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INTRODUCTION

Specific variations in the sequence of the third variable region (V3) of the HIV-1 gly-

coprotein gp120, involving charged amino acids, correlate with conversion of viral phe-

notype and coreceptor usage. In general, the V3 sequences of X4 isolates are more posi-

tively charged than those of R5 isolates. It has been suggested that the presence of a ba-

sic residue at V3 positions 306 or 322 is indicative of X4 and X4R5 viruses (the ‘‘11/25

rule’’).1 Moreover, conversion of a negatively charged residue at position 322 (residue

25 of V3) to a positively charged residue was sufficient to convert an R5 strain to an

X4 strain.1–3

Using NMR, our laboratory has reported two conformations of V3 b-hairpins in V3

peptides bound to HIV-1 neutralizing antibodies, leading us to suggest that they corre-

spond to the R5 and X4 conformations of V3.4,5 In the postulated R5 conformation,

residue E322 opposes the conserved arginine at position 304, so that electrostatic attrac-

tion stabilizes the conformation.5 Mutation at position 322 to a positively charged resi-

due produces electrostatic repulsion that may trigger the conversion to the postulated

X4 conformation.5

NMR and X-ray structures of different V3 peptides bound to HIV-1 neutralizing-

antibodies showed that the N-terminal strand and the b turn of V3 interact extensively

with the antibodies whereas the C-terminal strand has considerably fewer interac-

tions.4,6,7 The segment A316-E322 at the V3 C-terminal strand was found to make

only a minor contribution to CCR5 binding and viral infection8 compared with the

opposing N-terminal strand (R304-I309). This could be because of partial occlusion of

the C-terminal strand of the V3 in gp120 as a result of interactions with other domains

of the envelope protein. The NMR studies revealed that while the conformation of the

C-terminal is conserved in the two previously discovered conformations of the V3, the
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ABSTRACT

Analysis of V3 and C4

sequences of HIV-1 reveals

correlated mutations at gp120

positions 322 and 440, and a

very strong preference for a

positively charged residue at

position 440 when position

322 is negatively charged.

This observation suggests that

these two residues are close

to each other and interact

electrostatically in R5 viruses.

This interaction was used to

model V3 in the context of

gp120 using NMR data for

the V3 loop and the crystal

structure of the gp120-core.

The interaction between resi-

dues 322 and 440 may serve

as part of the molecular

switch for HIV-1 phenotype

conversion.
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N-terminal strand is shifted by one residue with respect to

the C-terminal strand. This shift leads to different pairing

of the residues in the b-hairpin, a one register shift in the

N-terminal strand residues forming hydrogen bond as well

as 1808 difference in the orientation of the side chains.4

The conformational flexibility of the N-terminal strand

and the conservation of the C-terminal strand are further

indications that the C-terminal strand is involved in inter-

actions within gp120 that restrict its flexibility.

Although the V3 region has a dominant role in pheno-

type conversion, other domains of gp120 may indirectly

influence HIV-1 tropism. Statistical analysis of gp120

sequences revealed that the presence of a negatively

charged residue at position 440 in the C4 domain of

gp120 was correlated with a general increase in the posi-

tive charges in the V3 region, resulting in an X4 pheno-

type.9,10 On the other hand, R5 viruses required the

presence of a positively charged residue at position 440

to maintain a functional, replicating virus.11 An interac-

tion between V3 and the segment 429EVGKAMYAPP438

(ending two residues upstream of residue 440) has been

suggested based on immunochemical analysis of the

gp120 surface.12 Although the presence of a charged resi-

due at position 440 was associated with phenotype con-

version, this amino acid does not appear to interact

directly with either coreceptor. Therefore, residue 440

may exert an indirect influence on the phenotype switch

so that the correlation between residue 440 and the phe-

notype switch is a consequence of interaction between

residue 440 and the V3.9 We sought to learn whether a

specific residue in V3 can be pinpointed as being respon-

sible for the correlation between residue 440 and the

charge of the V3 region. Since residue 322 was involved

in phenotype conversion, this position was the prime

candidate for testing. Interestingly, we found a very

strong preference for a positively charged residue at posi-

tion 440 when position 322 is negatively charged. This

possible interaction was used to model V3 in the context

of gp120. This interaction may serve as part of the mo-

lecular switch for HIV-1 phenotype conversion.

METHODS

Search for correlation between
residue 322 and 440

To examine whether a correlation exists between the

charge of amino acid at position 322 (in V3) and the

charge of amino acid at position 440 (in C4), we ana-

lyzed all clade B sequences of gp120 that appeared in the

Los Alamos data base and included both the V3 and C4

regions. To do so, HIV-1 clade B amino acid sequences

available in the database (http://hiv-web.lanl.gov/content/

hiv-db/mainpage.html) were downloaded. To identify the

relevant gp120 sequences that include both V3 and C4

regions, the entire database was searched for sequences

containing specific motifs representing the V3 and C4

regions of gp120. The basis for this search was the pres-

ence of conserved (99–100% conservation) residues in

the entire V3 region (In particular, eight conserved

amino acids were required: C296, R298, P299, G314,

G325, R328, A330, and C332). The presence of a specific

sequence, 435YAPP438 that is conserved in the C4 region

was required. This conserved segment is located 100–150

residues downstream of V3. All sequences were analyzed

using a Perl script. Since the database is highly inhomoge-

neous with respect to sequence relatedness, single repre-

sentatives were used in cases of identical sequences or

sequences originating from the same individual. Three

types of amino acid groups were defined according to

charge: (1) for arginine and lysine; (2) for aspartate and

glutamate and (0) for all other amino acids. The program

finds the number of strains having a specific pair of resi-

dues at positions 322 and 440 out of the total number of

strains having the same type of residue at position 322.

The significance of the correlation between these two posi-

tions was calculated using the v2 test according to Kass

and Horovitz.13 To learn whether such correlation was or

was not limited to clade B, the same procedure was

repeated for clades A and C. In addition, to ensure

unbiased results, the same calculations were performed for

other possible ‘‘positive–negative’’ pairs within V3 and C4,

i.e., residues 326/440, 326/444, 322/444, and 306/440.

Modeling the V3JR-FL into the gp120 core

The V3 structure in the context of gp120 was modeled

using Crystallography and NMR System program and

NMR data on the V3 conformation.5 The structural tem-

plate of the gp120 molcule was that of HIV-1JR-FL gp120-

core with V3 in complex with CD4 receptor and X5 anti-

body (PDB accession: 2B4C).7 The interaction between

residues 322 and 440 was translated into an assumed

inter-residue distance constraint of 3 Å between the car-

boxyl group of E322 and the Ne- hydrogen of R440. The

position of V3 residues P299-R327 and C4 residue 440

was allowed to change, while the position of all other

gp120 residues was fixed (2B4C.pdb chain G residues

V84-R298, Q328-I439, and G441-E492). The position of

the first three residues of the N-terminal half (C296-

R298) and the last four residues of the C-terminal half of

the V3 loop (Q328-C331) was fixed since these residues

adopt a well defined b-strand structure within 2B4C.pdb.

Structures of the V3 loop in the HIV-1JR-FL gp120-core

with V3 were calculated using all NMR constraints

applied previously (to solve the structure of V3JR-FL pep-

tide in complex with 447-52D antibody4).

RESULTS AND DISCUSSION

Approximately 3800 sequences contained both the V3

and the C4 segments according to our search require-
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ments. Their analysis revealed a significant correlation

(P-value <1024) between the type of amino acid at posi-

tion 322 in V3 and the type of amino acid at position

440 in C4: 70% of HIV-1 clade B isolates contain nega-

tively charged residues at position 322, and of these, 78%

have a positively charged residue at position 440, 17%

have a neutral amino acid and only 5% have a negatively

charged residue (Table I). When the amino acid at posi-

tion 322 changes from negatively charged to a neutral

amino acid (18% of the HIV-1 clade B sequences in this

database) the percentage of positively charged residues at

position 440 drops to 54%, while 31% are neutral and

15% are negative. Of the 12% of isolates having a posi-

tively charged residue at position 322, the percentage of

sequences with a positively charged residue at position

440 drops to 28%, while 51% are neutral and 21% are

negative (Table I). However, examination of clades A and

C failed to find the same pattern (Supplementary Tables

SI and SII). The other clade B ‘‘positive/negative’’ pairs

that were tested (322/444, 326/440, 326/444, and 306/440)

did not show any significant correlation (Tables II–IV).

In these pairs, a clear preference for positive charge at

position 440 and 444 was evident, regardless of the

charge at positions 322 and 326.

The vast majority of gp120 sequences in the database

are not characterized according to the phenotype of the

virus from which they were derived. Examination of 21

clade B sequences for which the phenotype is known had

previously revealed a correlation between the overall

charge of V3 and the charge of the residue at position

440.10 Interestingly, we now find that all strains with a

negatively charged residue at position 322 (10 sequences)

have a positively charged residue at position 440, and all

of them are R5 viruses. Of the sequences having neutral

residue at position 322 (six strains), five have neutral res-

idues at position 440 and one has a positively charged

residue, and most of these are dual tropic viruses (four

of six). In the case of positively charged residue at posi-

tion 322 (five sequences), three have neutral residues at

position 440 and two have a negatively charged residue.

Of these five strains, three are X4, and the other two are

dual-tropic.

These data together with our results discussed above

clearly indicate a very strong preference for a positively

charge residue at position 440 when position 322 is nega-

tively charged. This suggests an electrostatic interaction

between residue 322 in the C-terminal strand of V3 and

the C4 residue 440 in R5 viruses. When the charge at res-

idue 322 changes from negative to positive, we see a

drop from 78 to 28% positively charged residues at posi-

tion 440, indicating that positive charge simultaneously

at both positions is unfavorable, appearing in less than

3.5% of viruses. Combination of a charged residue at ei-

ther 322 or 440 with a neutral residue at the other posi-

tion occurs in �38% of HIV-1 clade B viruses. Our

sequence analysis together with that presented by Yama-

Table I
Correlation Between the Charges of V3 Residue 322 and C4 Residue 440

of Clade-B HIV-1

440 (C4)

322 (V3)

2 0 1

1 78a 54 28
0 17 31 51
2 5 15 21
Total 2642 668 463

aThe values represent percent of HIV-1 clade B strains that have the indicated

charge (positive, neutral, or negative) at residue 440 out of all HIV-1 clade B

strains that have the indicated charge at position 322. P-value < 1024.

Table II
Correlation Between the Charges of V3 Residue 322 and C4 Residue 444

of Clade-B HIV-1

444 (C4)

322 (V3)

2 0 1

1 80a 85 84
0 18 14 16
2 2 1 0
Total 2642 668 463

aThe values represent percent of HIV-1 clade B strains that have the indicated

charge (positive, neutral, or negative) at position 444 out of all HIV-1 clade B

strains that have the indicated charge at V3 residue 322.

Table III
Correlation Between the Charges of V3 Residue 326 and C4 Residue 440

of Clade-B HIV-1

440 (C4)

326 (V3)

2 0 1

1 68a 63 60
0 22 34 40
2 10 3 0
Total 3199 569 5

aThe values represent percent of HIV-1 clade B strains that have the indicated

charge (positive, neutral, or negative) at position 440 out of all clade B HIV-1

strains that have the indicated charge at V3 residue 326.

Table IV
Correlation Between the Charges of V3 Residue 326 and C4 Residue 444

of Clade-B HIV-1

444 (C4)

326 (V3)

2 0 1

1 81a 83 100
0 18 17 0
2 1 0 0
Total 3199 569 5

aThe values represent percent of HIV-1 clade B strains that have the indicated

charge (positive, neutral, or negative) at position 444 out of all clade B strains

that have the indicated charge at V3 residue 326.
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guchi-Kabata et al.10 indicate that, while a strong prefer-

ence for a positive charge at position 322 and negative

charge at position 440 cannot be demonstrated for X4

viruses, the presence of two positive charges at both posi-

tions is nevertheless very unfavorable.

An interaction between residues 322 and 440 could be

one of the anchors responsible for the conservation of the

V3 C-terminal strand conformation observed in NMR

studies. In the crystal structure of gp120-core with V3

present,7 the distance between these two residues was 23–

24 Å, which is too long to enable electrostatic interactions.

However, the segment F317-I323 was not well defined in

the crystal structure due to its disorder.7 Therefore, we

modeled the structure of HIV-1JR-FL based on gp120-core

with V3 in complex with CD4 receptor and X5 antibody

(PDB accession: 2B4C) and our NMR data for V3JR-FL.5

The backbone superposition of the 40 resulting lowest

energy structures is shown in Figure 1. The structures

define a b-hairpin consisting of two strands. Most of the

residues are in an extended but not ideal b-strand confor-

mation; however, two short well defined antiparallel b-
strands are formed (Fig. 2, green arrows, residues S306-

I307 and T319-T320). The electrostatic interaction created

between V3 and C4 in the calculated gp120-model does

not result in clashes with other domains in the crystal

structure of the V3-containing gp120-core and is compati-

ble with the NMR structure of V3-peptides bound to

HIV-1 neutralizing antibodies.

The use of a distance constraint between residues 322

and 440 despite the observation that they are separated

by 23–24 Å in the crystal structure as noted above can be

justified by the fact that the crystal structure was

obtained using a monomeric gp120 lacking the V1/V2

loops and gp41 as well as the N-linked glycosylation site

(301N/Q) in the V3. On the virion’s envelope, gp120

appears as a trimer interacting noncovalently with a

trimer of gp41. The sequence correlations discovered in

the present study should apply to the native gp120/gp41

trimeric structure. A model for the gp120/gp41 trimer,14

based on the crystal structure of SIV and HIV-1 gp120,

suggested interactions between the V3-region of one pro-

tomer with the V1/V2-region of an adjacent protomer

and exhibits a propeller-like structure. This model

explained the contribution of V1/V2 to neutralization re-

sistance to anti-V3 antibodies observed in many primary

isolates of HIV-1 and the discovery that some neutraliz-

ing antibodies recognize a discontinuous V2–V3 determi-

nant.15 The interaction of V3 with the V1/V2 region and

possibly with gp41 and the lack of the glycosylation in

the V3 could easily affect the conformation of V3 espe-

cially in those segments that show disorder in the crystal

structure.7 One of the disordered segments is located at

the center of the V3 C-terminal strand and includes resi-

due 322.7 The calculated model that takes into account

the crystal structure of the gp120-core and the base of

the V3, as well as the NMR structure of V3 segment

R304-E322 (which was obtained when bound to antibody

that recognize the native gp120 structure, i.e., with glyco-

sylation), can easily accommodate the correlation

between residues at positions 322 and 440. Such a model

also explains the previous suggestion of proximity

between the V3 and the C4 region derived from immu-

nochemical analysis.12

The pair of residues (E/D)322 and (R/K)440 could

serve as part of the molecular switch for phenotype con-

Figure 1
Backbone superposition of the 40 lowest-energy models for the gp120-core

containing V3. The models were calculated according to the crystal structure of

gp120 core and the base of the V3,7 the NMR structure of V3JR-FL bound to the

HIV-1 neutralizing antibody 447-52D4 and a distance constraint between

residues 322 and 440 deduced from the correlation between these two residues.

Figure 2
Ribbon diagram of the superposition of the crystallographic structure of V3-

containing gp120-core and lowest-energy NMR structure of V3 modeled onto

gp120-core. (A) gp120 core of HIV-1JR-FL (gray),7 the V3JR-FL structure

according to the NMR constraints (green)5 and the crystallographic structure of

V3JR-FL as part of the V3-containing gp120-core (blue).7 (B) Magnification of

the V3 NMR-structure modeled onto gp120-core and the C4 segment that

potentially interact with V3. The side-chains of R440 within gp120-core and

R304 and E322 of the V3 NMR-structure are represented by stick and colored

blue and red for positive and negative, respectively.
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version described previously.4,5 This pair, perhaps in

combination with other residues in the V3 C-terminal

strand that interact with gp120 residues outside of V3,

can serve as a pivot for the conformational switch by

restricting the flexibility of the V3 C-terminus. The more

flexible N-terminal strand will then orient itself relative

to the C-terminal strand in one of two conformations

that differ by a one register shift relative to the C-termi-

nal strand to form favorable pair-wise interactions

between the two opposing b-strands. Each conformation

of the N-terminal strand will result in different surface

topology that could influence binding to the chemokine

receptors. Interestingly, such a pivot is also found in the

b2,b3-hairpin of chemokines and is formed by a disul-

fide bond between a cysteine residue in the b3-strand of

the b2-b3 hairpin and C11. Previously, we have shown

an ‘‘analogy’’ between the alternative conformations of

V3 and the conformations of the b2,b3-hairpin in the

CCR5 chemokines and CXCR4 chemokine.16 In both

cases, a different topology of a b-hairpin surface that

potentially interacts with the chemokine receptors was

created by a one register shift of the N-terminal strand of

the b-hairpin relative to the C-terminal strand.4 Further

studies are required to elucidate how the conformational

change in the HIV-1 V3 and in the chemokine b2-b3
hairpin modulates the specific interactions of these mole-

cules with CCR5 and CXCR4 receptors.
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