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HIV-I Entry Cofactor: Functional cDNA 
Cloning of a Seven-Transmembrane, 

G Protein-Coupled Receptor 
Yu Feng, Christopher C. Broder, Paul E. Kennedy, 

Edward A. Berger* 

A cofactor for HIV-I (human immunodeficiency virus-type I )  fusion and entry was iden- 
tified with the use of a novel functional complementary DNA (cDNA) cloning strategy. This 
protein, designated "fusin," is a putative G protein-coupled receptor with seven trans- 
membrane segments. Recombinant fusin enabled CD4-expressing nonhuman cell types 
to support HIV-I Env-mediated cell fusion and HIV-I infection. Antibodies to fusin blocked 
cell fusion and infection with normal CD4-positive human target cells. Fusin messenger 
RNA levels correlated with HIV-1 permissiveness in diverse human cell types. Fusin acted 
preferentially for T cell line-tropic isolates, in comparison to its activity with macrophage- 
tropic HIV-I isolates. 

T h e  primary receptor for HIV-1, C D ~ ,  
s~~ppor t sv i ra l  entry only x h e n  espresseLl o n  
a human cell type (1-3). Experi~llelIts w ~ t h  
CD4-espressing hybrids of non11~1man and 
human cells haye revealed that the defect 
in n o n h ~ ~ m a n  cells is due to the absence of 
a 11~1man-specific cofactor required for 
membrane fusion (4-10). This cofactor 1s 
essential both for entry of HI\'-1 virions 
into CD4'- cell lines and for f ~ ~ s i o n  betn.een 
cells expressing the HI\'-1 envelope glyco- 
protein (Enr-) and cells espressi~ly CD4.  
Functional studies have suegested that the 

-L 

cofactor is present in a wide variety of 11~1- 

man cell lines (1-3), though some excep- 
tions have been noteLl (3 ,  11 ) .  T h e  identity 
of the fusion cofactor remains ~lnresolved. 

W e  previously reported a recoml~inant 
~ ~ a c c i n i a  virus-based trallsie~lt expression 
and assay system In I\-hich f ~ ~ s i o n  between , , 

Env-expressing and CD4-expressing cells 
leads to activation of a reporter gene (Esch- 
erichicz co11 lac?) ( 1  2) .  \X'e adapted this sys- 
tell1 for f~11Ictiona1 expression c l o ~ ~ i ~ ~ g  of a 
fusion cofactor complement.~r)- D N A  

Laboratoly of VI-a Dseases, Natona Ins t t~~ te  of Allergy 
arid rifectious D~seases I,NIAIDI NIH Bethesda MD 
20892, USA. 

'To v)hom correspondence should be addressed. 

( cDNA)  (1 3 .  14) .  T h e  approach made n o  
ass~~mptions  a l~ou t  the  lllode of action of 
the cofactor, except that it call allon, a 
CD4-expressing IIOII~ILIIII~II cell type to un- 
dergo f~lslon (15) .  

K I H  3T3 cells expressing vaccinia-en- 
coded T7 R N A  polymerase and C D 4  were 
transfecteLl a-it11 a HeLa c D N A  plasmid 
library (inserts linked to  the  T i  promot- 
e r ) .  These cells \yere lllixed x i t h  N I H  3 T 3  
cells expressing vaccinia-encoded Env and 
contalning the  Esshi.ric11ia toll lac2 gene 
linked to  the  T7 promoter. After ~ n c u b a -  
t ion, the  cult~lres were stained for P-galac- 
tosidase (p -Ga l )  in situ. Cons1stentl)- 
Illore P-Gal-positive cells \yere observed 
wit11 the  CD4-expressing cells transfected 
with the  entire library colllpared to  con- 
trol CD4-expressi~lg cells tra~lsfected with 
a single rand0111 p l a s ~ l ~ i d  from the  Ilbrary. 
For example, in  one experiment we de- 
tected a n  average of 76 cells per well with 
the  library compared to  16  cells per well 
with the  slngle plasmid. In  a n  additional 
negative control, we obserl-ed 0111~- back- 
ground n~llnhers of stained cells with the  
library w11el1 the  partner cells expressed a 
mutant ~ ~ n c l e a v a h l e  ( U n c )  Eny rendered 
~Ionfilsoge~lic by deletloll of the  gp12L7/ 
gp41 cleavage cite. These  results suggested 



that the library contained at least one 
cDNA encoding a fusion cofactor. After 
repeated subfractionation and screening, 
we isolated individual colonies on agar 
plates, and a single plasmid clone was 
identified that was capable of allowing the 
CD4-expressing NIH 3T3 cells to undergo 
fusion. The size of the cDNA insert was 
-1.7 kb. 

DNA sequence analysis was performed 
on both strands of the insert. The cDNA 
contained 1659 base pairs, and the longest 
open reading frame of the coding strand 
was 352 amino acids (1 6). Analysis of this 
sequence revealed that the protein is a 
member of the superfamily of G protein- 
coupled receptors with seven transmem- 
brane segments. The nucleotide sequence 
of the open reading frame has been report- 
ed previously by several laboratories (1 7- 
21 ) investigating this receptor superfamily 
(22). Attempts by those researchers to 
identify a ligand have been unsuccessful, 
and the normal function of the putative 
receptor remains unknown. In particular, 
no relation to HIV has been suggested. 
Because of the role of this protein as an 
HIV-1 fusion cofactor, we propose that its 
name be "fusin." 

The cDNA insert was cloned (23) into 
plasmid pSC59 (24), which contains a 
strong synthetic vaccinia promoter support- 
ing early and late transcription, flanked by 
sequences of the gene encoding vaccinia 
thymidine kinase. The resulting plasmid 
(pYF1-fusin) was used to generate a vaccin- 
ia recombinant (vCBYF1-fusin) from the 
parental WR strain by thymidine kinase 
selection (25). Expression of recombinant 
fusin was achieved either by transfection of 
pYF1-fusin into vaccinia-infected cells or 
by infection of cells with vCBYF1-fusin. 
Figure 1 shows a protein immunoblot anal- 
ysis of cell extracts with rabbit polyclonal 
antisera raised against a synthetic peptide 
representing the predicted extracellular 
NH,-terminal region of fusin (26). With 
extracts from cells infected with vCBYF1- 
fusin, the immune serum detected a major 
protein species of -46 kD, consistent with 
the deduced amino acid sequence (predict- 
ed relative molecular weight = 39,745) and 
the two potential N-linked glycosylation 
sites. This band was not observed in ex- 
tracts from cells infected with control vac- 
cinia virus WR or upon staining with pre- 
immune serum. 

Transient expression of recombinant 
fusin allowed nonhuman cells coexpress- 
ing recombinant CD4 to undergo fusion 
(Fig. 2). Murine NIH 3T3 cells expressing 
combinations of vaccinia-encoded pro- 
teins (CD4, fusin, or both) were mixed 
with HeLa cells expressing vaccinia-en- 
coded HIV-1 Env (Lai, IIIB BH8). The 
NIH 3T3 cells also expressed vaccinia- 

encoded T7 RNA oolvmerase. and the . , 
Env-expressing cells contained the lac2 
gene linked to the T7 promoter. NIH 3T3 
cells expressing either CD4 alone or fusin 
alone did not permit fusion with cells 
expressing the wild-type (WT) Env, as 
judged by the absence of syncytia and the 
low background P-Gal levels. By contrast, 
cells coexpressing CD4 and fusin were 
highly permissive, as revealed by large syn- 
cytia and high P-Gal activity. Fusion was 
thus dependent on expression of both 
CD4 and fusin. The requirement for Env 
was demonstrated by the absence of fusion 
when the mutant Unc Env was used and 
by the strong fusion inhibition by mono- 
clonal antibody D47, an antibody directed 
against the V3 loop of gp120 (27). The 
specificity of fusion conferred by fusin in 
the transient vaccinia system thus paral- 

lels that observed for HIV-1 infection. 
We extended this analysis to diverse 

cell types known to be nonpermissive for 
fusion even when expressing CD4 (Table 
1). These include several nonhuman cell 
lines as well as unusual human cell lines 
known to not allow fusion when express- 
ing CD4. In a positive control, we exam- 
ined HeLa cells, which support fusion. 
Populations of each cell type were pre- 
pared expressing vaccinia-encoded CD4, 
without or with vaccinia-encoded fusin. 
These cells were mixed with cells express- 
ing HIV-1 Env (WT or Unc), and fusion 
was scored by quantitation of P-Gal in 
detergent cell lysates. In the absence of 
recombinant fusin, all the CD4-expressing 
nonpermissive cell types failed to undergo 
fusion, consistent with the phenotypes re- 
ported when other methods were used (1- 

- Fig. 1. Protein immunoblot analysis of fusin produced by a recombinant g .E vaccinia virus. BS-C-1 cells were infected with vCBYF1-fusin or with 'z m 

control virus WR (multiplicity of infection = 10). After overnight incubation 
at 37"C, the cells were washed twice with phosphate-buffered saline - 9nn 
(PBS), pelleted, and lysed in buffer containing 1 % (v/v) Nonidet P-40,150 
mM NaCl, and 10 mM tris (pH 7.4) plus protease inhibitors. The lysates 
were incubated 30 min at 4"C, then clarified by centrifugation at 10,000g 
for 5 min at 4°C. For protein immunoblot analysis, 10-pI aliquots of each 
lysate (representing -5 x lo4 cells) were mixed with 30 pI of 1 x reduc- 
ing sample buffer supplemented with 8 M urea; the samples were incu- 
bated at 37°C overnight, then at 100°C for 3 min and subjected to 
SDS-polyacrylamide gel electrophoresis on 10% gels. Proteins were 
electrophoretically transferred to a nitrocellulose membrane, blocked in a 
solution containing 1% (w/v) bovine serum albumin and 0.15% (v/v) - 30 
Tween-20, and incubated overnight with immune or pre-immune sera pre- 
(1 :200 dilution in blocking buffer). Bound antibodies were detected with immune 
[1251]Protein A (Amersham) and autoradiography. Size markers are 
shown on the right in kilodaltons. 

Env: WT WT WT Unc WT + D47 

Fig. 2. Fusin permits nonhuman cells to undergo Env-CD4-mediated cell fusion. Cell fusion mediated by 
vaccinia-encoded proteins was analyzed by syncytia formation and by the quantitative reporter gene 
activation assay (12). NIH 3T3 cells were co-infected with vTF7-3 (encoding T7 RNA polymerase) (49) 
plus the designated combinations of vCB-3 encoding CD4 (6) and GBYF1-fusin; the multiplicity of 
infection (MOI) was 10 plaque-forming units per cell for each virus. Where appropriate, the cells were also 
co-infected with wild-type vaccinia virus WR to keep a constant total MOI. As  the fusion partners, HeLa 
cells were co-infected with vCB21 R-Lacz (containing the lacZ gene linked to the T7 promoter) (35) plus 
either vSC6O encoding wild-type HIV-1 Env (24) or GB-16 encoding the mutant Unc Env (34) (both 
derived from the Lai, lllB BH8 isolate). Cells were incubated in suspension overnight at 31 "C to allow 
production of recombinant proteins. The cells were washed, and the indicated pairwise combinations 
were mixed in two, 96-well flat-bottom microtiter plates (1 x lo5 cells per well for each cell type; total 
volume = 0.2 ml in culture medium plus 40 pg/ml of cytosine arabinoside). After incubation for 3.5 hours 
at 37"C, samples on one plate were fixed, stained with crystal violet, examined microscopically for 
syncytia, and photographed. Samples (duplicates) on the second plate were treated with Nonidet P-40 
(0.5% final concentration), and 50-pl aliquots of each sample were mixed with 50 pI of 2x substrate 
solution (chlorphenol red-p-D-galactopyranoside) in 96-well plates. We monitored the rates of substrate 
hydrolysis at ambient temperature by measuring absorbance at 570 nm using a microplate absorbance 
reader (Molecular Dynamics). Values (insets) represent absorbance/min multiplied by lo3 (mean of 
duplicate samples). 
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3, 11). Coexpression of fusin along with 
CD4 enabled all the cell tvwes to fuse with , . 
cells expressing WT Env; as expected, no 
fusion was observed with the control Unc 
Env. The fusion efficiencies of nonhuman 
cells expressing recombinant fusin were 
comparable to that observed with the 
highly permissive CD4-expressing HeLa 
cells that express fusin endogenously; re- 
combinant fusin expression produced 
some fusion enhancement with HeLa cells 
as well. 

As a second approach for testing the 
functional activity of recombinant fusin, 
we selected fusin transformants of a CD4- 
expressing nonhuman cell type and tested 
them for susceptibility to productive 
HIV-1 infection (28). We started with a . , 

neomycin-resistant CD4+ transformant of 
the mink Mv 1 Lu cell line. as this trans- 
formant is refractory to HIV-1 entry yet 
allows the post-entry steps in the replica- 
tion cycle (3); furthermore, CD4-express- 
ing Mv 1 Lu cells could be rendered com- 
petent for fusion by transient expression of 
fusin (Table 1). 

We transfected the CD4+ Mv 1 Lu 
transformant with a plasmid vector con- 
taining the fusin cDNA linked to the - 
SV40 promoter (as well as a gene confer- 
ring resistance to Zeocin); we transfected 
control cells with the same plasmid vector 
containing an irrelevant gene ( k Z )  
linked to the SV40 promoter. After selec- 
tion in the presence' of both G418 and 
Zeocin. individual colonies were tested for 
fusion with cells expressing Env by the 
vaccinia expression-assay system (using 
luciferase as the reporter); all colonies 
were positive (29). The three colonies 
with the best fusion activity were exam- 
ined for susceptibility to HIV-1 infection 
(Fig. 3). All supported productive infec- 
tion, whereas the control kZICD4 trans- 
formant did not. Additional ex~eriments 
indicated that p24 production in the 
fusin-CD4 cells was strongly inhibited by 
inclusion of 2.5 p,M azidothymidine, 
which thereby verified that p24 produc- 
tion represented true productive infection 
(29). The fusin-CD4 mink cell transfor- 
mants were sufficiently susceptible to 
HIV-1 infection to enable direct p24 mea- 

surement without the need for cocultiva- 
tion with permissive human target cells. 
However, the infection efficiency for the 
mink cell transformants was considerably 
less than that for normal human CD4+ T 
cells, which is consistent with findings 
that fusin mRNA levels were much lower 
than in permissive human cells (29). 

We emphasize that fusin supports HIV-1 
infection only in cells coexpressing CD4. 
This conclusion is based on studies with 
several human cell lines found to express 
fusin, such as HeLa (Fig. 4) (20), Raji, and 
Daudi (18). Each of these CD4-negative 
cell types does not allow HIV-1 infection, 
whereas the corresponding CD4+ transfor- 
mants do (1, 3). Thus, as shown above in 
the cell fusion assay, fusin promotes HIV-1 
infection by serving as a cofactor in CD4+ 
cells. 

The ability of recombinant fusin to al- 
low various nonhuman and human cell 
types to undergo fusion suggests that their 
fusion defects are due to the absence of 
functional fusin. The antibodies to fusin 
obtained thus far have not been suitable 
for detection of surface fusin by flow cy- 
tometry. Therefore, we examined various 
cell lines by Northern (RNA) blot analy- 
sis to test for a correlation between fusin 
mRNA levels and susceptibility to HIV-1 
(Fig. 4). With permissive human cell types 
(HeLa and the H9 T cell line), a promi- 
nent RNA band at -1.7 kb was detected; 
the size of this transcript is consistent with 
the length of the cDNA insert and is 
similar to that previously reported for var- 
ious human cell types (1 8-21 ). By con- 
trast, this transcript was not detected in 
the human cell types U-87 MG and SCL1, 
which do not permit fusion, nor was it 
observed in any of the nonhuman cell 
types. Other researchers have also detect- 
ed this transcript in various HIV-l-per- 
missive human cell types, including periph- 
eral blood mononuclear cells (PBMCs) 
(20, 21) and CD4+ cell lines such as 
Jurkat T lymphocytes (20, 21), THP-1 
(20) and U937 (21) promonocytes, and 
HL-60 promyelocytes (1 8,  20, 21 ). 

Individual HIV-1 isolates vary greatly 
in their cytotropisms for infection of di- 
verse CD4+ cell types. Some isolates ( T  

Fig. 3. Fusin renders CD4+ nonhuman cells susceptible to produc- 
tive HIV-1 infection. Transformants (filled symbols, fusin; open sym- AColony 2 

Colony 3 bols, the control lac4 of the CD4+ Mv 1 Lu cell line were seeded as 
monolayers in 24-well tissue culture plates (50,000 cells per well). To 
each well, 1000 median tissue culture infectious doses (TCID,) of 
HIV-1 (Lai, LAV isolate) were added, and the plates were incubated 
4.5 hours at 37°C. The wells were washed four times with PBS, and 'V, 
1.2 ml of culture medium supplemented with G418 was added. An 
aliquot (0.2 ml) was removed immediately as azero time point; at the 
indicated times, aliquots (0.25 ml) were removed and replaced with 
the same volume of fresh media. Samples were assayed for p24 0 4  8 1 2  

content with an enzyme-linked immunosorbent assay kit (DuPont). Day 

cell line-tropic) efficiently infect CD4+ 
continuous cell lines (for example, T cell 
lines and HeLa-CD4 transformants), but 
only weakly infect primary macrophages; 
other isolates (macrophage-tropic) show 
the opposite selectivity. Both types of iso- 

Table 1. Cell fusion-promoting activity of fusin-1 
for different CD4-expressing cell types. The cell 
lines examined were as follows: NIH 3T3, murine 
embryo; BS-C-1, African green monkey primary 
kidney; Mv 1 Lu, mink fetal lung; U-87 MG, human 
astroglioma; SCL1, human squamous cell carci- 
noma; and HeLa, human ce~ical carcinoma. 
Each cell type was infected with vCB-3 encoding 
CD4 and cotransfected with plasmid pG1 NT7p- 
Gal (containing the lacZ gene linked to the T7 
promoter) plus either pYF1-fusin (+) or control 
plasmid pSC59 (-). NIH 3T3 cells were co-infect- 
ed with vPl lgenel (encoding T7 RNA polymer- 
ase), plus either vSC6O or vCB-16 encoding wild- 
type (W) or mutant (Unc) Envs, respectively. Cell 
mixtures (in duplicate) were prepared in flat-bot- 
tom 96-well plates. Each well contained the indi- 
cated combinations of CD4-expressing and Env- 
expressing cells (1 x 1 O5 cells of each type in 0.2 
ml of culture medium plus 40 pg/ml of cytosine 
arabinoside). Plates were incubated 3 hours at 
37"C, and p-Gal activity was measured as de- 
scribed in Fig. 2. Values represent absorbance/ 
min multiplied by lo3; numbers in parentheses 
indicate the sample standard deviations of dupli- 
cate samples. 

Cell type Species Fusin WT Unc 

NIH 3T3 Murine - 
+ 

BS-C-1 African - 
green monkey + 

MV 1 Lu Mink - 
+ 

U-87 MG Human - 
+ 

SCL1 Human - 
+ 

HeLa Human - 
+ 

Fig. 4. Northern (RNA) d 

blot analysis of fusin 2 7 3 
,2ssIg; mRNA in different cell I I co 2 I 

types. Polyadenylated Lb --C7 
RNA was prepared from 
the indicated cell types 460- 

with the Micro-Fast ::; 
Track Kit (Invitrogen). 
Samples (1 pg of RNA) 
were electrophoresed O Z C  

through a 1 % argarose- 
formaldehyde gel and 
transferred to a nitrocellulose membrane. A 
[a-32P]guanosine triphosphate-labeled hybridiza- 
tion probe was prepared from the full-length fusin 
cDNA template by random primer synthesis. Hy- 
bridization was carried out with QuikHyb (Pro- 
mega). The membrane was washed twice with 
2% saline sodium citrate (SSC) and 0.1 % SDS at 
room temperature for 30 min and once with 0.1 % 
SSC and 0.1 % SDS at 65OC for 1 hour. Labeled 
bands were detected by autoradiography. 
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lates readily infect PBMCs. These distinct 
cyti>tropisms, though not  absohlte (SO), 
ha!-e major implicatio~ls for HIV-1 patho- 
genesis and transmissii>n between individ- 
uals (31-33). T h e  1-iral determinants for 
this infectiix~ tropism have been mapped 
to  the gp120 subunit of Env (31) .  Recent- 
lv, we demix~strated a marked correlation 
between the infection cytotropisms of dif- 
ferent HIV-1 isolates and the f ~ ~ s i o n  spec- 
ificities of the  correspo~ldillg recolnbillallt 
Envs (34) ;  morei>ver, we obtained evi- 
dence that cytotropism is assi3ciated with 
distinct, cell type-specific fusion cofactors 
(35). W e  predict that fusin should func- 
tion preferentially f i x  Envs from T cell 
line-tropic isolates, because it was identi- 

fied by screening a c D N A  library frolll a 
human continuous cell line (HeLa) for the 
ability to  allow a T cell line-tropic Env 
(Lai, IIIB) to  undergo fusiix~. Indeed, 
when N I H  3 1 3  cells ci>expressing recom- 
binant C D 4  and fusin were tested for fu- 
sion with cells expressing Envs from 
HIV-1 isolates with distinct cytotropisms, 
fusin showed preferential activity with 
En\-s from T cell line-troplc isolates com- 
pared to its activity with macrophage- 
tropic isolates (Fig. 5) .  

Our  finding that reco~nbinallt  fusin al- 
lowed HIV- l  Env-CD4-mei?iatednediate fusion 
and infectiim prompted us to test whether 
fusin is required f i x  HIV-1 infectiim of 
normal human C D 4 +  target cells. \Ye 

Fig. 5. Fusin activity for Envs from T cell line-tropic - 

versus macrophage-tropic HIV-I isolates. One 
populaton of N H  3T3 cells was cotransfected w~th .? 

pG1 NT7p-Gal [contanng the IacZ gene linked to 30L 

theT7 promoter (5011 plus elther pYFl -fusin (cross- 
hatched bars) or control pasmid pSC59 (24) (filled 20 

bars); the cells were then infected with vCB-3 en- % 
codng CD4 Separate populations of NIH 373 cells 
were co-infected with vPl lgenel (encoding T7 
RNA poymerase) (511 pus vaccinia recombnants 
encoding each of the ndicated Envs. Previous re- T cell line- Macrophage- 
sults documented comparable expression of each tropic tropic 
vaccina-encoded Env with the use of flow cyiometly and radioimmunoprec~pitation analyses (34). Cell 
mixtures were Incubated at 37°C for 3 hours, and fusion was scored as descrbed in Fg. 2. Each value 
represents absorbance/min multiplied by 1 O3 (mean of duplicate samples; error bars Indicate sample 
standard deviatonsi. 

Fig. 6. lnhibtory actlvites of antibodies to fusin on A cell fusion 
HIV-I Env-med~ated fusion and HIV-I infection. 
Human PBMCs prepared from healthy donors 
were stimulated w~th phytohemagglutinin (M) for 3 
to 4 days In RPM 1640 medium supplemented 2; with 109'~ fetal bovine serum. The effects of purlfled ,$ 8 50 '\ rabbit polyclonal antibodles to a synthetic peptlde 3 5 
representng the NH,-term~nus of fusin were exam- 2 3 
ined (Immune, fllled squares; pre-immune, open o 
circles). (A) Cell fuson. PBMCs were infected with 
vCB21 R-Lac2 (contaning the IacZ gene linked to infection 

theT7 promoter). BS-C-1 cells were co-nfected in LAV Ba-L _ _ _ - -  >- 

the presence of 40 bg/ml of cyiosine arabinoside 
with vTF7-3 (encoding T7 RNA polymerase) and Immune 

vaccnia recombnants encoding the Env from ei- 9 8 
ther LAV (left) or a - L  (rlght); the Unc Env was used g 5 50 
as  a background control. After overnight incubation 8 e ;, 
at 31 "C, the cells were washed and resuspended. 

oh . 1  I-_- Duplicate aliquots of PBMCs in 96-we plates (1 x 1 2 0 I 2 

lo5 cells per well in 70 F I  of culture medum) were Antibody concentration (mglml) 

pre-ncubated for 1 hour at room temperature with 
10 bI of a dluton series of the indicated purified antibodies. Fusion reactons were nitated by addition of 
the Env-expressing cells (1 x 10%ells per w e  in 20 bl of culture medum). The indicated antbody 
concentrations are the flna concentratons used during the assay. The cultures were incubated at 37°C 
for 2.5 hours. and the p-Gal levels In detergent ysates were measured as descrbed in Fig. 2. Results for 
each Env are expressed as the percent p-Gal actlvity observed at each antibody concentration compared 
to the control activlty with no antibody (after subtraction of the low background level obsenied w~th the 
Unc Env). Error bars indicate sample standard deviations. (6) H V - 1  infection. PBMCs (1 x lO%eIIs/ml) 
were pre-incubated with the Indicated concentratlons of purified antibodles. HIV-I LAV (left) or Ba-L 
(right) was added (70 TCD,, per mlliiter) along with interleukin-2 (20 U/ml), and 100-FI aliquots of 
infected cells were dispensed into triplicate wells In 96-well plates. Aliquots of supernatant were assayed 
at day 7 for p24 content by enzyme-linked immunosorbent assay. Results for each isolate are expressed 
as  the percentage p24 produced at each antibody concentraton compared to the control value with no 
antibody (4.0 ng/ml for LAV: 3.6 ng/ml for Ba-L). Error bars indicate sample standard deviations. 
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therefore examined the effects of antibod- 
ies to fusin (anti-NH,-terminal peptide) 
i>n Env-mediated cell f ~ ~ s i o n  and HIV-1 
infection (Fig. 6 ) .  LAV and Ba-L served 
as prototypes for T cell line-tropic and 
1nacrophage-tropic isolates, respectively; 
PBhfCs were used as the  C D 4 +  cell type  
Fusion mediated by the LAV Env was 
strongly inhibited by antibodies purified 
from the immune, but nix  the  pre-im- 
mune, sera; by contrast, fusion mediated 
by the  Ba-L Env was unaffected (Fig. 6 A ) .  
Illfectioll by LAV was stro~lgly inhibited 
by antibodies frixn the irnmune, but no t  
the pre-irnmune, serum, ~vhereas infectiim 
by Ba-L was ,unaffected (Flg. 6B). T h e  
antibody resistance of Ba-L fusion and in- 
fection verifies that the inhihitixy effects 
observed with LAV were not  ch~e to non-  
specific impalrmellt of cell function. W e  
conclude that for l lor~nal  human C D 4 +  
target cells distinct from those used to  
isolate fusin c D N A ,  fusin is involved in 
both En\--CD4-mediated cell fus i ix~ and 
HIV-1 infection. ;L,foreover, our results 
provide strong additional evidence that 
fusin functions preferentially for T cell 
line-tropic compared ti? macrophage-trop- 
ic isolates. 

T h e  identification of fusin as a f~lsion 
cofactor for T cell line-tropic HIV-1 isc- 
lates pri>vides a new focus to elucidate the 
mecha~l ism of HIV-1 entry into target 
cells. T h e  simplest nlodel is that f ~ ~ s i n  acts 
directly as a coreceptor in the fusiim pro- 
cess. This could occur by interaction ei- 
ther 1 ~ 1 t h  Env (perhaps via the  V3 loop) or 
with CD4;  multiple and possibly sequen- 
tial i~lteractions call be readily imagined. 
Alternatil-ely, the role of fusin in entry 
might he indirect, possibly involving G 
protein signaling. 

T h e  preferential activity of f~lsin for T 
cell line-tropic HIV-1 isolates provides di- 
rect support for the nlodel that T cell line 
versus macrophage tropllisn is due to dis- 
tinct fusion cofactors required by each type 
of Env (34,  35).  Iclentificatiix~ of the f ~ ~ s i o n  
cofactix (or ci>facti>rs) for the macrophage- 
tropic isolates 1s thus critical. It is also 
important to emphasize that nlost primary 
HIV-1 isolates have some &la1 tropic char- 
acter (3O), perhaps reflective of their ability 
to function with Inore than one f~~s i i>n  cc- 
factor. 'We also predict that distinct f ~ ~ s i o n  
ci>facti>rs exist for HIV-2 and simian immu- 
nodeficienc\- virus (SIV),  as the entry re- 
quirements of these vin~ses for various 
CD4- cells are clearly different frixn those 
of HIV-1 (3,  9 ,  36-38). It is thus reason- 
able to propose the existence of a family of 
fusin molecules, perhaps also lnelllbers of 
the G protein-coupled receptor superfamily 
\vith seven tra~lsmembrane segments. Inter- 
estingly, other ~ n e ~ n b e r s  of this superfamily 
have been exploited for target cell entry by 



diverse human pathogens. Exalllples in- 
cl~lde the Duffy antlgen, \vhich mediates 
erythrocyte invasion by the ~llalarial para- 
site P l a s ~ n o d ~ z i ~ n  t , lz8ax (39) ,  and the platelet- 
activating factor receptor, ~vh ich  lnediates 
adhesion of Stciphlococc~is pneu~non iae  to en- 
dothelial and epithelial cells (40) .  

T h e  identificatii>n of f ~ ~ s i n  sueeests a n  -- 
ilnlllediate practical utility, namely in the  
pri>duction of a slllall animal model for the  
study of HIV-1 infectii>n. Transgenic mice 
(41-43) and rabbits (44.  45)  expressing 
human C D 4  have been generated, but they 
support productive HIV-1 replication inef- 
ficiently at best. T h e  block in mice will he 
difficult to overcome because the restric- 
tions are multifaceted and not lilnlted to 
viral entry; in particular, the accessory prc- 
teins tat and rev do  not functii>n well in 
murine cells (46).  T h e  rabbit model 1s mi>re 
promising, because rabbit cells alli>w post- 
entry steps; specifically, they support the 
functli>ns of tat, rev, and the HIV-1 l o w -  - 
terminal repeat (47).  Of course, alternative 
species might be considered for transgenic 
small allillla1 ~ni>dels. 

T h e  normal function and natural li- 
gand for fusin are presently unkno\vn. T h e  
inability to  detect reactivity n-ith diverse 
ligallds (17-21) led to the  descriptiol~ of 
the  protein as a n  "orphan receptor" (2L1, 
39) .  O n  the  basis of the  11-ide tissue and 
cell type distribution of the  m R N A ,  it has 
been propi>sed that  the  natural ligand may 
have pleiotropic modulatory effects o n  
cells of the  imllnlne and neuroendocrine 
systelns ( 19-2 1 ). Particularly intriguing is 
the  fact that among human  proteins lvith 
known activities, the  greatest hi>mology 
( 3 7 %  amino acid identity) is with a recep- 
tor for interleukin-8, a chemokine of the  
C-X-C class. T h e  gene for f ~ ~ s i n  has been 
localized to chromosi>me 2 (17 ,  18 ) ,  in the  
vicinity of the  genes for other C-X-C che- 
mokine receptors (39) .  These findings, 
coupled with other consensus structural 
features (39) ,  have led to the  si~ggestioll 
that  this protein is a melllber of the  che-  
 nok kine receptor subfamily ~ v i t h i n  the  G 
protein-coupled receptor superfamily (20,  
21 ,  39) .  Chelnokines might therefore be 
co~lsidered in  experilnental approaches for 
identifying the  natural ligand for f ~ ~ s i n ,  
thoueh the  focus sho i~ ld  not  be restricted 
to this famil\; of m o l e c ~ ~ l e s .  

Additional interest in this colnes from 
the fact that the C-C chemokines RANTES, 
h lIP- 1 a ,  and XIIP-1 P suppress HIV- 1 infec- 
tion in vltro (48). iZlthoi~gh the rnecha~~is~l ls  
for this are unknolvn, our results suggest the 
hypothesis that they act hy h i d i n g  to a 
receptor that also ser17es as a f ~ ~ s i o n  cofactor. 
In contrast to antibodies to filsin, the C - C  
chenlokil~es inhibited the macrophage-trc>p- 
ic Ba-L isolate lnilch more than the T cell 
line-troplc Lai IIIB isolate (45). This may be 

a clue to the icielltity of the fusion cofactor 
used by the macri>pl~age-tri>pic isolates. Res- 
olution of these questions awaits identiflca- 
tion of the corresponding surface molecules. 

Flnally, the  interactii>n of HIV-1 nit11 a 
putative G protein-ci>~~pled receptor rais- 
es interesting questions about pathogenic 
mec11;lnisms. T cell line-tronic isolates 
tend to appear in infected individuals at the 
later stages of the infection, during the tran- 
sition from the  asylnptolllatic to the  symp- 
tomatic state, coincident with the  decline 
of C D 4  T lymphocytes (31 ,  32 ) .  Beyond 
the  obvii>us importance for membrane ~ L I -  

sion, Enr, interactio~ls with CD4-fusin 
might trigger aberrant G protein-medi- 
ated signaling patll\vays that  ci>ntribute to  
C D 4 +  T lymphocyte depletion, directly or 
indirectly. 
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C/ells can respond to the absence of mi-
togenic signals and shift from a proliferat­
ing state to a quiescent state only during a 
brief window of time in the cell cycle. The 
transition from mitogen dependence to 
mitogen independence occurs during Gl 

and has been called commitment (I) . 
Many different antimitogenic signals 
cause the cell cycle to arrest at the same 
relative position in G p and cells become 
refractory to all of these signals at approx­
imately the same time in mid- to late G2 

(2). This was named the restriction point, 
extending the original notion of commit­
ment to include cellular responses to a 
variety of mitogenic cues. Time-lapse cin­
ematography of mitoticaily proliferating 
single cells has confirmed that mitogen 
depletion causes cells in early Gx to im-

S. Coats and J. M. Roberts, Department of Basic Scienc­
es, Fred Hutchinson Cancer Research Center, 1124 Co­
lumbia Street, Seattle, WA 98104, USA. — 
W. M. Flanagan, Gilead Sciences, 346 Lakeside Drive, 
Foster City, CA 94404, USA. 
J. Nourse, Program in Cancer Biology, Stanford Univer­
sity Medical School, Stanford, CA 94305, USA. 

36. S. Koenig et al., Proc. Natl. Acad. Sci. U.S.A. 86, 
2443(1989). 

37. J. A. Hoxie et al.,J. Virol. 62, 2557 (1988). 
38. A. McKnight, P. R. Clapham, R. A. Weiss, Virology 

201, 8(1994). 
39. P. M. Murphy, Annu. Rev. Immunol. 12, 593 (1994). 
40. D. R. Cundell, N. P. Gerard, C. Gerard, I. Idanpaan-

Heikkila, E. I. Tuomanen, Nature 377, 435 (1995). 
41. F. P. Gillespie etal., Mol. Cell. Biol. 13, 2952 (1993). 
42. N. Killeen, S. Sawada, D. R. Liftman, EM BO J. 12, 

1547(1993). 
43. Z. Hanna, C. Simard, A. Laperriere, P. Jolicoeur, 

Mol. Cell. Biol. 14, 1084 (1994). 
44. B. W. Snyder et al., Mol. Reprod. Dev. 40, 419 

(1995). 
45. C. S. Dunn etal., J. Gen. Virol. 76, 1327 (1995). 
46. D. Trono, Clin. Lab. Med. 14, 203 (1994). 
47. S. Cho, T. J. Kindt, T.-M. Zhao, S. Sawasdikosol, B. 

F. Hague, AIDS Res. Hum. Retroviruses 11, 1487 
(1995). 

48. F. Cocchi etal., Science 270, 1811 (1995). 
49. T. R. Fuerst, E. G. Niles, F. W. Studier, B. Moss, 

mediately exit the cell cycle, and that cell 
cycle commitment (autonomy from mito­
genic signals) occurs in mid-Gj (3). Thus, 
the proliferative effects of mitogenic sig­
nals are dependent on cell cycle position 
and are likely to be mediated by their 
action on proteins that control movement 
through the cell cycle. 

Transit through G t and entry into the 
S phase requires the action of cyclin-de-
pendent kinases (CDKs) (4), and CDKs 
are inactivated by growth inhibitory sig­
nals (5). The catalytic activity of CDKs is 
regulated by two general mechanisms, pro­
tein phosphorylation and association with 
regulatory subunits, including the cyclins 
and the CDK inhibitors (CKIs) (6). The 
CKI directly implicated in mitogen-de-
pendent CDK regulation is p27Kipl (7). 
Amounts of p27 increase in quiescent cells 
and rapidly decrease after stimulation with 
specific mitogens (8). Moreover, constitu­
tive expression of p27 in cultured cells 
causes cell cycle arrest in Gx (7). Thus, 
p27 regulation may be an essential step in 
the pathway that links mitogenic signals 

SCIENCE • VOL. 272 • 10 MAY 1996 

Proc. Natl. Acad. Sci. U.S.A. 83, 8122 (1986). 
50. R. A. Morgan, National Center for Human Genome 

Research, personal communication. 
51. W. A. Alexander, B. Moss, T. R. Fuerst, J. Virol. 66, 

2934(1992). 
52. Y.F. is a recipient of a National Research Council 

Research Associate fellowship, and C.C.B. is a 
recipient of an NIH Intramural Research Training 
Award. Support was provided by the NIH Intramu­
ral AIDS Targeted Antiviral Program. We are grate­
ful to P. Clapham and R. Weiss, Chester Beatty 
Laboratories, Institute for Cancer Research, Lon­
don, for donation of the CD4 f transformant of Mv 1 
Lu; to M. Garfield, J. Lukszo, and J. Coligan, Lab­
oratory of Molecular Structure, NIAID, for synthetic 
peptide synthesis, purification, and coupling; and 
to J. Sisler, Laboratory of Viral Diseases, NIAID, for 
oligonucleotide synthesis and assistance with DNA 
sequencing. We thank P. Murphy, NIAID, and B. 
Moss, NIAID, for helpful discussions and com­
ments on the manuscript. 

22 March 1996; accepted 16 April 1996 

to cell cycle progression and may be a key 
molecular event in the physiological pro­
cess of cell cycle commitment or passage 
through the restriction point. 

Subconfluent, exponentially proliferat­
ing Balb/c-3T3 fibroblasts [retinoblastoma 
(Rb) wild type; p53 status unknown] 
transferred to medium containing low 
concentrations of serum mitogens arrest in 
G{ within 24 hours, which is approximate­
ly the length of one cell cycle (Fig. 1A). 
This demonstrates that Balb/c-3T3 cells 
require a mitogenic signal to proceed 
through each division cycle. Gj arrest cor­
related with a six- to eightfold increase in 
the amount of the p27Kipl protein (Fig. 
IB). Similar increases in p27 expression 
occur in primary human diploid fibroblasts 
deprived of serum mitogens and in primary 
human T lymphocytes after withdrawal of 
interleukin-2, indicating that this is a 
common pattern of p27 expression in non-
transformed cells (8). In Balb/c-3T3 cells, 
the amount of p27 started to increase 
within 4 hours of serum withdrawal, 
reached 60% of maximal amounts within 
12 hours, and peaked within 24 hours (9). 
The induction of p27 protein paralleled 
the accumulation of the initially asyn­
chronous cell population in Gj and was 
consistent with the hypothesis that it 
could play a critical role in the early 
events associated with exit from the cell 
cycle. 

In accord with this conclusion, cell 
cycle arrest of Balb/c-3T3 cells correlated 
with down-regulation of the cyclin 
E-Cdk2 and cyclin A-Cdk2 protein ki­
nases (9), and this appeared to be related 
to induction of p27. First, both cyclin 
E-Cdk2 and cyclin A-Cdk2 were associat­
ed with increased amounts of p27 after 
mitogen withdrawal (Fig. 2C). Second, 
immune-depletion experiments showed 
that only a small portion of cyclin E in 
proliferating cells was bound to p27, 
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Cells deprived of serum mitogens will either undergo immediate cell cycle arrest or 
complete mitosis and arrest in the next cell cycle. The transition from mitogen dependence 
to mitogen independence occurs in the mid- to late G., phase of the cell cycle and is called 
the restriction point. Murine Balb/c-3T3 fibroblasts deprived of serum mitogens accu­
mulated the cyclin-dependent kinase (CDK) inhibitor p27Kip1. This was correlated with 
inactivation of essential G-, cyclin-CDK complexes and with cell cycle arrest in G v The 
ability of specific mitogens to allow transit through the restriction point paralleled their 
ability to down-regulate p27, and antisense inhibition of p27 expression prevented cell 
cycle arrest in response to mitogen depletion. Therefore, p27 is an essential component 
of the pathway that connects mitogenic signals to the cell cycle at the restriction point. 


