
Association of cdk2 Kinase with the Transcription ~ R N A  (12), and E2Fdependent aanscrip- 

Factor E2F During S Phase tion is stimulated by E1A (13-15). E2F 
binding sites are present in the promoter 

The tramaiption tictor E2F controls the expression of several probtion-related 
genes and is a target of the adenovirus E1A oncogene. In human cells, both cydin A 
and the cdk2 protein lcinase were found in complexes with E2F. Although the total 
amounts of cdk2 were consfant in the cell cycle, biiding to E2F was deacted only 
when cells entered S phase, a time when the cdk2 kinase is activated These data suggest 
that the interaction between cdk2 and E2F requires an active kinase that has cydin A 
as a targetkg component. 

C OMPONENTS OF THE CELL CYCLE 

control machinery are likely to be 
targets of oncogenic events (1, 2). 

Of the many cyclindependent kinase (cdk) 
subunits (3) identified in mammalian cells, 
cydin A interacts with oncogene products. 
In virally infected human cells, cydin A 
associates with the adenovirus E1A gene 
product (ElA) (4, 5), and the same E1A 
sequences that were found ne<-nssary for 
E1A to immortalize primary cells are re- 
quired for cydin A binding to ElA, suggest- 
ing that this interaction is of functional 
relevance for the oncogenic events mediated 
by E1A (6). The human cydin A gene was 
first cloned as the integration site of hepatitis 

B virus, in a hepatocellular carcinoma (7). 
Cydin A is a nudear protein (8, 9) that 
binds two distinct catalytic subunits, cdc2 
and cdk2 (9, 10). Furthemre, microinjec- 
tion of antibodies to cydin A into ceUs in G1 
inhibits those cells from replicating DNA, 
and microinjection of these antibodies into 
cells in G2 inhibits entry into mitosis (9), 
suggesting that the two cyclin A compkxes 
are each required for progression through a 
specific point in the cell cyde. The cyclin 
A-cdk2 complex could function in control- 
ling initiation of or progression through 
DNA replication, or both. Therefore, the 
b i  of cydin A-cdk2 by the E1A pro- 
tein (10, 11) might reeect a requirement fbr 
the virus to i n t e r e  with the host DNA 

regionPof several &llular genes (1&21). At 
least two genes carrying E2F binding sites, 
dihydrofolate reductax (16) and human 
DNA polymerase a (21), are essential for 
DNA replication. Furthermore, in non- 
&ormed mammalian cells, E2F forms a 
complex with both cydin A and the retino- 
blastoma gene product (pRb), and these 
complexes can be displaced by E1A (22-25). 
The regions ofE1A required to activate E2F 
(26) are the same regions that are required 
for the transforming activity of E1A (27), 
and for binding cellular proteins, such as 
cydin A (6) or pRb (27). 

Because cydin A can bind either cdc2 or 
cdk2, we investigated whether these pro- 
teins were also components of complexes 
containing E2F. We generated a polyclonal 
antiserum by injecting rabbits with a peptide 
corresponding to the COOH-terminus of 
human cdk2. The &ty-purified antibod- 
ies (anti-cdk2) recognized a single band on 
immunoblots from human cell extracts and 
did not cross-react with cdc2 (Fig. 1A) (9). 
We investigated whether these antibodies 
and antibodies to the COOH-terminus of 
cdc2 (anti-cdc2) (28) interfered with the 
E2F gel retardation assay. HeLa a l l  extracts 

M. pw kq mtim synthesis apparatus in order to replicate its were&ubated with an-oligonucleotide en- 
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Fig. 1. Detection of human cdk2 and cydin A in E2F complexes. Spechicity 
of anti& (A). Proteins (5 LEI from & M i a  coli an,cessine recombi- 
nant cdk2 (&I& 1 and 3) &kombinant cdc2 (& 2 an; 4) were 
separated by gel elccaophoresis and immunoblotted with &ty-pwified 
anti-cdk2 (lanes 1 and 2) or anti-cdc2 (lanes 3 and 4). Band shift assays of 
HeLa cells (B) and WERI cells (pRMcient )  (C). Cells were cultured as 
described (4, 34). Whole cell extracts were prepared by a rapid extraction 
method (35) with some d c a t i o n s  (15). Briefly, cek were collected, 
rinsed with phosphate-buffered saline, and resuspended in 1.5 volumes of 
lysis bu& A [20 mM Hepcs (pH 7.9), 0.4 M NaCl, glycerol 25%, 1 mM 
EDTA, 2.5 mM dithiothreitol (DlT), and 1 mM phenylmerhylsulfonyl 
fluoride]. Cek were kept on ice for 20 min, frozen at - 70°C, and thawed on 
ice. Subsequently the suspension was vigorously mixed and ten- for 
10 min at 13,600g in a miaucenmhge. Band shift assays were performed as 
follows: synthetic oligonudeotides corresponding to both strands of the 
distal E2F binding site of the adenovicus E2 promoter (GATCCACTAGIT- 
TCGCGCGC??TCTA and G A T C T A G A A A V C T A G T G )  
were used as wild-type (WT) probe. The mutant oligonudeotides com- 
spond to the sequences GATCCACTAGTTI'ACTCAGAThJXA and 
GATCTAGTJ'ATCTGAGTAAACTAGTG, respectively (36). The 5' ends 
of the oligonudeotides were labeled with T4 polynudeotide kinase and 
[r-32P]ATP (adenosine mphqhate). The DNA was purified by gel elec- 
trophoresis and diluted to 10,000 cpm/pl. Pmbe DNA (1 pl) was incubated 
in a final volume of 10 pl with 500 ng of ply-dAdT, 2 mM MgCI,, glycerol 
(lo%), and 2 pl (5 pg) of extract for 10 min at 20°C. The mixture was 
separated on a native polyacrylamide gel (4.5%) run in 0 . 3 ~  his-borate- 
EDTA (TBE) buffer for 60 to 75 min at 4°C. The gel was dried and exposed 
for autoradiography. The specificity of the resulting pmtcin complexes was 
investigated by competition with a 20-fold excess of unlabeled probe DNA 
ofeither the wild-type or the mutated sequence, as indicated. To analyze the 
protein composition of the complexes the reactions were incubated with 
&ty-puri6ed antibodies (1.5 pg) or monodonal antibody (0.1 pg). Afm 
the 10-min incubation at 20°C the antibody was added and the incubation 

continued for 1 hour on ice. The armwheads point to the complexes that 
were disrupted by the presence of both anti-cdk2 and anti-cydin A. The 
preparation, purification, and chammktion of the antibodies to COOH- 
terminus of cdk2 (antiidk2), the COOH-terminus of cdc2 (anti&), 
cydin A (anti-cydin A), and sucl (anti-sucl) have been described (9, 28, 
29). The monoclonal antibody to cydin A (C160) has been described (4). 
The C36 monodonal antibody to pRb (37) was obtained from Triton 
Biosciences Inc. 
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We detected five specific complexes that were 
n o t m m p e d b y a m u t a t e d E 2 F ~  
tide, however the complexes were almost com- 
pletely absent if excess wild-type oligonudee 
tide was present in dK incubation mixture (Fig. 
1B). Addition of a%inity--purified anticdk2 or 
anti-cydin A inhibited the appearance of two 
spedfic bands and inarased the intensity of a 
k migrating band, which might be fke 
E2F (14).Thisbandappearedinparttobeduc 
to non-specific b i  because it was not 
displaced by arcess wild-type o l i g o ~ e .  
Afbity--purified anti& or antibodies to 
sucl, anuther cdc2-associated protein (29), did 
not a f k t  the gel retardation p d e s .  Inah-  
tion with antibodies to cydin B had no e f k t  
on complex formation (30). An analogous ex- 

periwnt was perfixmed with ex&.uts h n  a 
pRbdefiient cell line (Weri) (Fig. 1C). Addi- 
tion of Mty--purified anticdk2 or antkydh 
AaswellasthemOflOdOnalantibodytocydin 
A C160 (4) inhibited the appcararxE of two 
spes16c E2Foomplexes. Adbodies to pRb, 
sucl (Fig. lC), or to cdc2 or cyclin B (30) did 
notatlixtthebandshifipattem.Thissqxri- 
ment demommm that both cyclin A and cdk2 
can bind E2Fcomplexes independendy of 
p a -  

Toanalyzehrtherthepresenceofcdk2in 
E2F complexes, extracts fiom asynchronously 
growing HeLa cells were incubated with ei- 
ther aflinity-puri6ed anti& or anti&. 
Immunocompkxes were. bound to protein 
A-Sephacose, washed, and eluted with excess 

e 2), from 
. . an anti-cdc . . 

E2F-Sepharose 
61 E2F-Sepharose+l pg wt oligo 

E2F-Sepharose+l pg mutant o 
Ed E2F-Sepharose+ 20 pg mutant ohgo 

antigenic peptide; the eluted protcin com- 
plexes were used for band-shift assays. E2F 
complexes were released only h m  anti& 
but not anti& immunGrecipitates (Fig. 
2A). These compkxes were not d d  after 
incubation in the presence of excess wild-type 
oligonucleotide, but were not afktxed- by 
incubation with mutant oligonucleotide (Fig. 
2B). Furthermore, the antigenic peptide from 
the COOH-terminus of cdc2 did not elute 
E2F-binding proteins fiom anti& irn- 
munoprecipitates (Fig. 2A). Also, reimmu- 
no~reci~itation of the material released fiom 

I I 

the anti& immunoprecipitates with anti- 
cydin A abolished the band shih, codrming 
that cydin A and cdk2 are part of the same 
E2F complexes (30). 

To test whether an active histone H l  
kinase was bound to E2F-complexes, we 
incubated a HeLa cell extract with E2F- 

( 

ligo , 

~IigcAepharose prepared by coupling mul- 
timers of the E2F binding site to activated 

Fig. 2. Binding of cdk2 kinase to E2F. (A) 
HeLa extract (5 mg) was immunoprecipi- 
tated with anti-cdk2 or anti-cdc2 as de- 
scribed (4, 28). Rriefly, cell extracts were 
prepared by addition of 3 to 5 volumes of 
lvsis buffer B [50 mM ms-HCI (pH 7.4), 
0.25 M NaCI, Triton X-100 (0.1%), 5 miM 

)TA, 50 mM NaF, 1 mM DTT, and 0.1 
v l  Na,VO,] to a cell pellet. Elution was 
rforrned by incubating the pellets with 
)OH-terminus peptide (250 kg125 p1) 

for 3 hours on ice with occasional mixing. 
The material eluted from an anti-cdk2 
immunoprecipitation with cdk2 peptide 

(Ian1 2 immunoprecipitation with cdc2 peptide (lane 3), or from an anti-cdk2 
immunoprecip~tanon w ~ t h  cdc2 pptide (as a control) (lane 4)  was then assayed for E2F-binding 
activity. E2F complexes obtained as in Fig. 1 (lane 1) (Fuji film, overnight exposure) are compared to 
the eluted material assayed for E2F binding (lanes 2 to 4) (Kodak film. 3-day exposure). (9) Binding 
specificity of the material eluted from anti-cdk2 immunoprecipitations was assessed by competition with 
the wild-type or mutant oligonucleotide. (C) Histone H1  kinase activity associated with E2F. HeLa 
extract (0.5 mg) was incubated with herring sperm DNA (100 ~ g )  with or without mutant or wild-type 
oligonucleotide for 15 min on ice. E2F-Sepharose (50 ~ 1 )  (30 pg ofwild-type oligo per milhliter of wet 
gel) (38) was used for each precipitation. Kinase reactions were performed as described (9). Briefly, afcer 
immunoprecipitation, samples (50 ~ 1 )  were incubated at 30°C in the presence of 50 mM tris-HCI (pH 
7.5), 10 mM MgCI2, 1 mM D?T, 40 pM A D ,  25 kCi of [y-32P]AD and histone H1  (0.2 mgiml) 
for 5 min. Nonspecific activiry (obtained in the presence of 200 pg wild-rype oligonucleotide) was 
subtracted from each sample. 

'kpharose and then assayed bound proteins 
br kinase activity. We detected a histone 
chase activity that appeared to be specifid- 
y bound to E2F complexes because its 
>inding to the column was prevented by the 
lddition of wild-type oligonucleotide but 
lot mutant oligonucleotide (much higher 
mounts of the mutant oligonucleotide, suf- 
ficient to inhibit the band shift, were re- 
quired to displace the kinase) (Fig. 2C). The 
detected kinase activity was a small fraction 
>f the total histone H1 kinase in the cell, but 
his was eJrpeaed given the very low abun- 
lance of E2F (31). 
Theamountofthecdk2protein,likethat 

fthecdC2protein,wasco~tincyding 
As, whereas cyclin A and cyclin B were 
ben t  in G1 cdls and their amounts slowly 
lncreasedascellsprogressedthroughthecyde 
(Fig. 3D). The histone H1 kinase activity 
associated with cdk2 paralleled the kinase 
activity associated with cydin A, although less 
activity was measured with anticdk2 under 
these conditions (Fig. 3, B and C). In partic- 
ular,thekinaseactivitywashighincellsinS 
phase and G2, and it preceded the activation 
ofthe kinase activity associated with cydin B 
or cdc2. The cdk2 kinase activity was also 
high in cells arrested with hydroxywea at the 
G1-S transition (32). Furthermore, complete 
depletion of cydin A h m  cell extracts abol- 
ished 90% of the d-bk histone H1  ki- 
nase associated with cdk2 demonstrating that 
thecydinparmcrofactivecdk2inthescells 
is mostly cydin A. 

E2F gcl~recardation assays were done with 
cultures of cells undergoing synchronous 
progression through the cell cycle. The spe- 
cific DNA binding compkxes abolished by 
anti-cydin A or anti& antibodies in 
asynchronous cells were not present in G1 
cells, but they appeared in early S phase cells 
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and disappeared again as cells progressed plcxes could be dissociated by anti+ A 
towards mitosis (Fig. 4 4 .  In extracts from or a n t i d  (Fig. 4B), but displacement of 
G1 cells none of the DNA binding com- DNA binding proteins occurred &ciently 

A B C 

Tlme (hours) 

D 
Fig. 3. Cell cycle n d cdk2 
k i n a .  Cell synchronizanon by cenuihgal 

A elutriation was perfomed as descrikd 
(28). Fractions enriched in G1 cells were 
iei-lated at a density of 2 x lo5 to 3 

cde x 10%ells per milliliter. DNA synthesis 
1 :  d 

was monitored by measuring [3H]thy- 

Cydin A 
midine incorporation. (A) Flow 

cytomew profiles of asynchronous HeLa cells (I&) and of the 
reinoculated GI-cell fraction (right). The open and closed triangles 
mark 2N and 4N DNA content, respectively. (B and C) Kinase 

cyciln B activities measured as described (9) after immunoprecipitation with 
o 4 B la $ 0  2 3  antibodies to the indicated proteins. The maximal level of kinase 

Time (hours) activity corresponds to 3.5, 6.9, 4.6, and 11.4 pmol of phosphate 
incorporated per minute per milligram of protein with anti-cdk2, 

andcdc2, anti-qdh A, and anti-qdin R, respectively. (D) Amounts of protein during the cell cyde. Total 
proteins (100 ~g pcr lane) from HeLa lysates were dd from geL~ by semidry blorring (39) and 
immunoblotted as described (40). (E) Co'iunopraip~rations and immunoblotting. Proteins frwn cell 
exuacts were fim immunopmipitated with andkqclin A (to deplete cyclin A) (samples used in lanes 3 and 
4) or normal rabbit serum (conaol) (samples used in lanes 1 and 2). Proteins were then immunoprecip 
itated From these e m a s  with anti-cyclin A (lanes 1 and 3) or antiidk2 (lanes 2 and 4). Each sample was 
immunoblotted as indtcated and assayed for histone H I  kiase activity. The kinase activities of 
immunoprecipitates correspondme to lane5 1 to 4 were 100,100,3.4, and 11% of maximal, respectively. 

Ap4.Cdl~rcgdat iondE2Fannp*ra.  (A)CckfmmthesamcqaimcntdcrrdMinFig. 
3 were used r E2F band shift assays. (B) A G1 p h a s c 4 d K d  fraction (time 0) was assayed in the 
prrscmr of cxcwss wild-type or mutant oltgont&otidc, or the indicated antibodies. (C) An S 
phasedchad fiaaion (8 hours afkr rc indt ion)  wac assayed as in (B). Arrowheads point to the 
compkrcs that wac less abundant ?ftcr incubation with both anti& and anti-cydin A antibodies. 
Atlkity-pun6cd antibodies to cydin B (anti-cydin B) wac obeained by immunizing rabbits with 
punficd r e c o m b i t  human cydin B, and purifying the serum on cydin BScpharox (41). The bottom 
band appeared only in some qaimcnts, probably as a rrsult of E2F dissociation. 

in extracts tiom S phase cells (Fig. 4C). This 
demonstrates that despite the fact that the 
amount of& in the cell is constant during 
the cell cyde, binding of cdk2 to E2F only 
occurs in S phase cells, probably as a conse- 
quence of its association with cyclin A. 

Microinjection of human cells in G1 with 
antkydn A inhibits entry into S phase (9). 
We have shown that in addition to cydin A, 
cdk2 is a camponent of E2F awpkxes and 
that the binding ofE2F to cdk2 is qulated in 
thecellcydeinparallelwiththeappmanceof 
the uW-cych A kinase activity. An active 
kinase,pmbablyhavingcdk2asitscata@ 
subunit w a  d d  in E2F comp%xes. A dear 
as~emnentofthefUnaionalrdeoftheE2F- 
cdk2~wil lpmbablyhavetoawaitthe 
dolling of this tramaiption hmr. qdin  
A 4 k 2  could either acdvatc or inahate E2F- 
d e p e n d e n t t l a m i p t i o n o f ~ t h a t ~ o n  
in S phase. Al-ly, pphosphorylation of 
E2F by cydin A-cdk2 might moditj. its bind- 
ing speci6city (131, driving it towards a & 
subset of cellular genes. E2F might even take 
part in DNA replication bdependendy of its 
activity as a tlamiption facmq this activity 
dberegulatedbycydinA-cdk2.'Ihis 
stlndysuppaasthenewviewthatonefUnction 
ofthecydin~ofthecdkkinasesmaybe 
r q e t h g t h g e e r a y m e s t o s p e c i f i c ~  
sites (33), lead& to stable 
itmractionrs. 
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