
33 C Ca te r  et a: , J. \/,,nl 71. L832 119971. , A4. 35 O Sciiv!altz, \/ Iv'a.echal, 6 FrlgJet. F Arenzana- tEJBO J 17, 939 ,1998; R. A M Fo-lclier e- 81.. 
,acs~~e et a: . 6\:80 J 17. 2E3- :1998: Se~srlerl,~, J -N Heard J '<,ol  72 38L5 :IS981 Y' '/:rol , n press 

31. H. Iv' S1m3.i and N H A4a m. Y' !/,:ol 70, 5297 36 '<. N3r1, D J R ~ r g  er, R C. Desr~slel-s, ,/:,a 67.2837 4C Iv'. J J i et 81. h'lilBO J. 13. 2935 1199i). J. S Alan 
i1996!, J H S r 3 r  e ta , . .  :\:,d 71 5259 11997; ? 
Sos!a and D , \/olsk!, . :o:d 67. E322 I995:, U von 
Schv!edler J S ~ i a  C A ~ k e i .  C. Trono tot0 c 
1945: J Goncalves. Y .<olin J Zack. D Sab~zda ,  
ti:;,?' 70, 8731 :I 996) 

32 C. Ake.1 and C. Trono, ,b:a 69. 5318 :19951, C 
ScP?rblatz, \! Mareclial, C Gal-os J M Heal-d, ,o,d. 
c i353 

55 C A~e.1 ,  :i::a 71. 5871 1199~:; T L L I ~  J. L Z ~ ~ g l a s ,  
R. L. L%!ngston. J \! Sarc~a, \/t,o:o3: 241. 221 
1998: 

54 Tlie Fv-7 locus tself accears to have orlg nated 
f13m a~iother class ,f ret~ovrLlses S Best, F Le 
T~ss~er  S Tou!ers, J, P S t q e ,  >;arlae 382, 826 
:1996:, , N Coii~l-. tbta . p.  7621 

,1993, 6 .  Chaciier~an. E A4 Long. ? A, L L I ~ I ~ !  J 
Cver:augIi. ,o:d 71, 5932 1997: 

37 F. F. Leu!~s a i d  N E~re~.rna.i, ,b,d 68, 513 :1991. T 
Roe, T. C R e y i o d s  O YJ. P. C Erou!n, 6\:80 J 
12. 2399 :I 993 N E ~ ~ k r r s k !  e- a1 , ".oc .".'a'/. 
Pzaa. Sc' J S A  89 658C 1992:. ? Le.v~s, Iv'. 
Hensel, M Elnerriiari, h'~ilz3O J 1 1  3C53 (1992 

58 M Ste!!enson ',.eras Cel: B,o:. 6, 9 I 1996:. P Oa 
13; T H x e .  D Cli1.1, C Trm, Moz. ;\!at:. ACBCI 
Sc, L'.SA 94. 9825 19971. P Calla!, , V. St~tt. C. 
Iv'~~tid:!, M Cet t~nge~,  Z. Tro~io. J '#/:to: 70 1327 
11996:, R A N F o ~ ~ c l i  er arr l  M H. A4a r .  Se'7~ 
'8J::o: 1.1 press. 

39 N A Vocl~clta, C Iv' .<oecp, P A Smer Iv'. Emer- 
mar ,  S e w s  Ce:: 12, 175 19981: S Fop31~  e' a: 

V-1 Enve 
Glycoproteins: Fusogens, 

Antigens, and mmunogens 
Richard Wyatt and Joseph Sodroski* 

The human immunodefic~ency vlrus-type 1 (HIV-1) envelope glycoprotelns interact with 
receptors on the target cell and mediate virus entry by fuslng the vlral and cell mem- 
branes. The structure of the envelope glycoprote~ns has evolved to fulfill these funct~ons 
while evad~ng the neutralizing antibody response. An understanding of the viral strategies 
for immune evasion should guide attempts to improve the immunogeniclty of the HIV-1 
envelope glycoproteins and. ultimately, a ~ d  in HIV-1 vaccine development. 

T h e  11urna11 ~ m m u n o d e f i c i e l ~  vlruses 
(HIV-1 and HI\'-2) and simian ~mmunode- 
flciency viruses (SI\'s) are the etiologic 
agents of acq~~i red  ~ m m u n o d e f i c ~ e ~ ~  hyn- 
ilrollle (AIDS) in their respective human 
and sllnlan hosts (1) .  Typically, lllfectlon 
n.1th prlmate imm~~noi lef~ciency viruses is 
characterizeii by an  ~ l l ~ t ~ a l  phase of h~gl l -  
level vlremia, fc>lloived hy a long pe r~od  
of perslstellt I.lrus replicatioll at a lo\ver ler-el 
(2). \lira1 persistence occurs despite specif~c 
anti1-iral immune responses, \\-hlch incluile 
the gelleratioll of neutrali:ing antibodies. 

T h e  prmate  ~mmuno~leflciency vlruses, 
like all retroviruses, are s~~rrounded 1.1- an  
envelope consisting of a host ce l l -der i~e~l  
lipid bilayer and virus-encoLdeLl envelope gly- 
coproteins (3) .  For the v i r u  to enter target 
cells, the 1-iral membrane must be fuseil ~vitlh 
tlle plasma ~llelllhrane of the cell, a process 
~lledlated by the envelope glycoprotems. T h e  
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but also renders them unic1uel7- access~hle to 
neutraliz~ng an t~hod~es .  Thus, ilunl belective 
forces-v~rus repl~catlon nnd ~ m m u n e  pres- 
sure-have shnpeil the er-olut~on of the en- 
1.elope glycoprote~ns and continue to do so 
I ~ I ~ ~ I I I  each infecteLl llcxt. Here, TI-e summa- 
rize cur current understandmg of the f~lnc-  
tional features of these proteins. 

Synthesis and Assembly 

In the infecteLl cell, the envelope glyco- 
proteins are s\-ntheslreii ;is an  approsilllately 
8 4 5  to 870-amino ,~cid precursor in the 
rough eniloplasmic reticulum. .Asparag~ne- 
linkeil, high-mannose sugar chains are aildecl 
to form the gp160 glycoprotein, \vhich as- 
sembles into ollgcmers (4-6). T h e  prepcxl- 
derallce of ev~ilence suqgests that these uli- 
gollleric co~llpleses are trilllers (4 ,  5). T h e  
gpl60 trlmers are transported to the Golgi 
apparatt~s where cleavage 1~y a cellular pro- 
tease generate\ the mature ellvelore glyco- 
proteins: gp170, the exterior enr~elope glyco- 
protein, and qp41, the transmemhrnne ~ l y -  
coprotein (3). T h e  gp41 glycoprotein has an 
ectodolnaln that is largely responsible for 
t r~mer~ :a t~on  (7). a membrane-spann~ng an- 
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chor, nnd a long cytoplasmic tail. hIost of the 
surhice-exposed elements of the mature, oli- 
gomerlc envelope glycoprote~n colllplex are 
colltailled o n  the gp170 glycoproteln. Se- 
lected, presurnal?ly 11-ell-espohed, carhohy- 
iirates on the g p 1 X  glycoprote~n are modi- 
fled in the  Golgl apparatus by the  ad i i~ t ion  
of conlples sugars (6 ) .  T h e  gp170 and 
gp41 glycoprote~ns are maintaineil 111 t he  
assembled trilner by noncovalent,  some- 
what labile, interactions betn-een the  gp41 
ectodcxllain and discontinuous structures 
composed of NH1- and C O O H - t e r m ~ n a l  
gpl2G sequences (8). V(i1le11 they reach 
the  infected cell surface, a fractioll of 
these enr~elope glycoprote~n complexes 
are incorporated ~ n t c  h u d d ~ n g  vlrus partl- 
cles. A larpe numher of tlle cc~mnlexes 
d~sassemhle, releasl~lg gp170 and exposing 
the  previously hurled gp41 ectodomain. 
These er-ents contrlhute to  the  for~natioll  
of clefectlr-e v~r lons ,  \vhlch p redom~nnte  in 
any retror-iral preparat io~l  (9) .  

Binding to the CD4 Receptor 

hIany cell surface prote~ns,  ~ n c l u d ~ n g  adhe- 
sicxl molecules, are ~ncorporated into 
HI\'-1 virions along with the envelope gly- 
coproteill colllpleses ( I  0) .  These host cell- 
derived ~nolecl~les  call assist the  attachment 
of viruses to ~Totential tareet cells. \'lrus - 
attachment also ~nvolves the interaction of 
the  gp17G envelope glycoprote~ns with spe- 
ciflc receptors-the C D 4  glycoprotein ( 1  1 ) 
anLl members of the chemolti~le receptor 
family (12 ,  13)  (Fig. I ) .  T h e  C D 4  glyco- 
protein is expresseil o n  the  s ~ ~ r i a c e  of T 
lymphocytes, monocytes, de~ldrlt ic cells, 
a ~ l d  h r a ~ n  microgl~a, the lnalll target cells 
for primate immunodet ' ic~enc viruses In 
vi1.o. T h e  rec~u~rement  for C D 4  binding 
esh~hi te i i  Fy mc>\t pr i~nate  ~ m m u n o d e i i c i e ~ ~ -  
cy ~ i r u s e s  for efficient entry is consistent 
\vith this olxerved in vivo tropism. 

.A rnxlc,r function of C D 4  bini l~ng i\ to 
induce conformatic>nal challees in the - 
gyl lG glycoprotel~l that contrlhute to the 
format~on or exposure of the bincllng slte for 
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the chemokine receptors (13, 14). Some 
HIV-1 and HIV-2 isolates cultured in the 
laboratory, as well as several primary SIV 
isolates, no longer depend on CD4 for effi- 
cient entry, and bind to chemokine recep- 
tors without prior CD4 interaction (15). 
These examples and the observation that 
feline immunodeficiencv viruses use che- 
mokine receptors but not CD4 for entry 
(1 6 )  raise the ~ossibilitv that the chemo- . , 

kine receptors represent the primordial, ob- 
ligate receptors for this retroviral lineage. 
The use of CD4 as a receptor may have 
evolved subsequently, allowing the high- 
affinity chemokine receptor-binding site of 
primate immunodeficiency viruses to be se- 
questered from host immune surveillance. 

Multiple approaches have yielded in- 
sights into the structural basis for CD4 bind- ., 
ing by the primate immunodeficiency virus 
gp120 glycoproteins. Early comparisons of 
gp120 sequences revealed the existence of 
five variable (V1 through V5) regions inter- 
spersed with five conserved regions (17). 
Intramolecular disulfide bonds in the gp120 
glycoprotein result in the incorporation of 
the first four variable regions into large, 
looplike structures (6). Antibody binding 
studies and deletion mutagenesis have indi- 
cated that the maior variable loo~s are well 
exposed on the sirface of the gpi20 glyco- 
protein (18, 19). The more conserved re- 
gions fold into a gp120 core, which has 
been recentlv crvstallized in a com~lex 
with fragmen;s of C D ~  and a neutralking 
antibody (20). 

The gp120 core is composed of two do- 
mains, an inner and an outer domain, and a 
p sheet (the "bridging sheet") that does not 
properly belong to either domain (Fig. 2A). 
The domain names reflect the likely orien- 
tation of gp120 in the assembled envelope 
glycoprotein trimer: the inner domain faces 
the trimer axis and, presumably, gp41, 
whereas the outer domain is mostly exposed 
on the surface of the trimer. Elements of 
both domains and the bridging sheet con- 
tribute to CD4 binding. 

CD4 binds in a recessed pocket on ~ 1 2 0 ,  
making extensive contacts over -800 A2 of 
the gp120 surface. Two cavities are evident 
in the gp120-CD4 interface. A shallow cav- 
ity is filled with water molecules, and a deep 

cavity extends roughly 10 A into the interior 
of gp120. The opening of this deep cavity is 
occupied by phenylalanine-43 of CD4, 
which has been shown by mutagenic analysis 
to be critical for gp120 binding (21 ). Most of 
the gp120 residues previously identified as 
important for CD4 binding (22, 23) sur- 
round the opening of the deep cavity and 
contribute to interactions with Phe4) of 
CD4. In addition, Asp368 of gp120 forms a 
salt bridge with Arg59 of CD4, also shown by 
mutagenesis to be important for gp120 bind- 
ing (21). In addition, main-chain atoms on 
gp120 and CD4 form hydrogen bonds bridg- 
ing the two proteins. The formation of the 
deep cavity in gp120 likely contributes to the 
transmission of CD4-induced conformation- 

Fig. 1. The HIV-1 entry process. The trimeric 
HIV-1 envelope glycoproteins, anchored in the vi- 
ral membrane, are depicted, with gp120 in blue 
and gp41 in yellow. For simplicity the gp120 vari- 
able loops are not shown, but they would extend 
over the outer surface of the envelope glycopro- 
tein complex. The receptors on the target cell, 
CD4 (red) and chemokine receptor (green), are 
also shown. The structures of gp120, gp41, and 
CD4 are adapted from available x-ray crystallo- 
graphic studies (5, 20, 21), whereas the chemo- 
kine receptor model is hypothetical. 

Fig. 2. The HIV-1 gpl20 surface. (h, , , ,, , , ,,,,,~lar surface of the HIV-1 gpl20 core (20) is shown, with 
the arrow pointing toward the viral membrane. The inner domain, believed to interact with gp41, and the 
outer domain, which is probably exposed on the assembled trimer, are on the left and right, respectively. 
The gpl20 surface interacting with CD4 is shown in red, and the gp120 region thought to be involved 
in chemokine receptor binding (27) is shown in green. The location of the base of the V3 loop is shown 
in magenta. (B) Conserved gp120 neutralization epitopes are shown on the gp120 core, which is 
oriented identically to that in (A). The location of the epitopes was deduced from mutagenic analyses 
(46-48). (C) The approximate location of gp120 structures (20) that contribute to protection from 
antibody responses is shown. The major variable loops (V2, V3, and V4), the V5 region, and the sites of 
N-linked glycosylation (blue) are shown. (D) The relation of different surfaces of the gp120 core to the 
antibody responses generated by the gp120 glycoprotein is depicted. The surface of gp120 that 
interacts with neutralizing antibodies (32) is shown in green, involves both domains and the bridging 
sheet, and includes the V2 and V3 variable loops (not shown). The surface of gp120 that interacts with 
nonneutralizing antibodies is depicted in red, is located on the inner domain, and includes gp41- 
interactive NH,- and COOH-terminal gpl20 regions (not shown). The heavily glycosylated surface of the 
gp120 outer domain, which appears to be minimally immunogenic, is shown in yellow. 
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a1 changes to gp120 elements involved in 
the  interaction \vith chemokine receptors or 
gp41, or both. T h e  deep cavity may be a 
ilsefill target for intervention hy small 1110- 
lecillar weight compounds. 

Chemokine Receptor Binding 

LIost primary, cli~lical isolates of' primate 
illlllli1llocleficie11cy viri~ses use the  chemo- 
kine receptor CCRS for entry (12) .  For 
most HIV-1 isolates that are trallsmitteii 
and that predolninate dirring the  early years 
of infection, CCR5 is an  obligate corecep- 
tor, and rare in~iivicluals that are genetically 
deficient in CCR5 expression are relatively 
resistant to HIV-1 infection (24) .  HIV-I  
isolates arising later in the  course of infec- 
tion often use other chemoki~le  receptors, 
freqi~ently CXCR4, in aiiiiition to CCR5 
(12,  24) .  Stildies of chimeric e11velope gly- 
coproteins iielno~lstrated that the  third 
variable (V3) loop of gp120 is a major 
determinant of which chemokine receptor 
is used (12,  25).  V3-deleted versions of 
gp120 do not hind CCRS,  even though 
CD4 billding OCCLISS a t  wild-type levels 
(14).  A~ltiboclies to the V3 loop interfere 
with gpl20-CCR5 binding ( 14). These re- 
sults support an  involvement of the  V3 loop 
in chemokine receptor binding. 

Other,  conserved gp120 stnrctures also 
appear to play a n  ilnportant role in chemo- 
kine receptor bi~liiing. T h e  use of C C R 5  by 
a diverse group of irnm~rnodeficiency virirs- 
es, with divergent V3 sequences, first sug- 
gested the  involvement of Inore conserved 
gp120 elements (26).  Antibodies that rec- 
ognize conserved, discontinuous gp120 
epitopes that are more esposed after C D 4  
hillding are potent inhibitors of gp120- 
CCRS interaction (14).  These CD4-in- 
duceii (CD4i) epitopes are discussed further 
below. Recent mmrtagenic anii structural 
analyses have revealed the  existence of a 
highly conserved gp120 structure that is 
important for CCR5 binding (20,  27) (Fig. 
2, A and B).  This structure is adjacent to 
the  V3 loop and the  CD4i epitopes and is 
oriented to face the  target cell follorvi~lg 
gp120-CD4 binding. Whether  the  con- 
served gp120 structure directly interacts 
\vith the chemokine receptor, influences 
V3 conformation, or  is critical in C D 4  in- 
duction of the  chemoklne receptor-binding 
site requires further investigation. 

gp41 -Mediated Membrane Fusion 

It is likely that the interaction of the  gp120- 
CD4 complex with the appropriate chemo- 
kine receptor promotes additional conforma-- 
tional changes in the envelope glycoprotein 
complex. By analogy with the  influenza 
hemagglutinin, it has been si~ggestecl that 

the  HIV-1 gp41 ectodomain ~rniiergoes ma- 
jor conformational changes iluring vinrs en- 
try (28).  T h e  pi-oposecl res~rlt of these chang- 
es is the insertion of the hydrophol~ic gp41 
KH,-terminus (the " f~~s ion  peptide") into 
the rnelnhrane of the  target cell. Llutagenic 
analysis (23,  29) and the recently deter- 
mineil crystal stnlctures of HIV-1 gp41 
ectodomain fragments (5) are consistent 
\vit l~ this model. T h e  gp41 ectodolnain struc- 
tures reveal an  exte~lded, trimeric coileil coil 
that could potentially bridge the viral and 
target cell mernbralles (5). Interactiolls of 
other gp41 helical seglnents near the ~ n e ~ n -  
hrane-spanning region with the interhelical 
grooves of the internal coiled coil are impor- 
tant for firsion-related confonuarional 
changes in gp41. This interaction can he 
inhibited by helical peptiiies that lnilnic ei- 
ther of the  involveii gp41 helices (30) and is 
a potential target for future intervention 
with small molecular weight compounds. 

Envelope Glycoproteins 
As Antigens and lmmunogens 

T h e  exposure of the primate immm~nodefi- 
ciency virus envelope glycoproteins o n  the 
surface of virions or infected cells makes 
them prime targets for antiboiiies that poten- 
tially block key filnctio~ls of these proteins. 
However, the success of these viruses in 
achieving persistent infections implies that 
the viral envelope glycoproteins have 
evolved to he less-than-ideal immunogens 
and antigens. Str~rctures on the viral enve- 
lope glycoproteills that are conserved amollg 
diverse viral strains are, in general, poorly 
exposed to the  humoral immune system. T h e  
conserved pa120 surfaces involved in bind- ,~ A 

ing to its three lnini~l~ally p o l y m o ~ ~ h i c  li- 
ganils, gp41, CD4, ancl chelnokine receptors, 
each exhihit particular prohlems with re- 
spect to the elicitation of or sensitivity to 
ne~rtralizing antihodies. T h e  moieties in- 
volveii in gki 120-gp4 1 association are buried 
in the interior of the  functional envelope 
glycoprotein spike (18,  31, 32). T h e  CD4- 
bindine site is recessed, flanked brr variable u 

reglons exhihitillg co~lsiiierahle glycosylation 
(1 9 ,  2C). T h e  chemokine receptor-hinding 
site is nlaskecl hy variable loops, probably V3 
and V2 (20,  32, 33) (Fig. 2C) .  Even in the 
relatively conserved HIV-1 gp120 core that 
has been structurallv analvzed, the  outer do- 
main exhibits a variahle, heavily glycosy- 
lated surface 120). Beca~rse most carbohv- 
iirate moieties may appear as "self" to  the  
immune svstem, this concentrated plvcosvl- ,~ . , 

ation may reduce the potential of a large 
portion of the  gp120 a~lr - f' ace to serve as a n  
immunogenic target. Thus, in addition to 
the neutralizing and nonneutralizing faces of 
gp120 previously detected by antihody com- 
petition analysis (32),  the  crystal stnrcture of 

the gp120 core reveals a third, immunologi- 
cally silent face of gp120 (Fig. 2D).  

Desnite the noteiltial to exert potent 
antiviral effects, a~ltibodies are not  able to 
suppress virus replication completely in in- 
fccteil hosts. T h e  efficacy of the  h~llnoral 
ilnmune response in limiting the  spread of 
vinrs in vivo is comprorniseii by at least two 
factors: the  relative resistance of rrimarv 
virus isolates to  ner~tralization, and the tern- 
p1ra1 p a t t u n  \vith \vhich neutralizing anti- 
bodies are generated. 

HIV-1 viruses that have been passaged in 
immortalizeil cell lines are typically more 
sensitive to neutralization by antibodies or 
sol~rble CD4 than are primary, clinical iso- 
lates (34).  Although other envelope glycop- 
rotein regions can influence this phenotype, 
a major cletermil~ant is the strircture of the 
gp120 major variable loops, V1 or V2 and 
V3 (35,  36).  Thus, replaceluent of the V1 or 
1'2 and V3 variahle loons of a lahoratorv- 
adapted virus with those of a ne~rtralization- 
resistant pri~uary isolate creates a vinrs s in -  
ilnr to the parental primary v i n ~ s  (35, 36).  
T h e  basis for the decreased sensitivitv of 
primary HIV-1 isolates to neutralization ap- 
pearsto involve a decreased exposure of the 
relevant gp120 epitopes to solirble CD4 or 
antibody. This decreased exposure is most 
apparent in the context of the  assembled 
oligomeric complex (37).  A likely explana- 
tion for this neutralization resistance is that 
the major variable loops of primary vinrses 
assume tightly interfacing, "closed" confor- 
mations that decrease the accessibility of 
many gp120 epitopes to antibodies. 

Temporal Pattern of the Antibody 
Response to HIV-I Infection 

T h e  nonce\-alent nature of the  association 
between gp120 ancl gp41 contributes to 
the  lahility of the  f~rnctional envelope 
glycoprotein trimer ( 8 ,  9 ) .  D~rrillg natural 
infections, clisasselnbled envelope glycopro- 
teins apparently eliclt most of the antibod- 
ies directed to these viral components. T h e  
interactive regions of 9 1 2 0  and gp41 are 
p.~rticularly i~nrnunogenic (38) .  However, 
hecause the  cognate antibodies cannot bind 
the  assembled, f~rnctional envelope glyco- 
protein complex, they do  not exhibit neu- 
tralizing activity. Thus, although antihodies 
to the envelope glycoproteins typically can 
be detected in the  sera of HIV-1-infected 
indivicl~rals hy 2 to 3 weeks after infection, 
most of these antlhi~dies lack the  ability to 
inhibit virus infection. Bv the  time that 
neutralizing antibodies are efficiently elicit- 
ed, HIV-1 is firmly establisheii 111 the  host. 

Several weeks after virus infection, usual- 
ly after the i~lltial high level of viremia has 
sirbsiiied, neutralizing antibodies can be de- 
tected in the sera of infected animals or 
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humans (39). These r.ntibodies neutrall:e 
the  illfecting virus, hut often exhlbit llttle or 
no activity against other ztrains of virus. A 
subset of these strain-restricted antiboclies 
recosni:es, the HI\/-1 \/3 loop (39).  These 
antibodies call block chelnokine receptor 
billcli~lg (1 4 ) .  Other 1-ariable gp1217 elelne~lts 
can colltrihi~te to the epitopes recog~liseil by 
the strain-restricted neutralizing antilyoiiies. 
It is kno\vn, for example, that antibodies to 
the gp120 V2 loop call also exhibit neutral- 
izing activit7- (4G). T h e  \'2 loop-associateil 
neutraliration e p i t o ~ e s  are typically confor- 
lnation Llepenile~lt. T h e  ability of some \:2- 
or \/?-ilirecteil alltibodies to recog11i.e Inore 
than one HI\/-1 strain (42. 41 ) suggests that 
these lllalor \-ariahle loous assume a finlte 
nillllber of conf~>rmat~ons. This observat~on 
is consistent ~v i th  the tunctlonal conse- 
quences 011 virus entry of some changes in 
these varlable structures (42) ,  and nit11 the 
observation that amino acid substitutions in 
the varlahle loops are not rallcloin (43) .  T h e  
reqi~irernent for chelnokllle receptor hinclin~ 
probably constrains \'3 loop variation. T h e  
\"2 loop, although ilispensihle ibr the repli- 
catlon of aolne HIV-1 vlruses in cilltilre (33 ). 
helps protect the \/3 loop a n J  the conserveLl 
epitopes near the chemokine receptor- 
hiniling site fro111 neutraliring antihodles. 
Thus, the V2 and \/3 loops reside proximal 
to the chelnokine receptor-binding site (Fig. 
2),  masking more conserved gp120 elements 
and presenting potentiall\. I-arlahle epitopes 
to the irnln~rne s;-stern. 

Later in the course of HIV-1 i~lfectioll of 
humans, antil~oiiies capable of neutralizing a 
lvlder range of HI\'-1 isolates appear (44) .  A 
subset of' the broailly reactive anthodles, 
found in most HI\'-1-infected iniliviiluals, 
interferes n.it11 the billding of gp120 ancl 
CD4 (44).  H ~ ~ i n a n  lnolloclonal antihodies 
derived from HI\/-1-infected in&\-iiluals 
have heen identified that recoenize the 
gp120 glycoproteins froin a diverse range of 
HI\'- 1 isolates, that block gp120-CD4 binii- 
ing, and that neutralize virus infection (45).  
T h e  iiiscontinuous epitopes ( the  so-calleii 
CD4BS epltopes) recognlzeii by Inany of 
these human lnolloclollal antibodies have 
been characterized by mutagenic anal\-sis 
(46).  T h e  gp120 resicliles important for an- 
tibody hillding are all locateii within the 
CD4-hlncling pocket o n  gp120 (Flg. 2B), anil 
several of the inost important residues are 
near the opening of the deep cavlty (25).  
Therefore, soine broailly neutralizing anti- 
boiiies apparently call access the Illore re- 
cessed elements of' the CD4-biniiing pocket. 
This is co~lsiste~lt  \\.it11 the observation that 
the gp122-CD4 interface is as large as that of 
a typical antibody-antigen complex (22) .  

-4 seconL1 group of neutra1i:ing antiboilies 
found in a smaller llulnher of HIV-1-i~lfect- 
ed l~irinans is ilirecteil to the CD41 eptopes 

(47).  T h e  CD4i epitopes are locateci near 
conserved sp l20  strilctures ilnportant for 
chernokille receptor illteractio~l (14) (Fig. 
2B). CD4 bincling has been sho~vn  to cause a 
change in the  \/2 loop co~lforlnatio~l that 
alloils better CD4i epitope exposure (33).  In 
the absence of CD4,  the antiboilics recogniz- 
ing the CD4i epitopes lnirst bypass the over- 
lapping V2 and V3 loops (33).  IndeeLi, as is 
eviLknt in the current crystal structilre (T), 
this is accomplished hy the protrusion of the 
CUR? loop of the antibocly heavy chain. 
AlltiboLlies to CD4i epitopes neeil t o  bind 
vin~ses before CD4 hl~l~l i l lg  OCCLISS to 
achieve neutralization (36).  T h e  reason for 
this is that, once the envelope glycoprotein 
complex hinds cell surface CD4, there are 
severe cterlc constraints o n  the binding of an  
antilyody to the gp120 surface f:icing the 
target cell (Flg. 1 ) .  

Another falrlv conserved en120 neutral- 
L 

ization epitope is recognireil 1.1- the 2G12 
antibody (48).  Unlike the other character- 
ixil HI\'-1 neutralizing antihoLlies, ~ v h ~ c h  
recognize gp120 structures near or \\-it11111 the 
receptor-binding sites, the 2G12 antibody 
apparently hlllLls an  epitope in the outer 
iiomain (Fig. 2B). Given the variability in 
this outer domain, the abilitl- of 2C12 to 
neutra1i.e a falr number of ~ I I V - 1  strains 
(48) seems paradoxical. T h e  marked selxi- 
tivity of 2C12 blniling to alterations in 
gp120 glycosylation proviiles a clue to this 
puzzle. Despite the variability of the under- 
lying priman; alnino aciil sequence, the 
2G12 antiboLlr7 mar7 recoe~lize Inore con- 
ser\-eii carbohydrate stnlctures formed as a 
resillt of the heavy concentration of 
N-linkeil glycosylation in the gpl2L' outer 
Llomain. T h e  apparent rarity with nh ich  
2G12-like alltiboclies are elicited attests to 
the success of' the viral strategy of using a 
heavily glycosylateil outer iiomain s~rrface in 
iminmrne e~.asion. 

Envelope Glycoproteins As 
Vaccine Components 

Tha t  the human ancl silnian iininunoLlefi- 
ciency virus envelope glycoproteins are not 
ideal imlllirnogells is an  expecteil conse- 
quence of the imln~~nological selective forces 
that drive the evolution of these viruses. Tlle 
same feat~rres of the en\.elope glycoproteins 
that dictate poor imlln~nogenicity in natur,ll 
i~lfectio~ls have hampered vacclne ilevelop- 
ment. T h e  lability of the envelope glycopro- 
tein complex has trustrated attempts to 
present oligolners rnilnickillg the f~~nc t iona l  
spike to  the irnmillle system. As discussed 
above, the disintegration of envelope g l ~ c o -  
protein ollgomers contributes to the prefer- 
ential ellcitation of l lo~l l le~~tra l iz i~lg  antibod- 
ies by the newly exposed sp120 N H > -  and 
COOH-termini. RegarLlless of the c o n k s t  111 

\ \~hich the  envelope glycoproteins are pre- 
s e l ~ t e d ~  the 917120 variable 10017s elicit the 

-A 

majority of neutralizing antibodies, probably 
because of the exposed llatilre of these 
epitopes. It is still unclear ~vhether  conserved 
features in the  V2 and V3 variable loons 
exist that call be exploited in vaccine design, 
or iihether all ~oss ihle  functional contipura- 

u 

tions of these variable stnlctures neeil to be 
represe~lteil in a cocktail of immunogens. 

T h e  discolltin~roi~s gp120 structures sur- 
rouncling the receptor-biniling sites exhibit 
a relatively high ilegree of conservation 
(22) ,  ill keeping with the  minimal polymor- 
phism in the  host cell receptors. T h e  CD4- 
binding site collstitiltes a particularly at- 
tractive target. It appears to be accessible to 
~ n t ~ h o d i e s ,  Illore so than the conser~-eil el- 
ements of the chemokine recet~tor-bindine u 

region. A large fraction of the  broadly neu- 
trali:ing antil~oiiies that eventually appear 
in EIIV-1-infected inilividuals is directed to 
the CD4-hinJing slte (44),  i~lil icati~lg the 
ahillty o t  the 11uma11 irnlll i~~le systeln to 
recognize thls gp120 region anLl to generate 
,In appropriate response. I<onetheless, these 
,~nt lboJles  ha1-e heen il~ffic~rlt  to elicit in 
animals and vacc~n;lted humans (49) .  T h e  
reasons for the  relatively poor immu~loge- 
nicity of the  CD4-hinding site are not yet 
understood, althoueh several nossihilities 
call he envisioned. Illterdomain flexibility 
may disr~rpt the CD4BS epitopes and de- 
crease their represelltatioll in the pool of 
immunogens. lvlasking by variable loops 
(19.  33 )  anii glycosylation probably con- 
tribute to the  recessed nature of the  CD4BS 
epitopes, ~vh ich ,  even on !he crystalllied 
gp120 core, occupy a 20 A-deep canyon 
(2G). Within  the CD4-biniiins pocket, not 
,111 of the gp120 surface is conserved amollg 
HI\/-1 strains. Therefore, even n711en elic- 
ited, some CD4BS-~iirected alltiboilies may 
lack the  breadth a n 1  affinity to he optilnal 
neutraliring agents. Although many mono- 
clollal antibodies to the CD4-binLling site 
exhibit reasonable potency and breaiith 
(45) ,  \I-hether a polyclonal respollse to the 
envelope glycoproteins can 1.e focused to 
preferentially contain these types of anti- 
bodies remains to  be seen. 

T h e  conserveii elements near the chemo- 
kine receptor-binding site will be iiiffi- 
cillt targets for vaccine-eliclteil antibodies. 
Kno\vn monoclonal antil~oiiies to the  CD4i 
e p i t o ~ e s  must interact with virus hefore CD4 

L A 

billdqg if neutralization is to he achieveii 
(36) .  Yet these gpl20 structilres are poorly 
exposed in the absence of CD4, in large part 
becx~se  of the overlying V2 loop (33).  This 
is collsistellt with the relative raritrr with 
11-hich these antibodies appear to be eliciteLl 
in EIIV-1-infected hu~nalls (47) .  Attempts 
to expose these strilctures better o n  gp120- 
haseil antigens seem n~arranteil. 
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Concluding Remarks 

The HIV-1 envelope glycoproteins have 
evolved to be inefficient at eliciting effec­
tive antiviral antibody responses. The avail­
ability of structural information on the con­
served HIV-1 gpl20 neutralization epitopes 
should facilitate the modification of this 
important antigen and allow the rational 
testing of hypotheses regarding its poor im­
munogenic properties. These efforts will 
complement ongoing efforts to improve an­
tigen presentation to the immune system 
and to create suitable animal models for the 
screening of vaccine candidates. 
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