminal domain of the HIV-1 CA (PDB
number 1GWP; Tang et al., 2002) was used as a template for
building the corresponding domain models of HIV-2 GH123 and
SIVmac239 CAs. The models were built using Modeller 9v4 (Eswar
etal., 2007) and visualized with PyMOL (http://www.pymol.org).

CALCULATION OF ELECTROSTATIC POTENTIALS

As the initial step preceding electrostatic potential modeling, we
added missing hydrogen atoms and estimated the ionization (pro-
tonation) of the molecules. We used H++ server (Gordon et al.,
2005) http://biophysics.cs.vt.edu/H++-, which adds protons to the
input structure according to the calculated ionization states at the
specified pH of the solvent. The H++ method models molecules
as a low dielectric medium ¢j, in a solvent with a high dielec-
tric constant gqyt. It additionally allows the user to define the salt
concentration of the medium and its pH. We used the most biolog-
ically relevant parameters of human cells: pH = 7.2, salinity 1%,
molecule dielectric g;; = 10, and medium dielectric ¢;, = 80. The
dielectric parameters were chosen according to the suggestions of
the authors of the H4++ method as appropriate for modeling pro-
tonation of surface residues. We also inspected electrostatic poten-
tial profiles resulting from several other parameter combinations.
Other parameter regimes did not produce markedly different elec-
trostatic potentials in the region of interest. Therefore, we chose
the initial parameters as the most relevant for biological settings.

We next applied two methods of electrostatic potential calcu-
lation: Adaptive Poisson—Boltzmann Solver (APBS; Baker et al,,
2001) and non-local electrostatic method (Hildebrandt et al.,
2007). In both methods, electrostatic properties are described by
the Poisson—Boltzmann equation, a second-order non-linear par-
tial differential equation. APBS method solves the equation using
finite element techniques based on parameter discretization and
iterative parallel refinement of the equation solution. The non-
local electrostatic method allows inclusion of the structure of water
molecules in the calculation and describes the system as a contin-
uum. This method captures the effects of the dipole polarization of
water molecules and the effects of the surrounding hydrogen bond
network, and is therefore a more accurate model of the electrostatic
potential estimations close to the molecule-solvent interface.

We used two different surface approximations: solvent-
accessible surface (SAS) of two different sizes. SAS is the surface
of a molecule that is accessible to a solvent. It is estimated using
a “rolling ball” approach (Shrake and Rupley, 1973) in which a
sphere of solvent of a particular radius is used to probe the sur-
face of the molecule, the surface is then described by the center
of the probing sphere. We used the approximate radius of a water
molecule of 1.4 A and an additional 3 A to determine how the
electrostatic potential changes with distance from the molecule.

RESULTS

THE 3-D STRUCTURAL MODELS OF HIV-2 GH123 AND SIVmac239 CA
N-TERMINAL DOMAINS

Previously, we evaluated the sensitivity of HIV-2 GH123 and SIV-
mac239 to Rh and CM TRIM5as, and found that HIV-2 GH123
was sensitive to CM and Rh TRIM5as (Song et al., 2007; Kono et al.,
2008; Figure 1A). In contrast, SIVmac239 was resistant to CM and
Rh TRIM5as (Kono et al., 2008, 2010; Figure 1A). CA is the deter-
minant for this differential sensitivity to TRIM5a between HIV-2
GH123 and SIVmac239, as the HIV-2 GH123 mutant carrying
SIVmac239 CA (HIV-2 GH/SCA) was also resistant to CM and
Rh TRIM5as (Figure 1A; Kono et al., 2010). Despite this marked
difference in TRIM5a sensitivity between HIV-2 GH123 and SIV-
mac239, CA of these two viruses share more than 87% amino
acid identity (Figure 1B). Therefore, we compared the structural
properties of HIV-2 GH123 CA with those of STVmac239.

We first constructed 3-D models of HIV-2 GH123 and SIV-
mac239 CA N-terminal domains by homology modeling. In
the constructed models, HIV-2 GH123 and SIVmac239 CA N-
terminal domains showed the most striking differences in shape
of surface exposed loops (Figure 2). SITVmac239 CA is character-
ized by a more contracted shape as compared to the expanded loop
structure of HIV-2 GH123. To confirm that this shape difference is
not due to modeling noise, we remodeled both proteins using each
one as a template for the other. The remodeled structures showed
similar shape differences (data not shown), suggesting that the real
structures differ.

ELECTROSTATIC POTENTIALS OF HIV-2 GH123 AND SIVmac239 CA
N-TERMINAL DOMAINS

Figure 3 shows the distributions of calculated electrostatic poten-
tials of HIV-2 GH123 and SIVmac239 CA N-terminal domains.
We observed strong differences between the two molecules on
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A CM TRIM5a Rh TRIMS5a

HIV-2 GH123 Sensitive Sensitive

HIV-2 GH/SCA Resistant Resistant

SIVmac239 Resistant Resistant
B N-terminal
HIV-2 GH123 1 PVQQTGGGNYIHVPLSPRTLNAWVKLVEDKKFGAEVVPGFQALSEGCTPYDINQMLNCVG 60
SIVmac239 1 ....0..-.. Vil T 59

L4/5
HIV-2 GH123 61 DHQAAMQIIREIINDEAADWDAQHPIPGPLPAGQLRDPRGSDIAGTTSTVEEQIQWMYRP 120
SIVmac239 60 .......... D...E...... ..Q.A.-QQ....E.S......... SD.e..... Q 118
Le/7

HIV-2 GH123 121 QNPVPVGNIYRRWIQIGLQKCVRMYNPTNILDVKQGPKEPFQSYVDRFYKSLRAEQTDPA 180
SIVMAC239 119 ... l..ueeeiiiile it e A. 178
HIV-2 GH123 181 VKNWMTQTLLIQNANPDCKLVLKGLGMNPTLEEMLTACQGVGGPGQKARLM 231
SIVMAC239 179 .oiiii i Ve e 229

FIGURE 1 | (A) Sensitivities of HIV-2 GH123, HIV-2 GH123 mutant
carrying SIVmac239 capsid protein (HIV-2 GH/SCA), and SIVmac239 to
cynomolgus (CM) and rhesus (Rh) monkey TRIMBa. The replication of
HIV-2 GH123 was potently restricted by CM and Rh TRIMb5a (sensitive),
while that of SIVmac239 and the HIV-2 GH123 mutant carrying

SIVmac239 capsid was not (resistant). (B) Alignment of amino acid
sequences of HIV-2 GH123 and SIVmac239 capsid proteins. Positions of
the N-terminal loop (N-terminal), a loop between a-helices 4 and 5 (L4/5),
and a loop between a-helices 6 and 7 (L6/7) are indicated above the
amino acid sequences.

GH123—7\f 2
/

FIGURE 2 | Superposition of modeled structures of the N-terminal
domains of HIV-2 GH123 (GH123, yellow) and SIVmac239 (red) capsid
proteins. The three loops containing sites important for the TRIMba
interaction are numbered as follows: (1) N-terminal loop, (2) loop between
a-helices 4 and 5 (L4/5), (3) loop between a-helices 6 and 7 (L6/7).

the surface of the loops with the GH123 molecule having pre-
dominantly positive and SIVmac239 predominantly negative
electrostatic potential on this part of the surface (Figure 3).

To quantify this observation and obtain further insight into
the specific region where the electrostatic potential differences
are strong, we extracted the electrostatic potential values on the
surfaces of the two molecules. From the electrostatic potential
values estimated in a grid covering the entire space around the
molecules, we extracted grid points neighboring the points of tri-
angulation of each surface type. We grouped these electrostatic
potential values according to the atoms of the closest loop residues.
This comparison of grouped electrostatic potential values of cor-
responding residues in the two analyzed molecules allowed us to
quantitatively confirm the differences in electrostatic potential in
the region of interest and to point to specific residues around
which the differences were stronger. The strongest difference in
electrostatic potential between HIV-2 GH123 and STVmac239 CAs
was observed on the surface of L4/5, with HIV-2 GH123 and
SIVmac239 showing positive and negative electrostatic potential,
respectively. Eight of nine residues in this loop showed significant
differences in mean electrostatic potential and clear separation
of the electrostatic potential values on the grid neighboring to
the loop residues by both local ABPS and non-local electrostatic
methods (Table 1).

Residues in L6/7 showed weak but similar electrostatic poten-
tial differences to those of L4/5 by the local ABPS method, but
these differences were not confirmed by the non-local electrosta-
tic method (Table 1). The N-terminal loop showed the opposite
pattern, with HIV-2 GH123 and SIVmac239 having negative and
positive electrostatic potentials, respectively, according to the local
APBS method (Table 1). However, the differences were smaller
and were not confirmed by the non-local electrostatic method
(Table 1).

Similar electrostatic potential differences, although spanning
a narrower range of values than those described above, were
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GH123

SIVmac239 %‘\ 2

~
A

FIGURE 3 | Electrostatic potential on the surface of HIV-2 GH123 visualized using the APBS plugin in PyMOL. The three loops containing
(GH123) and SIVmac239 capsid protein N-terminal domains. sites important for the TRIM5a interaction are numbered as follows: (1)
Structures are positioned as in Figure 2 with the loops directed toward the N-terminal loop, (2) loop between a-helices 4 and 5 (L4/5), (3) loop
upper right of the image. Electrostatic potential was calculated and between a-helices 6 and 7 (L6/7).

Table 1 | Mean electrostatic potential on the surface surrounding residues of the N-terminal loop (N-terminal), the loop between a-helices 4 and
5 (L4/5), and the loop between a-helices 6 and 7 (L6/7) of HIV-2 GH123 and SIVmac239 CAs calculated using the local Adaptive
Poisson-Boltzmann Solver (APBS) and non-local electrostatic methods.

Residue (GH123/SIVmac239) APBS Non-local

HIV-2 GH123 SlVmac239 p-Value HIV-2 GH123 SlVmac239 p-Value

N-terminal 5THR/5 ILE —0.206 0.064 <0.001 —1.049 —0.096 <0.001
6 GLY/6 GLY 0.025 —0.196 0.006 0.787 —0.805 <0.001
7 GLY/7 GLY —-0.315 0.024 <0.001 —1.283 —0.854 <0.001
8 GLY/8 ASN —0.420 0.066 <0.001 0.058 —1.092 0.406
9 ASN/9TYR —0.463 —-0.241 0.741 —5.668 2.697 <0.001
10 TYR/10 VAL —0.782 0.021 <0.001 —8.827 —1.367 <0.001

L4/5 88 GLY/87 ALA 0.147 —0.248 <0.001 2.906 —1.700 <0.001
89 PRO/88 PRO 0.355 —0.622 <0.001 2.879 —0.524 <0.001
90 LEU/- —0.426 - - 6.567 - -
91 PRO/89 GLN 0.603 —0.133 <0.001 6.543 —0.673 <0.001
92 ALA/90 GLN 0.047 —0.051 <0.001 1.282 -0.418 <0.001
93 GLY/91 GLY —0.230 —0.269 0.076 —2.761 3.070 <0.001
94 GLN/92 GLN 0.895 —0.736 <0.001 7.148 0.820 <0.001
95 LEU/93 LEU —0.958 —1.433 0.046 —6.661 2.234 <0.001
96 ARG/94 ARG 0.090 —0.227 <0.001 5.805 —3.992 <0.001
97 ASP/95 GLU —0.045 —1.599 <0.001 —8.336 —3.481 0.001

L6/7 117 MET/116 MET —0.765 0.799 <0.001 —6.437 —9.665 0.078
T8TYR/T6TYR 0.070 —0.069 0.167 —5.037 0.055 <0.001
119 ARG/117 ARG 1.022 0.405 <0.001 6.785 —2.802 <0.001
120 PRO/118 GLN —0.094 —0.706 <0.001 —5.178 3.904 <0.001
121 GLN/119 GLN 0.802 —0.260 <0.001 4.308 0.340 <0.001
122 ASN/120 ASN 0.119 —-0.674 <0.001 —4.078 —6.824 0.003
123 PRO/121 PRO —0.782 —0.235 <0.001 —17.281 —11.590 <0.001
124 VAL/122 ILE —1.200 —1.906 <0.001 —6.233 —8.141 0.003
125 PRO/123 PRO —0.250 0.455 <0.001 —4.804 —12.468 <0.001

Color indicates significant difference (p < 0.05, Wilcoxon test) between the electrostatic potentials of the two molecules with positive electrostatic potential marked
in blue and negative marked in red.
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observed on the SAS of the 3 A probe radius (data not shown).
These observations reflect the electrostatic potential decrease with
distance from the molecule surface.

DISCUSSION

In the present study, we constructed 3-D models of HIV-2 GH123
and SIVmac239 CA N-terminal domains by homology model-
ing and analyzed the electrostatic potential distributions on the
SASs of these molecules. We observed a large difference between
the HIV-2 GH123 and SIVmac239 CA N-terminal domains, with
the HIV-2 GH123 molecule having predominantly positive and
SIVmac239 predominantly negative electrostatic potential on the
surface of L4/5. This result may be relevant to the previous findings
that CA L4/5 was one of the major determinants for the differential
sensitivity to Rh TRIM5a between HIV-2 and SIVmac239 (Ylinen
et al., 2005; Kono et al., 2010).

Precise calculation of the interaction electrostatics is challeng-
ing due to the large surfaces involved and the large structural
changes that can occur upon binding. Here, our quantitative
approach based on two different methods for calculation of elec-
trostatic potential indicated negative electrostatic potential on
the surface of the resistant CA variant SIVmac239 and posi-
tive electrostatic potential of the non-resistant HIV-2 GH123
variant. The presence of positive electrostatic potential on the
surface of L4/5 may therefore be a prerequisite for the interac-
tions with Rh TRIM5a. This loop is the most outward pointing
part of the CA protein. Complementarity to the HIV-2 GH123
surface charge distribution at the binding site of the host pro-
tein may be necessary for binding. Therefore, similar studies
of TRIM5a surface electrostatic potentials could help to point
to the specific site of this interaction, although the 3-D struc-
tural analysis of TRIM5a PRYSPRY domain is required for this
goal.

It was recently reported that a recombinant TRIM5a pro-
tein carrying TRIM21 RING domain (TRIM5-21R) assembled
to form 2-D paracrystalline hexagonal arrays in vitro (Ganser-
Pornillos et al., 2011). This assembly requires RING and B-
box 2 domains, and the hexagonal lattices of HIV-1 CA that
mimic the surface of core act as template for stabilization of
TRIMS5-21R arrays in a PRYSPRY-dependent manner (Ganser-
Pornillos et al., 2011). As the interaction between individ-
ual CA monomers and TRIM5a is very weak, CA recog-
nition by TRIM5a is thought to be a synergistic combina-
tion of direct binding interactions with the PRYSPRY domain,
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