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Identification of a Chemokine Receptor 
Encoded by Human Cytomegalovirus as a 

Cofactor for HIV-1 Entry 
Olivier Pleskoff, Carole Treboute, Anne Brelot, 
Nikolaus Heveker, Michel Seman, Marc Alizon* 

The human cytomegalovirus encodes a p-chemokine receptor (US28) that is distantly 
related to the human chemokine receptors CCR5 and CXCR4, which also serve as 
cofactors for the entry into cells of human immunodeficiency virus-type 1 (HIV-I). Like 
CCR5, US28 allowed infection of CD4-positive human cell lines by primary isolates of 
HIV-1 and HIV-2, as well as fusion of these cell lines with cells expressing the viral 
envelope proteins. In addition, US28 mediated infection by cell line-adapted HIV-1 for 
which CXCR4 was an entry cofactor. 

H u m a n  immunodeficiency virus infects 
cells bv a nrocess of membrane fusion that is , L 

mediated by its envelope glycoproteins 
(gp120-gp41, or Env) and is generally trig- 
gered by the interaction of gp120 with two 
cellular components: CD4 and a coreceptor 
belonging to the chemokine receptor family 
( I ) .  The coreceptor for HIV-1 strains 
adapted to replication in CD4- cell lines 
(TCLA strains) was identified by a genetic 
comolementation a~oroach and named 

A 

fusin (2 ) ;  however, it was later shown to be 
an a- (or CXC) chemokine receptor and 
desienated CXCR4 13). The isolation of fusin - ~, 

and the antiviral activity of certain p- (or 
CC) chemokines (4) led to the demonstration 

0 Pleskoff C Treboute. A. Brelot. N. Heveker, M. Al~zon, 

that the P-chemokine receptor CCR5 is the 
principal coreceptor for primary HIV-1 strains 
(5-8). In addition to CCR5, certain primary 
HIV-1 strains (dual tropic) use CXCR4 (9), 
or CXCR4 and CCR2b (8), as a coreceptor, 
whereas others (macrophage tropic) can use 
CCR3 (7, 10). The essential role of CCR5 is 
nevertheless indicated by the resistance to 
HIV-1 infection of individuals with defective 
CCR5 alleles (1 1 ). The CCR5 and CXCR4 
coreceptors are also used by HIV-2 and the 
related simian immunodeficiency viruses (1 2,  
13). 

Several ho~nologs of chemokine receptors 
are encoded by herpesviruses (14); in partic- 
ular, by the US27, US28, and UL33 open 
reading frames (ORFs) of the human cyto- 
megalovirus (CMV) (15). In fibroblasts in- - 
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M .  Seman, Laboratore d'lmmunod~fferenc~at~on, Unver- transcribed at a high rate after DNA 
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Fig. 1. HIV coreceptor ac- 
t i i  of CXCR4, CCR5, 
and US28 expressed in 
the human cell line 
U373MG-CD4. U373MG- 
CD4 cells (LTR-lad+) 
were hatvested 24 hours 
after transfection and 
transferred to 24-well 
plates for coculture (1 : 1 

100 

: c- 

: : .  
0 

Env HIV-z,,, 

ratio) with Hela-Env/ B I T mi -r 

ADA, HeLa-Env/LAl, or 
HIVP,,-infected cells 
(A), or for infection with the 
HIV-1 strains ADA, Jr- 
CSF, MI, or NDK (same 
inoculums as in Table I), 
or with HIV-2,, (50 ng of 
p24 per well) (6). Cells 
were fixed and stained 

US28 

!?? CCR5 

CXCR4 

1 Mock 

with X-Gal 20 hours after HIV-I,, HIV-l,,a, HIV-I,, H V ,  HIV-2,0D 
initiation of coculture or 40 
hours after infection. Data represent numbers of blue-stained foci per well (mean of two experiments, with 
independent transfections). Error bars represent the range between mean and maximal values. 

of the US28 ORF (here referred to as 
US28) is a functional receptor for several 
P-chemokines, including the CCR5 li- 
gands RANTES (regulated on activation, 
normal T expressed and secreted), macro- 
phage inflammatory protein-la (MIP- 
l a ) ,  and MIP-1P (17). We therefore in- 
vestigated whether US28 exhibits HIV co- 
receptor activity. 

The human glioma-derived cell line 
U373MG-CD4 is naturally resistant to HIV-1 
entry and to fusion with Env+ cells and is 
stably transfected with a long terminal repeat 
(LTR)-lacZ construct inducible by the HIV-1 
transactivator Tat (18). Cells infected by 
HIV, or syncytia formed with Tat+Env+ cells, 
can therefore be detected with high specificity 
by an in situ P-galactosidase assay (blue stain- 
ing with the X-Gal substrate), as described 
previously (1 2, 18). U373MG-CD4 cells were 

transfected with expression vectors encoding 
US28, CCR5, or CXCR4 (1 9) and then test- 
ed for their ability to form syncytia with var- 
ious Env+ cells (Fig. 1A). As expected, 
U373MG-CD4 cells expressing CXCR4 
formed syncytia with HeLa-Env/LAI cells 
(20) stably expressing Env from HIV-l,, 
(TCLA), whereas U373MG-CD4 cells ex- 
pressing CCR5 formed syncytia with HeLa- 
EnvlADA cells stably expressing Env from 
the primary macrophage-tropic HIV-lADA 
(21 ). Both CXCR4 and CCRS allowed the 
formation of syncytia with cells chronically 
infected with HIV-2RoD (22). The expression 
of US28 allowed fusion of U373MG-CD4 
cells with each of the three types of Env+ 
cells. Similar results were obtained in infec- 
tion assays (Fig. 1B). The macrophage-tropic 
HIV-lADA and HIV-lraF (23) infected 
U373MG-CD4 cells expressing CCR5 or 

US28, but not those expressing CXCR4. The 
TCLA strains HIV-lLA, and HIV-I,,, (24) 
infected cells expressing CXCR4 or US28, but 
not those expressing CCRS. The U373MG- 
CD4 cells were not totally resistant to infec- 
tion with HIV-2,,,, but the efficiency of 
infection was markedly increased by expres- 
sion of either US28, CXCR4, or CCR5. In 
these experiments, US28 behaved as a core- 
ceptor for primary HIV-1 strains, and for 
HIV-2,,, with an efficiency similar to that 
of CCRS. In addition, US28 mediated infec- 
tion by TCLA HIV-1 strains, although less 
efficiently than CXCR4. 

The coreceptor activity of US28 was 
tested in another CD4+ human cell line, 
HeLa-P4, also stably transfected with an 
LTR-lac2 construct (25). These cells are 
permissive to infection by TCLA and dual- 
tropic HIV-1 and HIV-2, but not to infec- 
tion by primary strains with a macrophage- 
tropic or non-syncytium-inducing (NSI) 
phenotype. Accordingly, they formed syn- 
cytia, detectable by staining with X-Gal, on 
coculture with HeLa-EnvlLAI but not with 
HeLa-EnvlADA cells (Fig. 2A). Fusion 
with HeLa-EnvlADA was readily observed 
when HeLa-P4 cells were transfected with 
the US28 expression vector (Fig. 2A), al- 
though a higher number of syncytia was 
generally apparent on expression of CCR5 
(Fig. 2B). In contrast, fusion with HeLa- 
EnvlADA cells was not observed when 
HeLa-P4 cells were transfected with expres- 
sion vectors encoding CXCR4 (Fig. 2B) or 
other chemokine receptors-in particular, 
CCRl and the Dufi antigen-or with ex- 
pression vectors containing the US27 or 
UL33 ORFs (26). Also, fusion with Env+ 
cells was not detected when the US28 or 
CCR5 vectors were transfected into CD4- 
negative LTR-lac2 HeLa cells (25). 

To facilitate detection of US28, CCR5, 
and CXCR4 at the cell surface, we engineered 

B Fig. 2. HW-1 coreceptor 
780 a 40 act~vlty of CCR5 and 

r] 
US28 In HeLa-P4 cells 

m 

c 

(CD4 + LTR-lacZ+). (A) 

- Hela-P4 cells that had 
.a > been mock-transfected 
> (a and b) or transfected 

w~th the US28 vector (c 
1001 and d) were cocultured 

ii a w~th HeLa-Env/LAl cells 
6 (a and c) or Hela-Env/ 

p 2 ADA cells (b and d), and 
then sta~ned w~th X-Gal, 

1 
as described In Fig. 1A. 
(B) Syncyt~a format~on In 
cocultures of Hela-Env/ 
ADA cells and HeLa-P4 
cells transfected w~th ex- 

pression vectors encod~ng CCRS, US28. CXCR4, or thelr ep~tope-tagged 
forms (T-US28, T-CCR5, and T-CXCR4). The experiment was performed as 
described In Fig. 1A. Data represent numbers of blue-sta~ned foc~ per well. 
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their NHz-termini to express a c-MYC 
epitope (27). Transfection of HeLa-P4 cells 
with vectors encoding the epitope-tagged 
forms of US28 or CCR5 allowed fusion with 
HeLa-Env/ADA cells (Fig. 2B). The epitope 
tag markedly reduced the activity of US28, 
but had a lesser effect on the activity of CCRS 
(Fig. 2B). Flow cytometry of transfected 
HeLa-P4 cells (28) revealed that the surface 
expression of epitope-tagged US28 was re- 
duced relative to that of the tagged foms of 
CCR.5 or CXCR4 (Fig. 3). Differences in the 
surface expression of epitope-tagged chemo- 
kine receptors have been observed previously 
(7). Thus, modification of the NH,-terminal 
domain of US28 may reduce HIV coreceptor 
activity or have an indirect effect on its trans- 
port to or stability at the cell surface. 

HeLa-P4 cells were stably transfected 
with the CCR5 or US28 vectors (29), and 
clones were selected for their ability to form 
syncytia with HeLa-Env/ADA cells (Fig. 
4A). Unlike the parental cells, HeLa-P5 
(expressing CCR5) and HeLa-P6 (express- 
ing US28) cells could be infected by HIV- 
I,?,, HIV-l,r-CSF, and two primary NSI 
stralns (VEN and BXOI), as detected by 
staining cells with X-Gal (Table 1) or, in 
the case of HIV-I,,, by polymerase chain 
reaction (PCR) amplification of the viral 
DNA. The infection of HeLa-P5 cells was 
more efficient for all strains tested. Howev- 
er, Northern (RNA) blot analysis suggested 

1160 ? 80 I -- 
l r n  c I C x C F l 4 - ~  (1.7 kb) 1 1 . CCRS (1.5 kb) 

% 

Hela: P4 P5 P6 
US28, 

Fia. 4. Stable ex~ression of CCR5 and (1.5 kb) 
, Actin 

(2.3 kb) 

u&% in ~ e ~ a - ~ 4  cells. (A) Formation of 
syncytia in cocuRures of HeLa-Env/ADA 
cells with either HeLa-P4 cells or cell lines derived by stable transfection of HeLa-P4 cells with CCRS 
(Hela-P5) or US28 (Hela-P6) expression vectors. CocuRures (1 : 1) were stained with X-Gal after 20 hours. 
Data represent numbers of blue-stained syncytia (mean of two wells). (B) Detection of CXCR4, CCR5, 
US28, and p-actin (control) mRNA by Northern blot hybridization of total RNA (10 pg per lane) from 
Hela-P4, HeLa-P5, and HeLa-P6 cells, as ~ndicated. The sizes of the transcripts are indicated in kilobases. 

that CCRS is expressed at a higher level in 
this cell line relative to US28 in HeLa-P6 
cells (Fig. 4B). The infection of HeLa-P5 
and HeLa-P6 cells with HIV-I,, was less 
efficient compared with infection of HeLa- 
P4 cells (Table 1); this difference was ap- 
parently not due to a lower abundance of 
CXCR4 mRNA in the former cell types 
(Fig. 4B). 

Deng et al. (5) did not detect infection 
with primary HIV-1 strains in a population 
of CD4+ HeLa cells transduced with a 
US28 retroviral vector. The extent of US28 

expression in these cells was probably low- 
er than that in the HeLa-P6 clone or in 
transiently transfected cells. Our experi- 
ments with epitope-tagged chemokine re- 
ceptors suggest that the surface expression 
of US28 is less efficient than that of 
CCR5. A threshold level of expression 
necessary to detect HIV coreceptor activ- 
ity might therefore be more difficult to 
achieve for US28. Such an explanation 
also might underlie the apparent lack of 
HIV coreceptor activity of US28 when 
expressed with the vaccinia virus-T7 

Fig. 3. Detection of 
epitope-tagged chemo- 
kine receptors by flow cy- 
tometry. Hela-P4 cells 
were cotransfected with 
the EGFP-N1 vector en- 
coding the green fluores- 
cent protein (GFP) and ei- 
ther an expression vector 
encoding epitope-tagged 
CXCR4, CCR5, or US28 
or the pCDNA-tag vector 
(control). Cells were de- 
tached 36 hours later and 
stained with the 9E10 tag- 
specific monoclonal anti- 
body and phycoerythrin 
(PE)-conjugated second- 
ary antibodies. (A) Analy- 
sis for red (x axis) and 
green (y axis) fluores- 
cence. The percentage of 
PE-positive cells (PE fluo- 
rescence, >30 arbitrary 
units) is indicated. (B) Sim- 
ilar analysis for lo4 cells 
selected for green fluores- 
cence (>I00 arbitrary 
units). The percentage of 
PE-stained cells (>50 ar- 
bitrary units) and mean PE 
fluorescence intensity are 
also indicated. 

A 
Control CCRS US28 

4 

PE fluorescence PE fluorescence PE fluorescence PE fluorescence 
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g 102 1 02 
a - ".. 
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1 00 100 
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Table 1. HIV-1 infection of Hel_a-P4 (CD4+ LTR-/acZ) and derived cell lines stably transfected with 
CCR5 (Hel_a-P5) or US28 (Hel_a-P6) expression vectors. Data represent number of blue-stained cells 
per well (24-well plates after incubation with X-Gal 40 hours after infection). 

Inoculum 
Cell lines 

mv- i sucin i 

LAI 
VEN 
BX01 
Jr-CSF 
ADA 

r i IUI luiypu 

TCLA 
Primary NSI 
Primary NSI 
Primary MT* 
Primary MT 

(ng of p24) 

5 
27 

5 
180t 
50t 

HeLa-P4 

2700 
2 
3 
2 
2 

HeLa-P5 

520 
145 
280 
135 
275 

HeLa-P6 

870 
57 
95 
48 
75 

*MT, macrophage tropic. IThe p24 concentration-to-infectivity ratio was lower for these strains, produced by 
transfection of cloned proviruses into HeLa cells, than for VEN and BX01, which were produced from acutely infected 
lymphocytes. 

RNA polymerase (vT7pol) system (2); 
CCR5 and CXCR4 were functional in 
parallel assays (30). The inhibition of pro
tein synthesis by vaccinia virus infection 
may affect the transport of US28 or its 
turnover at the cell surface. Alternatively, 
it may block the expression of a cellular 
component required for the coreceptor ac
tivity of US28. 

Infection by CMV is frequent among 
HIV-infected individuals and has been pro
posed to play a role in HIV pathogenesis 
(31), although this view is not supported by 
all epidemiological studies (32). The princi
pal HIV-1 target cells, CD4+ lymphocytes 
and monocytes-macrophages, support the 
replication of CMV in vivo (33). The abun
dance of CCR5 mRNA in these cells (5, 34) 
appears markedly lower than that of US28 
mRNA in fibroblasts infected with CMV 
(16). If US28 is expressed at a similar level 
in CD4+ cells, CMV infection might there
fore facilitate subsequent HIV-1 infection, 
explaining the frequent histological detec
tion of dually infected cells in the brain, 
lung, or retina (35). In fibroblasts infected 
experimentally with CMV, US28 was appar
ently expressed as a late CMV gene (16). If 
the same pattern of expression occurs in 
vivo, CMV-infected cells should only ex
press US28 transiently, before they are de
stroyed by cytopathic effects or by the im
mune system. However, some cells may sur
vive for a sufficient period to support an HIV 
replication cycle. Also, US28 has been pro
posed to be associated with the CMV enve
lope and to be transferred to the membrane 
of target cells during virus entry (16). In this 
instance, cells could bear US28 at their sur
face before, or even in the absence of, CMV 
replication. 

Several studies have demonstrated up-
regulation of HIV-1 replication by CMV 
infection in CD4+ cell lines (36), macro
phages (37), and syncytiotrophoblast cells 
(38). Various interpretations of these obser
vations have been proposed, but possible 
effects on HIV-1 entry were not directly 
tested. However, CMV had no effect or 

down-regulated HIV-1 replication when 
cell lines were infected with phenotypically 
mixed HIV-1 particles via a CD4-indepen-
dent pathway (39). 

The coreceptor activity of CXCR4, 
CCR5, and US28 was observed for genet
ically divergent HIV-1 strains and for 
HIV-2, suggesting that these molecules 
interact with a conserved domain or con
formational motif of gpl20. The extracel
lular domains of these chemokine recep
tors, which are likely to mediate this in
teraction, differ from each other in prima
ry structure. In contrast, receptors highly 
related to CCR5, such as CCR2a, do not 
mediate HIV-1 entry (5-8). The extracel
lular domain of US28 might coincidental-
ly possess a conformation similar to that of 
CCR5 (and CXCR4), allowing interac
tion with gpl20. It is possible that other 
chemokine receptors also interact with 
gpl20 but lack a property required for HIV 
coreceptor function, such as the ability to 
colocalize with CD4- In addition to its 
possible role in the interactions of CMV 
and HIV, the US28 chemokine receptor 
may prove a useful tool with which to 
address the mechanism of action of HIV 
coreceptors. 

REFERENCES AND NOTES 

1. J. P. Moore, B. A. Jameson, R. A. Weiss, Q. J. 
Sattentau, in Viral Fusion Mechanisms, J. Bentz, Ed. 
(CRC Press, Boca Raton, FL, 1993), pp. 233-289; P. 
Bates, Cell 86, 1 (1996); M. P. D'Souza and V. A. 
Harden, Nature Med. 2, 1293 (1996); C. C. Broder 
and D. S. Dimitrov, Pathobiology 64, 171 (1996). 

2. Y. Feng, C. C. Broder, P. E. Kennedy, E. A. Berger, 
Science 272, 872(1996). 

3. C. C. Bleul etal., Nature 382, 829 (1996); E. Oberlin 
etal., ibid., p. 833. 

4. F. Cocchi etal., Science 270, 1811 (1995). 
5. H. Deng etal., Nature 381, 661 (1996). 
6. T. Dragic et al., ibid., p. 667; G. Alkhatib et al., Sci

ence 272,1955 (1996); L. Wu et al., Nature 384,179 
(1996); A. Trkola et al., ibid., p. 184. 

7. H. Choeefa/.,Ce//85, 1135(1996). 
8. B. J. Doranz et al., ibid., p. 1149. 
9. L. Zhang, Y. Huang, T. He, Y. Cao, D. D. Ho, Nature 

383, 768 (1996); G. Simmons et al., J. Virol. 70, 8355 
(1996). 

10. J. He etal., Nature 385, 645(1997). 
11. R. Liu et al., Cell 86, 367 (1996); M. Samson et al., 

Nature 382, 722 (1996); M. Dean etal., Science 273, 
1856(1996). 

12. O. Pleskoff, N. Sol, B. Labrosse, M. Alizon, J. Virol. 
71,3259(1997). 

13. M. J. Endresef a/., Cell 87, 745 (1996); Z. Chen, P. 
Zhou, D. D. Ho, N. R. Landau, P. A. Marx, J. Virol. 71, 
2705 (1997); O. Pleskoff et al., unpublished results. 

14. S. K. Ahuja and P. M. Murphy, J. Biol. Chem. 268, 
20691 (1993); J. Nicholas, J. Virol. 70, 5975 (1996); 
W. D. Rawlinson, H. E. Farrell, B. G. Barrel, ibid., p. 
8833; L. Arvanitakis, E. Geras-Raaka, A. Varma, M. 
C. Gershengorn, E. Cesarman, Nature 385, 347 
(1997). 

15. M. S. Chee, S. C. Satchwell, E. Preddie, K. M. 
Weston, B. G. Barrell, Nature 344, 774 (1990). 

16. A. R. Welch, L. M. McGregor, W. Gibson, J. Virol. 65, 
3915(1991). 

17. K. Neote, D. DiGregorio, J. Y. Mak, R. Horuk, T. J. 
Schall, Cell 72, 415 (1993); J.-L Gao and P. M. 
Murphy, J. Biol. Chem. 269, 28539 (1994). 

18. R. Harrington and A. P. Geballe, J. Virol. 67, 5939 
(1993). 

19. The CXCR4 cDNA (72) as well as the CCR5 and 
US28 ORFs were subcloned in the Rc/CMV vector 
(Invitrogen, La Jolla, CA), allowing expression from 
the CMV immediate-early promoter. The CCR5 and 
US28 ORFs were amplified by PCR from HeLa cells 
and from fibroblasts infected with CMV (AD169 
strain), respectively. Their complete nucleotide se
quences were determined and shown to be identical 
to those previously described. Consistent with pre
vious studies (7 7), we found that the US28 ORF 
encodes 352 amino acids; the initial report predicted 
323 amino acids (75). U373MG-CD4 cells were 
transfected in six-well plates (3 \xg of DNA per well) 
by calcium phosphate precipitation. Cells were har
vested 24 hours after transfection and seeded in 
24-well plates for coculture with Env+ cells, or for 
infection with HIV, as described (72). 

20. O. Schwartz, M. Alizon, J. M. Heard, O. Danos, Vi-
rology 198, 360(1994). 

21. P. Westervelt, H. E. Gendelman, L. Ratner, Proc. 
Natl. Acad. Sci. U.S.A. 88, 3097 (1991). The env 
gene of LAI in the pMA243 vector was replaced with 
ADA env {20) with the use of common Kpn I and Ava 
I sites. The resulting vector was introduced into HeLa 
cells, and clones were selected with 2 \xW\ metho
trexate, as described {20). 

22. F. Brun-Vezinet ef al., Lancet i, 128 (1987). 
23. A. J. Cann et al., J. Virol. 66, 305 (1992). HIV-1ADA 

was actually an HIV-1 LAI provirus [K. Peden, M. 
Emerman, L. Montagnier, Virology 185, 661 (1991)] 
in which the env gene had been replaced with ADA 
env. Proviruses were introduced into HeLa cells by 
calcium phosphate precipitation. Cell-free superna-
tants were harvested 2 to 3 days after transfection, 
and p24 antigen concentration was assayed. 

24. B. Spire et al., Gene 81, 275 (1989). HIV-1 NDK and 
HIV-1 LAI were produced from chronically infected 
CEM cells (72). 

25. F. Clavel and P. Chameau, J. Virol. 68, 1179 (1994). 
26. All chemokine receptors and homologs were ex

pressed from the Rc/CMV vector. The US27 and 
UL33 ORFs were amplified by PCR from CMV-in
fected cells. Five independent clones were tested for 
each ORF. 

27. G. I. Evan, G. K. Lewis, G. Ramsay, J. M. Bishop, 
Mol. Cell. Biol. 5, 3610 (1985). A pCDNA3 vector 
(Clontech, Palo Alto, CA) engineered to express the 
16-amino acid sequence Met-Gly-Pro-Glu-Gln-Lys-
Leu-lle-Ser-Glu-Glu-Asp-Leu-Gly-Ser-Gly, which 
contains the epitope recognized by the 9E10 mono
clonal antibody to human c-MYC (pCDNA-tag), was 
further modified by inserting the CXCR4, CCR5, or 
US28 coding sequences (excluding the initiation 
codon) downstream of the epitope sequence at a 
Bam HI site, either by blunt-end ligation with a filled-
in Nco I site (CXCR4) or by creating a Bam HI site 
with PCR primers (US28 and CCR5). 

28. HeLa-P4 cells were cotransfected (6:1 ratio) with 
vectors encoding epitope-tagged receptors and 
EGFP-N1 (Clontech), which encodes the green fluo
rescent protein. Cells were detached with phos
phate-buffered saline containing 1 mM EDTA 36 
hours after transfection, and then stained with the 

www.sciencemag.org • SCIENCE • VOL. 276 • 20 JUNE 1997 1877 

http://www.sciencemag.org


9E13 monocona ant h03y (4 p g  ~n l t  Boeh~lnger,  
Mannne~tii, Germat-,)) atid pnycoe-ythr n-con -1gate3 
goa: ant~bodies to ro- lse  ~ r n m ~ ~ n o g l o b ~ ~ l ~ n  G ( I  6 k~g, 
111) (Daio, Glostru-. Denmark) Fxed cells .;ere ah- 
alyzed for greet-, ano red f Llorescence \::~th an E-cs  
El te 'lo:.! c:tome:er (CouI:ron~cs) 
4eLa-P4 cells ,:!ere cotransfecte3 by c a l c ~ u r  
phosphate srecp:at~on ,:!~th a liygromycn-resis- 
tance %;ector (SV-iiygro) and e1:iier Rc, CMV-CCR5 
or Rc'CMV-CIS28 ( I  , 2 0  rato).  Cell clones !;'!ere 
selected n the pl.esence of iiygrom:~c~n B (153 
pg,ml) 
Vl.'e pel'ortned :ie experl~nents essent a y as de- 
scribed (2) Sltii~an COS cells or heLa cells :.!ere 
cotransfecte:! :.!~th Re, CMV 1,ectors containng ti-~e 
CXCR4 CCR5, or US28 O R 3  [cloned do\::ns:reaii 
o' t i e  -7 pronoter and Rc CMV-CD4 ah3 ,:!ere 
nZec:ed with ';-7p0 C o c ~ l t ~ ~ r e s  v;ere then per- 
formed ~ . i t n  HeLa-E-I\! ADA or HeLa-E-I\! J, cells 
:ransiet-lily transfected !;'!it i a T7-lacZ consrruct 
J. B Jackson. A. Erce, J. A. Engund. J. R. Edson, 
H. H. Bafo~. r ,  T, .~ ! :S~L~S. 'OI~ 28, 187(1988) C. A. \.":ley 
an3 J A. Ne soh, PI-? J. FatPcI. 1 33, 73 (1 988): A 
V:'ehs:er st a / . ,  Lanzst ii 63 11 989) J A Nelson, P 
Gb~zal .  C. A. \.":ley. AIDS 4. 1 :I 993): A V:'ebster et 
a / . .  Cli!: x a .  /!7:n:~~nol. 88, 6 1992) .  C. T Leach et 
a / . .  J Acn,ii!ed I!;:n:,ine DeFc Syndl- H:i177. Fiet;o!r- 
~ 1 .  6, 437 11993) C A Sahn et a1 . E~'dei:-.'ol In- 
'ezt 114. 361 1995; .  
P. R. Becierer et a / ,  J'. ,Hs!natoI. 34. 234 
(1 990'1: C. S. Rablin et a / . .  J'. Infect Dis. 168. 1260 
1993, 
G. P. A R ce. R. D. Sc i r~e r  M. B. A. 03s:one. 
Frcz. Natl. Pcaa. Sz,. L1.S.A. 81 . 61 34 :I 984): R. D 
Sc' i rel .  J. A. Nelson. M. B A. 0Ids:one Scte;-ce 

230, 1348 11985); R. \.": B I~LI I - I  an3 t C Reser 
J L'rol. 60. 29 ( I  986); C E lbanez. P. Schr el, P 
Ghaza  C.  WI ey, J A. Ne son, $bra. 65, 6581 
(1 991 ) 

34. M. Samson, O Labbe, C. Mollereau G Vassart. M 
Partnentler B;oc i~e~~ ' s t i : :  35, 3332 :I 996). 

35 J A Nelson, C Reynolds-Konle~, M B A Odstone. 
C A Lrl.'~ley, Vt~olo;iy1 65, 286 1988) :  C = ~ n i  e. M A 
Tapper. K K Knox D. R Carr~ga -I, J. Azo~:rred In:- 
l-:~inaDe*;z. S p d ! .  4 7351991):  P. R. S < o n < e t a l ,  
An- J. Ounti;al!7-o/ 107, 361 (1 9891 

36. P. R. SkoInl<. B. R. Koslo4, M S t ~ r s c i ,  J, lnfsct. 
D s  157, 508 (1 988), R F Rat-130, A. Sr~n~vasan J. 

Fe1ngol3. E Gonczol, S Plotk~n. '/'rolog;,/ 176, 87 
11 993). \/I.'. 4 0  st sl J. Gsn Mrol 71 97 (1 9931 W. 
Ho. L So ig .  S. D Douglas, J Acq,!,raa I;::,::bi;s 
Ds7c. S!.,ndr. 4. 1398 (1 991 I, G Hrka st a! . J. Vrol 
65. 2732 11991) 

37 J L Lzthey D H Ssecror. S A. Spector, V ; o l o ~ j  
199. 98 (1 994) 

38 F D. T o t i  a'al.. J. Vrol 69, 2223 ; I  995) 
39 V. Xoval. C Clark. M. Vaishna)~, S. A Ssector, D. H. 

Spector. it?:n. 65. 6969 (19911, F. M. Jault. S A 
Spector, D. H Spector. ,bta 68, 959 (1994). 

43 Lrl.'e t iank F Leto~rneur an3 1 Bo~chaert  for assist- 
ance w ~ t i  DNA secL.enc ng and flow c:iometry, C.  
Ka in i  as forthe c-MYC epltose5~ector Y. Hen n an3 
Q Sattet-~ta-I for HIV-I s t~ans :  and J. Rciardson, S 
M~chelson and J. J. K-~piec for comments on the 
tnanuscr-t Supported hy the Agence Na:onale de 
Recliercies sur le SIDA an3 bf fello?cs!i~ps to O.P. 
a rd  N .h  iron- Eisemble cot-~tre e SIDA. 

19 Decerber 1996: acceu:e3 7 A - r  ' 997 

Activation of the G Protein G q / l l  Through 
Tyrosine Phsspkosylation of the a Subunit 

Wisashi Umemori, Takafumi Inoue, Shoen Mume, 
Ilaohiro Sekiyarna, Mstoshi Nagao, Hiroshi Itoh, 

Shigetada Nakanishi, Katsuhiho Mikoshiba, Tadashi Yamamoto 

Various receptors coupled to the heterotrimeric guanlne nucleotide-binding protein 
G q l l l  stimulate formation of inositol-l,4,5-trisphosphate (IP,). Activation of these re- 
ceptors also induces protein tyrosine phosphorylation. Formation of IP, in response to 
stimulated receptors that couple to G q l l l  was blocked by protein tyrosine kinase 
inhibitors. These inhibitors appeared to act before activation of G q l l l .  Moreover, stim- 
ulation of receptors coupled to G q l l l  induced phosphorylation on a tyrosine residue 
(Tyr356) of the Ga,,, , subunit, and this tyrosine phosphorylation event was essential for 
Gqll 1  activation. Tyrosine phosphorylation of Ga,,,, induced changes in its interaction 
with receptors. Therefore, tyrosine phosphorylation of Ga,,,, appears to regulate the 
activation of G q l l l  protein. 

I P 3  is a seco~iil messellger that controls nucleotide-biniii~ig protein ( G  protein)- 
manv celll~lar processes bl- c a ~ ~ s i ~ ~ i r  release of c o ~ ~ r l e d  receutors IGPCKs) and h\- recer- 
Ca2+ fro111 intracellular stores. Formation of tors linked hy tyrosine kinases either ilirect- 
IP, is stimulated bv heterotrilileric puanine I-\. or indirectlv. T h e  tormation of IP, actl- 

v'ateil 12y GP'CR~ is catalyreii by 'phos- 
K ,Inenor and T. Y ~ n a m o t o .  Deczrtment of Oncolcg:l, 
lnst t8.1te o' Me:! c a  Scence. Unsers ty of Toqlo Tokyo 

pholipase CP (PLCP) (1 ). G proteins are 

L8. Jauan. composecl of three polypeptides denoted a, 
T ncue. S K~ . r re .  K M~kcsk~ba.  Deparirrent of Mclec- P, and y. T h e  oc sllbunlts, nh ich  hilld a~ i i i  
uar  Ner.rcbiclogy. Inst t ~ t e c f  !\/led c a  Sc ence, L'n~\!ersty hydrolyze gLlalIosille triphosphate (GTP) 
of Tokyo Toqlo 108, Japan. 
N. Sek~ya~na and S. Na.ian ski. Depaflment of B01cgca ( 2 ;  3 ) )  are di~.ided into tour classes: Gay, 
Sc~ences. Kyoto L'n~versty f z c ~ ~ l t y  of Medlcne Kyoto Goc., Goc ,, anii G a l ? .  T h e  Goc subunits that 

L -1 

626, &can. regdate  PLCP belong to the  Gc1 class (GaL, ,  
h,i. Negao ;nd t, t o i .  Department of B~clog~cal Scenc- 
es, Fac~.lty of Boscience and Bictecknolog;.. Tokyo n -  G a l l ,  G a 1 4 ,  G a l 5 / 1 6 )  (4 ) .  K'hen an  ag- 
stltute o' Technolog;.. Yo<oi-;r~-~a 226. Jepali o111st binds to a GPCR,  the  receptor-linked 

G proteln dissociates into a G a  subunit and 
a CB?i ciimer, each of tvhicli can activate 

8 ,  

target effectors. Howel-er, the precise in  
v i ~ o  lliechanislns of receptor-meiiiated G 
protein activation renlaln to  he elucldateil 
(2 .  3). Several G q  or G 11 (Gqil1)-coupled 
receptors induce tyroslne p h ~ s p h o r ~ l a t i o n  
of cellular proteins (5 ) .  Here, \ve examineil 
the role of tyrosine pliosphorylation events 
111 IP,-Ca2- sig~ialing thro~lgh G ~ l i l l - c o ~ ~ .  
pleJ receptors. 

T h e  metahotropic glutamate receptor la 
( m G l u R l a )  is a Gcl/ll-coi.~pleci recep- 
tor (6) .  Application of g l~~ ta lna te  to Chi-  
nese ha~nster  ovary ( C H O )  cells expressing 
m G l u R l a  (7) increased tyrosine phosplio- 
rylation of cellular protens  \vithin 1 lliili 
(Flg. I A )  (8). T h e  tyrosme phospllorylaticm 
event was allnost colnpletely suLILxessed by 
genistein, a protein tyrosine kinase (PTK) 
inhihitor ( 9 ,  1 G), a d  hvas enl~,~nceci  by 
vanadate-H,O,, a protern tyrosine phos- 
phatase (PTP) inhibitor (10) (Fig. 1B). T h e  
rnG1~1Rla itself was irnin~~noprecipitated 
\virll antibody to pliosphotyrosine (anti-PY) 
only from cells treated with glutailiate (Fig. 
1 C ) .  

W e  esa~liiileci the  possible role of PTKs 
in C a 2 +  inohilization ( 1  1 ). Aciciition of 
g l~~tai l iare  (100 p h i )  to  ;he inG1~1Rla -  
expressing CHO cells iiicre,rsed the  intra- 
cellular concentration of C a 2 +  ([Ca2-I,). 
Hotvever, tvlien cells were incuhateil in  
:he presence of genistein, n o  increase in  
[Ca'-1, was observed [~liedlaii inhibitory 
concentration (IC;,) -.: 10  pM] ,  even in  
cells treated tvltll a h igh concentr,rtion of 
gl~rtamate ( 1  mM; Fig. 2A). After 
gelilsreln was washed out ,  the  C a 2 +  re- 
sponse rvas recovereil. T o  demonstrate 
that  the  inhihition of C a 2 +  release hy PTK 
inhibitors is no t  ,I cell type-specific event,  
11-e recoriied Ca2+-activated C 1  currents 
in Xi.noptts oocytes injected with 
m G 1 ~ 1 K l a  1nKNA (1 2 ) .  Current elicitecl 
hy glutamate was blocked hy any of three 
PTK inhibitors: genisteln, tyrphostin 
L4G213 ( 9 ) ,  and A G 6 0  (13)  (Fig. 2B). 
T h e  currents were restoreil after the  d r q s  
tvere remo\,eil. Thus,  the  stimulation-in- 
duced increase in  [Ca2+], in these cells 
appare~itly requires PTK activity. 

T o  determine whether the  PTK inhih- 
i t o h  act before or after IP3 formation, we 
esalnined the  formation of IP3 (14)  in the  
presence or absence of PTI< inhibitors. 
Genistein and  tyrphostin AG213  almost 
completely aholisheii glutamate-stimulat- 
ed IP, formation in mGluR1a-exyreasing 
CIHO c e l l  (Fig. 2C) .  T h e  effect of genls- 
teln was concentration-de~~enile~lt (IC5, 
= 10 kM) (15) .  Daid:eln, a n  analog of 
genistein tha t  lacks PTK inhihitory actlv- 
ity (1 Q), h , ~ d  n o  effect o n  IP, formation. A 
protein kinase C (PKC)  inhibitor, H i ,  
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