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The reactivities of a panel of 14 monoclonal antibodies (MAbs) with monomeric gpl20 derived from 67
isolates of human immunodeficiency virus type 1 of clades A through F were assessed by using an
antigen-capture enzyme-linked immunosorbent assay. The MAbs used were all raised against gpl20 or gpl20
peptides from clade B viruses and were directed at a range of epitopes relevant to human immunodeficiency
virus type 1 neutralization: the V2 and V3 loops, discontinuous epitopes overlapping the CD4-binding site, and
two other discontinuous epitopes. Four of the five V3 MAbs showed modest cross-reactivity within clade B but
very limited reactivity with gpl20s from other clades. These reactivity patterns are consistent with the known
primary sequence requirements for the binding of these MAbs. One V3 human MAb (19b), however, was much
more broadly reactive than the others, binding to 19 of 29 clade B and 10 of 12 clade E gpl20s. The 19b epitope
is confined to the flanks of the V3 loop, and these sequences are relatively conserved in clade B and E viruses.
In contrast to the limited reactivity of V3 MAbs, CD4-binding site MAbs were much more broadly reactive
across clades, two of these MAbs (205-46-9 and 21h) being virtually pan-reactive across clades A through F.
Another human MAb (A-32) to a discontinuous epitope was also pan-reactive. The CD4-binding site is strongly
conserved between clades; but when considering the epitopes near the CD4-binding site, clade D gpl20 appears
to be the most closely related to clade B and clade E appears to be the least related. A tentative rank order for
these epitopes is B/D-A/C-E/F. V2 MAbs reacted sporadically within and between clades, and no clear pattern
was observable. While results from binding assays do not predict neutralization serotypes, they suggest that
there may be antigenic subtypes related, but not identical, to the genetic subtypes.

The surface glycoprotein gpl20 of human immunodeficiency
virus type 1 (HIV-1) is responsible for mediating virus attach-
ment to the CD4 receptor in the initial stage of HIV-1
infection of CD4+ cells (31, 34, 42). It is also a major target for
the human immune response to HIV-1 infection, and a con-
siderable fraction of virus-binding and virus-neutralizing anti-
bodies are directed against this protein (2, 41, 66, 73). Inspec-
tion of the primary sequences of gpl20 from multiple isolates
shows that it is a highly variable protein (36, 53, 72). This
variation is manifested at several levels: within individuals (6,
18, 23, 61, 86), between isolates from individuals infected with
HIV-1 within a localized geographical area (1, 5, 13, 24, 27, 29,
33,50,52,57,58, 63, 64, 71, 87), and between isolates identified
in distinct areas of the world (11, 13, 14, 17, 20, 30, 53, 68, 78,
81). Early analyses of gpl20 sequence variation within the
predominant European/North American B clade allowed the
division of the protein into conserved (C) and variable (V)
regions (28, 36, 53, 72). The C- and V-region designations have
mostly withstood the test of time, although the availability of
more sequences has made it clear that revisions are needed: for
example, segments of the C3 domain are more variable than
the V3 loop, and the V5 domain is fairly conserved (53).

More-recent studies of HIV-1 isolates from throughout the
world have enabled the identification of several clades of
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HIV-1 genotypes (8, 11, 14, 17, 20, 29, 30, 50, 53, 68, 78, 81).
Assignment of a virus strain to a particular clade may be based
on either env or gag sequences, and there is reasonable, but not
exact, correlation between the different cladistic approaches
(11, 19, 30, 53, 69, 81). Variation in the gpl20 sequence
between clades can be quite considerable, far in excess of the
variation found within an individual or within a clade (11, 14,
17, 20, 29, 50, 53, 68, 78, 81). However, we possess very little
information as to how primary sequence variation affects the
tertiary structure of gpl20 or its antigenicity (49). To date,
exploration of antigenic variation in gpl20 has been mostly
limited to exploring the seroreactivity of peptides from the V3
region of different gpl20 strains (8, 9, 24, 55, 59, 60, 63, 71, 87).
This is important because of the significant contribution V3
antibodies make to virus neutralization, and the extensive
sequence variation that is found in the V3 region (1, 5, 8, 9, 26,
27, 29, 35, 37, 38, 50, 52, 53, 59, 60, 64, 70, 71, 80, 81, 87). Yet
a vaccine effective against multiple HIV-1 isolates will almost
certainly require more antigens than V3 loop peptides alone;
so, information on the antigenicity of gpl20 from multiple
clades and the way gpl20 is presented to the immune system of
infected individuals may be important for the rational design of
HIV-1 vaccines.

In this study, we have used monoclonal antibodies (MAbs)
raised against clade B viruses or fragments thereof to explore
the degree of structural conservation between soluble gpl2Os
derived from clade B viruses and soluble gpl2Os from clades A
and C through F, using an assay to measure MAb-gpl2O
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binding. We conclude that V3 MAbs rarely cross-react with
gpl20s outside clade B, that epitopes around the CD4-binding
site are generally well conserved within clade B viruses and can
be conserved in other clades also, and that one MAb to a
distinct, discontinuous epitope shows pan-reactivity across all
clades.

MATERIALS AND METHODS

MAbs and gpl20. All human MAbs (HuMAbs) were iso-
lated from individuals infected with clade B viruses. CD4-
immunoglobulin G (IgG) was obtained from Genentech, Inc.
(South San Francisco, Calif.) (7). HuMAb 19b to a V3 epitope
(47, 67, 70) and HuMAbs 21h and 15e to discontinuous
epitopes overlapping the CD4-binding site (22, 76) have been
described previously. HuMAbs 205-46-9 and 205-43-1 to dis-
continuous epitopes overlapping the CD4-binding site were
obtained from M. Fung (Tanox Biosystems, Inc., Houston,
Tex.) (40). HuMAb 48d to a discontinuous gpl20 epitope
whose exposure is enhanced by CD4 binding has been de-
scribed elsewhere (67, 77), as has HuMAb A-32 to a separate,
discontinuous epitope (40, 45, 67). MAbs loop 2 and IgGlbl2
are human recombinant antibodies isolated as Fab fragments;
loop 2 was screened against a cyclized V3 peptide based on the
sequence SISGPGRAFYTG (3), whereas IgGlbl2 was
screened against recombinant BRU gpl20 and recognizes a
discontinuous CD4-binding-site-related epitope (4, 65). Mu-
rine MAbs 50.1, 58.2, and 83.1 were raised against an MN-V3
peptide (80), while the immunogen for murine MAbs SC258
and G3-4 was IIIB gp120. The last two MAbs recognize
conformationally sensitive epitopes in the V2 loop (16, 21, 25,
45, 75, 85). Details of the epitopes for the MAbs in the test
panel are summarized in Table 1. Purified gpl20 from HIV-1
MN-infected virus cultures was a gift from Larry Arthur
(National Cancer Institute, Frederick, Md.).

Viruses. Virus isolates were collected from various regions
of the world by three organizations: the World Health Orga-
nization (WHO) (81), the Henry M. Jackson Foundation for
the Advancement of Military Medicine and the Military Med-
ical Consortium for Applied Retroviral Research (HMJF/
MMCARR), and the National Institute of Allergy and Infec-
tious Diseases (NIAID). Viruses were expanded in mitogen-
stimulated peripheral blood mononuclear cells (PBMC) (12,
29, 30, 32, 68), and culture supernatants containing infectious
virus were stored in central repositories at - 140°C. The
designation of viruses into clades was made on the basis of
sequence information from the gag gene, from gpl20 or gpl60,
from the C2-V5 region of gpl20, or, in some cases, after
heteroduplex mobility analysis (11, 17, 29, 30, 81). Sequences
described in this paper were taken from primary publications
that describe the isolates and methods used (9, 12, 17, 29, 59,
68, 81) or, for NIAID isolates, were provided by Fen Gao and
Beatrice Hahn (University of Alabama at Birmingham). Sev-
eral isolates have not yet been sequenced.

Viruses designated by a code in the format exemplified by
UG 92/029 were provided by the WHO; viruses designated by
a code in the format exemplified by DJ 258 were from the
HMJF/MMCARR repository. All other viruses were from the
NIAID collection. The countries of origin for the WHO and
HMJF/MMCARR viruses are reflected in the code designa-
tion by the following abbreviations: UG, Uganda; RW,
Rwanda; DJ, Djibouti; BR or BZ, Brazil; SG, Senegal; ZAM,
Zambia; SM, Somalia; TH, BK, and CM, Thailand; and US,
United States of America. The following NIAID viruses were

obtained in the countries indicated: 8855, Malawi; 2818M,
Rwanda; 301966, 301975, 301976, B06-003, and B06-015, Thai-

land; 301594, 301599, 301651, and 301652, Haiti; and 301711,
301712, 301714, 301715, 301716, 83017, 1045, 1064, and 20420-
19, United States. Chinese isolates RYCA2 and RYCA4 were
derived from samples provided by Y. Zeng.

MAb-gpl20-binding assay. Infectious culture supernatants
containing virus and free gpl20 were treated with 1% Nonidet
P-40 (NP-40) nonionic detergent to provide a source of gpl20
(48). An appropriate volume of inactivated supernatant was
diluted with a buffer consisting of Tris-buffered saline, 1%
NP-40, and 10% fetal calf serum, and a 100-,ul aliquot was
added for 2 h at room temperature to microplate wells
(Immulon II; Dynatech Ltd.) coated with sheep polyclonal
antibody D7324. This antibody was raised to peptide APT-
KAKRRVVQREKR, derived from the C-terminal 15 amino
acids of the clade B LAI isolate. Unbound gpl20 was removed
by washing with Tris-buffered saline, and bound gpl20 was
detected with CD4-IgG (1 pRg/ml), or with MAb, diluted in
TMTSS buffer essentially as described previously (43-48). The
bound ligand was then detected with an appropriate alkaline-
phosphatase-conjugated anti-IgG, followed by AMPAK (Dako
Diagnostics). A492 (optical density at 492 nm [OD492j) was
read.
Each virus was tested against CD4-IgG in triplicate and

against each MAb in duplicate. The average standard deviation
of the triplicate CD4-IgG values was within 15% of the mean
value. On the basis of our experience of the reactivities of these
MAbs with gpl20s from clade B viruses such as HIV-1 MN or
BH10, we used the V3 MAbs at 0.3 ,ug/ml (58.2 at 1/30,000
dilution of ascites fluid), the CD4-binding site MAbs A-32 and
48d at 1 ,ug/ml, SC258 at 3 ,ug/ml, and G3-4 at 10 pRg/ml. All
OD492 values were corrected for nonspecific antibody binding
in the absence of added gpl20 (buffer blank). The mean,
blank-corrected OD492 values for CD4-IgG and each MAb
were then calculated, and the OD492 ratios of MAb to CD4-
IgG were determined for each MAb. This procedure normal-
ized the different amounts of gpl20 captured onto the solid
phase via antibody D7324 when the MAb reactivities with a
panel of viruses were compared. Binding ratios of 0.50 or
greater were deemed to represent strong MAb reactivity;
ratios from 0.25 to 0.49 were considered indicative of weak
reactivity; values of <0.25 were designated representative of
essentially negative MAb reactivity.
The only exception to this procedure was made when

HuMAb 19b was analyzed. We have noted that when saturat-
ing concentrations of 19b were reacted with gpl20 from several
clade B isolates, the OD492 values were two- to threefold lower
than that expected from the extent of binding of other anti-
bodies or CD4-IgG to these gpl20s (47). This reduced binding
was overcome by increasing, by three- to fivefold, the volume
of culture supernatant used as the gpl20 source in our assay.
We believe that the reduced binding of 19b is due to proteo-
lytic cleavage of the V3 loop on a fraction of the total gpl20
molecules that occurs during the 5 to 7 days required to grow
virus in PBMC cultures. Thrombin-mediated proteolysis of the
V3 loop of purified MN gpl20 destroys the 19b epitope but
does not affect the binding of MAb 50.1 or 83.2 to other V3
epitopes (47). Because it was not always possible to increase
the amount of culture supernatant added to the assay when
studying viruses from clades other than clade B, in many cases

we added 100 RI of culture supernatant, titrated HuMAb 19b,
and determined the 19b concentration that resulted in 50%
binding. A 50% binding value of <100 ng/ml was designated
strong 19b reactivity; values from 100 to 250 ng/ml were

deemed to represent weak 19b reactivity; values of >250 ng/ml
were considered negative for 19b reactivity.

Post hoc comparisons of the MAb-binding patterns with
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TABLE 1. Summary of epitopes for MAbs in test panel

Substitution(s)
MAb Reference(s) gp120 region Epitope

Inhibitorya Toleratedb

l9b 47, 67, 70 V3 loop -I----G--FY-T -I---PG--FY-T RIH-IGPGRAFYAT

SISGPGRAFYTG
RIHIG
I-IGPGR
HIGPGRAF

S R YH
LV
L

A at any position
A at any position
A at any position

SVNLAW KTI T
G PM L QSV R

G VY V
T

HIGPGRAF
y
A

205-46-9 40

205-43-1

21h

15e

CD4-binding site

40

22, 76

22, 76

CD4-binding site

CD4-binding site

CD4-binding site

Discontinuous

Discontinuous

Discontinuous

Discontinuous

113
368
368
370
368
370

113
113
113
256
257
368
370
427
427

D/R (256 S/Y)
D/R (257 T/R)
D/T (477 D/V)
E/R
D/R (314 G/W)
E/R (368 D/T)

D/R
D/A
D/R
S/Y
T/R
D/R
E/R
w/V
w/S

(384
(421
(368

(257
(257
(370
(384
(475

Y/E)
K/L)
D/R)

See reference 76

See reference 76

See reference 76

See reference 76T/A)
T/G)
E/Q)
Y/E)
M/S)

4, 65 CD4-binding site

67, 77 CD4-enhanced
40, 44, 67 Unknown

44 V2 loop (conformation
sensitive)

21, 44, 75, 85 V2 loop (conformation
sensitive)

Discontinuous 368
368
370
457
457
477

Discontinuous
Discontinuous

KEYA--YKLD

KEYAF-YKLD

D/R
D/T
E/R
D/A
D/R
D/V

(152/3 GE/SM)
(191/3 YL/GS)
(AV1/V2)
(380 G/F)
(386 N/Q)
(420 I/R)
(427 W/S)
(470 P/L)

Multiple (see reference 77)
69 W/L ( 76 P/Y)

252 R/W (117 K/W)
256 S/Y (380 G/F)
262 N/T (381 E/P)
427 W/S (382 F/L)

(384 Y/E)
(420 I/R)
(435 Y/S)
(435 Y/M)
(475 M/S)
(485 K/V)

Several outside epitope
(see reference 45)

Several outside epitope
(see reference 45)

See references 4, 65

See reference 77
See reference 45

See reference 45

See reference 45

a Amino acid substitutions indicated by prior studies to inhibit MAb binding to gpl20 or a relevant peptide are listed below the epitope description for HuMAb 19b
and are summarized for other MAbs, with the numbering system based on the HxBc2 clone of HIV-1 LAI. For MAbs 205-46-9 to A-32, substitutions that exhibit strong
inhibition are listed, with those exhibiting weak inhibition given in parentheses.

b Amino acid substitutions indicated by prior studies not to affect MAb binding to gpl20 or a relevant peptide are listed below the epitope description for HuMAb
19b and MAb 58.2. The panels of gpl20 mutants used to analyze the binding of MAbs to discontinuous or V2 conformational epitopes are listed in the original reports
(reference[s] cited); they should be consulted for information on amino acid substitutions that do not affect MAb binding. For HuMAbs 205-46-9, 205-43-1, IgGlbl2,
and A-32, the panels of mutants used were very similar to those used to analyze HuMAbs 21h, 15e and 48d.

Loop 2
50.1
83.1
58.2

3
80
80
80

V3 loop
V3 loop
V3 loop
V3 loop

Iglbl2

48d
A-32

SC258

G3-4
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FIG. 1. Reactivity of CD4-IgG with gp12Os from viruses of clades A
through E. NP-40-treated culture supernatants were reacted with
capture antibody D7324, and CD4-IgG was then titrated at the
concentrations indicated before detection of gp120-bound CD4-IgG.
The OD492 values were corrected for CD4-IgG absorption in the
absence of gp120 (OD492 of <0.070) and then expressed relative to the
value obtained at the highest input CD4-IgG concentration (defined as
100%). The volume of supernatant tested and 100% OD492 values,
respectively, were 10 p.1 and 0.98 forclade A, 20,u1 and 1.36 forclade
B, 10,u1 and 1.00 forclade C, 35,u1 and 0.97 forclade D, and 50 p.1 and
1.21 forclade E.

available V2 and V3 sequences (see Fig. 3 and Tables 3 and 4)
revealed a few results that appeared anomalous (see Fig. 2). To
check these results, titration curves for selected MAbs and
gp120s were plotted and a total of six changes were made in the
data in Fig. 3 and Tables 3 and 4 to reflect the revisions.

RESULTS

Reactivities ofclade A through F gpl20s with CD4-IgG. For
this study we accumulated viruses distributed among clades A
through F, collected in a number of countries and stored in the
form of infectious culture supernatants from PBMC cultures in
repositories coordinated by the WHO, NIAID, and HMJF/
MMCARR. We first confirmed that the CD4-binding site on
gpl20 was substantially conserved between clades by measur-
ing CD4-IgG binding to NP-40-solubilized gpl20 from repre-
sentative clade A through E viruses, using the D7324-capture
enzyme-linked immunosorbent assay (Fig. 1). The concentra-
tion of CD4-IgG giving half-maximal binding to each of the
tested viruses was in the range 0.05 to 0.3,ug/ml (0.33 to 2 nM),
with the clade B gpl2O from isolate US 4 having a lower affinity
for CD4-IgG than did the other gpl20s. Half-maximal CD4-
IgG binding values for 12 other clade B gpl20s that we have
studied fell in the range 0.06 to 0.22 ,ug/ml (39); so, US 4 gpl20
is probably at the low end of a fairly narrow distribution of
CD4-IgG-binding affinities. Thus, we could find no evidence
for a major degree of variation in CD4-binding affinities
between gpl20s from different clades.
Each NP-40-treated virus stock was titrated (2 to 100 pu1 per

well) to assess the amount of gpl20 present that would react
with capture antibody D7324. For this purpose, captured gpl20
was detected with a saturating concentration of CD4-IgG (1
,ug/ml). Each assay was internally calibrated by using a range of
concentrations of MN gpl20 (0.03 to 10 ng/ml). From the
titration curves, we determined the amount of each culture
supernatant that gave an OD492 value of 0.80 in the CD4-IgG-
binding assay, which is equivalent to approximately 1 ng of MN
gpl20 per ml. For most clade B viruses, 5 to 15 ,u1 of culture
supernatant was sufficient to allow OD492 values in the above
range, but for viruses from other clades, 50 to 100 p.l of
supernatant was more usually required. An OD492 value of
0.80 could not be obtained with several supernatants at the
highest input of 100 p.1 per well, and about 25% of the cultures

of isolates from clades other than B were essentially unreactive
in our assay. This could be either because there was insufficient
gpl20 in the cultures or because of variation in the C5 epitope
for capture antibody D7324 (see below). However, no clade
was significantly less reactive than the others. Notwithstanding
the above observations, we were able to constitute a panel of
67 gpl20s from diverse isolates that were sufficiently reactive
with antibody D7324 and CD4-IgG. The panel comprised
clade A (8 isolates), clade B (29 isolates), clade C (8 isolates),
clade D, (8 isolates), clade E (12 isolates), and clade F (2
isolates). Appropriate dilutions of the inactivated culture
supernatants were stored at -40°C in microplate wells before
use.

Reactivities ofclade A to F gpl20s with MAbs. Microplates
containing previously diluted culture supernatants were unfro-
zen, and the contents were transferred to D7324-coated wells.
After capture of gpl20, CD4-IgG reactivity was measured in
triplicate; the net, meanOD492 values were distributed around
the desired value of 0.8, most falling in the range 0.5 to 1.1,
although a few non-B gpl20s produced OD492 values of 0.3 to
0.5 (data not shown). MAb reactivity was, in contrast, usually
much more variable. Data representing MAb reactivities with
gpl20s from clades A through F are presented in Fig. 2.

All MAbs in our test panel were raised against gpl20 or
gpl20-derived peptides from clade B isolates. In particular, the
immunogen for three of the five V3 MAbs (50.1, 83.1, and
58.2) was a peptide from the V3 loop of HIV-1 MN (80), and
a fourth V3 MAb (loop 2) was screened against a similar V3
peptide (3) (Table 1). It was, therefore, not surprising that the
MAb panel showed greatest overall reactivity with clade B
gpl20s, which was especially apparent with most of the V3 loop
MAbs (Fig. 2 and 3; Tables 2 and 3). There was also significant
reactivity of the V3 MAb panel with clade F gpl20s (Fig. 2;
Table 3); although with only two isolates from this clade
available for study, we are unsure of the generality of this
observation. The reactivity of MAbs 50.1, 83.1, and 58.2 and
loop 2 with gpl20s from clades A, C, D, and E was uncommon
and sporadic (Fig. 2). However, V3 HuMAb 19b did cross-
react significantly with several E clade gpl20s, and 19b also
bound weakly to a few A, C, and F clade gpl20s (Fig. 2). This
pattern of reactivity is consistent with the relative conservation
of the 19b epitope on the flanks of the V3 loop, compared with
the more-extensive variation seen in the epitopes for the other
V3 MAbs near the crown of the loop (Fig. 3). It was notable
that the V3 MAbs tended to be poorly reactive with gpl20s
from Thai, Chinese, and Haitian clade B viruses compared
with gpl20s from American or Brazilian clade B viruses. For
example, only a single Thai B gpl20 (BK 130) was strongly
reactive with V3 MAbs other than 19b (Fig. 2), although five of
the seven Thai B gpl20s do have the GPGR motif in their V3
loops that is typical of isolates predominant in the United
States and Haiti (Fig. 3). The other Thai clade B gpl20s (TH
92/026 and CM 237) have variant GPGQ and GPGK se-
quences at the crown of their V3 loops (17, 81), and neither
reacted with any V3 MAbs (Fig. 2). Similarly, the Brazilian
clade B isolate BR 92/021 with the variant GWGR motif at the
V3 crown (29, 50, 81) was unreactive with all V3 MAbs except
19b, although BR 92/023 gpl20 with the GPGK variant motif
was weakly reactive with MAbs 50.1 and 83.1 as well as 19b
(Fig. 2). A more detailed comparison of the V3 sequence and
MAb reactivity data for the panel of gpl20s is made below.
We tested five HuMAbs to related, but distinct, discontinu-

ous epitopes that overlap the CD4-binding site of gpl20. These
CD4 site epitopes showed a much greater degree of conserva-
tion than the V3 loop epitopes, both within clade B and across
clades. Some HuMAbs to CD4 site epitopes, notably 205-46-9
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Clade B
V3 CD4BS CD4 t ? V 2

Virus 19b Loop 2 50.1 83.1 58.2 2054s 2053-1 21h 15e IgG-12 48d A-32 SC258 G3-4
USA

830171

120420 _ 2034
1064 1

13017111 _ 0.21 T

301716
us1
US4

Haiti
301594 0.05
301599 0.08 0.00
301651 0.07 i 0.00 0.02
301652 0.15 0.02

Brazil
BR 921020
BR 921021
BR 921023
BZI6
BZ16
BZ167 1

Thailand
BK 1301
BK 131
BK91014

ICM 23 _
TH 92V014_
TH 921026 _

IChina

0.02 I u.uu

0.20-
0.09 0.12

0.09 0.04
0.00 0.00
0.00 0.00

0.00

RYC A2 -0.02 1 0.00 I 0.19 I 0.00 I0.000.4.1
RYC A4 0.03 10.00 10.02 0o.00- 0.04 0.8 .4000 .1

FIG. 2. Reactivities of MAbs with gp120s from clades A through F. The data presented are MAb/CD4-IgG binding ratios (see Materials and
Methods). Dark shading indicates strong MAb reactivity (ratio of 20.5), light shading denotes weak MAb reactivity (ratio of 0.25 to 0.49), and no
shading represents negative reactivity (ratio of <0.25). For HuMAb 19b, the values in parentheses represent the 19b concentrations giving 50%
binding (see Materials and Methods). CD4BS, CD4-binding site.

and 21h, were strongly cross-reactive; 205-46-9 bound to 65/67
test viruses from clades A through F, failing to bind to only a
single gpl20 from each of clades B and C (Fig. 2; Table 2).
HuMAb 21h was pan-reactive among gpl2Os from clades A
through D and F but bound to only a minority of dade E
gpl20s, which distinguishes it from HuMAb 205-46-9 (Table
2). HuMAb 205-43-1 was strongly reactive with all B, D, and F
clade gpl2Os but was only sporadically reactive with A and C
gpl2Os and bound to only a single gpl20 from clade E (Fig. 2).
The other two MAbs to the CD4 site epitopes, i5e and
IgGlbl2, were unreactive with a significant fraction of B clade
gpl20s, and this reduced reactivity was also manifested with
gpl2Os from clades other than B (Table 2). However, 15e
bound strongly to all eight D clade gpl2Os (Fig. 2). Taken
together, the CD4 site MAbs indicate that the degree of
relatedness of the complex epitopes in this area to those on
clade B gpl2Os is B/D-A/C-E/F, although with only two F clade
viruses available any judgement must be tentative (Table 3).
No clear distinctions in respect of MAb reactivity could be

drawn between clade B isolates from different geographic
locales. With the exception of the V3 MAb reactivity pattern
noted above, clade B viruses appear relatively homogeneous in
terms of their overall antigenicity (Fig. 2).
HuMAbs 48d and A-32 recognize discontinuous gpl20

epitopes that do not overlap the CD4-binding site in that the
binding of these antibodies to soluble gpl20 is not inhibited by
prior binding of CD4-IgG. Indeed, the binding of either
CD4-IgG or A-32 causes a gpl20 conformational change that
better exposes the epitope for 48d, resulting in increased 48d
binding (40, 67, 77). The binding of A-32 to gpl20 from the
clade B virus HxBc2 is disrupted by only a few amino acid
substitutions in the Cl, C2, and C4 domains (Table 1) and is
probably located exclusively within conserved regions of the
protein (40, 45). Consistent with this, the A-32 epitope was
strongly conserved across clades A through F, only a single A
clade gpl20 being unreactive with this MAb (Table 2). In
contrast, the 48d epitope is very sensitive to multiple amino
acid substitutions scattered throughout the conserved domains

II
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Clades A. C
V3 CD4BS CD4 t ? V 2

MAb 19b Loop 2 50.1 83.1 58.2 205469 20543-1 21h 159 IgG-12 48d A-32 SC258 G3-4

Clade A
UG 92/029 0.00 0 0.00 0.00 0.07

UG 92031 0.00 0.00 0.00 0.00 0.00 0.13 0 0.16 0.00 0.00 0.00

RW92/008 0.00 0.00 0.00 0.00 0.24 0.00 0.00 0.00
RW 92/009 0.00 0.00 0.00 0.00 0. 0.00 0.00 0.00 I 0.00

DJ 258 0.00 0.00 0.00 0.00 0.12 _ 0.02 _ 0.00

DJ 263 0.01 0.00 0.03 0.01 0.2 1 0.06 0.04 0.00

UG273 0.06 0.00 0.00 0.00 0.00 0.06 S 0.04 0.17 0.12 0.03 0.00

UG276 0.13 0.00 0.00 0.00 0.03 0.22 _ 0.17 0.09 005 0.00 0.00

Clade C
BR 92/025 0.09 0.00 0.00 0.00 0.00 0.01 0.16 0 0.00 S 0.00 0.14

SG 364 0.03 0.00 0.00 0.18 0.00 _

ZAM18 0.07 0.04 . 0.00 S 0.17 0.08 .00

ZAM20 0.04 0.00 0 0.02 01 0.05 0.05 0.02

SM 145 0.08 0.00 0.02 0.02 0.02 0.19 0.00 0.00 0.11

UG268 0.18 0.00 0.00 0.08 0.06 0.

DJ 259 * 0.00 0.02 0.01 0.00 0.06 0.0

8855 0.15 0.08 0.00 0.05 0.08 0.10 0.15

Clades D, E, F
V3 CD4BS CD41t ? V 2

MAb 19b Loop 2 50.1 83.1 58.2 205-4649 20543.1 21h 15e IgG-12 48d A-32 SC258 G3-4

Clade D
UG 92/001 0.08 0.00 0.00
UG 92/005 0.05 0.02 0.20
UG 92/021 0.05 0.00 0.00
UG 92/024 0.12 0000°00°
UG 266 0.03

.
0.00 0.00

.
C

UG 270 10.04 0.01 0.0
UG 274 0.00 0.01 0.00
SG365 0.00
Clade E
TH 92/009 _ 0.00

T 0.00
0.00
0.00

0.00
0.00

0.00
10.00

0.00 0.00 0.00 0.00
0.00 0.00 0.01 0.02
0.01 0.00 0.00 0.02
0.02 0.00 0.03 0.00
0.00 0.00 0.01 0.00
0.02 0.00 0.05 0.03
0.00 0.00 0.02 0.00

0.01 0.10 0.07 0.00
0.07 0.06 0.02 0.05
0.0 0.02 0.02 0.06

0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.07
0.00
0.02
0.05
0.00

0.12
0.00
0.08

0.17
0.11C~~~~~~~~~~~. --

5 5 ~~~~~~~~~~~~~~~~~0.150.08 0.10 0.00 0.00o
0.010.21 5 3 5 ~~~~~~~~~~0.050.04 0.03 S ~ 0.10

FIG. 2-Continued.
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19b 50.1
-I----G--FY-T RIHIG

SIHLGPGRAFYAT
301711

SIHIGPGRAFYTT
301712
301715
301716

SIHIGPGRAIYAT
Us1

SIHIGPGRAFYAT
US4

SIHIGPGRAPYTT
301712
*301715
301716

SIHIGPGRAIYAT
Usi

SIHMGLGRAFYAT RISIGPGRVWYTT SIHIGPGRAFYAT
301714 301594 US4

*BR 92/020

SIHIGPGRAFYAT SIHIGPGKAFYAT RISIGPGRVWYTT
US4 *BR 92/023 301594
BR 92/020

SIPIGPGRAPYAT RIRIGPGRTFY-T
301652 BZ 167

SIHMGWGRAPYAT RIHIGPGRALYTT
BR 92/021 BK 130

SIHIGPGKAPYAT RIHIGRGQAFYAT
BR 92/023 UG 92/029 (A)

RIHIGROQAPYAT
*UG 92/029 (A)

SVRIGPGQTFYAT
*DJ 258 (A)
*DJ 263 (A)

SIRIGPGQTFYAT
DJ 259 (C)

SITIGPGQVFYRT
TH 92/009 (E)
CM 238 (H)
CM 240 (E)
CM 244 (E)

SIRIGPGQVFYRT
301976 (E)

SINIGPGQVFYRT
*TH 92/023 (E)

SIPIGPGOQAFYRT
*CM 235 (3)

SVRIGPGQVFYRT
*301975 (3)

GIHIGPGRAPYAT
*BZ 163 (F)

SIHIGPGRAIYAT
Usi

RIHIGPGRALYTT
*BK 130

RITMGPGRVYYTT
BK 132

SIHIOPGRALYAT
*BZ 162 (F)

SIRIGPGQAFYAT
*BR 92/025 (C)
ZAM 18 (C)

SIRIGPQQTFFAT
ZAM 20 (C)

SIHIGPGRALYAT
*BZ 162 (F)

SINIGPGRAWYAT
301651

SIPIGPGRAFYAT
*301652

SIHIGPGKAPYAT
*BR 92/023

SIHIGPGRAFYTT
301712
301715
301716

SIHIGPGRAIYAT
Us1

SIHIGPGRAFYAT
US4
BR 92/020

RIRIGPGRTFY-T
*BZ 167

RIHIGPGRALYTT
BK 130

SIHLGPGRAWYTT
*BK 131

RIRIGPGRTFY-T GIHIGPGRAYYTT
BZ 167 *UG 92/005 (A)

RIHIGPGRAILYTT SIHIGPGRALYAT
BK 130 BZ 162 (F)

GIHIGPGRAYYTT
UG 92/005 (A)

SIHIGPGRALYAT
BZ 162 (F)

GIHIGPGRAFYAT
*BZ 163 (F)

FIG. 3. Partial V3 sequences of gp12Os reactive with V3 MAbs. MAb designations and estimated epitopes based on prior studies (47, 70, 80)
are shown at the top. In each column, partial V3 sequences from MAb-reactive gpl2Os are listed; a weak reaction is denoted by an asterisk. Each

gpl20 is from clade B unless otherwise indicated in parentheses. For MAbs 19b, 83.1, and 58.2 and loop 2, there were 8, 4, 5, and 4 reactive isolates,

respectively, for which sequences are not available.

(77). The clade B and cross-clade reactivities of 48d were

correspondingly much more restricted than those of A-32.
Thus, outside clade B, only a very few gp12Os possessed the 48d
epitope (Table 2). No test was made of 48d reactivity with
clade A through F viruses in the presence of sCD4 or

CD4-IgG.
Two V2-reactive MAbs, G3-4 and SC258, were also tested

for cross-clade reactivity. Both MAbs recognized conforma-
tionally sensitive epitopes involving sequences in the central

section of the V2 loop (21, 25, 45, 75, 85). Neither G3-4 nor

SC258 showed appreciable breadth of reactivity, either within
clade B or across clades, although both MAbs were able to
bind sporadically to gpl20s from clades other than B (Fig. 2;
Tables 4 and 5). On the basis of our limited analysis using only
two V2 MAbs, the degree of antigenic relatedness in the V2
domain among the clades is B/C-E/F-A/D (Table 3).

Relationship between V3 MAb binding and V3 sequence. We
analyzed the sequences of the gp120s able or unable to bind

83.1
I-IGPGR

58.2
HIGPGRAF

J. VIROL.

Loop 2

SIHLGPGRAFYAT SIHIGPGRAFYTT
301711 301712

*301715
*301716

__SIH___G___ _A_ YA_SIBIGPGRAIYAT
US1

SIHIGPGRAFYAT
US4

*BR 92/020

RISIOPGRVWYTT
301594

RIRIGPGRTFY-T
*BZ 167

RIHIGPGRALYTT
BK 130

SIHIGPGRALYAT
BZ 162 (F)

GIHIGPGRAFYAT
*BZ 163 (F)
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TABLE 2. Summary of MAb reactivity with international clade isolatesa

No. of isolates showing reactivity No. of isolates showing reactivity

Epitope and B Subtotal for Total
MAb A clade B C D E F (n = 67)

(n = 8) U.S. Haiti Brazil Thai China (n = 29) (n = 8) (n = 8) (n = 12) (n = 2)
(n = 11) (n = 4) (n = 6) (n = 6) (n = 2)

V3
19b 0, 3, 5 11, 0, 0 1, 0, 3 5, 0, 1 1, 1, 4 0, 0, 2 18, 1, 10 1, 0, 7 0, 0, 8 6, 4, 2 0, 2, 0 25, 10, 32
Loop2 0,0,8 4,3,4 1,0,3 1,3,2 1,0,5 0,0,2 7,6,16 0,0,8 0,0,8 0,0,12 1,1,0 8,7,52
50.1 1,0,7 2,0,9 1,0,3 1,1,4 1,0,5 0,0,2 5,1,23 2,1,5 0,0,8 0,0,12 0,1,1 8,3,56
83.1 0,0,8 5,3,3 2,1,1 2,2,2 1,0,5 0,0,2 10,6,13 0,0,8 1,0,7 0,0,12 1,0,1 12,6,49
58.2 0,0,8 8,1,2 0,0,4 3,1,2 1,1,4 0,0,2 12,3,14 0,0,8 0,1,7 0,0,12 1,1,0 13,5,49

CD4BS
205-46-9 8,0,0 11,0,0 3,0, 1 6,0,0 6,0,0 2,0,0 28,0, 1 7,0, 1 8,0,0 12,0,0 0,2,0 63,2,2
205-43-1 1,2,5 11,0,0 4,0,0 6,0,0 6,0,0 2,0,0 29,0,0 4,3,1 8,0,0 1,0,11 1,1,0 44,6,17
21h 8, 0, 0 11, 0, 0 4, 0, 0 6, 0, 0 6, 0, 0 2, 0, 0 29, 0, 0 8, 0, 0 8, 0, 0 2, 5, 5 1, 1, 0 56, 6, 5
15e 1, 3, 4 6, 4, 1 2, 1, 1 5, 0, 1 4, 1, 1 2, 0, 0 19, 6, 4 3, 2, 3 8, 0, 0 0, 4, 8 0, 0, 2 31, 15, 21
IgGlbl2 2, 2, 4 7, 1, 3 1, 1, 2 2, 2, 2 4, 0, 2 0, 0, 2 14, 4, 11 3, 1, 4 3, 4, 1 0, 1, 11 0, 0, 2 22, 12, 33

Complex
48d 1, 0, 7 2, 2, 7 1, 0, 3 2, 1, 3 2, 3, 1 1, 0, 1 8, 6, 15 0, 0, 8 2, 0, 6 0, 1, 11 0, 0, 2 11, 7, 49
A-32 6, 1, 1 11, 0, 0 3, 1, 0 5, 1, 0 6, 0, 0 2, 0, 0 27, 2, 0 7, 1, 0 5, 3, 0 11, 1, 0 1, 1, 0 57, 9, 1

V2
SC258 0,0,8 4,1,6 0,1,3 2,1,3 2,1,3 0,0,2 8,4,17 1,2,5 1,1,6 0,0,12 0,0,2 10,7,50
G3-4 1, 1, 6 3, 3, 5 0, 0, 4 1, 2, 3 3, 0, 3 1, 0, 1 8, 5, 16 3, 1, 4 0, 0, 8 4, 1, 7 0, 1, 1 16, 9, 42

a The data are collated from the results presented in Fig. 2 and are presented as the number of gpl20s (n) with which each MAb shows strong, weak, or negative
reactivity, respectively, for each clade.

the MAbs in our test panel, to see if there were any simple
relationships between gpl20 sequence and MAb recognition,
both within clade B and across clades. Characteristics of the
epitopes for several of the MAbs are summarized in Table 1,
on the basis of previous studies of these antibodies. It should
be noted that because of the difficulty in interpreting the
influence of amino acid substitutions on discontinuous or
conformationally sensitive epitopes, only the epitopes for the
V3 MAbs are known with any precision. We have therefore
restricted our present analyses to the V3 and V2 MAbs; the
sequence requirements for binding of the CD4-binding site
MAbs, A-32 and 48d, will be discussed when more information
is available concerning the epitopes of these MAbs.
The epitopes of the murine anti-MN V3 peptide MAbs 50.1,

83.1, and 58.2 have been previously defined only by studying
the effects on MAb binding of alanine substitution of residues
in the immunogenic peptide (80); this technique does not allow
the identification of tolerated substitutions at important resi-

TABLE 3. Antigenic relatedness of gp120 epitope clusters
among clades A through F

Antigenic relatedness in cladea:
Epitope cluster
(no. ofMAbs) A B C D E F

(n = 8) (n = 29) (n = 8) (n = 8) (n = 12) (n = 2)

V3 (n = 5) 0.06 0.42 0.09 0.04 0.13 0.55
CD4BS (n = 5) 0.59 0.86 0.70 0.93 0.33 0.40
V2 (n = 2) 0.09 0.35 0.35 0.09 0.19 0.13

a The data depicted in Fig. 2 were processed as follows: a strong, weak, or

negative reaction between a MAb and a gpl20 was allocated a score of 2, 1, or

0, respectively. For each epitope cluster (V3, CD4BS, and V2), the total score

within each clade was determined and its ratio to the maximum possible score

was calculated and presented here. For example, there are five V3 MAbs and
eight clade A isolates, giving a maximum score of 80; the observed reactivity was
scored as 5 (one strong and three weak reactions), and the ratio of 5/80 was 0.06.

dues and cannot predict, with certainty, effects of amino acid
changes on the conformation of a MAb epitope in the context
of the folded gpl20 protein (37, 38, 47). Nonetheless, the
published information provides a useful scaffold for further
analysis. In general, the V3 sequences of isolates able to bind
each V3 MAb correlated reasonably well with the predicted
presence of the MAb epitope, independently of the isolates'
clades. The epitope for HuMAb 19b has been defined as
-I----G--FY-T (47, 70). All 27 of the sequenced isolates that
were able to bind 19b possessed that canonical epitope or one
with conservative substitutions at one of two positions: a valine
substitution for the isoleucine (DJ 258, DJ 263, and 301975) or
an isoleucine, leucine, or tyrosine substitution for the phenyl-
alanine (US 1, BK 130, BZ 162, and BK 132). These substitu-
tions appear to be tolerated for 19b binding at least in the
context of certain overall V3 sequences, albeit often with some
loss of affinity (Fig. 3). An additional clade B isolate (ACP-1)
with a valine residue at this position (VYYT motif) is also able
to bind 19b (47). However, a tryptophan residue does not
appear to be an acceptable substitute for the phenylalanine,
accounting for the failure of 19b to recognize the four Thai B
isolates BK 131, CM 237, TH 92/014, and TH 92/026 that
possess the WY1TJ motif (Fig. 2). Three clade C isolates (BR
92/025, ZAM 18, and UG 268) and one clade E isolate (TH
92/022) failed to bind 19b, despite the presence of the canon-
ical 19b epitope. This may be attributable to proteolytic
destruction of the epitope, as the OD492 signals were generally
weak in experiments using these isolates, and one of the
cultures of ZAM 18 did contain some 19b-reactive gpl20.
Alternatively, variation in other regions of gp120 from these
isolates may indirectly influence the presence of the 19b
epitope.

Alanine substitutions indicate that the epitope for MAb 50.1
is centered on the RIHIG sequence on the amino terminal
flank of the MN V3 loop (80). Only 11 isolates, 6 from clade B,
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TABLE 4. Partial V2 sequences of gpl20s reactive and
unreactive with V2 MAb SC258'

Isolate Clade Sequenceb

Reactive
301652 B KLKKEYALFYKLDVVQI
301712 B KMQREYALFYKLDVIQI
USi B KVEREYALFYKLDVVPM
BK 132 B KLQKEYALFYKLDVVPI
ZAM 18 C KKQRVYALFYKLDIVPL
UG 92/021 D KKKQAYALFYKLDVVQM
SG 364 C KRRNEYALFYRLDIVPL
DJ 259 C KRQKAYALFYRLDIVPL
BR 92/020 B KEKKEYALFYNLDVVQI
TH 92/014 B KVKD-YALFYKLDVVPI
TH 92/026 B IKVKD-YALFYKSDVVPI
301715 B KVQKEFALFYKLDVVPI

Unreactive
SM 145 C KKQKVYALFYRLDIVPL
301976 E KKQKVYALFYKLDIVQI
301711 B KVKKEYALFYSLNVIPI
301714 B KMQKEYALFYKFDVVPI
301599 B KIQKEYALFSKLDVLPI
301716 B KMQKEYALLYKLDVIPI
SG 365 D KRQNVYSLFYRLDLVPI
US4 B KVQKEYSLFYKLDVVPI
UG 273 A KTRRVYSLFYKLDVVQI
UG 92/031 A KKQKIYSLFYRLDVVPI
RW 92/009 A KKQRVYSLFYRLDIVQI
301651 B KVTKQSALFYRLDVVPI
DJ 258 A KQQKMSALFYRLDVVQI
301594 B KTTKEHALFYKLDVVPI
ZAM 20 C KTSKVHALFYRVDIVPL
UG 268 C KKQTAHALFYKLDVVSL
BR 92/025 C KREKVHALFYRLDIVPL
CM 235 E KKQKVHALFYKLDIVPI
CM 238 E KKQKVHALFYKLDIVQM
CM 240 E KKQKVHALFYKLDIVQI
CM 244 E KKQKVHALFYKLDIVPI
301966 E KKQKVHALFYKLDLVQI
301975 E KKQKVHALFYKLDLVQM
TH 92/022 E KQQKVHALFYRLDIVQM
BZ 163 F KQQKVHALFYRLDIVPI
BZ 162 F KQKRVHALFYKLDIVPI

a Isolates from clades A through F are grouped on the basis of their reactivity
or unreactivity with MAb SC258. Sequences from the central section of V2 from
these isolates are listed, with common sequences indicated in boldface for
reactive isolates and divergent residues indicated in boldface for unreactive
isolates. V2 sequences from other isolates in the test panel were not available.

b For reactive isolates, tolerated residues were as follows:

K- - - -YALFYKLDVVPI
F RS IIQ1

N M

bound 50.1 (Table 2), and only two of those isolates (BK 130
and UG 92/029) possessed the RIHIG motif (Table 3). Other
50.1-reactive isolates contained the motifs SIHIG (four), SI-
RIG (three), RISIG, and RIRIG at the corresponding position
(Fig. 3). However, four unreactive isolates also had the SIHIG
motif (301712, 301715, 301716, and BR 92/020) and two
possessed the SIRIG sequence (DJ 259 and 301976). This
suggests that the 50.1 epitope may be subject to significant
conformational constraints, such that more-distant residues
unpredictably affect MAb binding. Consistent with this, there
was considerable variation in the affinities of 50.1-reactive
gpl20s for this MAb. Thus, antibody titrations showed that
half-maximal 50.1 binding occurred at 1 ng/ml for BZ 167
(RIRIG), at 20 ng/ml for US 4 (SIHIG), at 40 ng/ml for BK

TABLE 5. Partial V2 sequences of gp120s reactive and
unreactive with V2 MAb G3-4a

Isolate Clade Sequence

Reactive
301711 B KVKKEYALFYSLNVIPI
301712 B KMQREYALFYKLDVIQI
301714 B KMQKEYALFYKFDVVPM
301715 B KVQKEFALFYKLDVVPI
CM 238 E KKQKVHALFYKLDIVQM
301966 E KKQKVHALFYKLDLVQI
301975 E KKQKVHALFYKLDLVQM
301976 E KKQKVYALFYKLDIVPL
BZ 163 F KQQKVHALFYRLDIVPI
DJ 258 A KQQKMSALFYRLDVVQI
SG 364 C KRRNEYALFYRLDIVPL
ZAM 20 C KTSKVHALFYRVDIVPL
UG 268 C KKQTAHALFYKLDVVSL
BR 92/020 C KEKKEYALFYNLDVVQI
TH 92/014 B KVKD-YALFYKLDVVPI

Unreactive
US4 B KVQKEYSLFYKLDVVPI
UG 273 A KTRRVYSLFYKLDVVQI
SG 365 D KRQNVYSLFYRLDLVPI
UG 92/031 A KKQKIYSLFYRLDVVPI
RW 92/009 A KKQRVYSLFYRLDIVQI
301716 B KMQKEYALLYKLDVIPI
301599 B KIQKEYALFSKLDVLPI
301652 B KLKKEYALFYKLDVVQI
BK 132 B KLQKEYALFYKLDIVPI
USi B KVEREYALFYKLDVVPM
ZAM 18 C KKQRVYALFYKLDIVPL
SM 145 C KKQKVYALFYRLDIVPL
DJ 259 C KRQKAYALFYRLDIVPL
UG 92/021 D KKKQAYALFYKLDVVQM
CM 235 E KKQKVHALFYKLDIVPI
CM 240 E KKQKVHALFYKLDIVQI
CM 244 E KKQKVHALFYKLDIVPI
BZ 162 F KQKRVHALFYKLDIVPI
TH 92/022 E KQQKVHALFYRLDIVQM
301651 B KVTKQSALFYRLDVVPI
BR 92/025 C KREKVHALFYRLDIVPL
301594 B KTTKEHALFYKLDVVPI

a Isolates from clades A through F are grouped on the basis of their reactivity
or unreactivity with MAb G3-4. Sequences from the central section of V2 from
these isolates are listed, with common sequences indicated in boldface for
reactive isolates and divergent residues indicated in boldface for unreactive
isolates. V2 sequences from other isolates in the test panel were not available.

130 (RIHIG), at 100 ng/ml for US 1 (SIHIG), and at 500 ng/ml
for BZ 162 (SIHIG). It is also possible that the 50.1-reactive
material in some cultures may constitute only a minor fraction
of the total gpl20s that is unrepresented by the bulk sequence.
The epitope for MAb 83.1 is reported to be I-IGPGR (80).

Eighteen isolates, 16 of them from clade B, bound 83.1. All but
one of those sequenced possessed the above motif, with H, S,
N, P, or R being present at the second position (Fig. 3). The
exception, BR 92/023, had an I-IGPGK motif but bound 83.1
weakly, suggesting that a conservative R to K substitution can
be tolerated to some extent in the 83.1 epitope. However,
many 83.1-unreactive isolates possessed the I-IGPGQ motif
(data not shown), which implies that the R to Q substitution
was not acceptable. Other selected isolates unreactive with
83.1 contained the following motifs: IHLGPGR (301711),
IHMGLGR (301714), IHMGWGR (BR 92/021), ITMGPGR
(BK 132), and TPIGVGR (UG 92/021), with substitutions in
the canonical 83.1 epitope indicated by boldface. Of the two
Brazilian F clade isolates, only one (BZ 162) bound 83.1 (Fig.
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4), despite both possessing the canonical 83.1 epitope (Table

3). Half-maximal 83.1 binding to BZ 162 occurred at approx-

imately 200 ng/ml, whereas most reactive isolates bound 83.1

half-maximally in the range of 30 to 75 ng/ml (data not shown).

A marginal level of binding of 83.1 to BZ 163 was consistently
detectable (Fig. 4 and data not shown).
MAb 58.2 reportedly recognizes the HIGPGRAF sequence

(80). Eighteen isolates, 15 of which were from clade B, were

recognized by this MAb. Among the thirteen sequenced
isolates binding 58.2, seven had the above HIGPGRAF motif,
while the others contained closely related sequences (Table 3).
These included IGPGRAI (US 1), HIGPGRAL (BK 130 and
BZ 162), HIGPGRAY (UG 92/005), HLGPGRAF (301711),
HLGPGRAW (BK 131), and RIGPGRTF (BZ 167). Thus, an

arginine residue may substitute for histidine at the first posi-
tion (both are positively charged); a leucine or an isoleucine
residue is acceptable at the second position; a threonine may

replace alanine at the penultimate residue; degeneracy is
permitted at the final position, provided that a bulky, hydro-
phobic residue is present (I, L, Y, F or W). Note, however, that
divergence in more than one position from the canonical
HIGPGRAF sequence was often associated with reduced
MAb binding (Fig. 2). Thus, antibody titrations showed that
relative to the degree of affinity (defined as 100) of 58.2 for
gpl20 from 301712 (HIGPGRAF), the degrees of affinity of
other gpl2Os were as follows: 210, 301711; 100, US 1; 60, BK
130; 10, BZ 167; and 4, BK 131. Among 58.2-unreactive
isolates, the following motifs were present: PIGPGRAF
(301652), NIGPGRAW (301651), and HIGPGKAF (BR 92/
023), consistent with the above conclusions. However, the
unreactive isolate TH 92/014 possessed the same HLG-
PGRAW motif as the weakly reactive isolate BK 131; varia-
tions in the presentation of the same sequence in the context of
different gpl2Os may account for this.

Little prior information is available on the nature of the
epitope for HuMAb loop 2. Inspection of the reactivity pat-
terns in Fig. 2 indicated that loop 2 most closely resembled
MAb 83.1. This was confirmed when the sequences of 11 of the
15 loop 2-reactive isolates were examined; all 11 isolates
contained the I-IGPGR motif, where the variant residue could
be H, S, or R (Fig. 3). Among unreactive isolates, motifs
present included IHIGPGK (BR 92/023) and IRIGPGQ (RW
92/008), indicating the importance of the final arginine residue
to the loop 2 epitope, and INIGPGR (301651) and IPIGPGR
(301652), demonstrating that not all residues are acceptable at
the second position. The only isolate apparently unreactive
Wvith loop 2 that might have been expected to be reactive on the
basis of the sequence was the clade D isolate UG 92/005
(GIHIGPGRAYYTT).

Relationship between V2 MAb binding and V2 sequence.
The epitopes for the V2 MAbs SC258 and G3-4 are sensitive to

gpl20 conformation and may even be discontinuous in nature

(21, 25, 45, 75, 85). This factor complicates analysis of the

gpl20 sequences of isolates reactive and unreactive with these
MAbs, because it is uncertain precisely where on the V2

domain the MAbs bind. Previous studies have, however,
indicated that the identity of several amino acids near the
central section of the V2 domain of HIV-1 HxB2 influences the

binding of SC258 and G3-4 (45, 75, 85). We therefore focused

on this region and compared the sequences of V2 MAb-
reactive and -unreactive isolates (Tables 4 and 5).

Isolates able to bind SC258 shared a common sequence motif

that was generally absent from unreactive isolates (Table 4). All

the SC258-reactive isolates possessed the motif K----YALFY-
LD---- or one divergent in only a single residue (301715, TH
92/014, and TH 92/026). SC258-unreactive isolates generally

had changes in one or more of the residues in the above motif,
except for SM 145 and 301976. The inability of 301976 gp120
to bind SC258 was confirmed by performing an antibody
titration (data not shown). Isolates SM 145 and 301976 may
have distant-site changes in V2 or elsewhere that affect the
presentation of the SC258 epitope. Of note is that SC258 was
unable to bind to gpl20s containing a histidine residue in place
of the first tyrosine, although the rare phenylalanine substitu-
tion appears to be acceptable in isolate 301715. The inability to
accommodate a histidine in its epitope accounts for the failure
of SC258 to react with any gpl20s from clade E, which have a
consensus sequence K----HALFYKLD----.

Inspection of the V2 sequences of isolates reactive and
unreactive with MAb G3-4 did not, however, yield a definitive
explanation of the reactivity pattern (Table 5). All G3-4-
reactive isolates possessed the motif K-----ALFY-------, and
isolates with changes in this sequence did not bind G3-4 (Table
5). However, many G3-4-unreactive isolates had no changes in
the above motif, which is highly conserved. Presumably, the
G3-4 epitope is influenced by the overall conformation of the
V2 domain in a way that we are unable to predict from
inspection of the primary sequence.

DISCUSSION

It is relevant to the design and development of any vaccine
that might be effective in preventing infection by multiple
clades of HIV-1 to determine whether there are antigenic and
neutralization serotypes of HIV-1. This paper focuses on
antigenic serotypes. Previous approaches to understanding
global HIV-1 variation have focused on analyzing the primary
sequence of gpl20, either by direct sequencing or by use of the
heteroduplex mobility assay. These genetic techniques have
enabled the multiple clades of HIV-1 to be identified (8, 11, 14,
17, 20, 29, 30, 50, 53, 68, 81). However, because of our current
lack of understanding of gpl20 structure, relating primary
sequence variation in gpl20 to its antigenicity is difficult, if not
impossible (49). There have been explorations of the patterns
of inter- and intraclade neutralization of global HIV-1 strains
(10, 32, 79), but it is premature to draw any definitive
conclusion as to whether there are neutralization serotypes or
how many there might be. Antigenic variation in HIV-1 has
also been studied by V3 peptide-based techniques, which
involve analysis of the variations in the primary and secondary
structures of a small, albeit serologically important, segment of
gpl20 (1, 8, 9, 26, 27, 35, 37, 38, 52, 53, 59, 60, 64, 70, 71, 80,
87). To complement these approaches, we have used MAbs
raised against clade B viruses to explore variation in the
tertiary structure of soluble gpl20 derived from nonionic
detergent-treated cultures of PBMC-grown primary viruses
from clades A through F. These studies provide a background
for future work analyzing the interactions of HIV-1-positive
sera with gpl20s from multiple clades.

In this study, gpl20 was captured via an immobilized poly-
clonal antibody, D7324, to its C terminus. Considerable vari-
ation was observed in the amount of D7324-reactive gpl20 in
different virus preparations, but we noted that clade B virus
stocks tended to contain 5- to 10-fold more of this material
than most stocks of viruses from the other clades. In principle,
this could be due to lower absolute levels of gpl20 in the non-B
virus cultures, but measurement of p24 values indicated that
this explanation was improbable. Instead, we favor the expla-
nation that variation in the C5 epitope for the capture antibody
D7324 was responsible. This polyclonal antibody was raised to

peptide APTKAKRRVVQREKR from the clade B LAI iso-
late. This sequence is very strongly conserved throughout clade
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B gpl20s. However, there are minor sequence variations in the
corresponding regions of gpl20s from other clades; the most
common sequence found in clade A, C, D, and E gpl20s is
APTRAKRRVVEREKR (53), in which the two changes from
the clade B sequence are indicated in boldface. Thus, it is
reasonable to believe that sequence variation in the capture
antibody epitope accounts for the reduced capture of non-B
gpl20s onto the solid phase. Notwithstanding this problem, the
reactivity of D7324 with non-B viruses was demonstrably
adequate for the purposes of our assay, although we are now
evaluating a sheep antiserum to the above non-B consensus
peptide in an attempt to improve assay performance.

Interpretation of some of the MAb binding data in terms of
gpl20 sequence variation can be relatively straightforward;
specifically, much of the V3 MAb binding data can be related
to the presence or absence of known antigenic amino acids in
the primary V3 sequences, on the basis of prior analyses of the
epitopes for these MAbs (3, 47, 80), coupled with post hoc
comparisons of the V3 sequences of V3 MAb-reactive and
-unreactive isolates (Fig. 3). To a lesser degree, V2 MAb
binding is also comprehensible from sequence analysis (45, 75,
85), although there are clearly unpredictable influences of
distant-site residues on the epitopes for both V2 and V3 MAbs
(Fig. 3 and Tables 4 and 5). However, predicting whether a
MAb will bind to a discontinuous epitope, for example those
around the CD4-binding site, is not as easy. This is because of
our lack of understanding of the tertiary structure of gp120 and
the way that amino acid changes in one region of the protein
can affect the conformation of a separate region, which they
demonstrably can (15, 44-46, 49, 51, 54, 56, 74-77, 82-84). For
example, we have previously shown that very minor sequence
variations between molecular clones of the same LAI clade B
isolate can drastically influence the binding of HuMAbs such
as 15e and 48d from our present panel (49), and similar results
were observed in studies with molecular clones of HIV-1 MN
(54). For these reasons, we have not yet attempted a systematic
comparison of gpl20 sequences from CD4BSAb-reactive and
-unreactive isolates. This must await more knowledge of the
natures of the discontinuous epitopes for these MAbs.

It is important to realize that assays, such as the one used
here, that measure antibody binding to soluble gpl20 do not
readily predict virus neutralization. Any correlation between
data derived from binding and neutralization assays is, at best,
inexact (39). This is especially true for the highly prevalent
antibodies to the complex gp120 epitopes that lie near the
CD4-binding site (39, 41). What can, however, be said with
reasonable confidence is that if a gpl20 molecule lacks the
epitope for an antibody, that antibody will not neutralize the
virus (although there may be rare exceptions). For example, a
MAb such as 83.1 to a clade B gpl20 that is dependent on the
GPGR motif is very unlikely to bind to or neutralize viruses of
any clade that have sequences such as GPGK, GPGQ, or
GLGQ (80). Furthermore, amino acid changes both within and
outside V3 MAb epitopes can influence the degree of reactivity
of the MAb with gpl20. Our data on the binding of V3 MAbs
to gpl20 are generally fairly consistent with the V3 sequences
of the test viruses, combined with knowledge of the epitopic
requirements for binding of these MAbs (Fig. 3), although we
did note a few exceptions. Thus, we suggest that cross-clade
neutralization via V3 will be improbable given the considerable
divergence in key antigenic sites and that cross-neutralization
via V3 within a clade may only be possible with viruses that are
genetically homogenous in areas of the V3 loop containing
antigenically important residues. Nonetheless, broadly reactive
V3 antibodies can be made by humans, as exemplified by
HuMAb 19b. This antibody can bind to at least one gpl20from

all clades other than clade D, although it has a very limited
ability to reduce the infectivity of viruses from outside clade B
(47). To some extent, the most critical antigenic variation in
the V2 and V3 regions, both within and between clades,
involves changes in only a few key amino acids that are critical
for antibody epitopes. The inter- and intraclade prevalence of
key groups of amino acids can, to some extent, be predicted
from primary sequence analysis, leading to first-approximation
estimates of the probability of cross-clade reactivity of V3 (and
perhaps some V2)-directed antibodies if their epitopes are
known with any precision.

In principle, MAbs could be used in a binding assay such as
ours to allocate gpl20s into clades, if a sufficient number of
MAbs to multiple clades were available. A high degree of
imprecision would have to be tolerable, however. Thus, a
cocktail of V3 MAbs raised to clade B MN-like viruses with
GPGR motifs should be able to pick out related clade B viruses
with reasonable precision but would probably fail to detect
Thai GPGQ, American GPGK, or Brazilian GWGR B-clade
variants or to discriminate between these variants. Similarly, a
clade C V3 MAb would probably not distinguish clade A
viruses from clade C viruses, because of the similarity between
the V3 regions of gpl20s from these clades. A MAb-based
assay could, in principle, be used to detect the presence of
isolates with unusual sequences within a cohort from a single
geographical area. Thus, only one of the American, Haitian,
and Brazilian clade B isolates (301599) in our test panel was
unreactive with every V3 MAb (Fig. 2). The V3 sequence of
this isolate, SVHSGHIGGGRTLFI'7, is highly divergent,
containing a 3-amino-acid insertion. However, a MAb-based
clading system is probably impractical because of the necessity
of growing large volumes of viruses as antigen sources for
MAb-gpl20-binding assays. The speed and utility of the het-
eroduplex mobility assay render it the system of choice for
virus clading, at least in preliminary form (11), or for detecting
the spread of unusual variants into a localized area, such as
North America.

Further development of clading systems based on serum
antibody reactivities does, however, seem warranted, for it is
important for vaccine design to determine how many immu-
notypes or serotypes of HIV-1 may need to be countered. We
have used MAbs to probe the antigenicity of gpl20 across
clades, whereas others have focused on the polyclonal antibody
response to continuous V3 epitopes. It is the pattern of V3
sequence variation between clades, combined with the knowl-
edge that the V3 region is both a reasonably immunodominant
epitope and a target for neutralizing antibodies, that underlies
the use of V3 peptides for determining HIV-1 serotypes (1, 8,
9, 26, 27, 35, 37, 38, 52, 53, 59, 60, 64, 70, 71, 80, 87). However,
the inexact division of V3 sequences between clades will tend
to obscure the patterns of reactivity observed and limit the
utility of peptide-based assays in complex situations. For
example, the strongly antigenic residues IGPGQTF are quite
common in both clades A and C; so, discrimination between A
and C viruses is difficult with a V3 peptide-based assay (9, 59).
Conversely, a peptide-based assay can discriminate between
the B consensus HIGPGRAFY and the E consensus SITIG-
PGQVFY (9, 59). Because the V3 region is strongly antigenic,
these considerations would also contribute to the discrimina-
tory powers of assays such as ours that are based on the
complete gpl20 molecule.

It is not immediately obvious that approaches to serotyping
based on other isolated segments of gpl20, notably the Vi and
V2 domains, offer any advantage over V3-based serology. The
Vi domain of gpl20 is perhaps the most variable region of this
molecule (53), and the extensive variation within the Vl
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domain of clade B viruses has precluded to date the identifi-
cation of any cross-reactive Vi antibodies. The V2 domain is
poorly represented by short, linear peptides (45), and the use
of more complex constructs expressing conformationally cor-
rect V2 segments may well be subject to interpretive problems
(25); understanding how sequence variation affects antigenicity
is difficult for the relatively simple V3 peptide-based assays and
may be much more difficult when considering the interactions
of antibodies with more-complex epitopes (Table 6) (45, 46, 49,
54, 56, 76, 77). It is, however, notable that the sporadic
reactivity of V2 MAb SC258 with gpl20s from clades B, C, D,
and F (but not A and E) can often be predicted from the
primary V2 sequence. Thus, the SC258 epitope appears to
encompass the sequence K----YALFYKLD---- (Table 4).
Within this motif, the boldfaced tyrosine and alanine residues
show the greatest variation between clades; the clade E V2
consensus sequence has a histidine in place of the tyrosine, and
the clade A consensus has a serine in place of the alanine
(Table 4). Both of these changes are presumably incompatible
with SC258 binding. However, the same changes are also
commonly found in gpl20s from other clades, notably clade C,
rendering the clade-predictive value of the SC258 reactivity
pattern negligible. An even more complex, and essentially
uninterpretable, pattern of reactivity was found with the
second V2 MAb G3-4 (Table 5). On the basis of our limited
analysis with only these two MAbs, the V2 domain of clade C
isolates has the closest antigenic resemblance to that of clade
B (Table 3). However, we conclude that the antigenic proper-
ties of the V2 domain are such that it is not a good candidate
for determining the clade of an unknown isolate.
The CD4-binding site is absolutely conserved functionally

between clades (Fig. 1). However, when considering the dis-
continuous epitopes near the CD4-binding site, clade D gp120
appears to be the most closely related to clade B, and clade E
appears to be the least related (Table 3). A tentative rank
order for these epitopes is B/D-A/C-E/F, although only two F
clade isolates were included in our analysis. No data are yet
available to assess the relative positions of other clades.
Several of the CD4-binding site antibodies are strongly reac-
tive with gpl20 from clades A to F, as is MAb A-32. For
example, HuMAb 205-46-9 is virtually pan-reactive, and 21h
fails to react with only clade E gpl20s. A HuMAb that reacts
with both clade B and African isolates has been previously
described as recognizing a "unique" CD4-binding site epitope
(62); our data suggest that such cross-reactivity is actually quite
common and can even, in the case of 205-46-9, extend to clade
E gpl20s. Yet, there is diversity among the epitopes overlap-
ping the CD4-binding site, because HuMAb 205-43-1 reacts
with all clade B and D gpl20s but only sporadically with clade
A and C gpl20s and with only a single gpl20 from clade E.
HuMAbs 15e and IgGlbl2 are more restricted in their pat-
terns of reactivity, as is 48d to the CD4-enhanced epitope;
none of these MAbs reacts with all clade B gpl20s. Of note is
that both IgGlbl2 and 48d are sensitive to amino acid changes
in the variable regions of HxBc2 gpl20 (65, 77).
As the epitopes near the CD4-binding site are strongly

represented in the polyclonal anti-gpl20 component of the
human immune response to HIV-1 infection, at least by clade
B viruses (41), it might be anticipated that the above rank
order would be reflected in patterns of data derived from
gpl20-binding assays using HIV-1-positive sera. Antibodies to
other epitopes will, of course, also contribute to the overall
serological pattern according to their relative abundance in the
polyclonal antibody response. Our preliminary results from
serology studies are, however, in accord with the above rank
order (data not shown), and others have reached a similar

conclusion on the basis of V3 peptide serology studies (9, 59).
Taken together, our observations using MAbs support the
conclusions of these serological studies: there are a limited
number of serotypes that are fewer in number than the
genotypes.

But how might serotypes based on binding assays relate to
neutralization serotypes? Disappointingly, we do not know; for
while we are struggling to relate sequence to antigenicity,
neutralization is yet another degree of complexity removed
from antigenicity. If there are neutralization serotypes, the
patterns may be even less distinct than the antigenic serotypes,
which are themselves more obscure than the genotypes. Put
simply, sequence analysis depends on the primary structure of
gp120, V3-peptide-based assays depend on its secondary struc-
ture, and gp120-based assays depend on its tertiary structure.
In contrast, virus neutralization is probably a function of
gp120/gp4l quaternary structure. Furthermore, neutralization
assays using HIV-1-positive sera may be influenced by even
higher orders of complexity, such as the presence of enhancing
antibodies. Thus, as we move from the purity of genetics to the
fog of biology, an obfuscation of patterns might be expected.
Yet perversely, it is also possible that some of the complexities
might turn out to be mere eddies in the mist that shields the
presence of just a limited number of neutralization serotypes
for HIV-1.
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