
number of effects that had neither been 
previously observed in experiments nor 
predicted by modeling. The setting devel- 
oped here opens new avenues for the 
exploration of basic chemistry questions: 
the nature and number of species involved 
and their transport mechanisms; the effect 
of anisotropy; and the effect of dynamic 
surface reconstructions and of gas-phase 
coupling. This setting permits the system- 
atic study of pattern formation per se as 
well as its interactions with domain geom- 
etry. The ability to realize elementary 
geometries will greatly simplify the com- 
parison of simulations and theory with 
experiments; this should be a serious mo- 
tivation for further detailed computational 
and model-building efforts. 
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Crystal Structure of the Principal 
Neutralization Site of HIV- 1 

Jayant B. Ghiara, Enrico A. Stura, Robyn L. Stanfield, 
Albert T. Profy, Ian A. Wilson* 

The crystal structure of a complex between a 24-amino acid peptide from the third variable 
(V3) loop of human immunodeficiency virus-type 1 (HIV-1) gp120 and the Fab fragment 
of a broadly neutralizing antibody (59.1) was determined to 3 angstrom resolution. The tip 
of the V3 loop containing the Gly-Pro-Gly-Arg-Ala-Phe sequence adopts a double-turn 
conformation, which may be the basis of its conservation in many HIV-1 isolates. A 
complete map of the HIV-1 principal neutralizing determinant was constructed by stitching 
together structures of V3 loop peptides bound to 59.1 and to an isolate-specific (MN) 
neutralizing antibody (50.1). Structural conservation of the overlapping epitopes suggests 
that this biologically relevant conformation could be of use in the design of synthetic 
vaccines and drugs to inhibit HIV-1 entry and virus-related cellular fusion. 

T h e  ~3 loop of HIV-I gp120 plays a 
critical role in viral infectivity and tropism 
and contains the principal neutralizing de- 
terminant (PND) of HIV-1 viruses. Neu- 
tralizing antibodies to the V3 loop can 
inhibit viral entry even after gp120 has 
bound CD4, the primary receptor for the 
virus (I). Syncytia formation, a result of 
the fusion of CD4-positive cells with infect- 
ed cells expressing gp120, is also inhibited 
by these antibodies. Furthermore, muta- 
tions in the V3 loop give rise to noninfec- 
tious viruses that can still bind CD4 (2). 
indicating that the V3 loop is important for 
subseauent membrane fusion events. It has 
been proposed that binding or cleavage of 
the V3 loop by secondary receptors (3, 4) 
may be required for pH-independent mem- 
brane fusion and viral entry (5). 

The amino acid sequence of the PND is 
highly variable, except for a short stretch 
at the crown or tip of the V3 loop (6). 
Several lines of evidence already indicate 
that this region may adopt a conserved 
structure in different HIV-1 isolates. The 
Gly-Pro-Gly-Arg sequence, found in most 
North American and European isolates, 
occurs more frequently than any other in 
known type I1 P turns (7), and proton 
nuclear magnetic resonance (NMR) tech- 
niaues have indicated a   reference for a 
p-turn conformation in synthetic V3 pep- 
tides (8). A secondarv structure mediction 
has firther suggested that the- V3 loop 
adopts a P-hairpin structure (P-strand- 
type I1 p-turn-p-strand motif), with a 
short helix at its carboxyl end (6). 

Despite the sequence (and possible 
structural) conservation at the crown of the 

V3 loop, hypervariable flanking sequences 
cause mainly type-specific neutralizing an- 
tibodies to be generated against the various 
strains of HIV-1. Passive immunization 
with such a type-specific anti-V3 monoclo- 
nal antibodv (mAb) has been shown to , . 
protect chimpanzees from individual strains 
of the virus (9). Furthermore. antibodies . , 
that primarily recognize the conserved 
crown of the V3  loo^ have recentlv been 
shown to effect a brLad neutraliza&on of 
different HIV-1 isolates (10, 11). A three- 
dimensional structure for this V3 loon re- 
gion could then be used in the design of 
more effective synthetic vaccines and, pos- 
sibly, of inhibitors of the membrane fusion 
process. 

As a structure for gp120 is not yet 
available, we investigated the structural 
features of the HIV-1 PND by determining 
the conformation of PND peptides in com- 
plex with neutralizing rnAbs that bind 
overlapping epitopes within the V3 loop. 

J. 8. Ghiara, E. A. Stura, R. L. Stanfield, I. A. Wilson, 
Department of Molecular Biology, The Scripps Re- Fo - Fc Ornit electron density for lhe 
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Jolla, CA 92037, USA. only around the S-shaped double turn formed by 
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The crystal structure of a 24-amino acid 
V3 loop peptide (RP142) (12) in complex 
with the Fab fragment of RN3-59.1 
(59. I), a broadly neutralizing mAb (1 O), 
is described here and compared to the 
x-ray structure (13) of another V3 loop 
peptide (MP1) (12) as complexed to Fab 
50.1, a neutralizing mAb specific for MN 
and MN-like HIV-1 isolates (10). 

The x-ray diffraction data were collected 
to 3 A resolution from a single crystal of the 
Fab 59.1-RP142 complex (14), and the 
structure was determined by molecular re- 
placement (1 5, 16). The entire Fab model 
was built into 10% 2F0 - Fc omit maps 
with FRODO (17) and refined with the 
positional and simulated annealing proto- 
cols in X-PLOR (16). Three alternating 
cycles of model building and refinement 
were performed before building the HIV-1 
peptide into Fo - Fc electron density maps. 
A total of eight cycles of model building 
and refinement resulted in the current 
structure, which has an R value of 0.2 1 (for 
all data in the 12.0 to 3.0 A range and an 
overall temperature factor of 28 A2) and 
root-mean-square (rms) deviations from 
ideality for bond lengths and angles of 
0.018 A and 3.8", respectively. 

Clear electron density was interpretable 
for the central 10 residues (His-Ile-Gly-Pro- 
Gly-Arg-Ala-Phe-Tyr-Thr; P3 15 through 
P316 and P319 through P326) (12) of the 
24-amino acid peptide RP142 in the anti- 
gen-binding site of Fab 59.1 (Fig. 1). The 
highly conserved Gly-Pro-Gly-Arg-Ala- 
Phe sequence adopts an S-shaped cbnfor- 
mation (Fig. 2) consisting of a type I1 P 
turn (Gly-Pro-Gly-Arg) followed by a type 
111 (Gly-Arg-Ala-Phe) P turn. The type 111 
turn is also part of a double bend, as the 
residues Arg-Ala-Phe-Tyr additionally form 
a type I turn. These turn conformations are 
stabilized in part by three intrapeptide hy- 
drogen bonds. GlyP319 (0 )  makes a hydro- 

gen bond with the side chain of ArgP3" 
(NHE), replacing the main chain i to i + 3 
bond often seen in reverse turns (Fig. 2), 
accounting for the preference for Arg at the 
fourth (i + 3) position of type I1 turns (7). 
A variant of the V3-loop crown sequence, 
Gly-Leu-Gly-Gln, is frequently found in 
African isolates of HIV-1 (4). Although 
Leu is not common at the second (i + 1) 
position of a type I1 turn, Gln is the only 
other residue (besides Arg) that is preferred 
at the fourth position (7) because its side- 
chain NHE can form an equivalent interac- 
tion with the main-chain carbonyl oxygen 
at the first residue of the turn. Two hydro- 
gen bonds occur in the 111-1 double bend, 
between GlyP321 (0)  and PhePjZ4 (N) and 
between ArgP322 (0)  and TyrP325 (N) . The 
conformation of the 111-1 double bend is 
close to that of a short segment of 3,, helix, 
but the torsional angles of PheP324 are closer 
to the f3 region of 9, JI space. Multiple bends 
of this type are not uncommon; in a study of 
23 proteins, each representing a different 
group of homologous proteins, 235 single 
bends, 58 double bends, and 11 higher order 
bends were found (18). An HIV-1 variant 
with Thr substituted for AlaP323 has been 
proposed to escape neutralization through a 
local conformational change in the V3 loop 
(1 9). However, this substitution is unlikely 
to change the backbone conformation of the 
crown region unless it introduces new inter- 
actions with other regions of the V3 loop (or 
elsewhere in gp120). 

The S-shaped peptide binds in a rela- 
tively flat binding pocket of the Fab, as 
compared with the deeper, concave pockets 
seen in other Fab-peptide complexes (Fig. 
3) (20). The Fab surface area buried by the 
peptide is 469 A2, whereas the correspond- 
ing area on the peptide is 429 A2, indicat- 
ing a good fit between the peptide and Fab 
combining site (2 1). The peptide makes 
contacts with all complementarity deter- 
mining regions (CDRs) , or hypervariable 
loops, of the antibody, except for CDR L2. 
The amide NHS from GlyP319, GlyP321, and 
AlaP313 each form a hydrogen bond with 
the Fab (22). The side chain of ArgP322 is 
perpendicular to the plane of the S-shaped 
conformation and inserts into a deep pocket 
in the antibody combining site, where it 
makes two hydrogen bonds and one buried 
salt bridge with residues from CDR L3 (22). 
There are 62 van der Waals contacts be- 
tween the peptide and Fab residues from 
CDRs L1 (12 contacts), L3 (16), HI ( 9 ,  
H2 (lo), and H3 (19). 

The crystallographic observations on the 
contribution made by each residue of the 
peptide to its binding correlate well with 
results obtained from epitope mapping 
(1 0). Competition enzyme-linked immuno- 
sorbent assays (ELISA), with a series of 
peptides containing Ala substitutions at 
each position, showed that GlyP319, 
ArgP322, or PheP324 cannot be substituted 
(Table 1) and that replacement of ProP320 
or GlyP321 is disfavored. GlyP319 has tor- 

Fia. 3. Stereo view of the Fab 59.1-RP142 com~lex. The liaht (L) and heaw (H) chains are shown 
Fig. 2. Conformation of the bound peptide. The inlight and dark blue, respectively, for only the variabley~; and V,) re&; of Fab 59.1. The 
three turns in the peptide are formed by resi- peptide is shown in red. The CDR loops of the light and heavy chain of the Fab are labeled L1 
dues Gly-Pro-Gly-Arg (type II), Gly-Arg-Ala-Phe through L3 and H I  through H3, respectively. The unusual disulfide bond between CDRs H I  
(type Ill), and Arg-Ala-Phe-Tyr (type I). The ( C ~ S ~ ~ ~ )  and H2 (CysHS2) is shown in yellow and forms part of the binding site. The Fab side chains 
three intrapeptide hydrogen bonds are indicat- involved in salt bridge, hydrogen bond, or van der Waals interactions with the peptide are shown in 
ed by dotted yellow lines. magenta. 
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sional angles (+ = 98", JI = - 173') corre- 
sponding to the epsilon region of +, JI space 
(23). a region not normally accessible to 
non-Gly residues. The most favored residue 
at position P320 is Pro because its inherent 
restriction in + to about -60' corresponds 
well with the +(i + 1) requirement for type 
I1 turns. Also, 11 of the 14 van der Waals 
contacts made by ProP320 involve the C6 
and Cy atoms. Ala cannot be substituted 
for GlyP321 because non-Gly residues are 

disfavored at the third position of type I1 
turns due to a steric clash between the CP 
atom and the preceding carbon~l oxygen 
(7, 24). The single most important residue 
for antibody-peptide binding appears to be 
ArgP322. Its guanidinium group makes two 
hydrogen bonds with AsnLgl and one salt 
bridge with AspLg4 of CDR L3. PheP324 is 
buried in a hydrophobic pocket that in- 
cludes TyrHS3 (H2). MetHg8 (H3), and a 
disulfide bond between CysH3' (HI) and 

Table 1. Contribution of individual peptide residues to Fab binding. 

Com- Van der Hydrogen 
Waals bonds (HB) and Peptide surface 

Residue petition* contacts salt bridges area buried 
(%I (no.) (SB) (21) (A2) 

HisP315 

Ilep3l6 
GlyP319 
pr0~3~0 
GlyPal 
ArgP322 
Alap323 
PhePa4 
TyrP325 
ThrP326 
Total 

*Binding of mAb 59.1 to RP70 was analyzed by competition with Ala-substituted peptides in an ELlSA (10). The 
antibody was preincubated with competitor peptide before being added to an ELISA plate coated with RP70. 
Antibody molecules not bound by the competitor were reacted with RP70 and detected with a horseradish 
peroxidase-labeled antibody to mouse immunoglobulin G. Results are expressed as a percentage of the antibody 
bound by RP70 in the absence of competitor peptides. An unsubstituted control peptide gave 75% competition 
for RP70 binding by 59.1. ND = not determined. tThe Ala residue was replaced by a Gly in this case. 

Fig. 4. Structural conservation of the V3 loop in two independent Fab-peptide complexes. Stereo 
pairs of the Ca traces of peptides from the 50.1 (magenta) and 59.1 (cyan) complexes are shown 
with their partially overlapping epitopes superimposed. Side chains for lleP316 and ProP320 residues 
of the sequence HisP315-llep316-GlyP319-Prop320-GIyP321, obsewed in both peptide structures, are 
also shown. 

CysHS2 (H2). Although this disulfide (25) 
does not appear to affect the general dispo- 
sition of CDR loops H1 and H2, it is 
significant because it covalently bridges two 
CDR loops, a feature not reported for any 
other antibody structures to date. 

The Fab-peptide structure demonstrates 
why rnAb 59.1 is broadly neutralizing. The 
highly variable residues that flank the con- 
served crown of the V3 loop do not con- 
tribute to the antibody-peptide interac- 
tions. Indeed, all of the hydrogen bond and 
salt bridge contacts, and 59 of the 62 van 
der Waals contacts, involve only the Gly- 
Pro-Gly-Arg-Ala-Phe sequence. The three 
other van der Waals contacts are with the 
Ca and Cp atoms of IleP316 and hence do 
not dictate specificity for any particular 
residue at this position. Thus, the Fab can 
make all of the interactions seen in this 
structure with a wide variety of HIV-1 
isolates. In addition, the Gln-Ag dipeptide 
insert found prior to the Gly-Pro-Gly-Arg 
sequence in the IIIB isolate should not 
prevent binding of this sequence to 59.1, 
which is consistent with its HIV-1 IIIB 
neutralizing activity (1 0). 

Mutagenesis experiments (26) have es- 
tablished that alteration of GlyP319, 
GlyP32', or ArgP322 of gp120 abolishes the 
infectivity of HIV-1, although the process- 
ing, transport, and CD4-binding properties 
of the mutant proteins are comparable to 
those of wild-type gp120. Our crystallo- 
graphic data demonstrate a strong structural 
preference for Gly residues at positions 
~ 3 1 9  and P321 of the PND. Aputative 
protease cleavage site has been identified at 
ArgP322 (Gly-Pro-Gly-Arg*-Ala-Phe) , and 
the cellular protease inhibitor trypstatin, 
which contains a homologous Gly-Pro-Cys- 
Arg-Ala-Phe sequence, does indeed inhibit 
syncytium formation (3, 4). The position- 
ing and conformation of ArgP322, as ob- 
served in the Fab complex, would permit a 
similar interaction to be made with any 
secondary receptor. If V3-loop cleavage, or 
association with a secondary receptor (27), 
does in fact constitute a crucial step in the 
series of events leading to membrane fusion 
and viral entrv. the virus-neutralizine and , , - 
syncytia-inhibiting activities of antibody 
59.1 could be explained by restricted access 
to this site. 

The broadly neutralizing properties of 
rnAb 59.1 also suggest that this crown-region 
structure is conserved in many HIV-1 isolates. 
However, on the basis of its functional (but 
not sequence) similarity to the PND loops of 
other viruses such as the foot-and-mouth dis- 
ease virus (2%). the intact V3 loop structure in 
gp120 may have some segmental flexibility in 
the absence of a receptor. 

The 59.1 complex can now be compared 
with the crystal structure of another V3-loop 
Fab-peptide complex (50.1-MP1) , in which 
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eight residues of the V3 loop (Lys-Arg-Ile- 
His-Ile-Gly-Pro-Gly) are ordered in the anti- 
body-binding pocket (12). These two anti- 
bodies thus recognize partially overlapping 
epitopes on the V3 loop. When their corre- 
sponding V3-loop peptide structures are su- 
perimposed (Fig. 4), the conformation of the 
five common residues (His-Ile-Gly-Pro-Gly) 
is remarkably similar (29). Residues Gly-Pro- 
Gly-Arg form a type I1 P turn in the 59.1- 
peptide structure, and although ArgP3" is not 
observed in the 50.1 structure, ProP320- 
GlyP3" have +,, +,, and +3 angles in the 
range found for type I1 P turns. In both 
structures. GlvP319 has main-chain torsional , , 

angles corresponding to the epsilon region 
(23) of conformational space, further con- 
firming a structural requirement for Gly at 
position P319. The 50.1-peptide complex also 
suggests that a hydrogen-bonded P hairpin 
structure is not a feature of V3-loop recogni- 
tion (13). . , 

The similarity in the conformation of 
the five overlapping peptide residues in two 
different Fab complexes suggests that the 
V3 loop structure we have assembled is 
biologically relevant. The Fab binding sites 
of 59.1 and 50.1 are completely different in 
shape, consistent with a low-sequence iden- 
tity (46%) between their CDR loop se- 
quences. Hence, the peptides do not adopt 
similar conformations merely as a result of a 
fit to similar binding sites. As these anti- 
bodies neutralize HIV-1 and prevent syncy- 
tia formation (1 O ) ,  it would appear that the 
peptide structures are representative of their 
cognate structures in gp120, when the virus 
is bound to the neutralizing antibody (30). 
Further structural studies will confirm the 
extent to which the V3 loop structure 
proposed here represents its conformation 
as bound to any secondary receptor. 

The V3-loop conformation observed in 
the antibody-peptide complexes is not ex- 
actly as predicted by neural network analy- 
sis of the amino acid sequences from differ- 
ent HIV-1 isolates (6). In the prediction, 
greater confidence was assigned to the Gly- 
Pro-Gly-Arg turn and the first P strand 
than for the helix and the second 13 strand. 
The Fab-peptide structures provid'e experi- 
mental evidence for the Dresence of the first 
p strand and the p turn. However, this turn 
does not appear to be followed by a P strand 
as predicted. Instead a type 111-1 double 
bend is formed by residues Gly-Arg-Ala- 
Phe-Tyr, giving rise to an S-shaped confor- 
mation for the crown of the V3 loop. 
Cyclized peptides, and other analogs that 
restrict the peptide conformations to those 
that enhance the formation of the appro- 
priate turn structures in the V3 loop, may 
generate a better immune response toward 
HIV-1. In addition, compounds that close- 
ly mimic the conserved crown structure of 
the V3 loop should be capable of generating 

a more broadly neutralizing response. Such 
structure-based analogs may also prove to 
be useful as inhibitors for the proposed 
secondary receptors of HIV-1. 
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