
x PCR butier [ I 0  mlvl Trs 1cH 8.2: 50 mlvl KCI. 1.5 
mM MgCl, and 200 FM of eacP d~nucleos~de tr pi-OS- 
ciate) contanng 5 K C  of [a-"PIdCTP, 0 5 KM of 
eacP prmer set and 2.5 unts of AmpllTac Gold (Per- 
k~n-Elmer). TPe amount of eaci- m m c  DNA added to 
ti-e reacton to obtan s n a r  amcficaton betvieen 
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extenson at 72'C for 5 mn .  A porton (1 0 F I  of eaci- 
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GATTAAGTTGGG-3' for GAL. 
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A Conserved HIV gp120 Glycoprotein Structure 
Involved in Chemokine Receptor Binding 

Carlo D. Rizzuto, Richard Wyatt, Nivia Hernandez-Ramos, 
Ying Sun, Peter D. Kwong, Wayne A. Hendrickson, 

Joseph Sodroski* 

The entry of primate immunodeficiency viruses into target cells depends on a sequential 
interaction of the gp120 envelope glycoprotein with the cellular receptors, CD4 and 
members of the chemokine receptor family. The gpl20 third variable (V3) loop has been 
implicated in chemokine receptor binding, but the use of the CCR5 chemokine receptor 
by diverse primate immunodeficiency viruses suggests the involvement of an additional, 
conserved gpl20 element. Through the use of gpl20 mutants, a highly conserved gpl20 
structure was shown to be critical for CCR5 binding. This structure is located adjacent 
to the V3 loop and contains neutralization epitopes induced by CD4 binding. This 
conserved element may be a useful target for pharmacologic or prophylactic intervention 
in human immunodeficiency virus (HIV) infections. 

M o s t  naturally clccurriIlgprill~ate lmmuno- V3 variable loop of gp120 (3 ) )  and the  
deficiencv viruses lHIV and sllllian immu- seciuence clf the  173 loot. influences the  
nodeficleilcy v i r u s L ( ~ l ' J ) ]  bind the  P-che- 
mclkine receptor CCR5 as a n  obl~gate  step 
in  VISLIS entry into target cells ( 1  . 2) .  T h e  
gpl22 glycoproteins of primary, macroph- 
age-troplc HIV-1 stralns have been s h o \ ~ n  
tcl bind speclflcally to cells expressing 
CCR5 ( 3 ,  4 ) .  Inhibiting this liinding con- 
stitutes a n  attractive lneans of intervening 
ill HIV-1 infection, but the  gp120 glyco- 
protein is a challenging target because of ~ t s  
cotlforinatiollal flexibility and varialiility. 
Incubation with solulile C D 4  (sCD4) re- 
sults in  a 100- to  1000-fold increase in  the 
affinity of HIV-1 gpl22 for CCR5 ( 3 ) ,  in- 
d ~ c a t ~ n g  that the  CCRi-bini l i~ly  site (111 

HI\:-1 gp120 is fully f(lrmed clr exposed 
only after C D 4  binding. Effic~ent C C R 5  
binding 1s dependent o n  the  presence of the  

C. D. R~zzuto. R. Wyatt, N Hernandez-Ramos, Y Sun, 
Decartment of Cancer Immu~ioloqy and A D S  Dana-Far- 
ber Cancer nsttute ~ e ~ a r t m e n i  of Patliolog~, Haward 
Medcal Sciool,  Boston MA 021 15, USA. 
P. D. Kviona and W A. Hendr~ckson. Decartlnent of 

specif~c chelnokine receptors used by differ- 
ent  primate i m m u n o ~ i e f i c ~ e ~ l q  viruses ( 2 ) .  
In  cclntrast, the gp120 V1 and 172 1-ariable 
loops and NH,- and COOH-termini were 
shown to be dispensable for high-affinity 
l i ind~ng to C C R 5  (3) .  N o  s~g~lificallt  CCR5 
liindlng has been observed for gp120 glyco- 
protelns derivei{ from laboratclry-adapted 
HIV-1 ~solates, which do  not use CCR5 as 
a coreceptclr ( 3 ,  4 ) .  

Speclflc groups o t  HIV-1-neutralizing 
antibodies ciirectecl against the  gpl20 V3 
loop or CD4-inLiuced (CD4i)  epltopes are 
able to lilock the  binLlilly clf gp120-sCD4 
complexes tcl CCR5-expressing cells ( 3 ,  4 ) .  
T h e  CD4i  epitopes are conserved, d~scon-  
tlnuous gp120 structures that are better ex- 
posed after C D 4  bltld~llg ( 5 ) .  L'futagellic 
a~lalysis suggested that elenlents clf the  con- 
served stein of the  \7l/V2 stem-loop and of 
the  fourth conserved region of gpl22 make 
LILT the CD4i  epitopes ( 5 ) .  Here we tested 
the  hvt~othesis that conserl,eil ~ ~ 1 2 0  resi- . L L . L  

Bloci-emstqand lvloecuar Bopi-!;SICS ~ovdard Hughes dLles near or ll-itllin the CD4i  epitoL,es are 
lvledlca nst~tute, Colu'nbia Unlverslty, Nw'! York, NY 
10032, USA. critical -. . . for . C C R i  . . binding. 
J Sodroskl, Department o i  Cancer Immunology and W e  developed an  assay to assess the  
AIDS, Dana-Farber Cancer lnst~tute Depariment of Pa- CCRj.liinding alillity of a pallel HIV.1 
t i oogy  Hav~ard Medcal ScPoo and Decartment of ' r -  
munology and lnfectloLls Diseases, Ha;Jard Sclool of gp120 glvcoproteill lllutants. T h e  11lLltants 
P u b c  Healti-, Boston, MA 021 15, USA 11-ere created by the  introduction of single 
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important for the integrity of the CD4i 
epitopes (5). Structural information (6) on 
the gp120 epitope recognized by a CD4i- 
directed antibody, 17b, was used to guide 
the mutagenesis. The wtA glycoprotein, 
which lacks the V1 and V2 variable loops 
and the NH2-terminus and is derived from 
the W 2  primary macrophage-tropic (R5) 
HIV-1 isolate (7), was the starting point for 
our studies (Fig. 1). This protein was chosen 
because it had been shown to bind CD4 and 
CCR5 with high affinity (3, 8, 9). Further- 
more, the use of this protein minimized the 
opportunities for indirect effects of gp120 
amino acid changes on CCR5 binding [for 
example, by repositioning the V1 and V2 
loops, which can mask CD4i epitopes (9)]. 
Metabolically labeled wtA and mutant de- 
rivatives were produced in 293T cells and 
incubated with mouse L1.2 cells stably ex- 
pressing human CCR.5 (3), in either the 
absence or presence of sCD4. The cells were 
washed and lysed, and bound gp120 protein 
was detected by precipitation with a mix- 
ture of sera from HIV-1-infected individu- 
als (10). 

The wtA protein efficiently bound to the 
L1.2-CCR5 cells in the presence of sCD4 
(Fig. 2, A and B). Binding was significantly 
reduced when sCD4 was not present in the 
assay. Binding of the wtA protein to the 
L1.2-CCR5 cells was inhibited by preincu- 
bation of the wtA protein with the 17b 
antibody. Binding was also inhibited by in- 
cubation of the L1.2-CCR5 cells with the 
2D7 antibody to CCR5 (1 1) or with the 
CCR5 ligand MIP-1P (12). The C11 anti- 
body, which is directed against a gp120 
region dispensable for CCR5 binding (3), 
did not block the binding of the wtA pro- 
tein to the L1.2-CCR5 cells (13). An irrel- 
evant chemokine, SDF-lor, did not effi- 
ciently block wtA binding (13). The wtA 
protein did not bind appreciably to the 
parental L1.2 cells not expressing CCR5, 
even in the presence of sCD4. These results 
suggest that the wtA protein binds CCR5 in 
a specific, CD4-dependent manner. 

Changes in several gp120 amino acids 
resulted in reductions in the ability of the 
protein to bind to L1.2-CCR5 cells in the 
presence of sCD4 (Table 1 and Fig. 2C). In 
some cases (257 T/D, 370 E/Q, and 383 
F/S), the attenuated CD4-binding ability of 
the mutant proteins could account for the 
observed reduction in binding to the L1.2- 
CCR5 cells. In most cases, however, the 
mutant proteins that were deficient in 
CCR5 binding still bound sCD4 and at 
least one monoclonal antibody that recog-' 
nizes a discontinuous gp120 epitope (5, 14). 
As expected, some of the introduced amino 
acid changes decreased recognition by the 
17b antibody. Two of the gp120 amino acid 
changes (437 P/A and 442 QjL) resulted in 

an increase in CCR5 binding compared 
with the wtA protein, even though CD4 
binding was not significantly increased. In 
the absence of sCD4, the 437 P/A and 442 
QjL envelope glycoprotein mutants bound 
to the L1.2-CCR5 cells slightly better than 
the other mutants and the wtA protein, 
which exhibited very low levels of binding 
[Fig. 2A and ( 1 3)]. 

Recently, the structure of an HIV-1 
gp120 core crystallized in a ternary complex 
with two-domain CD4 and the 17b Fab was 
solved (6). The gp120 core is composed of 
an inner domain, an outer domain, and a 
"bridging sheet" (Fig. 3A). The bridging 
sheet is a four-stranded, antiparallel P sheet 
that includes the V1/V2 stem and strands 
(P20 and P21) derived from the fourth 
conserved gp120 region. CD4 contacts 
gp120 residues in the outer domain and the 
bridging sheet (6). The gp120 residues im- 
plicated by our study in CCR.5 binding are 
located near or within the bridging sheet 
(Fig 3, A and B). The bridging sheet is 
predicted to face the target cell after the 
envelope glycoproteins bind CD4 (6). Even 
more than the CD4-binding site, the gp120 

region implicated in CCR5 binding is high- 
ly conserved among primate immunodefi- 
ciency viruses; this conservation contrasts 
with the variability that characterizes most 
of the gp120 surface thought to be exposed 
on the assembled envelope glycoprotein 
complex (Fig. 3C) (6). The CD4i epitope 
for the 17b antibody is located near or 
within the bridging sheet (6), consistent 
with the ability of the antibody to block 
CCR5 binding (3, 4). All of the individual 
gp120 residues in which changes disrupted 
recognition by 17b antibody (Fig. 3D) are 
located close to the gp120-17b interface in 
the crystallized complex (Table 1). The 
binding of another antibody, CG10, which 
disrupts gp120-CCR5 interaction (3) and 
competes with 17b antibody for gp120 
binding (15), is also affected by changes in 
amino acid residues within or near the 
bridging sheet (Fig. 3E). The position and 
orientation of the V3 base in the structure 
(6), in conjunction with a number of mu- 
tagenic and antibody competition studies 
(1 6), suggest that the gp120 V3 loop resides 
proximal to the region implicated in CCR5 
binding (Fig. 3A). For example, the binding 

Fi. 1. The HIV-1 YU2 
gp120 derivative used in the v v v v binding assay. ,,wild-type N I m* - 

1 2  3 4 
gp120 and gp41 envelope 
giycoproteins.are shown. in 
the upper figure. Conserved 
(black) and variable (white) c wtA 
regions (27) are indicated. 
The wtA protein, which is derived from the primary macrophage-tropic YU2 HIV-1 isolate (7), is shown 
in the lower figure. The NH,-terminal (N) and V1 and V2 deletions correspond to those previously 
described for the HXBc2 gpl20 mutants A82 and A1 28-194, respectively (8,9). SIG, signal peptide; C, 
COOH-terminal; TM, transmembrane section of gp41. 

Fig. 2 The gp120-CCR5 bind- , 2 z 
ing assay. (A) The radioactively u u 1% MIP-10 2D7 u r! 

H N C ?  labeled wtA protein was incu- A ; ; pdml ng/ml ndml 

bated either with the ~arental I 1 1 4  B ~ ~ , 4 1 ~ o [ z t z o 1 2 ~ ~ ~ ~ ~ ~ ~ ~ 1 ~ d ~  
LI .2 cells or with th;! LI .2- 
CCR5 cells. Incubations were - 97 

carried out either in the absence - 66 
or presence of sCD4 (1 00 nM). 
The wtA protein bound to the - 46 
cells is shown. The two bands cm + + - 
represent different glycoforms 
of gp120. (B) The wtA protein 
was incubated with both sCD4 Total Bound (sCD4) Bound (CCRS) 
and the 17b antibody at the in- 
dicated concentrations before , ~ a , : , ~ , ~ ~ ~ ,  5 ? $ 2  l $ , j l E , ; t l ,  4 3 $ 5 ! g  , $  2 9 : ;  , E , j  addition to the L1.2-CCR5 cells. 
The L1.2-CCR5 cells were incu- - m  
bated with 2D7 antibody to - 97 

CCR5 or MIP-1 p at the indicat- - 66 
ed concentrations before incu- 
bation with wtA-sCD4 com- 
plexes. The wtA protein bound 
to the 'cells is shown. (C) The amount of radioactively labeled wtA or selected mutant envelope 
glycoproteins precipitated by a mixture of HIV-1 infected patient sera (Total), precipitated by sCD4 and 
an antibody to CD4 [Bound (sCD4)], or bound to L1.2-CCR5 cells [Bound (CCRS)] is shown. Molecular 
sizes in (B) and (C) are in kilodaltons. 
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of both CGlO and CD4i antibodies to 
gp120 can be disrupted by some V3 changes 
(5, 15). Furthermore, several V3-directed 
antibodies compete with CD4i antibodies 
for gp120 binding (1 6). 

Our observations suggest that the 
CCR5-binding site is likely composed of 
conserved gp120 elements near or within 
the bridging sheet and V3 loop residues. 
The latter might include more conserved 
structures (such as the aromatic or hydro- 
phobic residue at position 317, altered in 
this study) as well as more variable struc- 
tures (1 7) that determine the specific che- 
mokine receptor used. Some of the gp120 
residues identified in this and previous stud- 
ies (1 7) as determinants of chemokine re- 
ceptor use could modulate the interaction 
of the V3 loop and elements near the bridg- 
ing sheet. For example, studies of HIV-1 
revertants (1 6) suggested a functional inter- 
action of gp120 residue 440, shown here to 
influence CCRS binding, with the V3 loop. 

A subset of the gp120 residues in or near 
the bridging sheet likely contacts CCR5 

directly. Most of the gp120 residues impli- 
cated in CCR5 binding exhibit reasonable 
solvent accessibility in the free gp120 core 
(Table I), consistent with this possibility. 
The gp120 surface implicated in CCRS 
binding is highly basic (6), potentially fa- 
voring interactions with the acidic CCRS 
NH,-terminus, which has been shown to be 
important for gp120 binding (18, 19). Ad- 
ditional, hydrophobic interactions, similar 
to those seen for gp120-17b binding (6), 
may also contribute to the gp120-CCR5 
interaction. 

The exposure or formation (or both) of 
the CCR5-binding site of HIV-1 gp120 gly- 
coproteins is dependent on interaction with 
CD4 (3, 4). CD4 binding has been shown 
to reposition the V1 and V2 variable loops 
and thus expose the CD4i epitopes (9), 
which overlap the CCR5-binding region 
(3,4).  However, because a gp120 glycopro- 
tein lacking the V1 and V2 variable loops 
also exhibits CD4-dependent CCR5 bind- 
ing (3), the interaction with CD4 must 
cause other conformational changes in 

gp120 related to the CCR5-binding site. 
Our results, which highlight the proximity 
of the two receptor-binding sites on gp120, 
provide likely explanations for the induc- 
tion of such conformational changes. First, 
the V1/V2 stem, which is one of the com- 
ponents of the bridging sheet, contacts CD4 
(6). Thus, CD4 binding, which appears to 
distort the V I P 2  stem, may reposition this 
structure and allow the formation of the 
P-sheet important for CCRS binding. In 
this respect, we note that a substitution of 
aspartic acid for threonine-123, which is 
located in the Vl/V2 stem and contacts 
CD4, significantly decreases CCR5 bind- 
ing. This substitution may disrupt CD4- 
induced conformational changes in the V1/ 
V2 stem required for CCRS binding. 

Second, the CD4-bound conformation 
of gp120 exhibits a cavity (the "Phe-43" 
cavity) within the gp120 interior (6). This 
cavity contacts the gp120 inner and outer 
domains as well as the bridging sheet and 
likely forms as a result of interdomain con- 
formational changes in gp120 induced by 

cqmtein. R e s i d u e s i n w h i c h c h e n g e s ~ 1 n a s 7 0 % ~ i n  17b 
, a n t i b o d y b h d n g i n t h e a b s e n c e o f s C W ~ ~ . ~ ~ m d e a d e r  
suface of the gp120 -. Residues inwhich changes regltted h a 
270% decrease in CGlO antibody binding it the presence d sCW am 
~ e d . R e s i d u e s i n w h i c h c h a n g e s ~ d e a e s s s d e 0 4 b h r h g  
(andthusindkectlycbwasedCGlO~cvendshwn.me$leswlwr, 
m a d e w k h M j d a k P l U Q ( C o m p u t e r ~ ~ ~ ~ d ~ s 9 n  
Franciscs))adGRASP[28).-Wtheresiduesare hC25). 
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Table 1. Phenotypes of HIV-1 YU2 gpl20 mutants. The abllity of the wt3 and mutant glycoproteins to bind 
CCR5 expressed on L1.2 cells was determined (10). The recognition of the lvd3 and mutant glycoprotelns by 
sCD4 and monoclonal antibodies that recognize discontinuous gpl20 epltopes (5, 141 was determined (10). 
All values reponed are relatlve to those seen for ?he lvd3 protein. Values represent the average of at least two 
independent experiments and exhibit less than 30°b variation from the value shov~n. 

Llgand binding$ 
Protein (FSA)" CCR5 binding? 

sCD4 17b CGlO F105 

"Tbe resdue number of tbe mutant $71 glycoprote ns s based on tbe sequenze of tbe prototyp: HXSc2 gp'20 gy:oprote n (271 
v ~ t b  : represent ng ;be In :ator metbonne The tv Id-type YIJi gp' 20 resdue s I sted frst followed by the subst :l~:ed residue 125, 
Tbe frait~onal sob!ent accessb~t  es (FSAs assocated v ~ t b  gp120 rescues n v ~ h  cb changes spe:f:aly d s r ~ ~ p t e d  CCR5 b nd ng 
are sbov!n In parentbeses Fract ona salient a::ess b l t y  was i a  cuated as tbe rato of soient-access~ble su r fax  area for atoms 
of ar-no acd  resdue X In t'le g p l i O  core (tv~thout carbohydrate mo etes! ;o the area obtaned after reduit on of t'le struc;ure ;3 
a y - X - G y  tr~peptde 124 Values c ted are for s~de- iban  atoms except for gy ine-331 tvbere tbe t!alue for a ator's s gt!en 
rTbe blnd ng of t b e v s l  glyzoprote n to L1 2-CCR5 :ells v/as shov~n to be nearly related to tbe concertrat on of v!tl proten n tbe 
transfeited 283T cell supernatants. oier the range oi conceniratons used n these expermenis (i3). Tre  to;al amount 3i v ~ t l  and 
mutant gycoprote n present n t r e  293T c e  supernatants was est mated by prec p tat on w tb an excess of a In xture of sera 'rom 
HI\/-1-nfected nd~~!duals Tbe amount of vsA and mutant g1y:oproten bound to t'le L1 2-CCRS :ells was deterln~ned as 
desir bed ('5) 7'1- i a ~ e  for CCFS bnding tvas :a cl-.ated w tn the foov!ng formula: CCRS bndng  = (sound muiant pro;en - 
sound $.dl proten' x 'Total vsi proten - Total mutant proten -The re:ognt on of tbe and mutant gyioprote ns by 
s C W  and ant bodies was determned by p re ip~ ta ton  of radioait iely labeled en\!elope gyioprotens In transfected 233T :el 
superratants as desirbed r 'GI In parallel, the abeed enieope gyioprote ns were p re i  p~tated v! tb a i  excess of a Inxture of sera 
i r o n  i \J-'-nfe:ted n d ~ ?  duals The \ a  ue for I gand blnd ng ?./as ia l iuated VJ tb tbe follov~ ng formula L~gard  b nd~ng = (Mutant 
proten ,:,., - v/tJ proten -,,,, x ( i v t l  protenjerLl, -7,xtL.e - Pdlutant proten ,z,,,, ,.,. Sn the sC3L and 1% columns, tbe 
\!al~les hd:ate gp120 r e s s ~ e s  tbat exh b t  dezreased solvent access b ~ t y  n the presence of tbe two-doman sCC3 or '7b Fab, 
respe:t\!dy, n tbe ternary :ompex (61 Cbanges n sol\hent a::essb~ ty were ca:uated w~tb  tbe l\#lS prograln of M Connoly (25; 

CD4 binding (6). Because the bridging 
sheet lacks its own hydropl~obic core and is 
thus dependent on resid~les contributed by 
both inner and outer domains (6), any shift 
in orientation between these dotnains 
would alter the conformation of the bridg- 
ing sheet. Furthermore, CD4 binding could 
also alter the precise orientation of the 
bridging sheet with respect to the inner and 
outer domains, thus aligning the V3 loop 
and conserved gp120 elements important 
for CCR5 binding. T o  summarize, CD4 
binding likely i n d ~ ~ c e s  conforlnational 
changes within the bridging sheet as well as 
l?etn,een this sheet and the inner and outer 
domains to form the high-affinity C C R i -  
binding slte. For some primate irnmunode- 
ficlency viruses, the CD4-bound conforma- 
tion of gp120 must be energetically accessi- 
ble in the absence of CD4 to explain the 
docu~nented examples of CD4-independent 
chemokine receptor blnding and entry ( 1  9 ,  
20). 

It is likely that the CCRi-binding re- 
gion iiefineii in this study is also important 
for the binding of simian and human ir~il- 
ulunodeficiency l~iruses to other che~nokine 
receptors. The identified region exhibits 
one of the   no st highly conserved surfaces 
on the HI\'-1 gp120 glycoprotein (6) ,  sup- 
porting its f~~nc t lona l  importance for all 
prlmate inlmunodeficiency viruses. The 
laboratory-adapted HXBc2 envelope glyco- 
protein, which uses CXCR4 and not CCRS 
as a coreceptor (1 ,  2 ,  21 ), can be converted 
to an efficient CCR5-using protein simply 
by substituting the V3 loop of the YC2 
virus (2).  Thus, all of the CCR5-binding 
region outslde of the \J3 loop must be con- 
serl~ed, at least between the HXBc2 and 
Y L 2  viruses. Indeed, we ha1.e shown that 
alteration of Iysine-117, lysine-207, and gly- 
cine-441 in the HXBc2-YU2\J3 chimeric 
protein also disrupts CCR5 binding ( 1  3) .  
Consistent with the use of this region for 
the binding of other che~nokine receptors is 
the observation (22) that a subset of the 
gp120 changes associated with the conver- 
sion of HIV-2 to a CD4-independent, 
CXCR4-using virus affects the bridging 
sheet and the V3 loop. Alterations in bridg- 
i l ~ g  sheet residues have also been implicated 
in changes in the tropism of HIV-1 for 
illlrnortalized cell lines that do not express 
CCR5 (22). Finally, the 17b antibody neu- 
tralizes HI\]-1 strains that use different che- 
moklne receptors (5, 15), supporting the 
1n1-olvement of a common gp120 region in 
chen~okine receptor interaction. 

Chemokine receptor binding may trigger 
additional conforlnational changes in the 
envelope glycoprotein coinplex that ulti- 
mately lead to the fusion of the vlral and 
target cell membrane. It is beliel~ed that 
some of these changes include exposure of 
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the ectodomain of the gp41 transmembrane 
envelope glycoprotein (23). It is interesting 
that the CCR5-binding region defined 
herein likely resides close to the trimer axis 
of the assembled envelope glycoprotein 
complex (6). Indeed, some of the gpl20 
residue changes that affect CCR5 binding 
also affect the noncovalent association of 
gpl20 and gp41 subunits in the trimeric 
complex (13). These observations raise the 
possibility that chemokine receptor binding 
alters the relation between gpl20 and gp41, 
leading to the exposure of the gp41 ectodo
main and interaction with the target cell 
membrane. 

The definition of a highly conserved 
gpl20 structure that is important for bind
ing to CCR5 should assist the development 
of pharmacologic or immunologic inhibi
tors of virus-receptor interactions. An un
derstanding of the CD4-induced conforma
tional changes in this structure may allow 
the targeting of such inhibitors to native or 
CD4-bound states of gpl20. 
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