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Nga Y. Nguyen, Dimiter S. Dimitrov, Hana Golding .en (HLA) c l a s  I (45 k ~ )  as an  internal 
control, it \\.a cleterl-il~lieii that  this p r n t e ~ n  

Accessory cell-surface molecules involved in the entry of human immunodeficiency component I; 47 kl)  in slre (Fig. 2) .  Tlie 
virus-type 1 into cells have recently been identified and shown to belong to the family 45-1;D protein \\.a,, ~111lil;ely to he a I~reak- 
of chemokine receptors. Treatment of human cell lines with soluble monomeric gp120 cio\\-n prociuct of CD4,  hecause ~t did not 
at 37'C induced an association between the surface CD4-gp120 complex and a 45- react ~vitl i  polvclonal ~ n t i h o ~ l i e s  to C D 4  in 
kilodalton protein, which can be down-modulated by the phorbol ester phorbol 12- protein ~ m m ~ ~ n o h l o t s .  Aiiiiition of g.122 to 
myristate 13-acetate. The three proteins were coprecipitated from the cell membranes the cell l\-sate\ eiici not induce this associa- 
with antibodies to CD4 or to gp120. The 45-kilodalton protein comigrated with fusin on tlon ;lnel coprec~p~ ta t ion  (Fig. l A ) ,  \\-l-i~cIi 
sodium dodecyl sulfate gels and reacted with rabbit antisera to fusin in protein immu- suggests that tlie associ,itlon can o c c ~ ~ r  onl\- 
noblots. No 45-kilodalton protein could be coprecipitated from similarly treated non- in the m e ~ ~ i l i r a n e ~  of illtact cells. In some 
human cells. However, infection of 3T3.CD4.401 cells with vaccinia-fusin recombinant exyerunznts, this compone~-it \v;l? m11-i11n,11- 
virus (vCBYFI), followed by gp120 treatment, resulted in coprecipitation of fusin and 1y cofrec~pitatecl \\-1t11 >urtacz CD4 mole- 
CD4.401 molecules from their membranes. Together these data provide evidence for cule? fl-om cells not  treclteLi \vith qpl2Q (Fig. 
physical association between fusin and the CD4-gp120 complex on cell membranes. 2. U937). Ho~vere r ,  gp1217 treatnient a1- 

I I - ~ ~ J S  ilicre;l\eil the amount o t  the coprec~yi- 
taterl 45-1;D protein re la t~ve to the amou~-it 
o t  C D 4  as confirmeei h\- iiensitomztr\- of a11 

It \\.as rzcentlyi;>nn~l that el-e1-i-tl.ansme~u-- yl-ienon-ieni)~-i \\-as ?trlctl\- trmperat,lrc-de- exyosure \vhc.re C D 4  \\-as in tlie 11ne;lr 
1-r;lne heteri>trimeric GTP-hindlng protein pelliiellt ,111d \vas rejtricted to l i ~ ~ m a n  cells. ranye. Conlmonly, adclitional hackgrc~~~ncl 
(G yrotei11)-co~~pleiil receptor.; (specifical- W e  pc>st~~lated that the 11-iteraction I ~ e t ~ v e e n  luniis \yere seen aftfr immuni)l~recipltation 
ly, members of tl-ie chemokine receptor fam- yp110 anil C D 4  i n d ~ ~ c e s  conk~rmat ional  \\.it11 OKT4 ( F y .  LC). Ho\\-ever, onl\- t h f  
ily) c;ln t~lnct ion as coreceptors \vith C D 4  clianqes that rroniote the association of the 45-kD h;l~-id sl-io\vecl con?~stel-itl\- enl-iancecl 
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i-,in-iil\- are inr.ol\.ed in cell t ~ ~ s i o n  \v~tl-i T i l~~ \vn-me~i l~~ la t ion  (5).  esperime~-its, the Cl)4  I~anil  \\-a\ mucl-i more 
cell li~ie-tropic ;lnii macropI1;lge-tri>l>ic Tk) teit tl-iia moilel, I ~ u m a n  T cell line? intense t11al-i the 45-kD band. Tliia 111,i\- 

str,iins (1-3). Tl-ie es,ict meclianism of ac- erlirc.s<ll-ig CCD4 n.ere , ~ ~ ~ r i - , i c f - I i ~ ~ ~ t ~ n \ - l , i t e i i ,  reflect clifferent cfficiellc~e? of h ~ o t i n \ - l , ~ t ~ a ~ - i  
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multimolecular complexes during the ex- 
traction and precipitation procedures. It 
may also suggest that only a fraction of the 
surface CD4 molecules are associated with 
the 45-kD protein after gp120 treatment. 
When a panel of human and nonhuman 
cell lines was tested, it was found that the 
gpl20-induced coprecipitation of CD4 and 
the 45-kD protein was restricted to human 
cell lines (Fig. 2). If A2.01.CD4.401 cells 
were treated with PMA before the addi- 
tion of gp120, no coprecipitation of CD4 
and the 45-kD protein was observed (Fig. 
3). Without PMA treatment, coprecipita- 
tion of the 45-kD protein and the tailless 
CD4 molecules was seen after gp120 treat- 
ment. This suggests that PMA treatment 
depleted the 45-kD protein from the cell 
surface. 

After the recent identification by Feng 
et al. (2) of LESTR/HUMSTR (also called 
fusin) as the coreceptor for T cell line- 
tropic HIV-1 viruses, we attempted to de- 
termine if the 45-kD protein identified in 
our studies is fusin. The 45-kD protein that 

rabbit antibodies to fusin (but not with 
normal rabbit serum) (Fig. 4B) (6). This 
reactivity could be specifically blocked by 
preincubation of the anti-fusin rabbit im- 
munoglobulin G (IgG) with a peptide de- 
rived from the NH2-terminus of fusin, but 
not with a control peptide derived from the 
NH2-terminus of CCR-5 (7). The slightly 
slower migration of fusin detected by anti- 
bodies to fusin, as compared with that of the 
45-kD biotinylated band observed in Figs. 1 

Table 2. Rabbit anti-fusin IgG partially blocks syn- 
cytium formation and CD4.401 down-modulation. 
A2.01 .CD4.401 cells were treated with gpl20 (10 
pg/ml), followed by PMA treatment (1 00 ng/ml) as 
described in Table 1, in the presence (at 10 pg/ml 
each) of no serum, of rabbit preimmune IgG, or of 
IgG derived from a rabbit immunized with a 
branched peptide containing the NH,-terminal 15 
amino acids of fusin (6). Syncytium formation was 
determined after 6 hours in co-cultures of 
A2.01 CD4.401 cells and 12E1 cells infected 
ovemight with vPE16 recombinant vaccinia ex- 
pressing gp120-41 (1118) in triplicates as described 
(4). 

coprecipitated with CD4 after &120 treat- 
ment (Fig. 4A) comigrated with the fusin CD4 down- 

modulation after Syncytia protein expressed in CEM cells infected Rabbit IgG gp120 + PMA 
with the fusin-vaccinia recombinant virus (4 

treatment (%) 
(vCBFY1) (Fig. 4A). In CEM and U937 
cells, gp120 treatment and OKT4 precipi- None 53 157 + 22 
tation resulted in coprecipitation of gp120, 'reimmune 52 155 + 13 
CD4, and a 45- to 50-kD band reactive with Anti-fusin 28 68 + 9 

Fig. 1. Coprecipitation A 
of CD4 or gp120 and a 

C 

45-kD arotein from the at1120 + intact cells - + - gp120 - + 

surface'of CEM cells are- ;pi20 + cell lysate - - + 
treated with sollble 58.1 + 
gp120 at 37°C. Cem 
surface proteins were bi- 39.8 + 

otinylated by addition of 205 - 

2 mM sulfo-NHS-LC-Bi- 6 116- 
otin (Pierce) to 5 x 1 O7 gP120 - - L 97.4 - - 
cells per milliliter in phos- Anti-gpl2O - - + + 
phate-buffered saline Anti-CD4 + + - - 58.1 - 
(PBS) for 1 hour on ice. 
The reaction was 58.1+- 39.8 - 

quenched with 20 mM 39.8 -r d 29.0 - 
glycine for 15 min. 
Washed cells were sus- 
pended in RPMl and 10% fetal bovine serum (5 x 1 O7 cells per milliliter) and incubated in the presence 
or absence of gpl20 (1 0 pg/ml) (LA, Intracel, MA) for 2 hours at 37°C. Cells were washed wlh PBS and 
lysed in a buffer containing 1 % Brij 97, 150 mM NaCI, 20 mM tris (pH 8.2), 5 mM iodoacetamide, and 
protease inhibitors. After 20 min on ice, nuclei were pelleted by centrifugation at 13,0009 for 5 min. (A) 
CD4 was immunoprecipitated with OKT4-containing ascites and 50 pI of protein G-epharose beads 
(diluted 1 :2 in PBS) that were added to lysates and mixed ovemight at 4°C. (B) Lysates were immuno- 
precipitated with either OKT4 ascites (left two lanes) or with anti-gpl20 polyclonal rabbit serum (40 pl; 
Intracel) (right two lanes). (C) As in (A), but a full-sized gel is shown. The beads were washed h e  times 
with lysis buffer and boiled for 5 min with 30 pI of 2x Laemmli sample buffer. Samples (from 1 to 2 x 1 O7 
cells per lane) were run on a 10% gel with SDSpolyaclylarnide gel electrophoresis (SDS-PAGE) and 
were electrophoretically transferred to nitrocellulose membranes. Membranes were blocked with 20 
mM tris-HCI (pH 7.6) containing 140 mM NaCl, 0.1 % Tween-20, and 5% nonfat powdered milk and 
were incubated with streptavidin-conjugated horseradish peroxidase (HRP) in blocking buffer for 30 
min. After washing, the blots were incubated with supersignal chemiluminescent substrate (Pierce) for 
1 min and exposed to film. In Figs. 1 through 4, numbers at left or right of panels indicate positions of 
biotinylated molecular weight markers. 

through 3, may be explained by the 5- to 
10-fold higher protein concentrations used 
in the anti-fusin protein immunoblots (Fig. 
4B). 

After infection of the nonhuman cell 
line 3T3.CD4.401 with fusin vaccinia 
(vCBYFl), but not with a control vaccinia 
(vSC~) ,  gp120 could induce the association 
and coprecipitation of CD4.401 molecules 
with fusin (Fig. 4C). We also tested the 
ability of fusin-reconstituted 3T3.CD4.401 
cells to down-modulate their surface tailless , 

CD4. After infection of the murine fibro- 
blast line with the fusin-expressing vaccinia 
recombinant vCBYFl but not with the con- 
trol virus vSC8, it was possible to induce 
down-modulation of the tailless CD4 (Ta- 

gp120 - + -  
Anti-CD4 + + -  
Anti-MHC - - + 

58.14 f 

MOLT 4 39.8-w 

Fig. 2. After pretreatment with gp120, antibody 
to CD4 coprecipitates a 45-kD protein from hu- 
man cell lines but not from nonhuman cells ex- 
pressing human CD4. Human cell lines (U937 
and MOLT 4) and nonhuman cells (Mink.CD4 
and 3T3.CD4.401) were pretreated with or with- 
out gp120 (1 0 pg/ml for 2 hours). After cell lysis, 
precipitation of CD4 was carried out as de- 
scribed in Fig. 1. Major histocompatibility com- 
plex (MHC) class I molecules were precipitated 
from biotinylated MOLT 4 cells with the W6/32 
monoclonal antibody (mAb). Samples were sub- 
jected to SDS-PAGE as described in Fig. 1. 

Fig. 3. The 45-kD protein.is down-modulated by 
PMA. A2.01.CD4.401 cells were treated with 
PMA (100 ng/ml, Sigma) or wlh control medium 
for 3 hours at 37°C. The cells were washed exten- 
sively, biotinylated, and incubated with gp120 for 
2 hours. Cell lysis and immunoprecipitation with 
OKT4 ascites were conducted as described in 
Fig. 1, except that the eluates were run on long 
gels for a longer time to allow good resolution 
between the 45-kD band and the truncated CD4 
molecules. 
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ble 1) by incubation of the cells with gp120 
and then with PMA. In contrast, if the cells 
were first treated with PMA, no down- 
modulation was observed. Similar data were 
obtained with the human cell line 
A2.01 .CD4.401 (Table 1) (5). The effect of 
PMA pretreatment can be explained by 
depletion of fusin from the cell surface be- 
fore gp120 addition, as demonstrated in Fig. 
3. The direct role played by fusin in the 
down-modulation of CD4.401 molecules 
was further examined with anti-fusin rabbit 
IgG (6). Anti-fusin IgG at 10 p,g/ml par- 
tially blocked the down-modulation of 
CD4.401 molecules from cells treated with 
gp120 and PMA (Table 2). In parallel ex- 
periments, this anti-fusin IgG (but not pre- 
immune I&) blocked syncytium formation 
between A2.01.CD4.401 cells and 12E1- 
vPE16 (expressing the IIIB envelope) cells 
by 67% (Table 2). These findings suggest 
that the NH,-terminus of fusin is directly 

involved in the intermolecular interactions 
required for the co-down-modulation of 
CD4 and for the HIV-1 envelope fusion 
process. The incomplete blocking may be 
explained by the specificity of the serum 
used. Other extracellular domains of fusin 
may contribute to its HIV-1 coreceptor 
function, as was shown for binding of inter- 
leukin-8 to its receptor (8). 

These data suggest that after binding of 
monomeric gp120, CD4.401 molecules as- 
sociate (either directly or indirectly) with 
fusin. This association may occur in mem- 
brane compartments (microdomains), ren- 
dering them susceptible to PMA-induced 
down-modulation, probably via clathrin- 
coated pits as previously described (5). 
This studv ~rovides evidence that fusin is , . 
recruited into a molecula; complex with 
CD4-gp120 at the cell surface, as we pre- 
viously postulated (5, 9). This association 
may stabilize the post-binding conforma- 

Fig. 4. Antibody to fusin recognizes a 45-kD pro- A 
tein that coprecipitates with CD4 after gpl20 pre- CEM cells 
treatment of cells. (A) Surface-biotinvlated CEM 
cells were treated without (lane 1) or kith (lane 2) 
gp120 and lysed in lysis buffer containing 1 % Brij gp120 - + - - 
97. Samples were precipitated with OKT4 linked 
to protein GSepharose beads and processed as 
in Fig. 1. On the same gel, nonbiotinylated whole- 1 2  3 4  
cell extracts from cells infected overnight w~th 
VCBYF1 (lane 3) or control vSC8 (lane 4) were run 
in parallel. Vaccinia-infected cells were lysed at a CEM cells U937 cells 

concentration of 5 x lo6 cells per milliliter with gp120 - + - 
buffer containing 1 % NP-40, 150 mM NaCI, 10 --- - -  -- - 116 
mM tris-HCI (pH 7.4), and protease inhibitors. Af- 
ter 20 min on ice, nuclei were pelleted by centrif- Anti-CD4 - 58 
ugation at 13,0009 for 5 min. Cell extracts (1 0 p,1) 

- u 3 
- 58 

were mixed with 30 p,1 pf Laemmli sample buffer 
supplemented with 8 M urea and incubated at 
37°C overnight, then boiled for 3 min. Blots were .-r_--)_ -- - 58 

reacted with rabbt polyclonal antiserum to fusin NRS 
(6) at a 1 :500 dilution (lanes 3 and 4) or with normal 
rabbit serum (no reactivity) (1 I ) ,  followed by HRP- 
conjugated goat anti-rabbit IgG. The blots were 
incubated with ultra supersignal chemilumines- 313.CD4.401 cells 
cent substrate (Pierce) for 5 min and exposed to 
film. (6) Unlabeled CEM and U937 cells were in- gp120 + + 
cubated with gp120 (10 p,g/ml for 2 hours at - -CD4 

37°C) or in control medium. Cell lysates were im- - Fusin 
munoprecipitated with OKT4 antibodies co- 
valently linked to protein GSepharose beads. g F 
Eluted samples were concentrated, electropho- '? k 
resed (1 x 1 O6 cell equivalent per lane), and blot- 2 
ted onto nitrocellulose membranes. Blots were 
reacted with either rabbit polyclonal antiserum to gp120 (Intracel, MA), polyclonal antiserum to CD4, 
rabbit anti-fusin IgG (6), or normal rabbit IgG, followed by horse HRP-conjugated goat anti-rabbit or 
anti-mouse IgG (Amersham). The blots were incubated with ultra supersignal substrate for 5 min and 
exposed to film. All the protein immunoblots shown are from the same immunoprecipitates that were run 
in adjacent wells on the same gel. The experiment was repeated four times. (C) Fusin can be copre- 
cipitated with CD4.401 molecules from the surface of 3T3.CD4.401 cells infected with VCBYF1. 
3T3.CD4.401 cells were infected overnight with VCBYFl or control vaccinia vSC8 at 10 plaque-forming 
units (PFU) per cell. Infected cells were biotinylated (1.2 x 1 O7 per milliliter), treated with gpl20 (1 0 p,g/ml 
for 2 hours at 37"C), and lysed in buffer containing 1 % Brij 97 (5 x 1 8  cells per milliliter). Immunopre- 
cipitation with OKT4 mAb and processing of the eluted samples were done as in Fig. 3, except that 5 x 
1 O6 cell equivalents were loaded per lane on long 10% SDS gels. The experiment was repeated three 
times. 

tional state of the gp120-41 envelope re- 
quired for exposure of the gp41 hydropho- 
bic NH,-terminus and its insertion into 
the target membrane. 

The biological and biochemical ap- 
proaches described here can be used to de- 
termine if similar interactions occur with 
the coreceptors for macrophage-tropic virus 
strains (such as CCR-3 and CCR-5). Thev 
can also be applied for further elucidation of 
the regions in gp120, CD4, and fusin that 
are directly involved in these interactions. 
It has been predicted that the V3 loop in 
gp120 is involved in these interactions ( 1 - 
3). However, a direct contact between sur- 
face CD4 and fusin most likelv occurs at 
low frequency in the absence of gp120 and 
is significantly increased after gp120 bind- 
ing, as suggested by our findings. Such stud- 
ies will assist in the rational design of agents 
capable of blocking the association between 
fusin (or other coreceptors) and the CD4- 
gp120 complex without affecting the nor- 
mal function of these molecules. 
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TFIID, TFIIA, and transcription factor Spl .  
Reactions with these components, but with- 
out Tat-SF activity, support activation by Spl 
and GAL4-VP16 (7) but not by Tat (Fig. 
1A). With tlie inclusion of a partially purified 
Tat-SF fraction, Tat increased tlie number of 
transcripts elongating beyond 1000 nucleo- 
tides from an HIV-1 promoter containing the 
wild-type TAR element (pHIV+TAR-G400) 
(7 ) ,  b ~ t  not from an internal control promoter 

Tat-SF1 : Cofactor for Stimulation of wltll a mutant TAR ( p ~ ~ ~ ~ ~ ~ ~ - ~ l o o )  
(Flg 1A). The pc-D fraction contalns the Transcriptional Elongation by HIV-1 Tat basal tra~iscr~ptlo~i factols TFIIB, TFIIE, 
TFIIF, TFIIH, and RNA polvnlerase I1 (7) 

Qiang Zhou and Phillip A. Sharp* Because PC-D cannot be substituted fol bj - 

highly purified basal transcription factors (a) ,  
Tat may stimulate transcriptional elongation by recruitment of a complex containing it probably contains other activities necessary 
Tat-SF1 and a kinase to the human immunodeficiency virus-type 1 (HIV-I) promoter for Tat function. With the use of this recon- 
through a Tat-TAR interaction. A complementary DNA for the cellular activity, Tat-SFI, stituted reaction, Tat-SF was further purified 
has been isolated. This factor is required for Tat trans-activation and is a substrate of (9). 
an associated cellular kinase. Cotransfection with the complementary DNA for Tat-SF1 Phosphorylation of RKA polymerase I1 
specifically modulates Tat activation. Tat-SF1 contains two RNA recognition motifs and has been implicated ill regulation of the 
a highly acidic carboxyl-terminal half. It is distantly related to EWS and FUS/TLS, processivity of elongation (10). To  investi- 
members of a family of putative transcription factors with RNA recognition motifs that gate whether protein phosphorylation 
are associated with sarcomas. might be associated with Tat-SF, we exam- 

ined proteins absorbed on ilnlnobilised HIV 
TAR RNA frotn a reconstituted transcrip- 
tion reaction in the presence of [y-32P]ATP 

T a t  activation of HIV-1 transcription is We have developed a reconstitut- (adenosine triphosphate) (Fig. 1B). In reac- 
mechanistically different from convention- ed transcription reaction that supports a Tat- tions with either the pc-D fraction or the 
a1 DNA sequence-specific transcription fac- specific and TAR-dependent activation of Tat-SF fraction alone, addition of Tat  did 
tors. Most activators affect transcription by HIV transcriptioli (7) (Fig. 1A). This reac- not consistently affect the phosphorylation 
increasing the rate of initiation, although tion requires a Tat-SF (Tat stilnulatory factor) of proteins on immobilized TAR. When 
some DKA sequence-specific transcription activity that is specific for Tat stimulation of both fractions were incubated together in 
factors such as GAL4-VP16 stimulate both elongation, a pl~ospl~ocell~~lose 0.5 to 1.0 M the presence of Tat ,  phosphorylation of a 
initiation and elongation (1). In contrast, KOAc fraction of HeLa nuclear extract (the protein of -140 kD, termed pp140, was 
Tat stimulates elongation pc-D fraction), and the ~urified basal iactors observed (Fig. 1B). In the absence of Tat ,  
(2) .  Whereas most activators interact with 
promoter or enhancer DNA, Tat interacts 

trans-acting responsive (TAR) Table 1. The effect of Tat-SF1 overexpression on Tat and VP16 trans-activation. Tat-SF1 gene was 

R,JA element (2), Located a t  5,  end of cloned into the mammalian expression vector pSV7d (28) to create pSV-Tat-SFl. pSV-Tat-SF1 or 
pSV7d and a reporter construct pBennCAT (29) containing HIV-1 LTR linked to the bacterial CAT gene 

nascent TAR a (1 kg each) and an internal control pasmid pCMVp-Gal were cotransfected into HeLa cells, either in the 
steln-l(~op structure. The specific binding of presence or absence of a Tat-expressing plasmid pcTat (0.3 kg) (30). CAT activity was measured 48 
Tat to TAR is dependent on the bulge loop hours later as described (31). In control experiments, pSV-Tat-SF1 or pSV7d and the reporter construct 
and itnlllediately flanking seq~lel~ces in the pMyc3El BLuc (18) were introduced into HeLa cells together with the pasmids pRCCMV-TFEB-VPl6 
doLlble.stranded RKA, sequences in the (0.3 ~ g )  expressing the TFEB-VP16 fusion protein (18), pMyc3El BLuc contained the luciferase gene 

apical loop of TAR are also ilnportant for downstream of the adenovirus El B promoter with three blnding sites for TFEB. Reporter construct 
pG5EI BCAT (19) containing five GAL4-binding sites inserted upstream of the El B promoter and the 

Tat activation of transcriptioll in viva (3) .  CAT gene was used to assay GAL4.Vp16 tran~.~~-ivation, 
Meclianislns regulating the efficiency of 

elongation by RNA polymerase I1 have ~ i o t  Vector Tat-SF1 
been extensively studied. The necessity for Fold 

control of elongation is highlighted by the Exp' Fold Fold enhance- 
- + - + mentt 

finding that an elongation factor, Elongin, act. act. 
is probably tlie f~lnctional target of the von 
Hippel-Lindau tumor suppressor protein Tat 

1 100 7,228 72.3 31.7 7 699 242.9 3.36 
(4-6). Furthermore, regulation of elonga- 2 100 15,779 157.8 17.0 16 548 973.4 6.17 
tion by Tat  is essential for HI\/ replication. 3 100 4,899 49.0 35.3 10 353 293.3 5.99 
We have used the Tat trans-activation sys- TFEB-VPl6 
teln to characterize cellular cofactors criti- 1 100 30,229 302.3 118 20 782 176.1 0.58 
cal for Tat activation of elongatio~i. 2 100 18,241 182.4 179 15,080 84.2 0.46 

GAL4-VPI 6 
1 100 132,208 1,322 95.0 129,960 1.368 1.03 

Center for Cancer Research and Department of Biology, 
Massachusetts of Technology, Cambridge, MA 

=CAT or ucferase actvity measured in cells transfected w th  the empty vector plus the reporter pasmd  only were 

02139. USA. 
normazed to a value of 100. Values shomln In the second, fourth and fifth columns were adjusted accordngy. 
-:-The fold enhancement represents the fold activation by Tat or VP16 observed In cells expressng Tat-SF1 dvided by 

'To whom correspondence should be addressed. the fold actvation n cells contanng the empty vector. 
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