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On the Physicochemical and Structural Modifications
Associated with HIV-1 Subtype B Tropism Transition

Susanna L. Lamers,"* Gary B. Fogel>* Enoch S. Liu? Marco Salemi® and Michael S. McGrath*

Abstract

HIV-1 enters immune cells via binding the viral envelope to a host cell CD4 receptor, and then a secondary co-
receptor, usually CCRS5 (R5) or CXCR4 (X4), and some HIV can utilize both co-receptors (R5X4). Although a
small set of amino-acid properties such as charge and sequence length applied to HIV-1 envelope V3 loop
sequence data can be used to predict co-receptor usage, we sought to expand the fundamental understanding of
the physiochemical basis of tropism by analyzing many, perhaps less obvious, amino-acid properties over a
diverse array of HIV sequences. We examined 74 amino-acid physicochemical scales over 1,559 V3 loop
sequences with biologically tested tropisms downloaded from the Los Alamos HIV sequence database. Linear
regressions were then calculated for each feature relative to three tropism transitions (RS — X4; RS —>R5X4;
R5X4—X4). Independent correlations were rank ordered to determine informative features. A structural
analysis of the V3 loop was performed to better interpret these findings relative to HIV tropism states. Similar
structural changes are required for RS and R5X4 to transition to X4, thus suggesting that RS and R5X4 types are
more similar than either phenotype is to X4. Overall, the analysis suggests a continuum of viral tropism that is
only partially related to charge; in fact, the analysis suggests that charge modification may be primarily
attributed to decreased R5 usage, and further structural changes, particularly those associated with f-sheet
structure, are likely required for full X4 usage.

Introduction

HUMAN IMMUNODEFICIENCY VIRUS TYPE 1 (HIV-1) pri-
marily infects human CD4" T-cells and macrophages.
In order for HIV-1 to enter either of these cells, the viral
envelope (gp120) must first bind a CD4 receptor on the cell
surface and then a secondary co-receptor, usually CCRS (RS5)
or CXCR4 (X4)." Although there are two primary cellular co-
receptors, three viral phenotypes are typically described in
the literature: RS, X4, and less-efficient intermediate forms of
HIV-1 that retain some ability to bind either co-receptor,
called dual-tropic HIV-1 (R5X4). The transition in an indi-
vidual from R5 to X4 is assumed to be unidirectional. >~
Both R5 and X4 co-receptors are present on T-cells and
macrophages'~’; however, receptor density may vary among
different immune cells.® Transmitted viruses, as well as viral
populations during early infection, preferentially bind R5.°
Viruses that bind X4 may arise, usually during late infection,

and are associated with increased diversity and a high evo-
lutionary rate.” Because blocking the interaction of gpl120
with host co-receptors is a strategy used in anti-HIV therapy,
a better understanding of tropism states may assist in the
development of therapies to block viral transmission or as a
treatment for those infected.

Gp120 contains five hypervariable domains (V1-V5) that
possess a fluctuating glycan shield and variable epitopes near
binding domains.®* Of the variable domains, the V3 loop has
the strongest known link with HIV-1 tropism, and, therefore,
V3 is frequently the focus of studies that aim at defining
tropism states. Computational approaches have been devel-
oped to classify viruses as RS or X4 tropic based on a small
number of genotypic features of the envelope V3 domain,
including charge, number of glycosylation motifs and do-
main length,'®™* or the ““11/25 rule” that associates posi-
tively charged amino acids at two positions (11 and 25) in the
V3 loop."” These methods are highly useful in classifying
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HIV-1 subtypes B and C as either RS or X4 tropic so that the
appropriate therapy can be prescribed. However, it remains
unclear whether RS viruses always pass through an R5X4
stage before the development of X4 viruses or whether other
less obvious structural modifications between tropism tran-
sitions exist that could benefit anti-HIV drug design.

Our goal in this study was to more completely characterize
the molecular and structural basis of tropism and its evolution
by exploring a diverse database of sequences (those biolog-
ically characterized at the HI'V database at Los Alamos) and a
larger space of possible features, including 74 amino-acid
physicochemical scales.

Materials and Methods
Sequences and alignment

Publicly available V3 loop sequences (relative to HXB2
positions 7,110-7,217) for HIV-1 subtype B were down-
loaded from the HIV sequence database at the Los Alamos
National Laboratory (www.hiv.lanl.gov/content/index) and
translated into amino-acid sequences. The search criteria for
each tropism were limited to “‘only CCRS,” “‘only CXCR4,”
or “only R5X4.”” The tropism fields at the Los Alamos HIV
database are annotated based on only biological experiments
and are not presumed using inferred genetic sequences.
Identical sequences were removed from each category. The
amino-acid sequences were aligned using the ClustalW al-
gorithm that was implemented within the MEGAS sequence
analysis package'® and then manually edited to correct for
any obvious alignment errors. Diversity in each data set was
calculated using the Poisson substitution model and 1,000
bootstrap replicates in MEGAS.

Feature generation and correlations

Seventy-four amino-acid scales, or “‘features,”” were iden-
tified from the available literature and resources such as
ProtScale and ProtParam (www.expasy.org_;)l7 (Table 1).
These features were grouped into six major classes: (1) amino
acid size, shape, or structure (n=24); (2) polarity (n=6); (3)
composition (n=5); (4) hydrophobicity (n=26); (5) local
features, such as charges and glycosylation motifs occurring
at specific regions of the aligned data (n=4); and (6) other
miscellaneous features such as those associated with HPLC
and pKa (n=8).

All features were calculated for the V3 loop taken as a
whole, and for specific regions of the V3 loop at the amino-
(N) and carboxy- (C) ends (termed ‘‘regional V3-loop fea-
tures’’). So-called “N”’ features corresponded to alignment
positions 9 through 14 in the N-terminus of the V3 loop.
So-called “C(;y” features corresponded to alignment po-
sitions 22 through 28 in the C-terminus. “‘C(,)”" features
corresponded to alignment positions 31 through 37 in the C-
terminus. These two C-terminus labels identify regions of the
V3 loop alignment as strand and helix, and they were added
simply to explore which features in specific regions had more
or less influence on tropism transitions. This led to the cal-
culation of 281 total features over all regions.

Linear regressions were then calculated for each feature
relative to each of three tropism transitions (RS —X4; R5 —
R5X4; R5X4 —X4). Independent correlations for each tro-
pism transition were rank ordered, with features R>>0.1 for
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at least one of the three tropism decisions considered po-
tentially informative toward an understanding of the differ-
ences between these tropism types. The features with the
highest correlation were used to build an understanding of the
transitions among RS, R5X4, and X4 HIV V3 domains and
viewed with structural models as defined next.

V3 loop structure generation

Three sequences were chosen at random from each of the
three tropism phenotypes for further computational modeling
and structural analysis. V3 loop structures were generated for
each of these nine sequences using the I-Tasser server.'® 2"
I-Tasser generates structures using an iterative approach of (1)
retrieving template proteins with similar folds from the Protein
Data Bank (PDB) (www.rcsb.org), (2) reassembly of matching
templates into full-length models and threading of unaligned
regions built by ab initio modeling, and (3) fragment assembly
simulation guided by PDB templates and TM-align. Along with
a three-dimensional structure, the server also provides infor-
mation regarding secondary structure and solvent accessibility.

Energy minimization and equilibration of V3
loop structures

One of the limitations of protein threading is that it relies
on existing published structures in the PDB; therefore, pro-
tein threading was followed by an energy minimization
of each model. Molecular dynamics are commonly used to
generate improved protein structures, which is accomplished
by allowing protein atoms to adjust under defined conditions
(i.e., temperature and pressure) using Newtonian equations.
These simulations were carried out using the Nanoscale
Molecular Dynamics program (NAMD).?!

The models generated by I-Tasser were solvated in a water
box of 10 A in each direction. The system was neutralized with
the addition of NaCl. Simulations were carried out using pe-
riodic boundary conditions at 310K to reduce surface in-
teractions of water molecules and to create a more accurate
in vivo environment. Particle Mesh Ewald (PME) electrostat-
ics were employed using a grid spacing of 1.0 A to reproduce
the charge distribution of the system. Langevin dynamics were
used to control kinetic energies. A time step of two femto-
seconds (fs) required the use of rigid bonds. Structures were
minimized for 1,000 time steps and allowed to equilibrate for
100,000 time steps. Three replicate NAMD runs were per-
formed for each structural model. Molecular simulations were
viewed in the program visual molecular dynamics.**

Results

Unequal abundance and diversity in R5, R5X4,
and X4 sequences

The Los Alamos HIV sequence database queries for bio-
logically phenotyped V3 loop HIV resulted in 3452 R5 se-
quences, 545 R5X4 sequences, and 197 X4 sequences. After
removal of all identical sequences, the final sequence popu-
lation contained 1223 RS sequences, 241 R5X4 sequences,
and 95 X4 sequences for a total of 1,559 unique sequences.
Some nonidentical multiple clones from the same patient
were apparent and included in our analysis to capture all po-
sitional amino-acid information for each position. Although
all sequences were biologically tested for tropism, different
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TABLE 1. PHYSICOCHEMICAL AND STRUCTURAL FEATURES USED FOR THE STUDY

Class Features
A. Size, shape, Molecular weight*® Bulkiness*’ Antiparallel beta strand*®
structure Beta turn Beta-sheet Levitt™ Alpha Chou and Fasman®'
Coil® Beta strand Parallel beta*®
Surface area® Volume™ Surface exposure™
Average flexibility™* Mol. fraction of buried Beta Chou and Fasman®'
Res.[55]
% Accessible residues™ 2D Propensity™ Transmembrane>®
Avg. area buried’ Membership class™ Mass membership class™
Recognition factors Alpha helix Levitt™® Alpha helix*
B. Polarity Polarity™* Charge® Charge polarity*’
Charge scale>* Grantham™*

C. Composition

D. Hydrophobicity

E. Local features

F. HPLC and other

Amino acid composition®

Relative mutability®

Sweet et al.%?

Abraham and Leo®

Roseman®’

Eisenberg et al.”®

Fauchere et al.”

Tanford”®

Cowan and Whittaker’®

Meek®!

Black and Mould®

Glycosylation at positions
6-8°!

Charge at position 3015

Retentlon at pH 2.1%!

HP scale™

pKa amine®®

Length of V3

Total sequence
glycosylation®'
Kyte and Doolittle®?
Bull and Breese65

Wolfen et al.%®
Hopp and Woods”!
Janin®’

Welling et al.”®

Parker

Aboderin®

Miyazawa et al.®*
Glycos%llation at positions

R

HPLC/TFA®
pKa alpha carboxylate
pl at 25°C®°

Amino acid composition
SWiss prot

Hydrophoblclty
Guy®®

Wilson et al.®’
Manvalan et al.
Rao and Argos 4
Chothla
Browne®°

Rose et al.”’

Charge at position 12

Refract1v1t¥
Exchange®

#“Charge” feature =[+1] for K and R; [-1] for D and E.

experimental methods in different laboratories could have
marginally impacted tropism determination. The significant
overabundance of RS sequences in the available public da-
tabases suggests that RS sequences greatly predominate over
X4 variants in nature. The sequence alignment spanned 40
amino acids, including gapped positions, and allowed for the
inclusion of all sequences, even those that were unusually
long or those with varied sequence and that were derived
from the same individual. Because of this, charged positions
11 and 25, previously associated with tropism,!> corre-
sponded to positions 12 and 30 in our alignment, respectively.
A representative alignment of three sequences chosen at
random from each known tropism is provided in Figure 1A.
Figure 1B provides additional structural models for the V3
loop showing positional charge variation and slight struc-
tural differences commonly observed when threading se-
quences using major PDB models for different tropisms.

In Figure 2, we show an almost stepwise progression in
the diversity of sequences for each of these tropisms as de-
scribed by their internal pairwise distances. The mean pair-
wise amino-acid distance for RS sequences was 18.2%,
which was nearly doubled for both R5X4 at 32.9% and X4 at
38.8%. These diversity measurements are not meant to guide
tropism prediction; instead, they are merely meant to eluci-
date the stepwise increase in the diversity trend of RS to
R5X4 to X4 sequence populations. Although the inclusion
of some nonidentical sequences derived from the same in-

dividual in the study could bias the R5 sequence popula-
tion toward reduced diversity, this effect would have been
minimal when considering that the overall RS sequence pop-
ulation was almost 17 times larger than the X4 sequence
population. Furthermore, it is generally known that X4 var-
iants maintain more diverse amino-acid substitutions.

A different set of features was associated with each tro-
pism transition and suggested a progression or continuum of
viral tropism that is only partially related to charge. In Ta-
ble 2, we provide a list of all features examined and their
correlation to tropism relationships. A correlation of R* > 0.1
was chosen arbitrarily as a lower cutoff for useful tropism
understanding. Only 84 features had an R > 0.1 for at least
one of the three tropism comparisons. The remaining 197
features were considered to have little utility for tropism in-
sight and were eliminated from further consideration.

Although amino-acid charges are commonly used features
to discriminate RS from X4 sequences in public computa-
tional algorithms that predict viral tropism, in our transitional
analysis, a set of 12 features identified R5—R5X4 at R*
>0.1, with the top four features associated with charge.
However, 12 other amino-acid characteristics surpassed charge
as a feature in distinguishing the R5X4 — X4 transition and
25 noncharge-associated features (shape, size, or structure)
with an R* > 0.2 were determined to be important in the R5 —
X4 transition. With this in mind, it may be that computational
algorithms used to determine tropism are biased toward
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FIG. 1. Representative HIV-1 V3 loop phenotypes. (A) A sequence alignment containing three V3 loop sequences for

each phenotype is shown. The sequence name consists of the biologically tested viral tropism, the sequence name, and the
GenBank accession number. A period in the aligned sequences represents a gap inserted to maximize the alignment of all
1,559 unique sequences in the study. A dash represents identity to the top sequence in the displayed alignment (JF896874).
An amino acid is listed when the amino acid varies from JF896874. A gap is inserted every 10 amino acids. A three-amino-
acid region where a glycosylation motif (NX[T or S], where X=any amino acid except P) commonly occurs is colored
green. Positions associated with the ““11/25 charge rule’ are indicated. Other distinguishing structural features are also
indicated in the alignment and are mapped in the structure on the right. The overall charge of the V3 loop sequence for each
isolate is shown at the end of the sequence. (B) To highlight charge variation between structures of different tropisms, three
structural models of the V3 loop are shown that are representative of an R5 (Bal), R5X4 (13908), and X4 (MN) structure,
respectively, with positively charged residues in red and negatively charged residues in purple. Color images available
online at www .liebertpub.com/aid

assigning actual intermediate R5X4 V3 loop sequences as X4
variants, or that additional features added to existing algo-
rithms could improve their accuracy. Also, the analysis
suggests that key features associated with true X4 viruses
have not been adequately teased out of the structures.

In the N-terminus of the V3 loop, three features were
identified for the R5 — R5X4 transition with an R* > 0.1: 2D
Membership Class N (structural), Grantham (polarity), and
Beta Chou and Fasman (structural). However, in the transi-

w : . -
8 . -
2 1.0 ; ;
g - : :
ot 1 . —_—
D 1 . *
) J . *
.£ - -1
3 05 ¥
I N N

0

R5 R5X4 X4

FIG. 2. Pairwise distances calculated for all sequences in
each tropism category. Category is shown on the x-axis, and
pairwise distance is indicated on the y-axis. Distances are
plotted in a box and whisker format with the median (hor-
izontal line), upper and lower quartiles, and range. Dots
represent outliers.

tion from R5X4 to X4 and from RS to X4, 24 structural
features associated within the C(;) region were calculated to
have an R? > 0.1. Many of these features were associated with
beta-sheet structure. Also noteworthy in the R5X4 — X4 and
R5 — X4 transition were the 2 pKa-associated features (one
associated with the amine and one with the carboxylate) with
higher R?, which could mean that the transition to X4 from
either RS or R5X4 is zwitterion like, meaning that the overall
effect can be a neutral molecule with an increase in both
positive and negative electrical charges.

No structural features from the C,, region were considered
important for any tropism transition. These results suggest
that features that distinguish RS from X4 viruses are found
either throughout the V3 loop or within the N-terminus,
whereas the transition from R5X4 to X4 virus results from
changes in the C;, domain of the V3 loop. Four polarity
features (Charge Scale C(;y, Charge Polarity C;), Grantham
Ca), and Polarity C)) were also central in the transition from
R5X4 to X4.

Interestingly, glycosylation was not identified for ei-
ther the R5 — R5X4 or the R5X4 — X4 transition, but it
had a higher R* when transitioning from R5 to X4, sug-
gesting that this feature may be a final adjustment in the
transition from R5 to X4 co-receptor usage. Alternatively,
it may be that an X4 glycosylation motif arises unsys-
tematically due to the required shape/size adjustment for
the final X4 usage; this could explain why many X4 var-
iants do not, in fact, possess an additional glycosylation
motif. Also interesting is that sequence length was iden-
tified as only a minimally useful indicator during the
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TABLE 2. LINEAR REGRESSION ANALYSIS FOR TROPISM TRANSITIONS
R5 vs. R5X4 features R? R5X4 vs. X4 features R? R5 vs. X4 features R?
Charge posmon 12¢ 0.227  Beta sheet C(y) * 0.68  Beta sheet Cy)* 0.585
Charge” 0.208 pKa—amine C(l)t 0.653 pKa alpha carboxylate C(l) 0.453
Charge posmon 30° 0.189 pKa alpha carboxylate C(l) 0.649  Beta Sheet Levitt C(” 0.449
Char%e scale” 0.172  Rose C;)° 0.592 pKa—amine C(;,' 0.425
Janin 0.136  Surface Area C 1) 0.592  Charge position 12° 0.41
2D propensity 0.135 Beta Levitt C(]) 0.589 Beta Chou and Fasman C(;)" 0.401
membership class N*
Volume® 0.126  Manavalan C;,* 0.581 Rose C(;)’ 0.373
Eisenberg’ 0.125  Polarity Cy, 0.576  Surface area C()" 0.373
Grantham N 0.114  Beta Chou and Fasman C(;)" 0.574 Manavalan C(]) 0.371
Refractivity' 0.113  Average Flex C;)* 0.569  Polarity C(l) 0.358
Beta sheet C(y)" 0.113  Coil Cyy* 0.541 Coil Cyy 0.331
Beta Chou and FasmanN* 0.104 Recogmtlon factors Cy)* 0.516  Average Flex C)" 0.331
Beta strand C(é) 0.098  Charge scale C 0.457 Charge® 0.286
Eisenberg Cy) 0.089 2D propensity 0.449  Exchange C(l) 0.277
membershlp class Cq)*
Alpha helix N* 0.084 plat 25C C; 0.445 AA Comp Ca 0.264
Average area buried” 0.082  Hydrophobicity 0.426  Janin® 0.254
membership class C;,*
Charge polarity® 0.082  Charge polarity C(l)b 0.415 Charge polarity C(l) 0.252
Beta sheet C(p)" 0.081  Surface exposure 0.383  Recognition factors C(jy* 0.245
membership class C"
Tanford® 0.08 Miyazawa C(; 0.377 Charge scale” 0.236
Wolfen? 0.079  Exchange C, 0.367 Rao and Argos C;)° 0.233
Relative mutability® 0.078 Rao and Argos C(1> 0.362 Hydrophoblcdlty Membership 0.231
Class C(;
Abraham.Leo? 0.076  AA Comp Cgyy° 0.358 EisenbergCi : 0.228
Bulkiness® 0.076 Mol fraction of buried res C(l) 0.351 AA Comp Swiss Prot C(y° 0.227
Fauchere C()* 0.072 % Accessible residues C;)* 0.344  Miyazawa C(;)° 0.222
Chou and Fasman Ca)* 0.072  Beta-sheet Levett C(;)* 0.329 % Accessible residues C(;)* 0.219
Rao Argos’ 0.071  AA Comp Swiss Prot C(y° 0.328 2D propensity membership 0.214
class C)?
Beta strand” 0.067 Black and Mould C;)° 0.303  Surface e>(q;05ure 0.213
membershlp class Cyy"
Molecular weight” 0.065 Chothia C(;)° 0.303  Volume® 0.208
Polarity” 0.065 Aboderin C(l) 0.232 2D propensity membership 0.206
class N*
Chothia’ 0.061 MW Cy 0.232  Black and Mould C, 0.204
Antiparallel beta® 0.061  Alpha Levitt C;)* 0.202 Refract1v1tyt 0.179
Abraham and Leo Cp5)" 0.061  Chou and Fasman C(l) 0.181  Tanford® 0.173
2D propensity 0.06  Avg. area buried C(;)" 0.173  Aboderin C(},* 0.165
membership class®
Guy* 0.058  Alpha Chou and 0.172 Mol fraction of buried 0.164
Fasman C(l)a res
Relative mutability C(z) 0.058 Length Cay* 0.167 Glycosylatlon NXT*® 0.156
Antiparallel beta C" 0.056  Janin® 0.155  Chothia C;)" 0.153
Beta Sheet Cy" 0.053  Grantham C(l) 0.145  Alpha Levitt C(l) 0.15
Roseman 0.052  Eisenberg® 0.139  Abraham.Leo" 0.149
Hopp and Woods* 0.052  Volume Cg)* 0.135 plat 25C C(l) 0.149
Charge scale NN° 0.045  Beta strand C(y)* 0.134  Wolfen® 0.147
Browne N 0.043  Charge 0.132  Chothia® 0.145
Chothia C»,* 0.042  Tanford” 0.126  Avg. area buried N* 0.145
Alpha helix C¢," 0.041  Antiparallel beta C;)" 0.126  Beta Chou and FasmanN* 0.143
Beta-sheet Levett C(l) 0.041 Mass membershlp class Cpy* 0.124  Charge scale C;, 0.14
Avg. area burled N? 0.039 Refractwlty 0.12 Average area buried” 0.133
pl at 25C N 0.039  Volume® 0.115 Molecular wei]ght21 0.131
Mass membership class N*  0.038  Eisenberg "¢ 0.112  Refractivity N 0.131
AA Comp Cgyy 0.035 Welling C(l)d 0.11 Alpha Chou and Fasman C(;)*  0.128
Glycosylation NXT® 0.035 Relatlve mutability C;)° 0.108  Mass membership class N*® 0.125
Alpha Levitt C;)* 0.034  Wolfen® 0.106 2D propensity membership 0.124
class®
Polarity N® 0.033  Beta sheet C(y)* 0.099 Guy 0.122

(continued)
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TABLE 2. (CONTINUED)
R5 vs. R5X4 features R? R5X4 vs. X4 features R? RS vs. X4 features R?
Alpha Chou and 0.031 2D propensity 0.098 Volume N* 0.122
Fasman C(;)" membership class®

Volume C(;, 0.031  Chothia® 0.094 Browne N* 0.121
Rao and Argos Ca)* 0.03  Guy* 0.094  Alpha helix N* 0.116
Refractivity N' 0.029  Abraham.Leo’ 0.093 Beta-sheet Levett C(;)" 0.116
AA Comp Swiss Prot C;y° 0.026  Alpha hehx Cuy 0.093  Bull and Breese Cyy 0.11

Volume N* 0.026  Charge® 0.09 pl at 25C N* 0.109
Avg. area buried C(})" 0.026  Molecular weight® 0.084 Charge scale N°¢ 0.108
Charge polarity Cj, 0.023  Roseman 0.08  Chothia C(z) 0.108
Bull and Breese C;)" 0.022  Average area burled 0.076  Bulkiness® 0.106
Molecular weight N* 0.021 Hopp and Woods 0.074  Charge polar1ty 0.105
% accessible residues C)*  0.018 Refractwlgy N' 0.065 Rao Argos 0.104
Recognition factors C(;y° 0.017 RaoArgos 0.062  Polarity N° 0.102
pKa alpha carboxylate C;,'  0.016  Glycosylation NXT® 0.062 Molecular weight N* 0.102

Features over the entlre V3 sequence with R? 2 0.1 for at least one of the three tropism transitions are prov1ded and associated with the

feature class as follows

amino acid size, shape, or structure; "polarity; “composition; “hydrophobicity; “regional features; "miscellaneous

other features. R* values are provided for each feature for each tropism decision.

transition of R5X4 to X4 with an R > 0.167. This obser-
vation is likely due to the fact that although X4 tropism
may allow for increased V3 loop length, the majority of
X4 viruses we analyzed were no longer than RS or R5X4
HIV in the V3 loop region.

Overall, most molecular features that are important for the
R5X4 — X4 transition were not found to be important for the
R5 — R5X4 transition. Further, transitional features between
R5—R5X4 tended to also perform well for the transition
R5—X4. These interesting results suggest that there are
fundamental biological differences during the transitions
between tropisms. For example, while examining the top 10
features for each tropism decision, a pattern emerges (Fig. 3).
During the RS — R5X4 transition, changes occur that affect
charge at specific positions in the V3 loop. These changes
also affect overall structural characteristics such as volume,
hydrophobicity, and refractivity. During the conversion of

1. Charge position 12

2. Charge

3. Charge position 30

4. Charge scale

5. Janin (hydrophobicity)

6. 2D propensity N4

7. Volume

8. Eisenberg (hydrophobicity)
9. Grantham N (polarity) 4
10. Refractivity

Combination of
RS=PR5X4 and RSX4D>X4
ln Features, with many C;;, modifications f

|

1. Beta sheet Cj;, ¥

2. pka alpha carboxylate C;, 4

3. Beta Levitt C;,)freq. for beta sheet)®
4. pka amine C, 4%

5. Charge position 12

6. Beta sheet Chou and Fasman C;, %
7. Rose C;y, (hydrophobicity)

8. Surface area C, ¥

9. Manavalan Cy;, (hydrophobicity)d

10. Polarity C;; ¥

R5X4 — X4, changes occur that affect -sheet development,
surface area, flexibility, and pKa of the V3 loop. These fea-
tures are quite important to the development of X4 viruses.
Note that with the exception of only two features (charge at
position 12 and average Flex C(;) the top 10 features for the
R5X4 —X4 are the same as the top 10 features for distin-
guishing R5 — X4. This also indicates that what we currently
refer to as R5X4 is probably functionally closer to RS than X4
in its sequence and structure.

To summarize, these statistical results suggest a series of
amino-acid alterations during the transition of viral tropism
from RS5 to X4, including: (1) charge modifications and
structural N changes reduce the ability of the virus to utilize
RS receptors; (2) structural changes, especially in the C,
region, allow for the adaptation of V3 loop to X4 receptor
binding; and (3) increased glycosylation may be a final fea-
ture in structural adjustments, allowing the final transition

1. Beta sheet C;;, %

2. pKa amine C;; ¥

3. pKa alpha carboxylate C;,, %

4. Rose Cyy, (hydrophobicity)

5. surface area Cj; %

6. Beta Levitt C;,, (freq. for beta sheet)®
7. Manavalan Cy (hydrophobicity)4

8. Polarity C;, % FIG. 3. Top 10 features for
203:2::2:;2:‘;':“::2 Fasman Gy % each tropism transition. The

g e top 10 scoring features with
an R* > 0.1 associated with
transitions among tropism
types are shown in boxes. A
diamond indicates features
associated with N-terminus
transitions, and a plus sign
indicates features associated
with the C(, terminus tran-
sitions. Charge-associated fea-
tures are emphasized using
bold text.
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than in R5X4 or X4 structures. The most commonly used
threading templates used by the I-Tasser server were PDB

Tropism Isolate C-score TM-score  RMSD(A)  podels lce4A,” 4ncoA,** and 3tygA,* all of which have an
R5 MASTR 021 0.69+0.12 24+18 RS-like tropism, but still produced reasonable structures for
MCST —0.18 069+0.12 23+1.8 further examination and resolution using molecular dynamics
HIVBal —0.13 0.70+0.12 22+17 simulations. The generation of structures using this server
R5X4 2242 ~0.18 0.69+0.12 23+18 produces a confidence score (C-score) based on the signifi-
30 Rog —023 068+0.12 24+1.8 cance of the threading. The resulting top scoring models
13908 —0.42 0.66+0.13 2.8+2.0 based on three confidence measurements (C-score, TM-
X4 HIVLai ~0.69 0.63+0.14 334973  score, and RMSD) are described in Table 3. All models
X1H4 —0.74 0.62+0.14 3.4+23 produced were within the range of models of reasonable to-
MN —0.52 0.65+0.13 29+21 pology, with the R5 models exhibiting the lowest C-scores,

Confidence score (C-score) based on significance of the
threading; between —5 and +2 is considered accurate. A measure
of structural similarity in modeling (TM-score) of >0.5 indicates a
model of correct topology. The root mean square deviation (RMSD)
from native models used for threading in the PDB.

PDB, Protein Data Bank.

from R5X4 to X4. These findings could be tested on con-
trolled data sets, such as those used to develop co-receptor
algorithms, to confirm their utility.

Energy minimization and equilibration of V3 loop struc-
tures revealed a more organized secondary structure in RS

which is not surprising considering that the native models in
the PDB had an R5-like tropism.

Another result from protein modeling is secondary struc-
ture prediction at each position in the model and predicted
solvent accessibility at each position (Figs. 4 and 5). The N-
terminus of the structure and the ““tip’’ of the loop are highly
conserved in terms of secondary structure for all tropisms. It
is in the a-helix domain, at the C-terminus, that a less ordered
structure is particularly apparent (Fig. 4). Minimal differ-
ences are noted for solvent accessibility after modeling
(Fig. 5) between RS and R5X4 virus; however, X4 has some
potential interesting changes from two other tropism classes.

A RS RSX4 x4 RS RSX4 x4 B
HR IMASTR MCST Hivball 2242 30Roe 13908 LHIVipi XiH4 BN B zuz_mmmrnmm_xm_uu_,-
1 c - c c c c " c c L 9 5 9 L] 9 9 9 9
2 ¢ ¢ ¢ ¢ c cle e ¢ 7 7 7 7 7 7 7 7 7 CTRPNNMIR. KS.IHM...G
3 C (& c c c = Ch e e 7 7 8 8 8 8 8 8 8 PV sy slgueloisse
4 c c Gl PG [T 8 8 & |un 8 SEA————— |- —----] foasr sz =
5 4 [+ - G | e c A e 7 7 8 7 7 7 7 — L. b cposay &
6 c (= [ < c c c c £ s 8 8 3 8 - 8 7 8 & ;
7 c c c c c c c c C 7 1 T 7 7 7 & 7 &l I -7 - hr“"‘_‘_l‘_'"'u ___“Lu__‘_{_j B e
8 c (= € (S8 [ e e e 3 4 3 4 3 4 1 2 2 L o e e e FK-Y-
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i 1 2 3
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23 c C c c C C c [ ¢ 1 2 2 1 1 o 7 o 1
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FIG. 4. Predicted secondary structure and confidence after initial modeling using I-Tasser. Numbered residues, corre-

sponding to the aligned sequences, are shown in the first column. (A) The table on the /eft shows the predicted secondary
structure with C=random coil ( pink), S=beta strand (gold), and H=alpha helix (blue). The table on the right shows the
confidence of the secondary structure prediction with O=Ileast confident (red) to 9=most confident (green). (B) The
sequences in the alignment are the same as in Figure 1A. Thick green and red boxes indicate the regions in the tables in
Panel A that are highly structured (dark green) or less structured (red). (C) The V3 loop structure depicting these results
with green=most confident prediction and red=least confident. Color images available online at www.liebertpub.com/aid
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FIG. 5. Predicted solvent accessibility after modeling. Numbered residues, corresponding to the aligned sequences, are
shown in the first column. (A) Values in the table range from 0 (buried residue-red) to 9 (highly exposed-green). Small
differences in exposed regions in X4 models are boxed. (B) The sequences in the alignment are the same as in Figure 1A.
Blue boxes indicate potentially exposed regions in X4-tropic HIV. (C) Three V3 loop structures are shown. On the far left,
blue designates the location of more exposed residues in X4 tropic viruses. The middle structure contains purple spheres that
correspond to positions 16 and 19 in the alignment of a V3 loop without length variation at positions 17-18. The structure
on the right shows a V3 loop structure with additional residues at positions 17 and 18. Color images available online at

www.liebertpub.com/aid

In particular, the charged amino-acid position at position 12
and amino-acid positions that are observed as insertions ap-
pear exposed on the structure’s surface.

Molecular dynamics simulations allow atoms and mole-
cules to interact under a controlled set of circumstances (i.e.,
temperature and pressure) that mimic natural molecular for-
ces and lead to an improved three-dimensional protein
structure. These simulations allowed for structural relaxation
and adjustments for each V3 loop model after the protein
threading stage. Certain trends were observed after this pro-
cess of modeling (Fig. 6). For example, RS models almost
always retained a more closed *‘C-shaped’” loop structure with
a well-defined o-helix at the C-terminus of the loop. In the case
of the MASTR HIV isolate, secondary structure was not vis-
ible after threading, but it appeared in all structures after al-
lowing the model to adjust over time and under controlled
temperature and pressure. Loss of the o-helix was observed in
two structures from the 30Rog isolate after energy minimiza-
tion. In the X1H4 isolate, no recovery of the o-helix domain
was observed after energy minimization.

More frequently, a less-organized structure was observed
in R5X4 and X4 variants in comparison to the RS isolates.
These experiments also highlighted amino acids that ex-
hibited more freedom of movement during the simulation,
where red amino acids exhibited more freedom, blue amino
acids demonstrated less movement, and green amino acids

were intermediate (Fig. 6). The alpha helix in most RS iso-
lates appears blue to green.

Discussion

The V3 loop of the HIV-1 envelope was identified as a key
determinant of tropism decades ago,”® and three discrete
tropism states (R5, R5X4, and X4) are commonly discussed
in the literature. In this study, our goal was not to discriminate
between tropism phenotypes; rather, it was to identify amino-
acid features beyond those more obvious features used in
computational algorithms that could potentially be harnessed
for therapeutic design or improved co-receptor evaluation.

We identified that a variety of amino-acid features that
have not previously been taken into account reside in the
HIV-1 V3 loop and appear necessary for HIV-1 to transition
between tropism states. Our analysis supports the hypothesis
that a continuum of tropisms exists from RS to X4 through a
spectrum of dual-tropic intermediates.'* Of course, it is also
possible that in many cases a virus population can slip be-
tween tropism states, only to return to an R5 population after
rounds of selection. Our analysis also reinforces the notion
that R5X4 and X4 HIV contain a less-ordered structure than
RS structures, particularly in the capacity to maintain an or-
ganized secondary structure and a compact configuration.

Early studies have described the change from RS to X4
HIV-1 as a “switch,”?"® with each tropism having a
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FIG. 6. V3 loop structures for viruses with known tropisms both before and after molecular dynamics simulations. The
structures are displayed in a cartoon format. For each isolate, a green image is shown on the left that represents the structure
before minimization; the structures on the right show the results of three equilibration experiments with amino acids colored
by the average RMSD per residue. Red denotes more mobile residues, and blue denotes residues that move less during
equilibration. Color images available online at www.liebertpub.com/aid

preference for tissue macrophages or T-cells (the primary
cellular targets of HIV-1). RS HIV are more commonly
identified within infected patients and also the usual trans-
mitted phenotype.”**® X4 HIV were first suggested as con-
tributing to rapid AIDS progression, because they appeared
later in disease31; however, it is now well understood that
AIDS progression is not always associated with X4 viruses,
as most late-stage HIV-infected patients contain predomi-
nantly R5 HIV-1 or progress only to R5X4.%

These transitions among tropisms can be attributed partly
to gp120, which is the target for neutralizing antibodies; it is
this interplay of gp120 with the immune system that drives a
substantial amount of selection against the least-fit variants
during successive rounds of viral replication and results in the
genetic variability of gp120.” However, during complete
immune failure, this balance breaks down and lesser-fit iso-
lates (X4) can emerge. In fact, a study recently showed that
X4 viruses were closely linked to low nadir CD4 T-cells <100
cells/mm.>? Therefore, the X4 phenotype is not the driver of
disease progression; rather, it is the interaction between
gp120 and a weakened immune system occurring during late-
stage AIDS progression that allows for reduced viral selec-
tion and the evolution of the less structured and more openly
configured X4 phenotype.

Dual-tropic HIV-1 can utilize either co-receptor; whereas
later studies showed a preference for these to use the X4 re-
ceptor in lymphocytes but they use both co-receptors equally
in macrophages.® This is relevant considering that circulat-
ing plasma T-cell levels can vary greatly over the course of
infection, whereas HIV-1 is readily amplified from a variety
of anatomical tissues when plasma T-cell levels are nonex-
istent,>*® thus implying that a persistently infected tissue-

based reservoir still exists during complete immunodeficiency
and could contribute to the tropism states observed. Further-
more, under cART, HIV tissue reservoirs are of increasing
interest, as viral suppression from Qlasma fails to fully erad-
icate infection from an individual®’ and, in fact, lymphoid
tissues have recently been implicated as a sanctuary for
productive virus under Cart.*®

The unidirectional transition of RS —R5X4—X4 ob-
served is a reflection of similar ordinal selective pressures
generated in different individuals who generate similar viral
phenotypes until such time as the cellular environment (and
resulting selective pressure) changes in perhaps less pre-
dictable ways. Thus, the specific timing of each of these
events is relative to the condition of each patient, and the
speed at which HIV progresses from RS to R5X4 to X4 is
a reflection of these differences. To summarize, selection
against X4, a dynamic immune system, and the persistence
of HIV in anatomical reservoirs where varied HIV tropisms
could replicate efficiently in different immune microenvi-
ronments (i.e., diseased tissue) could all contribute to a
continuum of tropism states during the span of HIV infection.
Further studies of tropism modulation in anatomical reser-
voirs are underway.

Maraviroc is a CCRS antagonist currently approved by the
U.S. Food and Drug Administration for the treatment of pa-
tients infected with R5-tropic HIV.?* Although this therapy in
combination with other antiretrovirals has had some success,
it still does not greatly alter disease course in HIV-infected
patients who routinely follow clinical antiretroviral HIV
treatment protocols.***! The partial success of Maraviroc
may be due to the ability of HIV to readily infect tissue-based
HIV reservoirs (i.e., tissue macrophages),37 where immune
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cells with a more varied receptor concentration may thrive,
thus supplying the blood with a low-level consistent source of
new virus. For example, in one study, Maraviroc did not
affect biomarkers of monocyte/macrophage activation.** It
may be that future therapeutic approaches could harness the
increasing knowledge of V3 loop variability to better block
viral entry for cells that are both circulating and sequestered
in anatomical sites.

Importantly, viral tropism is likely related to changes
outside of the V3 loop domain, either somewhere else within
the HIV envelope or even in co-evolution of CD4 with HIV
gp120, which has been suggested in several reports.*>** The
present study has treated V3 loop features associated with
tropism as being independent; however, it is likely the case
that their nonlinear interaction plays a key role in tropism.
For the purpose of this investigation, we chose to assume
feature independence to make the correlation between se-
quence and structure easier to understand. Future work will
examine their true interdependencies. Future work will also
assess whether the amino-acid features identified as related
to tropism shifts in this work also correlate to amino-acid
changes found in more controlled assays where HIV is har-
vested from indicator cells expressing exogenous CD4 and
either RS or R4.
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