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The CD4 molecule is essential for binding HIV particles, but is not suff icient for efficient viral 
entry and infection. The cofactor was shown to be dipeptidyl peptidase IV (DPP IV), also 
known as CD26. This serine protease cleaves its substrates at specific motifs; such motifs 
are also highly conserved in the V3 loops of HIV-1, HIV-2, and related simian isolates. Entry 
of HIV-I or HIV-2 into T lymphoblastoid and monocytoid cell lines was inhibited byaspecific 
monoclonal antibody against DPP IV or specific peptide inhibitors of this protease. Co- 
expression of human CD4 and CD26 in murine NIH 3T3 cells rendered them permissive 
to infection by HIV-1 and HIV-2. These observations could provide the basis for developing 
simple and specific inhibitors of HIV and open a possibility for vaccine development. 

T h e  human immunodeficiency virus (HIV) 
infects lymphocytes, monocytes, and macro- 
phages by binding to its principal receptor, 
the CD4 molecule, through the viral enve- 
lope glycoprotein gp120 (1). The V3 loop of 
gp120 is critical for HIV infection, since 
mutations in it modify cell tropism, generate 
virions with reduced infectivity, and affect 
syncytium formation (2). 

Although there is no direct evidence for 
cleavage of the V3 loop during HIV entry 
or syncytium formation, several observa- 
tions have suggested that the V3 loop may 
interact with an accessory cell surface com- 
ponent that is probably a protease (3). TL2, 
a cell surface protease similar to trypsin, 
had been suggested as a potential candidate 
for the cleavage of the V3 loop. The activ- 
ity of this tryptase is inhibited by gp120, by 
V3 loop peptides containing the GPGR 
motif, by the Kunitz-type inhibitor trypsta- 
tin, and by the protease inhibitors leupep- 
tin and antipain. Furthermore, V3 loop 
pe~tides, trypstatin, and pol~clonal anti- 
body against tryptase TL2 were reported to 
inhibit syncytium formation. In all of these 
studies, however, syncytium formation 
rather than HIV entry or infection were 
investigated. Cell surface proteins that bind 
HIV-1 gp41 have been reported but their 

the case of HIV-1 isolates from Europe and 
North America, the dipeptide motif GP 
found in the crown of the V3 loop is 
conserved in more than 90% of the samples 
tested (Fig. 1) and remains unchanged in 
vivo over several years in a given individual 
in spite of other substitutions occurring in 
the crown of the V3 loop. In vitro substi- 
tutions of the glycine or the proline residue 
in the GP motif generate virions with sup- 
pressed infectivity, whereas infection in the 
presence of a neutralizing monoclonal anti- 
body to V3 (anti-V3) results in the produc- 
tion of escape murant virions, in which the 
proline is substituted by glutamine (1). The 
V3 loop sequence of the SIV CPZ (chim- 
panzee) isolate is related to that of HIV-1, 
and accordingly it contains both the NH,- 
terminal RP motif and the GP motif at the 
crown of the loop. On the other hand, the 

role in HIV infection has not been demon- 
(6, CHRKGNRSWSTPSATGLLFYHGL~GKNLKKGMC 

strated clearly (4). 
In spite of their variability, the V3 loops Fig. 1. Conserved motifs (boxed letters) in the 

consensus V3 loops of HIV-1, HIV-2, and SIV 
and simian virus isolates, (1) 527 European and North American 

(SIV) isolates, (2) 108 African isolates, (3) 25 HIV-2 
RP, KP, and GP dipeptide motifs (5) (Fig. isolates. (4) 8 SIV isolates. (5) SIV-CP2, and (6) 
1). These motifs also fulfill the substrate SIV-MND:  he studv on HIV-I and 22 of t h e  
specificity of the dipeptidyl peptidase IV HIV-2 isolates was reported by Myers eta/.  (5). 
(DPP IV) enzymatic activity of the T cell The three other new isolates of HIV-2 were UCI, 
activation antigen, CD26 (6). The conser- ALT, and EHO. The sequence of the group of 
vation of these motifs suggests that there is eight SIV isolates (MM 251, M M  142, M M  239, 

constant selective pressure to preserve them M N E ,  SMMH4, SMMPBJ, MAC 32, and AGM- 
lY0) SIV M N D  and SIV CPZ were from the Los because of their role in virus infection. In Alambs HIV seduence Database (5), Abbrevia- 
tions for the amino acid residues are: A, Ala; C, 
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SIV MND V3 loop is quite divergent but it 
contains an EP motif that can also serve as 
a substrate for DPP IV. 

These observations suggested to us that 
DPP IV may serve as a cofactor of CD4 by 
interacting with the V3 loop. DPP IV ac- 
tivity has been detected in various tissues, 
especially in T lymphocytes, monocytes, 
and platelets. The expression of CD26 is 
enhanced considerably upon T cell activa- 
tion (8). Recently, CD26 was reported to 
be identical to the adenosine deaminase 
binding protein (9). 

HIV entry into a permissive T cell line 
(CEM) was monitored by measuring the 
intracellular concentration of the HIV ma- 
jor core protein p25 after digestion of ex- 
tracellular virus by trypsin treatment; this 
procedure eliminates more than 99% of the 
input virus (1 0). The HIV- 1 preparation 
used in this entry assay was characterized as 
a highly virulent HIV stock that could 
synchronously infect at least 90% of cells 
(10). Although the literature contains re- 
ports of different effects of V3 peptides (3, 
1 I)  on infection and syncytium formation, 
in our hands V3 loop peptides inhibited the 
penetration of HIV particles by 88 to 96%. 
This effect was specific as other gp120 
peptides did not have a significant effect 
(Table 1). Furthermore, peptides corre- 
sponding to the crown of the V3 loop also 
inhibited the entry of HIV particles. These 
results, and the fact that the V3 loop is not 
directly involved in the binding of gp120 to 
the CD4 molecule (I) ,  were consistent 
with the hypothesis that the V3 loop inter- 
acts with a cell surface protein other than 

Table 1. Inhibition of HIV-1 LA1 entry by V3 
loop peptides. CEM cells (5 x lo5) were first 
incubated (37"C, 30 min) with peptides [se- 
quence details are as described (30)] before 
the addition of HIV-1 LA1 and further incubation 
at 37°C for 1 hour. HIV entry was then estimated 
as described (10). The mean + SD of three 
independent experiments is shown. Dose-de- 
pendent inhibitory effects were also observed 
at 100 and 50 pM. All peptides were purified by 
high performance liquid chromatography and 
were at least 90% homogeneous. The three 
peptides of lllB type were obtained through the 
AIDS Research and Reference Reagent Pro- 
gram, NIAID, NIH, from S. Pincus. The other 
peptides were obtained from I'Association Na- 
tionale de la Recherche sur le SIDA, France. 

Peptide Amino Internalized 

(200 FM) 
acid P25 ( ~ g /  

reiidues 1 O5 cells) 

None - 168 ? 12 
gpl20-IIIB (MI) 350-378 156 ? 9 
~~120-IIIB (MI) 418-441 1382 9 
V3-lllB (MI) 295-321 20? 8 
V3-1286 301-333 7?10  
V3-crown (MI) 307-327 62? 14 
V3-crown HXB2 307-327 7?11 

('-41) 
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the CD4 molecule. We therefore investi- 
gated HIV entry in the presence of mono- 
clonal antibodies (mAb) specific for T cell 
surface antigens including CD26 (Table 2). 
As expected, mAb 11014 (which binds the 
V3 loop) and mAb OKT4A (which reacts 
with the gp120 binding site in the CD4 
molecule), inhibited HIV entry by 85 and 
93%, respectively. Comparable inhibition 
(89%) was observed with mAb 1F7, which 
binds CD26. A somewhat lower level of 
inhibition (64%) was observed with anoth- 
er antibody to CD26 (BA5), OKT4, direct- 
ed against an epitope in the CD4 molecule 
outside the gp120 binding site, resulted in 
partial inhibition of HIV entry, probably 
due to steric hindrance. Other mAbs (12) 
specific for neutral endopeptidase CD10, 
tyrosine phosphatase CD45, and a- or 
P-lymphocyte functional antigen 1 did not 
affect HIV entry. 

The tripeptide IPI (isoleucyl-prolyl-iso- 
leucine), an inhibitor of DPP IV-like enzy- 
matic activity (1 3), inhibited HIV entry in 
a dose-dependent manner in contrast to 
peptides GGG, APL, FPA, RRR, and 
RSR, which had no effect. The peptides 
GPGG, KPR, and RPGFSPFPR (which 
contain the conserved GP, KP, and RP 
motifs) resulted in marked inhibition of HIV 
entry (Fig. 2). Peptides that inhibited HIV 
entry also inhibited the cleavage of a sub- 
strate of DPP IV-like enzymatic activity, 
GP-pNA. The endopeptidase and exopepti- 

Table 2. Inhibition of HIV-1 entry by mAbs 
specific for DPP IV-CD26. HIV-1 LA1 entry was 
measured as described (10). The mAbs 
OKT4A and OKT4 were purchased from Ortho 
Diagnostics Systems; mAb 11014 was gener- 
ously provided by Genetic Systems, Seattle; 
mAbs BA5, ALBI, UCHLI, 25.3, and BL5 were 
obtained from lmmunotech S.A., Marseille; 
mAb 1 F7 was a gift provided by C. Morimoto, 
Dana-Farber Cancer Institute, Haward Medical 
School, Boston, Massachusetts. CEM cells were 
incubated for 30 min with mAbs before assay of 
HIV entry. All the mAbs, with the exception of 
mAb 11014, were found to bind CEM cells by 
fluorescence-activated cell sorting (FACS) anal- 
ysis. The results represent the mean + SD of 
three independent experiments. The percent 
inhibition of HIV entry by mAb 1 F7 at 0.5 and 0.1 
pglml was 64 and 30%, respectively. 

mAb Internalized 

(1 kglml) 
Specificity ~ 2 5  ( ~ g /  

lo5 cells) 

None 
OKT4A 
OKT4 
1 1 014 
1 F7 
BA5 
ALBI 
UCHLl 
25.3 

-9 

CD4 
CD4 
v3 loop 
CD26 
CD26 
CD10 
CD45RO 
a- LFA- 1 

dase inhibitors aprotinin, leupeptin, anti- 
pain, pepstatin, and bestatin had no appar- 
ent effect on HIV entry or DPP IV-like 
enzymatic activity (1 4). The observation 
that HIV entry was insensitive to leupeptin 
and antipain indicates that TL2 is not a 
cofactor in our system. Consistent with 
these observations, the tripeptide IPI inhib- 
ited HIV entry in lymphoblastoid (MOLT4 
and Jurkat) and monocytoid (U937) cells 
and freshly isolated CD4+ T lymphocytes 

A GGG 
0 IPI 

I h \y  KPR 

Peptide (mM) 

Fig. 2. Inhibition of HIVentry by IPI and peptides 
containing GP-, RP-, and KP-dipeptide motifs. 
HIV-1 entry in the presence of different peptides 
was carried out as described (10). The mean 
value of three independent experiments is 
shown (with standard deviations in the range of 
8 to 15%). The peptides were purchased from 
Sigma and were purified to 99% homogeneity 
by high-performance liquid chromatography. All 
peptides that inhibited HIV entry also inhibited 
DPP IV activity assayed either on the surface of 
intact cells or in cell extracts. 

activated by phytohemagglutinin at concen- 
trations comparable to those observed in 
CEM cells. It should be emphasized that 
CEM, MOLT4, Jurkat, and U937 cells ex- 
pressed CD26 on their surfaces (Fig. 3). 

To determine whether CD26 is impli- 
cated in HIV-2 entry, we used HIV-2 EHO 
(15), a highly cytopathic, HIV-2-related 
virus (16). After 1 hour of infection to 
allow HIV-2 entry in the presence of differ- 
ent inhibitors, cells were trypsinized to 
eliminate input virus and were cultured to 
assay for the production of virus. Peptides 
IPI and KPR (at 10 mM) and mAb 1F7 
resulted in 81, 96, and 85% inhibition of 
HIV-2 EHO production, respectively, 
whereas the corresponding control agents 
(peptide GGG and anti-CD10) had no 
apparent effect. In a similar experiment, 
IPI, KPR, and mAb IF7 treatment during 
HIV-1 LA1 entry resulted in 96, 94, and 
89% inhibition of virus production, respec- 
tively (1 5). 

Previous studies have indicated that the 
additional cell surface component required 
for HIV entry, like the CD4 molecule, is 
species specific (1 7). We found DPP IV- 
like peptidase activity on the surface of 
CD4- human and murine cell lines (18). 
However, peptidase activity on murine cells 
(such as NIH 3T3 and L929 cells) was 
resistant to inhibition by IPI. In further 
studies with extracts from human (HeLa) 
and murine (NIH 3T3) cells, the murille 
enzyme was less sensitive to inhibition by 
IPI than the human one. The concentra- 
tion of IPI that inhibited activity by 50% 
(IC,,) was at least 100-fold higher for 
murine compared to human DPP IV-like 
activity assayed on GP- or RP-pNA. The 

Fig. 3. Presence of CD26 
CEM-13 on Molt-4, CEM-131, Jur- 

kat, and U937 cells. Fluo- 
rescence-activated cell 
sorting analysis of cell 
lines was carried out with 
mAb 71/11 against hu- 
man ribosomal associat- 
ed protein kinase (Hova- 
nessian, lnstitut Pasteur) 
as a control, and mAbs - BA5 (Immunotech, SA, - Marseille) and OKT4A (Or- 

JURKAT '"1 crtrO' 937 tho Diagnostics Systems) 
against CD26 and CD4, 

BL5 P-LFA-1 168k 9 log Relative fluorescence intensity 
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activity of arginine-peptidase was similar 
between human and murine sources and 
was relatively insensitive to IPI (1 8). Our 
results suggest that CD26 sequence differ- 
ences between these species are responsible 
for the inability of HIV to infect murine 
cells expressing the human CD4 molecule. 

The inability of murine CD26 to serve as 
a cofactor with human CD4 was further 
demonstrated by the experiment described 
in Fig. 4A. NIH 3T3 cells were transfected 
with human CD4- and CD26-expressing 
plasmid vectors, either individually or to- 
gether. Transfected cells were then chal- 
lenged with HIV-1 LA1 and the production 
of virus was measured by using the superna- 
tants to infect CEM cells. At 7 days after 
infection, no significant virus production 
was detectable in supernatants of NIH 3T3 
cells expressing either CD4 or CD26. On 
the other hand, culture supernatant from 
transfected cells expressing both CD4 and 
CD26 produced at least 30-fold higher lev- 

els of infectious virus in CEM cells. Addi- 
tion of IPI (Fig. 2) and heparin (1 0) to cells 
expressing both CD4 and CD26 resulted in 
inhibition of HIV infection. As the murine 
CD26 peptidase activity is resistant to IPI, 
the blockage of HIV infection during viral 
challenge of NIH 3T3 cells should be due to 
the inhibitory effect of IPI on the trans- 
fected human CD26. 

NIH 3T3 cells expressing either CD4 or 
CD26 were found to be slightly infectable, 
as they produced infectious virus that, 
when amplified on CEM cells, resulted in 
the production of detectable amounts of 
virus at day 11 after infection. However, 
the amount of virus produced from such 
transfected cells was found to be at least 70- 
and 650-fold less, respectively, compared to 
that from transfected cells expressing both 
CD4 and CD26 together (Fig. 4A). The 
fact that no infectious virus was found in 
the culture supernatant of control NIH 3T3 
cells that were infected in parallel with 

7 9 11 C D 4  + + + + +  
Days post infection C D 2 6  - + + + +  + 

Fig. 4. Coexpression of human CD4 and CD26 in murine NIH 3T3 cells renders them permissive to 
infection by (A) HIV-1 and (B) HIV-2. NIH 3T3 cells were transfected with human CD4- and 
CD26-expressing plasmid vectors, either independently or together, by calcium phosphate 
coprecipitation (32). At 48 hours, transfected cells were challenged with HIV-1 LA1 or HIV-2 EHO in 
the absence or presence of IPI (20 mM) and heparin (100 pglml). Six hours later, cells were 
trypsinized to eliminate extracellular virus and then replated in fresh culture medium. Twenty-four 
hours after viral challenge, CEM cells (5 x lo6) were exposed to 1 ml of each culture supernatant 
for 90 min before dilution in 5 ml of culture medium (RPMI-1640 containing 10% fetal bovine serum). 
(A) HIV-1. The production of virus in CEM cell cultures was assayed by measuring the concentration 
of p25 (the mean of two independent experiments) in the culture medium on days 7, 9, and 11. Tfct., 
transfection; Trt, treatment; Hep, heparin (B) HIV-2. The production of virus in CEM cell cultures was 
assayed by measuring the reverse transcriptase activity in the culture medium on day 7 .  The mean 
of two independent experiments is shown. HIV-2 production in CD4+ CD26+ NIH 3T3 cells was 
confirmed by the presence of viral proteins as shown by immunoblot analysis of crude CEM cell 
extracts with HIV-2+ serum. NIH 3T3 cells transfected with the CD4-expressing plasmid resulted in 
the expression of CD4 on 6 to 8% of cells 48 hours after trypsin treatment, as monitored by FACS 
analysis of trypsinized cells with mAb OKT4 (32). Since trypsin treatment of cells eliminates cell 
surface CD26 antigen, the expression of CD26 in transfected cells was monitored by assaying 
DPP IV activity in immune complex preparations with mAb 1 F7 (31). DPP IV enzymatic activity was 
detectable only in extracts of NIH 3T3 cells transfected with the CD26-expressing plasmid. By this 
procedure, the DPP IV activity values of the human CD26 for the cleavage of GP-pNA in control, 
CD4+, CD26+, and CD4+ CD26+ cells were 0, 0, 416, and 385 pmollhour per 10" cells, respectively 
(31). For comparison, the DPP IV activity in similarly prepared immune complex preparations 
derived from extracts of CEM cells was 2960 pmollhour per l o 6  cells. 

HIV-1 illustrates that the presence of infec- 
tious virus in the culture supernatant from 
NIH 3T3 cells expressing both CD4 and 
CD26 was due to the replication of virus in 
these cells. 

In a similar type of experiment but using 
the HIV-2 EHO isolate, infection occurred 
in cells expressing both human CD4 and 
CD26 molecules. As expected, such infec- 
tion was blocked by tripeptide inhibitors 
(IPI and KPR) and heparin (Fig. 4B). 
Several reports have suggested that certain 
HIV-2 preparations can infect CD4- hu- 
man cells at very low efficiencies (19). 
Accordingly, expression of CD26 alone in 
NIH 3T3 cells resulted in a slight produc- 
tion by HIV-2 EHO, which was at least 
fivefold lower than that produced by cells 
expressing both CD4 and CD26 (Fig. 4B). 
Overall, these results confirm that CD26 is 
essential for HIV entry into CD4-express- 
ing cells. 

In order to confirm that production of 
virus in NIH 3T3 cells expressing human 
CD4 and CD26 was due to HIV replica- 
tion, transfected cells were challenged with 
HIV-1 LA1 in the absence or the presence 
of 5 FM of the reverse transcriptase inhib- 
itor, azidothymidine (AZT). Cells were 
then washed extensively before trypsiniza- 
tion and passaging in fresh culture medium. 
After 24 hours, virus in the supernatants of 
these cultures was assayed by infection of 
CEM cells. At 7 days after infection, syn- 
cytia were observed only in CEM cells 
infected with the supernatant of CD4+, 
CD26+ transfected cells that had been 
challenged with the HIV virus in the ab- 
sence of AZT. The concentration of p25 in 
the CEM supernatant was 450 and 8 pg/ml 
in cultures infected by virus in the absence 
or in the presence of AZT, respectively. 
These results indicate that HIV replication 
was indeed required in NIH 3T3 cells ex- 
pressing both CD4 and CD26 in order to 
produce infectious virus. Such observations 
also illustrate that HIV production by trans- 
fected cells expressing human CD4 and 
CD26 was not due to any artifactual conse- 
quences of the experimental approach used 
in these experiments. 

To investigate the mechanism by which 
peptide inhibitors inhibit viral entry, we 
studied the binding of lZ5I-labeled gp120 to 
CEM cells in the presence of mAbs and 
peptide inhibitors (Fig. 5). As expected, 
mAbs OKT4A and 11014 (2) completely 
abolished the binding of lZ5I-labeled gp120 
to CEM cells. In contrast OKT4 only par- 
tially inhibited the binding, consistent with 
the slight inhibition of HIV entry by this 
antibody. A partial inhibition of gp120 
binding was observed with mAb 1F7 (most 
probably a result of steric hindrance), sug- 
gesting that CD26 is located in the vicinity 
of the CD4 molecule. The peptide inhibitors 

SCIENCE VOL. 262 24 DECEMBER 1993 



IPI and KPR had no apparent effect on the 
binding, thus indicating that their inhibi- 
tion of viral entry is a post-binding event. 

The observations that peptides contain- 
ing motifs conserved in the V3 loops of 
HIV-1 or HIV-2 isolates can block CD26 
peptidase activity and HIV entry are strong- 
ly in favor of an interaction between the V3 
loop and CD26. The V3 loop peptides (24 
to 33 amino acids in length) did not affect 
the DPP IV activity of CD26 in the assay in 
which GP- or RP-pNA was used as an 
exopeptidase substrate. This can be ex- 
plained by the higher affinity of GP-pNA 
for the enzyme as compared with V3 loop 
peptides (20, 2 1). However, for HIV entry, 
the V3 loop can compete with the gp120 of 
the HIV particles since it is competing with 
a similar structure. 

The observation that peptide inhibitors 
blocked entry of HIV without affecting the 
binding of gp120 to the CD4 receptor 
suggests that the CD4 molecule simply 
serves as an efficient virus attachment site 
on the cell surface that then allows the 
interaction between the V3 loop and 
CD26. Binding of gp120 to CD4 may in- 
duce conformational changes, making the 
V3 loop more accessible. This is the obser- 
vation that the binding of V3 loopspecific 
mAb to gp120 is enhanced by soluble CD4 
(sCD4) (22). Although HIV entry was 
significantly blocked by both mAb IF7 as 
well as tripeptides IPI and KPR, DPP IV 
activity was inhibited only by the tripep- 
tides. Monoclonal antibody IF7 had no ap- 
parent effect on DPP IV activity (23). On 
the other hand, these tripeptides did not 
affect binding, whereas mAb 1F7 exerted a 
partial inhibitory effect that was probably 
due to steric hindrance. These two types of 
inhibitors therefore might interfere in the 
process of HIV entry by two independent 
mechanisms: IPI and KPR could inhibit the 
active site involved in DPP IV, whereas the 
gp120 recognition site in CD26. 

We have been unable to detect the cleav- 
age of gp120 during HIV-1 entry in CEM 
cells. Similarly, gp120 is not cleaved when 
incubated with a purified preparation of 
DPP IV or when incubated with cell extracts 
manifesting high levels of DPP IV activity 
(21). Therefore, it remains possible that 
CD26 is acting as a coreceptor without 
actually cleaving its target. 

Under our conditions, peptides that in- 
hibited HIV entry also inhibited cell surface 
DPP IV activity at similar concentrations. 
However, further studies based on point 
mutations in the catalytic domain of CD26 
are necessary to determine a requirement 
for the catalytic domain. 

Previously, several authors (24) have re- 
ported cleavage occurring in the V3 loop of 
pure preparations of gp120 into 50- and 
70-kD fragments by thrombin, ttyptase, and 

2048 

Fig. 5. The binding of gpl20 to CEM cells in the 1 2 3 4  5 6  7 8  
presence of tripeptide inhibitors and anti-CD26. 
CEM cells (5 x lo6) were incubated (3PC, 1 
hour) with lZ51-labeled gplZ0 (50 ng; 10 Cilmg) 
in the presence or absence of 20 mM KPR or 
IPI, or mAbs at 1 ~glml. Cells were then .) 4- 

washed with PBS containing 2 mM EDTA, and 
cytoplasmic extracts were analyzed by poly- 
acrylamide gel electrophoresis in the presence 
of SDS. Recombinant gp120 was radioiodinat- 
ed with the Bolton-Hunter reagent as described 
(1 1). No apparent internalization of gp120 oc- 
curred under these experimental conditions. Trypsin treatment resulted in complete loss of 
1251-labeled gp120 bound to cells. Lane 1, no added inhibitors or antibodies; lane 2, KPR; lane 3, 
IPI; lane 4,OKT4; lane 5, OKT4A; lane 6, 1F7; lane 7, 11014; lane 8, ALB1. The arrowhead indicates 
the position of gp120. 

cathepsin E. Cleavage was enhanced in the 
presence of sCD4, suggesting that the bind- 
ing of gp120 to sCD4 may expose the V3 
loop and make it a potential target for the 
action of different proteases. A phenyl- 
methyl-sulfonyl-fluoride (PMSF)-resistant 
cleavage of gp120 in purified HIV-1 prep- 
arations that were mixed with sCD4 has 
also been reported; however, it is most 
unlikely that this cleavage is a conse- 
quence of CD26 functioning, as DDP IV 
activity is inhibited by low concentrations 
of PMSF (25). Under our experimental 
conditions, the IC5, value of PMSF on the 
DDP IV activity was 0.2 mM. 

The involvement of CD26 in HIV entry 
and infection would be consistent with other 
findings. In freshly isolated CD4+ T lym- 
phocytes, CD26 is expressed on the surface 
of quiescent cells but its level is enhanced 
considerably upon T cell activation (26), a 
process routinely associated with enhanced 
expression of cell surface CD26 (27). 

brane, of infected cells, it is responsible for 
initiation of apoptosis by interaction with 
the CD4 molecule (29). By analogy with 
the mechanism of HIV entry described here 
and previous observations indicating that 
modulation of CD26 results in signal trans- 
duction (27), it remains plausible to suggest 
that CD26 is also implicated in the mech- 
anism of triggering apoptosis through the 
gp41lgp120 complex. 

The inhibition of HIV-1 and HIV-2 
entry by IPI and KPR indicates the possi- 
bility of developing simple but specific in- 
hibitors that could block the function of 
CD26 and thus be used as effective thera- 
peutic agents in AIDS patients. Finally, the 
domains in the V3 loops of HIV-1 and 
HIV-2 containing the strongly conserved 
dipeptide motifs could be considered as 
potential targets for the development of 
polyvalent vaccines. 
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Distinct Roles for Cyclin-Dependent Kinases in 
Cell Cycle Control 

Sander van den Heuvel* and Ed Harlow 
The key cell-cycle regulator Cdc2 belongs to a family of cyclin-dependent kinases in higher 
eukaryotes. Dominant-negative mutations were used to address the requirement for ki- 
nases of this family in progression through the human cell cycle. A dominant-negative Cdc2 
mutant arrested cells at the G, to M phase transition, whereas mutants of the cyclin- 
dependent kinases Cdk2 and Cdk3 caused a G, block. The mutant phenotypes were 
specifically rescued by the corresponding wild-type kinases. These data reveal that Cdk3, 
in addition to Cdc2 and Cdk2, executes a distinct and essential function in the mammalian 
cell cycle. 

Cel l  division is controlled bv wav of a , , 

complex network of biochemical signals 
that are similar in all eukaryotic cells. 
Together, these signals regulate specific 
transitions in the cell cycle. The best char- 
acterized transitions are those from G,  to S 
phase and from G2 to mitosis. In yeast, 
passage through both transition points is 
regulated by the same protein kinase, the 
product of the CDC28 or cdc2+ gene for 
Saccharomyces cerevisiae and Schizosaccharo- 
myces pombe, respectively (I) .  The Cdc2- 
CDC28 catalytic subunit requires associa- 
tion with a cyclin regulatory subunit for 
kinase activity (2), and different cyclins are 
involved in the G,/S transition (GI cyclins) 
and the G,/M transition (mitotic cvclins). 
Multicellular eukaryotes appear to have 
developed a higher degree of regulation. 
They express multiple cyclins, like yeast, 
but also contain multiple catalytic sub- 
units that can interact with these cyclins. 
Whereas p34'dc2 is active and essential at 
the G2/M transition (3, 4), a closely relat- 
ed kinase, p33cdk2, has been implicated in 
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the initiation of DNA replication (3, 5, 6). 
Twelve human protein kinases have 

been described that share extensive amino 
acid sequence identity with p3+dc2 (7-1 0). 
These kinases are named temporarily after 
their amino acid sequence in the 
PSTAIRE-region (I I ) ,  a domain that is 
conserved between yeast and human Cdc2. 
Alternatively, they are designated as cy- 
clin-dependent kinases either when a cyclin 
partner is identified or when they comple- 
ment yeast cdc2-cdc28 mutations. In mam- 
malian cells, Cdc2 associates mainly with 
A- and B-type cyclins; Cdk2 associates with 
cyclins A, E, and D; and Cdk4 (formerly 
PSK-J3), Cdk5 (previously PSSALRE) , 
and Cdk6 (previously PLSTIRE) associate 
with D-type cyclins (5, 8, 10, 12, 13). 
Although Cdk3 has never been found in 
association with cyclins, because of high 
sequence identity with both Cdc2 and 
Cdk2 and the ability to complement cdc28 
mutations in yeast, it is classified as a 
cyclin-dependent kinase (7). 

The existence of a family of CdcZ-relat- 
ed genes suggests that other kinases, in 
addition to CdcZ and Cdk2, may regulate 
distinct steps in the cell cycle. To investi- 
gate the requirement for the other kinases 

in cell cycle progression, we examined the 
phenotypic consequences of the inactiva- 
tion of each kinase. We generated domi- 
nant-negative mutations for each Cdc2- 
related kinase and expressed these mutant 
forms in human cells. When expressed at 
high levels, dominant-negative mutations 
inactivate the function of the wild-type 
protein by competing for essential interact- 
ing molecules (14). Data from previous 
structure-function studies predicted that 
the mutation of Asp145 in Cdk2 (Asp146 in 
Cdc2) might generate dominant-negative 
mutants. This residue is conserved in all 
protein kinases and is part of an amino acid 
stretch, KLAD*FGLAR (1 1) (* marks 
point of mutation), that is identical in all 
Cdc2-related genes (7, 15). The equivalent 
Asp residue in 3',5'-adenosine monophos- 
phate (CAMP)-dependent kinase is known 
to be essential in the phospho-transfer re- 
action (16). On the basis of the crystal 
structure data, this residue presumably che- 
lates Mg2+ and orients the p- and y-phos- 
phates of magnesium adenosine triphos- 
phate (Mg2+ATP) in the catalytic cleft of 
the enzyme (1 7). Moreover, an Asp to Asn 
point mutation at this position has been 
identified in one of the two dominant- 
negative mutant alleles that have been 
found for CDC28 in yeast (18). Finally, 
this residue is located outside the regions of " 
cdc2 that are implicated in binding cyclin 

, and ~ 1 3 ~ " "  subunits (1 9). 
I. 

~, 

To determine whether dominant-nega- 
tive inhibition could lead to specific loss of 
function, we tested the effects of the Asp to 
Asn mutation in CdcZ and Cdk2. For each 
kinase, four versions were generated: wild 
type (wt) and mutant, each untagged or 
modified with an influenza hemagglutinin 
(HA) epitope tag at the COOH-terminus 
to allow discrimination between endoge- 
nous and exogenous kinases (20). When 
expressed from the inducible GAL4 pro- 
moter in yeast, wild-type tagged and un- 
tagged forms of CdcZ and Cdk2 were able to 
rescue the cdc28-4 allele at the nonpermis- 
sive temperature (36"C), indicating that 
the tagged kinases were functional (21). 
The corresponding mutant forms could not 
rescue cdc28 mutations at the nonpermis- 
sive temperature. Moreover, these mutants 
interfered with proliferation when induced 
at the permissive temperature (2 1 ) . 

The wild-type and mutant kinases were 
cloned under the control of the cvtomeealo- - 
virus (CMV) promoter and were transiently 
transfected into human U20S osteosarcoma 
cells (20, 22). The expression levels of the 
wild-type and mutant proteins were similar 
(Fig. 1, B and C) . However, in vitro histone 
H1 kinase activity was only associated with 
the wild-type kinases (Fig. ID). The epi- 
tope-tagged forms of both wild-type and 
mutant CdcZ appeared to associate with 
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