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Abstract

To examine mutational pathways that lead to CXCR4 use of HIV-1, we analyzed the genotypic
and phenotypic characteristics of envelope sequences from a large panel of patient virus
populations and individual clones containing different V3 mutations. Basic amino acid
substitutions at position 11 were strong determinants of CXCR4-mediated entry, but required
multiple compensatory mutations to overcome associated reductions in infectivity. In contrast,
basic amino acid substitutions at position 25, or substitutions at position 6-8 resulting in the loss
of a potential N-linked glycosylation site, contributed to CXCR4-mediated entry, but required
additional substitutions acting cooperatively to confer efficient CXCR4 use. Our assumptions,
based upon examination of patient viruses, were largely confirmed by characterizing the
coreceptor utilization of five distinct panels of isogenic envelope sequences containing V3 amino
acid substitutions introduced by site-directed mutagenesis. These results further define the
mutational pathways leading to CXCR4 use and their associated genetic barriers.
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INTRODUCTION

As the principal coreceptors of human immunodeficiency virus type 1 (HIV-1) infection,
chemokine receptors CCR5 and CXCR4 cooperate with the CD4 receptor to mediate virus
entry (Berger, Murphy, and Farber, 1999). HIV-1 coreceptor tropism is defined as the ability
of a virus to use CCR5 only (R5), CXCR4 only (X4), or both of these coreceptors (dual). R5
virus populations represent the majority of HIV-1 infections, followed by dual/mixed (R5
plus dual and/or X4) virus populations; X4 virus populations are relatively rare. R5 variants
predominate during acute and early infection and generally persist throughout the entire
course of HIV-1 infection (Berger, Murphy, and Farber, 1999). In contrast, CXCR4-using
variants (dual and, to a lesser extent, X4 viruses) are detected infrequently in recent
infections (Eshleman et al., 2007; Huang et al., 2009; Markowitz et al., 2005; Masquelier et
al., 2007), but gradually increase in prevalence as chronic infection ensues (Berger, Murphy,
and Farber, 1999; Connor et al., 1997; Melby et al., 2006; Schuitemaker et al., 1992; Wilkin
et al., 2007). Generally, CXCR4-using variants are found in approximately 20% of
antiretroviral (ARV) treatment-naive individuals, characterized by higher CD4+ T-cell
counts (Brumme et al., 2005; Moyle et al., 2005), and approximately 50% of highly
treatment-experienced patients, characterized by low CD4+ T-cell counts (Coakley et al.,
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2006; Demarest et al., 2004; Hunt et al., 2006; Melby et al., 2006; Wilkin et al., 2007). In
the absence of ARV treatment, the presence of CXCR4-using viruses is strongly associated
with faster depletion of CD4+ T cells and accelerated disease progression (Daar et al., 2007,
Koot et al., 1993; Richman and Bozzette, 1994; Schuitemaker et al., 1992; Shepherd et al.,
2008; Tersmette et al., 1989). Whether these associations are causal or consequential has not
been firmly established and is the subject of ongoing debate.

More recently, the development of CCRS5 antagonists as new therapeutic agents has drawn
further attention to HIV-1 coreceptor tropism. The CCRS5 antagonist maraviroc (Pfizer) is
approved for the treatment of HIV-1 infection in patients that have failed conventional
treatment regimens comprised of nucleoside, non-nucleoside and/or protease inhibitors
(Gulick et al., 2008), and more recently in the treatment naive setting (Cooper et al., 2010).
Several additional therapeutic candidates have advanced to late stage clinical evaluations,
including the small molecule CCR5 antagonists vicriviroc (Gulick et al., 2007; Su et al.,
2009; Suleiman et al., 2010) and INCB9471 (Erickson-Viitanen et al., 15" Conference on
Retroviruses and Opportunistic Infections, Boston, MA, Feb 3-6, 2008), as well as the
CCRS5 monoclonal antibody Pro-140 (Jacobson et al., 171 Conference on Retroviruses and
Opportunistic Infections, San Francisco, CA, Feb.16-19, 2010). In each case these CCR5
inhibitors effectively suppress the replication of R5 virus populations, but not dual/mixed or
X4 virus populations (Lewis et al., 2007; Saag et al., 2009; Tsibris et al., 2009; Westby et
al., 2006). Although initial attempts to develop therapeutic agents that block CXCR4-
mediated entry have met with less success (Hendrix et al., 2004; Moyle et al., 2009), several
new candidates have recently entered early-stage clinical evaluations (Jenkinson et al., 2010;
Murakami et al., 2009). Since CXCR4 inhibitors effectively suppress the replication of X4
virus populations, but not R5 or dual/mixed virus populations (Fransen et al., 2008; Hendrix
et al., 2004), their use in the clinic may be linked to co-administration with CCR5 inhibitors.

Numerous studies have firmly established the third variable region (V3) of the HIV-1
envelope glycoprotein (Env) as a primary determinant for coreceptor tropism (Cocchi et al.,
1996; Deng et al., 1996; Hoffman and Doms, 1999; Hung, Vander Heyden, and Ratner,
1999; Hwang et al., 1991; O'Brien et al., 1990; Shioda, Levy, and Cheng-Mayer, 1991;
Speck et al., 1997; Trkola et al., 1996; Trujillo et al., 1996; Westervelt et al., 1992; Wu et
al., 1996). The substitution of as few as one or two amino acids in the V3 region of RS
viruses has been reported to confer CXCR4 use (Chesebro et al., 1996; De Jong et al., 1992;
Mosier et al., 1999). However, more complex patterns of amino acid substitutions in the V3
region are typically observed among the CXCR4-using variants within patient virus
populations that also contain an R5 subpopulation for comparison (Huang et al., 2007;
Jensen et al., 2003; Lewis et al., 2007; Tsibris et al., 2009; Westby et al., 2006). Previous
studies have defined specific determinants of coreceptor tropism within the V3 region,
including the acquisition of positively-charged amino acids, particularly at positions 11 and
25 (De Jong et al., 1992; Fouchier et al., 1992; Resch, Hoffman, and Swanstrom, 2001), and,
more recently, position 24 (Cardozo et al., 2007), as well as the loss of a potential N-linked
glycosylation site (PNGS) at position 6-8 (Pollakis et al., 2001). A recent study has
demonstrated that the ability to accurately predict CXCR4 use is CD4 independent for
viruses with a positively-charged amino acid at position 11, but is CD4 dependent for
viruses with positively-charged amino acids at position 25, or that lack a PNGS at position
6-8 (Low et al., 2008). Precisely how substitutions at position 11, 25 and 6-8 impact
CXCR4 use remains to be defined.

To advance our understanding of how HIV-1 populations broaden or switch host range, i.e.
coreceptor tropism, either as a result of host- or drug-imposed selective pressure, we have
attempted to more clearly define the associations between specific V3 determinants for
CXCR4 use and their impact on Env mediated entry by analyzing patient-derived viruses.
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The primary goal of the present study is to specifically define the selective advantages and
disadvantages of VV3 mutational pathways that lead to efficient CXCR4 use. In doing so, we
have examined the effect of positively-charged amino acids at positions 11 and 25, as well
as the absence of a PNGS at positions 6-8 on CXCR4 use by analyzing (a) the envelope
(env) sequences of 35 patient virus populations containing any one of these V3 substitutions
in isolation, (b) multiple individual env clones derived from 12 patient virus populations
containing mixed amino acid sequences at these positions, and (c) five different env
sequences containing specific V3 amino acid substitutions introduced by site-directed
mutagenesis. We found that these specific V3 substitutions differentially influence CXCR4
mediated entry, and their effects are highly context dependent and reliant on the presence of
additional envamino acid substitutions that serve to compensate for reductions in env
infectivity, or act cooperatively to confer efficient CXCR4 use. The degree of complexity
and fluidity of mutational pathways leading to CXCR4 use that we observed is consistent
with a high genetic barrier and may, in part, explain why CXCR4 use typically emerges late
in the course of HIV infection, if at all.

Patient virus selection

To obtain viruses containing positively-charged amino acids at position 11, 25 or lacking
PNGS at position 6-8 in the V3 region of env, we determined the V3 nucleotide sequences
of 200 patient plasma-derived viruses (submitted for routine coreceptor tropism [Trofile]
testing), to obtain the 47 viruses described in this study. Based on envsequences, 39 viruses
were identified as subtype B and 8 samples as non-subtype B and recombinant (A=1, C=2,
AE=1, A/G=2, B/C=1, B/D=1). Thirty five of 47 patient viruses contained unambiguous V3
sequences (no mixtures) and a basic amino acid substitution at either position 11 (N=7) or
25 (N=25), or that lacked a PNGS at position 6-8 (N=3). The remaining 12 patient viruses
contained mixed V3 amino acid sequences at position 11 (N=4) or 25 (N=5), or at position
6-8 (N=3). For this subset of 12 viruses, we also determined the V3 nucleotide sequences
and coreceptor tropisms for approximately 10 env clones per virus population. Since these
47 patient virus samples were submitted to Monogram for routine coreceptor tropism
testing, no clinical information or longitudinal samples were available.

Site-directed mutagenesis

Single amino acid substitutions (S11K, S11R, E25K, E25R) were introduced into the V3
regions of three R5 molecular env clones of HIV-1: JRCSF and BaL (AIDS Research and
Reference Reagent Program), and clone ¢11.2 (from subject 11 in this study) using site-
directed mutagenesis (Sarkar and Sommer, 1990). The V3 PNGS was removed from each of
these three R5 envsequences by introducing an N6Q mutation. In addition, 11R
substitutions were replaced by 11S substitutions in two dual envclones (c2.41, c3.14)
derived from subjects 2 and 3. The complete gp160 nucleotide sequence of each engineered
envgene was determined to verify the presence of the desired mutations and confirm the
absence of other mutations,

Coreceptor tropism determinations

The coreceptor tropisms of patient virus populations, molecular env clones derived from
patient virus populations, and env clones containing site-directed mutations in V3 were
determined using the Trofile coreceptor tropism assay (Whitcomb et al., 2007). Briefly,
HIV-1 envgenes were amplified from patient plasma samples by RT-PCR and incorporated
into envexpression vectors. HIV-1 pseudovirions were generated by co-transfecting
HEK-293 cells with patient virus-derived envexpression vectors and an HIV-1 genomic
vector containing a firefly luciferase reporter gene. Coreceptor tropism was determined by
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measuring the ability of pseudovirions to infect U87 target cells that express CD4 and either
CCRS5 or CXCRA4. In the Trofile assay, the production of luciferase activity in CXCR4 and/
or CCRS target cells that exceeds background levels (~102 RLU in this study) and is
inhibited by a CXCR4 or CCR5 inhibitor, respectively, is considered a demonstration of
env-mediated virus entry.

env V3 sequencing

V3 nucleotide sequences for patient virus populations and molecular clones were determined
using conventional dideoxy chain terminator chemistry (ABI, Foster City, CA). V3 amino
acid sequences were deduced from nucleotide sequences. Predictions of coreceptor tropism
based on derived V3 amino acid sequences were determined using two well-established
algorithms; 11/25 rule and PSSM (De Jong et al., 1992; Fouchier et al., 1992; Jensen et al.,
2003).

env V3 structure modeling

RESULTS

The V3 sequences of paired R5 and dual clones from four subjects (2, 3, 7 and 9), along
with template structures 2QAD, 1U6U and 2ESX, were aligned by hand and modeled using
MODELLER (Sali and Blundell, 1993). Surface images with electrostatic forces were
created using Discovery Studio 2.5 software
(http://accelrys.com/products/discovery-studio/).

Patient-derived viruses that contain basic amino acids at V3 position 11 or 25, or that lack
an N-linked glycosylation site in V3, vary in their ability to use CXCR4 and CCR5

To better define the contributions of positively-charged amino acid substitutions and the loss
of PNGS in the env'V3 region to CXCR4-mediated entry, we inspected the V3 sequences of
200 patient virus populations that were submitted for routine coreceptor tropism testing
(Trofile). This initial inspection defined an unambiguous subset of 35 viruses that either
contained a basic amino acid substitution at position 11 (N=7) or 25 (N=25), or lacked a
PNGS at position 6-8 (N=3) (Table 1). The majority of these viruses (31/35) were subtype
B (C=1, B/D=1, A/G=2). All seven of the basic substitutions at position 11 were arginine
(11R); no lysine (11K) was observed. In contrast, basic substitutions at position 25 were
equally represented by arginine (25R, N=15) and lysine (25K, N=11). The coreceptor
tropism (R5, DM, X4) and infectivity (luciferase reporter gene activity expressed as relative
light units, RLU) of these 35 viruses are summarized in Table 1. All seven viruses
containing 11R substitutions utilized CXCR4 efficiently relative to CCR5, i.e. infectivity
was comparable or higher in CXCR4+ cells than in CCR5+ cells (median ratio of CXCR4
RLU:CCR5 RLU =4.673, range = 0.720 to 14.971), thus no 11R viruses were classified R5.
In contrast, roughly one third (8/25) of the 25K/R virus populations were R5 viruses. The
remaining 25K/R virus populations (17/25) were classified DM or X4 but varied (>4 logyg
RLU) in there ability to utilize CXCR4 (median ratio of CXCR4 RLU:CCR5 RLU = 1.034,
range = 0.001 to 129.905). Similarly, CXCR4 utilization varied (>4 log;g RLU) of 2/3
viruses that lacked the PNGS within the V3 region (median CXCR4 RLU:CCR5 RLU =
225.169, range 1.083 to 449.225), while the remaining one virus was R5.

All but one of the seven viruses containing 11R substitutions were consistently predicted to
use CXCR4 based on the V3 genotype-based algorithms PSSM and 11/25 rule. These
predictions were highly concordant with phenotypic measurements of CXCR4 use (Table 1).
In contrast, genotypic predictions of CXCR4 use or CCR5 use for the subset of viruses
containing 25K/R substitutions were often discordant with phenotypic measurements (11 of
25 viruses misclassified by PSSM, 8 of 25 viruses misclassified by 11/25 rule). Similarly,
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genotypic algorithms also misclassified CXCR4 use among viruses lacking the PNGS within
the V3 region (1 of 3 viruses misclassified by PSSM, 2 of 3 viruses misclassified by 11/25
rule) (Table 1).

Among the 35 viruses evaluated, six additional amino acid substitutions--glutamate (E),
aspartate (D), glutamine (Q), glycine (G), alanine (A), and serine (S)--were observed at
position 25 (10 viruses), in addition to K and R (25 viruses). Four amino acid substitutions--
predominantly S (14/28) and G (11/28), and rarely histidine (H, 1/28) and isoleucine (I,
1/28)--were observed at position 11 in 28 viruses, in addition to R in seven viruses (Table
1). These data suggest that HIV-1 can accommodate a greater diversity of amino acid
substitutions at position 25 versus position 11 in V3. Notably, in addition to the 200 viruses
surveyed in the current study, 11K was also not observed upon surveying 1,148 env
sequences of patient viruses compiled by our laboratory (Stawiski et al; unpublished
observation).

11R substitutions in V3 strongly promote, but are not essential for efficient use of CXCR4

To further examine the contribution of the 11R substitution to CXCR4 usage, we next
characterized the coreceptor tropism and V3 sequences of multiple envmolecular clones
derived from four patient virus populations that had mixed amino acid sequences at position
11 (envsubtype B=2, B/C=1, AE=1), (Table 2). Three virus populations (subjects 1-3) were
comprised of mixtures of R5 and dual variants, while the remaining virus population
(subject 4) was comprised solely of dual variants. In all four subjects, 11R variants were
mixed with either 11S (subjects 1, 2 and 4) or 11G (subject 3) variants (consistent with the
position 11 substitutions that we observed for the 35 viruses listed Table 1). Based upon
infectivity, every 11R env clone isolated from all four subjects utilized CXCR4 efficiently
relative to CCR5. This phenotype of 11R envclones is consistent with the 11R virus
populations described in Table 1 and with our previous description of a dual-X virus sub-
classification (Huang et al., 2007).

It is important to note that we also identified dual-X variants that lacked 11R substitutions in
two of the four patient viruses evaluated (Table 2). In subject 3, we identified one dual-X
variant that shared an identical V3 sequence (including 11S, 25E) with R5 clones. In this
case, CXCR4 use is determined entirely by sequence changes outside of the V3 region. In
subject 4, all eight clones that were evaluated displayed dual-X tropism and shared similar
V3 sequences, yet only two clones contained the 11R substitution, whereas the remaining
six clones had 11S. We conclude from these findings that the 11R-containing variants
frequently contribute to efficient CXCR4 use, but this substitution is not a requisite
determinant.

CXCRA4 utilization by env sequences containing 25K or 25R substitutions in V3 is context

dependent

Evaluation of the contribution of basic amino acid substitutions at position 25 to CXCR4 use
was similarly conducted by characterizing the tropism and V3 sequences of multiple env
molecular clones derived from five patient virus populations (env subtype B=4, C=1) that
exhibited mixed amino acid sequences at position 25 (Table 3). In subjects 5-9, virus
subpopulations containing either 25K or 25R co-existed with subpopulations containing
25E, 25D, or 25G. In subjects 5 and 6, all of the clones evaluated shared similar V3
sequences and did not utilize CXCR4, i.e. were R5, irrespective of the presence or absence
of a basic amino acid substitution (K or R) at position 25. Conversely, in subjects 7, 8 and 9,
all clones containing 25K or 25R were able to use CXCR4, i.e. were dual or X4 (10°-10°
RLU). Notably, the V3 sequences of these variants also contained numerous additional
substitutions relative to the V3 sequence of the most predominant R5 variants.

Virology. Author manuscript; available in PMC 2012 August 27.
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CXCRA4 utilization by env sequences lacking a PNGS at position 6-8 in V3 is context

dependent

We isolated and characterized the tropism and V3 sequences of multiple envmolecular
clones derived from three patient virus populations (env subtype B=2, A=1) that exhibited
mixed PNGS at V3 position 6-8 (Table 4). In subjects 10 and 11, none of the clones
evaluated utilized CXCR4, i.e. were R5, irrespective of the presence or absence of a PNGS
at position 6-8, and in the case of subject 11, the presence of 25K as well. Conversely, in
subject 12, dual-X variants lacking the PNGS utilized CXCR4 efficiently (>10° RLU) when
they also contained numerous additional substitutions relative to the V3 sequences of the
most predominant R5 variants. Based on the clonal analyses presented in Tables 3 and 4, we
conclude that the contribution of basic amino acid substitutions at position 25, or the
absence of PNGS at positions 6-8, to CXCR4 use is highly dependent on the context of the
envsequence, in particular, the V3 region.

An accumulation of multiple amino acid changes in V3 is required for efficient utilization of

CXCR4

It should be noted that envvariants that are capable of utilizing CXCR4, i.e. dual-X and X4,
were characterized by multiple amino acid substitutions in V3 relative to R5 variants within
the same virus population. The number of amino acid differences among env clones in each
virus population is summarized in Figure 1. Furthermore, the association between the
presence of basic amino acid substitutions at position 11 and 25, or the loss of a PNGS at
position 6-8, and CXCR4 use appears to be reliant on the presence of additional mutations
in V3 (Figure 1, Table 2-4). For example, although all 11R variants were dual-X, they also
contained 5-8 additional amino acid substitutions in V3 relative to R5 clones from the same
virus population (Table 2, subjects 1-3). Similarly, CXCR4-using variants containing 25K
or 25R substitutions, or lacking the PNGS at position 6-8, also contained 3-15 different
amino acids in V3 compared to R5 clones within the same virus population (Table 3,
subjects 7, 8, 9 and Table 4, subject 12). Overall, the number of different V3 amino acid
substitutions in envsequences containing 11R, 25K/R, or lacking a PNGS at position 6-8,
was noticeably higher for X4 and dual-X variants (mean=9, range 3-15) compared to R5
and dual-R variants (inefficiently utilized CXCR4) within the same virus population
(mean=1, range 0-5). We interpret these data as evidence that the evolution of CXCR4 use
either by the acquisition of basic amino acid substitutions at position 11 or 25, or the loss of
a PNGS at position 6-8, also involves the accumulation of additional V3 amino acid
changes that may contribute to either efficient CXCR4 use or improvements in env
infectivity.

Introduction of 11K/R, 25K/R or N6Q mutations into the V3 region of R5 env sequences
clarifies mutational pathways and genetic barriers to CXCR4 use

We used site-directed mutagenesis to engineer a panel of isogenic viruses that could be used
to clearly establish the impact of basic amino acid substitutions at positions 11 and 25 of V3,
or the loss of a PNGS site at position 6-8, on coreceptor utilization and env infectivity
(Table 5). Single V3 mutations (11K, 11R, 25K, 25R, N6Q) were introduced into the env
sequences of three R5 viruses: the well-characterized JRCSF and BaL strains, and molecular
clone c11.2 isolated from the virus population of subject 11. Clone ¢11.2 (S11, E25, N6)
was chosen as the third R5 envbackbone sequence for these studies because all variants
analyzed from the parental patient virus population were R5, irrespective the presence of a
basic amino acid substation at position 25 (K) and/or the absence of a PNGS at position 6-8
(Table 4).

The introduction of the 11K substitution into all three R5 env sequences conferred
detectable levels of CXCR4-mediated entry to JRCSF env (>102 RLU), but not for BaL and
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c11.2 envs (Table 5). Notably, the introduction of 11K was also associated with reductions
in env-mediated infectivity on CCR5+ cells (23%, 5% and 2% relative to the parental
JRCSF, BaL and c11.2 parental envs, respectively). Similarly, the introduction of the 11R
substitution conferred CXCR4-mediated entry to the JRCSF and BaL envs (>10* RLU) but
not to the clone ¢11.2 env. Again, the introduction of 11R was accompanied by reductions in
infectivity on CCR5+ cells (49%, 31% and 22% relative to the JRCSF, BaL and c11.2
parental clones, respectively). Taken together, these observations suggests that the 11K and
11R substitutions are strong determinants of CXCR4 use, but when introduced as single
mutations, their contributions are partially obscured by impairments in envinfectivity in the
absence of compensatory mutations.

The introduction of the 25K or 25R substitutions conferred CXCR4-mediated entry to
JRCSF and BaL (>10* RLU) but not clone ¢11.2. In contrast to the 11K and 11R
substitutions, the 25K and the 25R substitutions did not severely impair infectivity on CCR5
cells, suggesting that these two substitutions do not dramatically reduce overall env
infectivity (Table 5). Thus, the ability of the 25K and 25R substitutions to confer CXCR4
use to some, but not all, R5 envsequences was more apparent than the 11K and 11R
substitutions.

Disruption of the PNGS in the V3 regions of the three R5 env sequences was accomplished
by the introduction of an N6Q mutation. Loss of the PNGS conferred detectable levels of
CXCR4 use to JRCSF (>104 RLU) and BaL (>103 RLU). However, infection of CXCR4+
cells was not observed with the c11.2 env containing the N6Q mutation (Table 5). The
effects of the loss of the PNGS on CCR5-mediated entry varied widely, ranging from 20%
to 245% for the ¢11.2 and JR-CSF mutants, respectively. The reduction in CCR5 cell
infectivity of the c11.2 mutant implies that compensatory mutations may be required to
obtain efficient CXCR4 use by this R5 envsequence.

Reversion of Rto S at position 11 does not reduce the ability of patient viruses to use

CXCR4

To further test the role of V3 substitutions on CXCR4 use by patient virus isolates, we used
site-directed mutagenesis to revert R substituions to S substitution at position 11. The
infectivity of two dual clones (c2.41 and c3.14) containing 11R from subjects 2 and 3, and
their respective mutants with a single R11S change are shown in Table 5. Interestingly, the
two mutants with the R11S substitution retained the dual-tropic phenotype, and their ability
to use CXCR4 and CCRS5 for entry was not reduced relative to the parental clones. These
data, together with experiments described above, confirm that backbone env sequences
collectively contribute to CXCR4 use and can strongly influence the effects of specific V3
determinants of CXCR4 use, such as 11R, 25K/R and loss of a PNGS.

Comparative modeling of V3 structure in paired R5 and dual clones

To further examine the influence of V3 amino acid substitutions on CXCR4 use, we
modeled the structure of the VV3 loops of paired R5 and dual clones from two subjects with
11R variants (G11R for subject 2 and S11R for subject 3) and two subjects with 25K/R
variants (E25K for subject 7 and E25R for subject 9) (Figure 2). Compared to R5 clones,
each paired dual clone exhibited a large gain in positive electrostatic charge. This is in
agreement with previous reports describing higher net charges in the V3 regions of CXCR4-
using viruses (De Jong et al., 1992; Fouchier et al., 1992). However, our modeling indicated
that a single basic amino acid substitution (R or K) at position 11 or 25 alone was not
sufficient to produce the net change in positive charge observed in the paired R5 and dual
clones (data not shown). This result suggests that the other V3 amino acids substitutions
observed in dual clones contribute to the observed differences in electrostatic charge and are
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consistent with our genotypic and phenotypic characterizations described above.
Furthermore, the amino acid side chains of S or G at position 11 are considerably smaller
than the corresponding R and K side chains. Consequently, the S and G side chains are free
to face, and perhaps form stabilizing hydrogen bonds with the opposing V3 stem, as
observed in our models. In contrast, steric constraints imposed an outward positioning of the
R and K side chains relative to the opposing V3 stem. At position 25, the side chains of E, R
or K are more similar in size, and as such, all are sterically restricted away from the
opposing V3 stem. The disparate positioning of amino acid side chains at position 11 and
the consistent positioning of amino acid side chains at position 25 in R5 and dual clones
may explain the impaired env infectivity that is observed for site-directed mutants
containing 11R/K mutations, but not 25R/K mutations.

DISCUSSION

In this study, we have investigated the effect of different V3 mutational pathways on
CXCR4 mediated entry, including the acquisition of positively-charged amino acids or the
loss of PNGS. Specifically, we characterized coreceptor usage among patient viruses that
contained K or R substitutions at position 11 or 25, or that lacked a PNGS at amino acid
position 6-8. We found that all patient viruses with a basic amino acid substitution at
position 11 contained R substitutions and were able to utilize CXCRA4. Viruses with 11K
substitutions were not observed in the group of 200 patient viruses characterized in this
study, or a larger survey of >1000 patient virus sequences. Conversely, CXCR4-mediated
entry was variable among patient viruses containing K or R substitutions at position 25, or
lacking a PNGS at position 6-8, including a subset of viruses that exhibited an R5
phenotype. Analysis of individual env clones containing these V3 changes confirmed our
observations within virus populations. All env clones containing 11R substitutions utilized
CXCR4 for entry, whereas only a subset of clones that contained either a 25K or 25R
substitution, or that lacked a PNGS site at position 6-8 exhibited CXCR4-mediated entry.
Current V3 sequence based tropism prediction methods (PSSM and 11/25 rule) are limited
in their ability to accurately predict coreceptor use of viruses that lack K or R at position 11.

Our initial observations indicate that the presence of a basic amino acid at position 11 of V3
might be a stronger determinant of CXCR4 use than a basic amino acid at position 25, or the
absence of a PNGS at position 6-8. To substantiate this hypothesis, we used site-directed
mutagenesis to either introduce a basic amino acid substitutions at positions 11 or 25 or
remove the PNGS at position 6-8 in three distinct R5 envsequences. We found that addition
of either the 11K or 11R substitution alone was sufficient to confer CXCR4 use for 2/3 R5
env sequences, but that the magnitude of this affect was partially obscured by impairments
in envinfectivity, as noted by reductions in CCR5 mediated entry (most notably for the 11K
substitution). The addition of 25K or 25R substitutions, or disruption of the PNGS was also
capable of conferring CXCR4 use, however they were not consistently accompanied by
reductions in CCR5-mediated infectivity. These results illustrate that the influence of
individual V3 substitutions on CXCR4 use is dependent on env sequence context.

Across three distinct R5 envbackbones, larger reductions in envinfectivity were
consistently observed with the 11K versus the 11R substitution. We speculate that 11K
substitutions may be more incompatible with CCR5 utilization than 11R substitutions and
consequently subject to more stringent negative selective pressure /in vivo. Consistent with
the observations in this study, a survey of 506 V3 sequences obtained from the Los Alamos
National Laboratory database indicates that serine (S, 90.3%) and glycine (G, 7.5%) are the
most prevalent substitutions at position 11 for R5 viruses. Examination of codons reveals a
preferential selection for R over K at position 11: a transition from either S or G to R
requires one base change while transition to K requires two base changes. This genetic
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disadvantage coupled with reductions in infectivity likely account for an extremely low
frequency of 11K substitutions found in patient isolates.

Overall increases in V3 sequence heterogeneity among CXCR4-using virus populations
have also been reported (Low et al., 2008; Troyer et al., 2005). In our study, clonal analysis
of the four patient virus populations containing 11R substitutions revealed that, in three
cases (subjects 1, 2, 3), all clones bearing 11R substitutions also contained additional V3
amino acid substitutions (N=5-8) relative to R5 clones that co-existed within the same virus
population lacking 11R substitutions. In the remaining case (subject 4), both 11R and 11S
clones utilized CXCR4 and shared similar VV3 sequences, suggesting that 11R, per se, was
not (or was no longer) the primary genetic determinant of CXCR4-mediated entry.
Furthermore, reversion of R to S at position 11 by site-directed mutagenesis in dual env
clones from subjects 2 and 3 did not alter CXCRA4 utilization relative to the parental env
clones. Based on the combined results of our database survey, site-directed mutagenesis
experiments, and clonal analyses of 11R viruses, we invoke the following model that
describes potential mutational pathways that lead to efficient CXCR4 use by 11R/K viruses:
either 11R/K substitutions occur early, but require compensatory substitutions in V3 that
restore obligate losses in envinfectivity, or 11R/K substitutions occur late and must be
preceded by V3 substitutions that provide more accommodating env contexts for 11R/K
substitutions. This model is consistent with a strong association between 11R/K
substitutions and efficient CXCR4 use.

Similar to 11R viruses, CXCR4-using env clones that contained 25K or 25R substitutions, or
lacked a PNGS at position 6-8, also contained additional V3 amino acid substitutions (N=3-
15), relative to R5 env clones that co-existed within the same virus populations (subjects 7,
8, 9 and 12). However, unlike 11R/K substitutions, 25R/K substitutions and mutations that
result in loss of the PNGS at position 6-8 are not consistently associated with efficient
CXCR4 utilization or reductions in envinfectivity. Once again, based on the combined
results of our database survey, site-directed mutagenesis experiments, and clonal analyses of
25K/R or PNGS(-) viruses, we invoke the following model to describe potential mutational
pathways that lead to efficient CXCR4 use by 25R/K viruses or viruses that lack a PNGS at
position 6-8: 25R/K substitutions or loss of the PNGS may occur early or late and are not
associated with severe reductions in env infectivity, but require additional V3 substitutions
that act cooperatively to confer efficient CXCR4 utilization. This model is consistent with a
less stringent association between the presence of 25R/K substitutions or the absence of a
PNGS at position 6-8 and efficient CXCR4 use.

The results of our V3 structural modeling exercises are consistent with our experimental
observations. The acquisition of efficient CXCR4 use is associated with notable increases in
positive electrostatic charges along the V3 stem-loop structure relative to the V3 stem-loop
structures of paired R5 viruses from the same virus population. The models indicate that
such increases in electrostatic charge are not acquired through single basic amino acid
substitutions at position 11 or 25, but rather require multiple amino acid substitutions in the
V3 sequence.

It is important to note that previous studies have demonstrated that not all determinants of
CXCR4 use reside within the V3 region. Pastore et al., reported that substitutions in the V1/
V2 regions of gp120 restore losses in entry infectivity resulting from V3 mutations and play
an important role during coreceptor switching from CCR5 to CXCR4 of viruses selected /n
vitro (Pastore et al., 2006). Previously, our laboratory has reported that substitutions in gp41
of patient-derived envs impacted CXCR4 utilization (Huang et al., 2008). Furthermore, the
replacement of V3 regions of X4 or dual envsequences with V3 regions of R5 env
sequence, and vice versa, provides compelling evidence for the existence of determinants of
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CXCRA4 utilization outside of the V3 region (Huang et al., 2008). Consistent with these prior
observations, in this study we describe two env sequences from subject 3 that share identical
V3 sequences, but differ notably in their ability to utilize CXCR4 (R5 vs. dual-X). In
addition, clones that inefficiently use CXCR4 (dual-R) and contain the same V3 sequence
with R5 clones were also identified.

The detailed characterization of 11R/K viruses that utilize CXCR4 in this study provides a
plausible explanation for the observation that basic amino acid substitutions at position 11
but not 25, or losses in PNGS at positions 6-8, are associated with more accurate predictions
of CXCR4 use. We postulate that 11R/K viruses likely escape from CCRS5 inhibitor
treatment by their ability to utilize CXCR4 once compensatory mutations accumulate to
restore reductions in infectivity. The phenotypic impact of V3 amino acid substitutions on
CXCRA4 utilization by patient viruses presented in this study provides further insight into the
different mutational pathways and genetic barriers for acquisition of CXCR4 use by clinical
isolates.
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Figure 1. The number of V3 amino acid differences among env clones from each of 12 subjects
Each symbol represents a unique V3 sequences that differs from the most prevalent V3
sequence of R5 clones in the same sample (except for subject 4). Subject 4 contained only
dual-X clones (efficiently utilize CXCR4) and the number of amino acid differences
between clones with or without 11R is shown. R5 and dual-R (inefficiently utilize CXCR4)
clones are indicated by open squares, dual-X and X4 clones are indicated by filled squares.
The amino acid substitution or number of PNGS is shown within each symbol.
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R5 clone Dual clone

Subject 2 “ -

CIRPNNNTRKGIHIGPGRAFYTTGQVVGDIRQAHC CTRPNNNT ISIGPGRAFVTTEQVVGDIRKAHC

Subject 3

CTRPNNNTRTSITIGPGQVFYKTGDIIGDIRKAYC CTRPNNNTRTRITIGPGRVYYKTGEIIGNIRKAYC

/‘ K25 A "

CVRPNNNTRKGIGIGPGQTFYARNEIIGDIRQAHC CARPNNNTRKGIGIGPGRTFYARNKIIGDIRQAHC

DT B,

CTRPNNNTRRSIHIQPGRAFYATGEIIGDIRQAYC CSRPNNNTRKAIPIHPGGTFYARDRIIGDIRQAHC

Subject 9

Figure 2. Structural modeling of the V3 regions of paired R5 and dual env clones from four
patient virus populations
Patterns of electrostatic charge across the V3 region are depicted (positive charges in blue,

negative charges in red). Gains in positive charge at positions 11 and 25 are highlighted by *
and *, respectively. The V3 amino acid sequences are provided below each modeled
structure, and basic amino acids are highlighted in blue. Subject 2 (G11 vs. 11R), subject 3
(S11 vs. 11R), subject 7 (E25 vs. 25K) and subject 9 (E25 vs. 25R).
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