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Abstract. The activity of the mitosis-promoting kinase 
CDC2-cyclin B is normally suppressed in S phase and 
G2 by inhibitory phosphorylation at Thrl4  and Tyrl5. 
This work explores the possibility that these phosphor- 
ylations are responsible for the G2 arrest that occurs in 
human cells after DNA damage. HeLa cell lines were 
established in which CDC2AF, a mutant that cannot be 
phosphorylated at Thrl4  and Tyrl5, was expressed 
from a tetracycline-repressible promoter. Expression of 
CDC2AF did not induce mitotic events in cells arrested 
at the beginning of S phase with DNA synthesis inhibi- 

tors, but induced low levels of premature chromatin 
condensation in cells progressing through S phase and 
G2. Expression of CDC2AF greatly reduced the G2 de- 
lay that resulted when ceils were X-irradiated in S 
phase. However, a significant G2 delay was still ob- 
served and was accompanied by high CDC2-associated 
kinase activity. Expression of wild-type CDC2, or the 
related kinase CDK2AF, had no effect on the radia- 
tion-induced delay. Thus, inhibitory phosphorylation of 
CDC2, as well as additional undefined mechanisms, de- 
lay mitosis after DNA damage. 

I 
N eukaryotic cells, the initiation of mitosis requires the 

activity of the cyclin-dependent protein kinase, CDC2 
(Nurse, 1990; Dunphy, 1994; King et al., 1994). CDC2 

activation is a complex process that begins with the bind- 
ing of CDC2 to a positive regulatory subunit, cyclin B, 
whose levels gradually increase during S phase and G2 and 
reach a maximum at mitosis. Before mitosis, it is thought 
that the CDC2-cyclin B complex is held in an inactive state 
by phosphorylation at Thrl4 and Tyrl5, which is catalyzed 
by Wee1 and related protein kinases (Nurse, 1990; Dun- 
phy, 1994; King et al., 1994; Mueller et al., 1995). At the 
end of G2, abrupt dephosphorylation of these sites by the 
phosphatase CDC25 triggers CDC2 activation. 

Dephosphorylation of inhibitory sites in CDC2 is 
thought to be a key determinant of mitotic timing in the 
fission yeast, Schizosaccharomyces pombe, where genetic 
defects that reduce Tyrl5 phosphorylation lead to prema- 
ture mitosis (Gould and Nurse, 1989). The timing of mito- 
sis during postblastoderm development in Drosophila is 
also controlled by dephosphorylation of inhibitory sites 
(Edgar and O'Farrell, 1989, 1990). The importance of in- 
hibitory phosphorylation is less clear in mammalian cells, 
where premature mitotic events occur to limited extents in 
transiently transfected cells overexpressing CDC2AF, a 
mutant form of CDC2 in which Thrl4 and Tyrl5 are 
changed to alanine and phenylalanine, respectively (Krek 
and Nigg, 1991; Heald et al., 1993). In the budding yeast, 
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Saccharomyces cerevisiae, mutation of the equivalent resi- 
dues has no clear impact on normal cell cycle timing 
(Amon et al., 1992; Sorger and Murray, 1992; Booher et al., 
1993; Stueland et al., 1993), although these mutations dis- 
rupt the coordination of mitosis with bud emergence (Lew 
and Reed, 1995). 

Cell cycle checkpoints normally ensure that mitosis does 
not occur until DNA replication is complete (Murray, 
1994a,b). In S, pombe, preventing phosphorylation of 
Tyrl5 leads to mitosis even in the presence of chemical in- 
hibitors of DNA synthesis, suggesting that incomplete 
DNA replication normally restrains mitosis by stabilizing 
Tyrl5 phosphorylation (Enoch and Nurse, 1990). How- 
ever, in S. cerevisiae (Amon et al., 1992; Sorger and Mur- 
ray, 1992; Booher et al., 1993; Stueland et al., 1993) and in 
the early embryos of Xenopus laevis (Kumagai and Dun- 
phy, 1995), there is evidence that dephosphorylation of the 
inhibitory sites is not sufficient to induce premature mito- 
sis when DNA synthesis is blocked. 

DNA damage also blocks the initiation of mitosis. In 
both fission and budding yeasts, the cell cycle arrest in- 
duced by DNA damage is not affected when inhibitory 
phosphorylation is prevented, suggesting that some other 
mechanism delays mitosis under these conditions (Amon 
et al., 1992; Sorger and Murray, 1992; Barbet and Carr, 
1993; Booher et al., 1993; Sheldrick and Carr, 1993; Stue- 
land et al., 1993). In mammalian cells arrested in G2 by 
DNA damage, some fraction of the CDC2 in the cell is 
phosphorylated at the inhibitory sites (Hofmann et al., 
1994; Kharbanda et al., 1994; Herzinger et al., 1995; Paules 
et al., 1995), but it is not known if this phosphorylation is 
required for G2 arrest. 
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This work addresses the requirement for inhibitory 
CDC2 phosphorylation in the mitotic delay that occurs af- 
ter DNA damage in mammalian cells. We have developed 
human cell lines in which we can inducibly express the 
CDC2AF mutant. Expression of this protein results in a 
substantial decrease in the mitotic delay that occurs after 
DNA damage, indicating that inhibitory phosphorylation 
does play a role in CDC2 regulation under these condi- 
tions. However, expression of CDC2AF does not com- 
pletely abolish G2 arrest, indicating that additional inhibi- 
tory mechanisms also restrain mitosis after DNA damage. 

Materials and Methods 

Cell Lines 
Hemagglutinin (HA) I epitope-tagged CDC2, CDC2AF, and CDK2AF 
were constructed as described (Desai et al., 1992; Gu et al., 1992) and sub- 
cloned into pUHDIO-3, in which they are driven by a tet operator fused to 
a minimal CMV promoter (Gossen and Bujard, 1992). Plasmids were 
cotransfected with a hygromycin resistance plasmid into HtTA-1 cells, a 
HeLa cell derivative containing the pUHD15-1 neo plasmid expressing 
the tTA transactivator under the control of a CMV promoter (Gossen and 
Bujard, 1992). Clones resistant to both neomycin and hygromycin were 
screened for inducible expression of HA-tagged CDC2 and CDK2. 

Cell Cycle Synchronization and X-Irradiation 
Hela cells were synchronized with a double thymidine block protocol. Ex- 
ponentially proliferating cells maintained in DME/10% FCS/10 p-g/ml tet- 
racycline were arrested in S phase by treatment with thymidine (2 mM) 
for 17 h, and were released from the arrest by three washes in PBS (137 
mM NaC1, 2.7 mM KC1, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, 0.9 mM 
CaC12, 0.5 mM MgCl2, pH 7.3). Cells were grown in fresh medium for 9 h 
and then subjected to a second thymidine treatment. After 14 h, cells were 
washed three times with PBS to allow progress into S phase. In the half of 
the population where foreign protein expression was desired, tetracycline 
was removed throughout the entire synchronization, from the beginning 
of the first thymidine treatment. For ionizing radiation experiments, cells 
released from the Gf/S block for 1 h were X-irradiated at room tempera- 
ture with a 150-kV Philips X-ray machine without a filter at a rate of 2.5 
Gray/min for a total dose of 6 Gray. 

For flow cytometric analysis of DNA synthesis and DNA content, cells 
were cultured in medium containing 10 I~M bromodeoxyuridine (BrdU) 
for 60 min before harvesting. Cells were trypsinized, fixed in 70% ethanol, 
and stained with FITC-conjugated a-BrdU antibodies and propidium io- 
dide (Larsen, 1994). Stained ceils were analyzed by a FACScan (Becton 
Dickinson, Mountain View, CA), and quantitation of S phase cells (la- 
beled by the FITC-conjugated a-BrdU) and G1 and G2/M cells (assessed 
by DNA content) was accomplished by a multiparameter assay with Lysis 
II software. 

Chromosome Spreading 
Chromosome spreading was performed as described (Heald et al., 1993). 
Briefly, rounded cells were gently collected by rinsing the dishes once with 
warm cell culture medium. The cells were pelleted and swollen by incuba- 
tion in 10 ml of hypotonic buffer (75 mM KC1) for 8 min. Swollen cells 
were centrifuged and fixed in methanol/acetic acid (3:1, vol/vol) for 8 rain. 
Drops of fixed cells were dropped from a distance of 1 m onto the surface 
of glass slides. Slides were dried and stained with HOECHST 33258. 

Biochemical Procedures 
To prepare cell lysates, cells were detached from 10-cm dishes with a rub- 
ber policeman, harvested by centrifugation, and resuspended in 200 Ixl ly- 
sis buffer (10 mM Hepes pH 7.4, 10 mM NaC1, 1 mM EDTA, 0.1% Triton 
X-100, 50 mM NaF, 80 mM 13-glycerophosphate, 0.I mM Na3VO 4, 1 mM 
phenylmethylsulfonyl fluoride, 1 p-g/ml leupeptin, 20 U/ml aprotinin). Ly- 

1. Abbreviation used in this" paper: HA, hemagglutinin. 

sates were clarified by centrifugation (10,000 g, 10 min, 4°C). To measure 
histone H1 kinase activity, cell lysate (50 p-g) was incubated for 1 h at 4°C 
with monoclonal anti-HA antibody 12CA5 (3 p-g), crude rabbit anti-cyclin 
B serum (0.5 p.l) (Pines and Hunter, 1989), or affinity-purified antibody 
against the COOH terminus of human CDC2 (0.5 p.g) (Rosenblatt et al., 
1992) bound to protein A-Sepharose (Sigma Chem. Co., St. Louis, MO). 
Immunoprecipitates were washed three times with HBS (10 mM Hepes, 
150 mM NaC1, pH 7.4) + 0.1% Triton X-100, twice with HBS + 1 mM 
dithiothreitol (DTT), and incubated in HBS (30 txl) containing 10 mM 
MgCI2, 50 p-M ATP, 1 ~Ci [~-32P]ATP (3,000 mCi/mmol; Amersham 
Corp., Arlington Heights, IL), 1 mM DTT and 5 Ixg of histone H1 (Boeh- 
ringer Mannheim Corp., Indianapolis, IN). After 5 min at 24°C, reaction 
products were analyzed by SDS-PAGE and autoradiography. Immuno- 
blotting was performed using the ProtoBlot Western blot AP System 
(Promega, Madison, WI). 

Results 

Inducible Expression of CDC2AF 

To study the role of inhibitory CDC2 phosphorylation in 
mitotic timing and the G2 arrest caused by DNA damage, 

Figure 1. Inducible express ion of  HA- t agged  CDC2 and CDK2 
in H e L a  cells. (A) Cell lines express ing HA- t agged  wild-type 
CDC2,  C D C 2 A F ,  or C D K 2 A F  were  cul tured in the presence  
(Tet  +)  or  absence  (Tet - )  of  tetracycline (2 jxg/ml). Cell lysates 
(50 p~g) were  analyzed by immunoblo t t ing  with the an t i -HA anti- 
body 12CA5. (B, C, and D) Lysates  of  cells cul tured in the ab- 
sence of  tetracycline were  immunob lo t t ed  with 12CA5 (B), anti- 
CDC2 (C), or a n t i - P S T A I R E  (D) ant ibody.  Approx ima te  sizes 
of  the  bands are indicated on the  right. The  ant i -CDC2 ant ibody 
(Rosenbla t t  et al., 1992) recognizes  the C O O H  terminus  of  en-  
dogenous  CDC2 but does  not  recognize the HA- t agged  CDC2.  
Control  lanes contain recombinan t  CDC2 (50 ng, B - D ,  lane 1), 
expressed and purif ied from Sf9 cells as descr ibed previously 
(Desai  et al., 1992). 

The Journal of Cell Biology, Volume 134, 1996 964 



e-- 

0 
= 3 0  

¢ -  

"o 
t -  

O 

< 20 
Z a g  

~ ~ 10 
e 'J  

¢ -  

= 0 Z 

CDC2AF 

8 

CDK2AF 

-Tet 

16 24 0 8 16 24 

Hours Post Release 

30 

20 

10 

Figure 2. Conditional ex- 
pression of CDC2AF and 
CDK2AF induces prema- 
ture chromatin condensation 
in some cells. Cells were syn- 
chronized at the G1/S bound- 
ary by a double thymidine 
treatment in the presence or 
absence of tetracycline (2 Ixg/ 
ml). At various times after 
release from the G1/S block, 
cells were detached from tissue 
culture dishes by trypsiniza- 
tion, fixed in 70% ethanol, 
stained with HOECHST 33258, 
and examined by fluorescence 
microscopy. Photographs rep- 
resent CDC2AF-1 (A, B, and 
C) or CDK2AF (D, E, and F) 
cells 12 h after release from 
the G1/S block, either in the 
presence (A and D) or ab- 
sence (B, C, E, and F) of tet- 
racycline. (G) Frequencies of 
nuclear DNA abnormalities 
in CDC2AF-1 or CDK2AF 
clones after release from G1/S 
block. Cells with aberrant nu- 
clear DNA condensation were 
scored as a percentage of the 
total cell nuclei counted. At 
least 300 cells were counted 
from each sample. 

we establ ished stable human H e L a  cell lines in which we 
could condi t ional ly  express wild-type human CDC2 or the 
C D C 2 A F  mutan t  under  the control  of a tetracycline-  
repressible p romote r  (Gossen and Bujard,  1992). Al l  ex- 
per iments  were per formed  with two different  C D C 2 A F  
clones, and identical  results were obtained.  W e  also stud- 
ied cell lines expressing an equivalent  A F  mutant  form of 
CDK2, a C D K  thought  to play a role in the init iat ion or 
maintenance  of D N A  replication.  Al l  prote ins  contained a 

COOH- te rmina l  ep i tope  tag from influenza hemagglut i-  
nin (HA) ,  which is recognized by the 12CA5 monoclonal  
ant ibody (Desai  et al., 1992). Express ion of the various 
CDKs in these cell lines is very low when cells are cul tured 
in the presence of tetracycline; removal  of tetracycline in- 
creases expression dramatical ly  (Fig. 1 A).  Expression is 
maximal  within 12 h of  tetracycline removal  (not shown). 
The HA- t agged  wild-type CDC2 (Fig. 1 A,  lane 2), as well 
as endogenous  CDC2 (Fig. 1 C), migrated on polyacryl-  
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Figure 3. Conditional expression of CDC2AF and CDK2AF in- 
duces abnormal chromatin spreading. 16 h following release from 
a G1/S block, rounded cells in the culture were collected by gen- 
tly rinsing the cell culture dishes with warm medium. This 
method yields <1% of CDC2AF-1 cells grown in the presence of 
tetracycline, and ~9% and 6% of CDC2AF-1 and CDK2AF 
cells, respectively, grown in the absence of tetracycline. Cells 
were prepared for chromosome spreading as described in Materi- 
als and Methods. (A) A normal chromosome spread from a 
CDC2AF-1 cell grown in the presence of tetracycline. (B) A 
chromosome spread showing the extensive fragmentation in 
CDC2AF-1 cells in the absence of tetracycline. (C) Partial chro- 
matin condensation seen in CDK2AF cells in the absence of tet- 
racycline. (D) Frequencies of normal and abnormal chromosome 
spreads as a fraction of total nuclear spreads. Abnormal spreads 
were scored either as chromosome fragmentation (fragmented, 
as in B) or as partial chromatin condensation (partial, as in C). 

amide gels as closely spaced triplets; as demonstrated pre- 
viously (Norbury et al., 1991; Solomon et al., 1992), upper 
bands represent Thrl4-  and Tyrl5-phosphorylated protein 
and are not seen in the HA-tagged C D C 2 A F  mutant  (Fig. 
1 A, lanes 4 and 6). C D K 2 A F  migrates as a doublet in 
which the lower band represents protein phosphorylated 
at the activating residue Thr l60 (Gu et al., 1992). 

We compared the levels of HA-tagged CDC2 and en- 

dogenous CDC2 by immunoblott ing cell lysates with anti- 
bodies against the conserved P S T A I R E  epitope of CDKs 
(Fig. 1 D). CDC2 is the major immunoreactive protein in 
HeLa  cells (the other major P S T A I R E  antigen, CDK2, is 
expressed at about fourfold lower levels). Based on these 
immunoblots, we estimate that the amount of HA-tagged 
CDC2 in these lines is approximately half the amount  of 
endogenous CDC2. 

CDC2AF Expression Has Minor Effects on 
Mitotic Timing 

We found that conditional expression of either C D C 2 A F  
or C D K 2 A F  in an asynchronous population reduced cell 
survival over a period of several days. Upon removal of 
tetracycline from the culture medium, a fraction of the 
cells rounded up and detached, and cell debris gradually 
accumulated in the culture medium (data not shown). To 
understand the cell cycle timing of these effects, we per- 
formed more detailed analyses of cells synchronized at 
specific cell cycle stages. Cells were arrested at the begin- 
ning of  S phase by a double thymidine block in the pres- 
ence or absence of tetracycline. Flow cytometry revealed 
that expression of C D C 2 A F  or C D K 2 A F  did not increase 
the D N A  content of arrested cells (see Figs. 4 and 5 below, 
time zero). Microscopic analysis of  cells stained with the 
D N A  specific dye H O E C H S T  33258 confirmed that ex- 
pression of the mutant  proteins in arrested cells did not re- 
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Figure 4. Cell cycle progression in CDC2AF-1 cells. Cells were synchronized by double thymidine treatment in the presence (+ Tet, a and 
c) or absence ( -  Tet, b and d) of tetracycline as in Fig. 2. 1 h after release from G1/S arrest, cells were X-irradiated (6 Gray, Plus I.R.) or 
received mock irradiation (No I.R.). At the indicated times after G1/S release, cells were incubated with BrdU, harvested, fixed, and in- 
cubated with FITC-conjugated anti-BrdU antibodies and propidium iodide as described in Materials and Methods. Stained cells were 
analyzed by flow cytometry to quantitate S phase cells (labeled by anti-BrdU) and G1 and G2/M cells (assessed by DNA content). DNA 
content profiles are shown in the figure, and quantitation of G1, S, and G2 cells is shown on the right. 

suit in ceil rounding or premature chromatin condensation 
(see Fig. 2 G below, time zero). 

When cells were released from the G1/S arrest in the ab- 
sence of tetracycline, abnormally condensed nuclear DNA 
was observed in a fraction of the population, suggesting 
that premature chromatin condensation was occurring as 
the cells progressed through S phase and G2 (Fig. 2). The 
effects of CDC2AF and CDK2AF were consistently dif- 
ferent: CDC2AF induced a slightly higher number of nu- 
clei with hypercondensed chromatin (Fig. 2 G), despite be- 
ing expressed at lower levels than CDK2AF (Fig. 1 A). In 
both cell lines, however, the majority of cells displayed a 
nuclear DNA-staining pattern indistinguishable from that 
of the same cells grown in the presence of tetracycline. 

To further characterize the nature of the chromosome 
abnormalities seen in these cell lines, we performed chro- 
mosome spreading experiments. Rounded cells were col- 
lected 16 h after release from the G1/S block. A normal 
chromosome spread with intact chromosomes is shown in 

Fig. 3 A. Spreads prepared from cells expressing CDC2AF 
displayed extensive chromosome fragmentation (Fig. 3 B), 
which is thought to result from premature mitotic events 
occurring during S phase (Heald et al., 1993). A qualita- 
tively different pattern of partial chromatin condensation 
was observed in most of the abnormal spreads prepared 
from CDK2AF-expressing cells (Fig. 3, C and D). 

Although expression of CDC2AF and CDK2AF in- 
duced hypercondensed nuclei in some cells, flow cytomet- 
ric analysis of DNA content and DNA synthesis in the to- 
tal cell population revealed that expression of these 
proteins did not have significant effects on the timing of 
progression through S phase or mitosis (Fig. 4, a and b; 
and Fig. 5, a and b). 

CD C2 AF Expression Partially Reduces the G2 Delay 
Caused by D N A  Damage 

To test the role of inhibitory CDC2 phosphorylation in 
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DNA damage-induced mitotic checkpoint control, we 
X-irradiated cells (6 Gray) during early S phase, 1 h after 
release from the G1/S arrest. Control cells received mock 
irradiation. DNA synthesis and DNA content were then 
measured by flow cytometry (Fig. 4). Unirradiated cells 
progressed from S to G2 between 4 and 8 h after release 
from the G1/S block, and completed mitosis between 8 
and 12 h after release (Fig. 4, a and b). Irradiation resulted 
in slower progress through S phase, and induced an ,--~12 h 
mitotic delay (Fig. 4 c). Only 18.2% of irradiated cells 
emerged in G1 24 h after release (Fig. 4 c), while 42.6% of 
unirradiated cells appeared in G1 as early as 12 h after re- 
lease (Fig. 4 a). 

Expression of CDC2AF resulted in partial abrogation of 
the radiation-induced G2 delay. In the absence of tetracy- 
cline, irradiated cells began to appear in G1 12 h after re- 
lease (Fig. 4 d), and we estimate that the mitotic delay due 
to irradiation was reduced from about 12 h in the absence 
of CDC2AF to ,--~4-6 h in its presence. Similar results were 
obtained in three independent experiments with two 
CDC2AF clones. Only CDC2AF was able to induce this 
partial bypass of the radiation-induced G2 delay: we failed to 
detect any change in the delay in cells expressing CDK2AF 
(Fig. 5, c and d) or wild-type CDC2 (data not shown). 

Kinase Activity Associated with CDC2 and Cyclin B 
during G2 Arrest  

Analyses of CDC2 and cyclin B levels and activity were 
performed to clarify the biochemical changes accompany- 

ing cell cycle progression in the above experiments (Fig. 6). 
In unirradiated cells grown in the presence of tetracycline 
(Fig. 6, lanes 1-5), CDC2- and cyclin B-associated kinase 
activities peaked 8 h after G1/S release and declined as 
cells progressed into G1 (see Fig. 4 a). Expression of 
CDC2AF resulted in abundant CDC2AF-associated ki- 
nase activity (Fig. 6 D, lanes 6-10), which peaked 8 h after 
G1/S release, and then remained partially elevated after 
mitosis, perhaps due to an association with cyclin A or B 
in the subsequent cell cycle. The presence of CDC2AF did 
not affect the timing of CDC2- and cyclin B-associated ac- 
tivities, which still peaked ,--,8 h after G1/S release and 
then declined (Fig. 6, E and F; lanes 6--10). These results 
are consistent with our flow cytometric evidence that the 
timing of mitosis in most cells is not affected by CDC2AF 
expression. 

To confirm that CDC2AF activity represents a signifi- 
cant fraction of total CDC2-associated kinase activity, we 
immunodepleted CDC2AF-HA from lysates of cells har- 
vested 8 h after G1/S release. Incubation with a large ex- 
cess of anti-HA antibody, followed by adsorption to pro- 
tein A-Sepharose and centrifugation, resulted in the 
removal of over 90% of the CDC2AF-HA from the lysate 
(data not shown). Cyclin B-associated kinase activity in 
the immunodepleted lysate was ~40% lower than activity 
in a lysate incubated with beads alone, demonstrating that 
CDC2AF is responsible for about half of the cyclin B-asso- 
ciated activity in mitotic cells. 

Biochemical analyses of irradiated cells provided addi- 
tional clues about the importance of inhibitory CDC2 
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Figure 5. Cell cycle progression in 
CDK2AF cells. Cells were subjected to 
the same treatments as those described 
for CDC2AF-1 in Fig. 4. DNA content 
profiles are shown for cells at the indi- 
cated times after G1/S release, in the 
presence (+ Tet, a and c) or absence 
( -  Tet, b and d) of tetracycline. Cells 
received X-irradiation (Plus I.R.) or 
mock treatment (No I.R.). 
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Figure 6. Effect of X-irradia- 
tion on levels and activity of 
CDC2 and cyclin B1. 
CDC2AF-1 cells were syn- 
chronized and irradiated in 
the presence or absence of 
tetracycline as described in 
Fig. 4. At the indicated times 
after irradiation, cells were 
lysed and subjected to analy- 
sis by immunoblotting with 
anti-HA (A), anti-cyclin B 
(B), and anti-CDC2 (C). In 
addition, histone H1 kinase 
activity was measured in im- 
munoprecipitates with anti- 
HA (D), anti-cyclin B (E), or 
anti-CDC2 (F). Autoradio- 
graphic exposure times were 
3 h (D and F) or 1 h (E). 

phosphorylation in DNA-damage-induced arrest. Radia- 
tion-induced G2 arrest was accompanied by reduced gel 
mobility of a small fraction of the endogenous CDC2 (Fig. 
6 C, lanes 11-15), reflecting phosphorylation at Thr14 and 
Tyrl5 as reported previously (Hofmann et al., 1994; Khar- 
banda et al., 1994; Paules et al., 1995). Irradiation caused a 
transient delay in the accumulation of cyclin B1 and cyclin 
B1-CDC2-associated kinase activity (Fig. 6, B, E, and F, 
compare lanes 2 and 12), as previously reported (Muschel 
et al., 1991, 1993; Maity et al., 1995). After this initial de- 
lay, however, cyclin B1 levels and cyclin B1-CDC2-associ- 
ated kinase activity rose to and remained at high levels 
during the several hours that these cells were delayed in 
G2 (Fig. 6, B, E, and F; lanes 12-14; see Fig. 4 c). Expres- 
sion of CDC2AF led to the appearance of large amounts 
of CDC2AF-associated kinase activity at all time points 
(Fig. 6, A and D; lanes 16-20). Once again, the reduced G2 
delay that occurred in the presence of CDC2AF was ac- 
companied by significant amounts of cyclin B1-  and 
CDC2-associated kinase activity (Fig. 6, E and F, lanes 17 
and 18; see Fig. 4 c). Thus, both in the absence and pres- 
ence of the CDC2AF mutant, DNA-damage-induced G2 
arrest was accompanied by high levels of CDC2-associated 
kinase activity. 

Discussion 

Our results suggest that inhibitory phosphorylation of 
CDC2 plays a limited role in the suppression of mitosis in 
human cells progressing through S phase. Expression of 
the CDC2AF mutant (or CDK2AF) at approximately nor- 
mal concentrations did not induce premature mitotic 
events in cells arrested at G1/S by inhibitors of DNA syn- 
thesis, and induced only a low frequency of mitotic events 
in cells progressing through S phase. Thus, we conclude 
that phosphorylation of Thrl4 and Tyrl5 is not solely re- 

sponsible for the repression of mitosis when DNA replica- 
tion is incomplete. 

These results are consistent with the results of Heald et al. 
(1993), who found that transient overexpression of CDC2AF 
resulted in abnormal chromatin condensation in only 12% 
of baby hamster kidney cells. We did not observe the high 
frequency of mitotic events seen in earlier studies of tran- 
siently transfected HeLa cells overexpressing CDC2AF 
(Krek and Nigg, 1991). These discrepancies may be due to 
differences in the level of CDC2AF expression. 

Why are premature mitotic events infrequent in cells 
containing abundant quantities of active CDC2AF? One 
potential explanation comes from evidence that the initia- 
tion of mitosis is accompanied not just by CDC2 dephos- 
phorylation but by relocalization of cyclin from the cyto- 
plasm to the nucleus (Pines and Hunter, 1991; Ookata et al., 
1992; Pines and Hunter, 1994). During S phase and G2, cy- 
clin B (with CDC2 attached) accumulates in the cytoplasm. 
Just before mitosis, these Cyclin B-CDC2 complexes enter 
the nucleus and initiate their mitotic functions. The impor- 
tance of this change of subcellular localization is sup- 
ported by the studies of Heald et al. (1993), who were able 
to engineer cells containing abundant quantities of de- 
phosphorylated, active CDC2 whose activity was re- 
stricted to the cytoplasm. These active complexes did not 
induce premature mitotic events. Thus, active CDC2AF- 
cyclin B complexes may be ineffective in our experiments 
because they are restricted to the cytoplasm. Indeed, im- 
munofluorescence studies indicate that cells expressing 
CDC2AF exhibit the normal pattern of cyclin B localiza- 
tion (Jin, P., unpublished results). 

Our studies of the G2 arrest after DNA damage provide 
clear evidence for the importance of inhibitory phosphory- 
lation at this checkpoint. Expression of CDC2AF, but not 
CDK2AF, resulted in a considerable reduction in the 
length of the G2 arrest induced by DNA damage. Thus, 
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we conclude that inhibitory phosphorylation of CDC2 is at 
least partly responsible for the mitotic delay that occurs af- 
ter DNA damage. 

We have also presented evidence that mechanisms not 
involving inhibitory phosphorylation of CDC2 contribute 
to the control of mitosis after DNA damage. First, we ob- 
served that although CDC2AF greatly reduced the G2 ar- 
rest after DNA damage, there was still a significant mitotic 
delay of several hours. Second, we found that cells ar- 
rested in G2 after DNA damage contain high levels of cy- 
clin B1- and CDC2-associated kinase activity. This obser- 
vation is reminiscent of the high Cdc28-associated kinase 
activity in S. cerevisiae after DNA damage (Amon et al., 
1992; Sorger and Murray, 1992), and raises once again the 
question of why mitosis is not occurring despite the appar- 
ent presence of abundant CDC2 activity. Several possible 
explanations exist. For example, CDC2 activity may be 
suppressed in vivo by an inhibitory protein that binds with 
such low affinity that it is lost during the washing of CDC2 
immunoprecipitates. Alternatively, D N A  damage may not 
act through the direct inhibition of CDC2 activity; instead, 
some function downstream of CDC2 may be blocked. It 
also remains possible that other activities in addition to 
CDC2 are required for the induction of mitosis. 

The cytoplasmic localization of cyclin B during S phase 
and G2 might also provide an explanation for the inability 
of CDC2AF to completely bypass the DNA damage check- 
point. Immunofluorescence studies have shown that cyclin 
B is primarily cytoplasmic in damage-arrested cells (Smeets 
et al., 1994)(Jin, P., unpublished results). Thus, D NA dam- 
age could act both by stabilizing inhibitory phosphoryla- 
tion of CDC2 and by maintaining the cytoplasmic localiza- 
tion of cyclin B. 

We thank M. Gossen and H. Bujard for pUHDI0-3 and the HtTA-1 cell 
line, P. Dazin for assistance with flow cytometry, J. Pines for anti-cyclin B 
antibody, and A. Farrell, A. Murray, and R. Nash for comments on the 
manuscript. 

This work was supported by grants from the National Institutes of 
Health, the Markey Charitable Trust, the March of Dimes Birth Defects 
Foundation, and the Rita Allen Foundation. 

Received for publication 8 April 1996 and in revised form 11 June 1996. 

References 

Amon, A., U. Surana, I. Muroff, and K. Nasmyth. 1992. Regulation of p34 coc2s 
tyrosine phosphorylation is not required for entry into mitosis in S. cerevi- 
siae. Nature (Lond.). 355:368-371. 

Barber, N.C., and A.M. Carr. 1993. Fission yeast weel  protein kinase is not re- 
quired for DNA damage-dependent mitotic arrest. Nature (Lond.). 364: 
824-827. 

Booher, R.N., R.J. Deshaies, and M.W. Kirschner. 1993. Properties of Saccha- 
romyces cerevisiae weel and its differential regulation of p34 cDc2s in re- 
sponse to G I and Gz cyclins. E M B O  (Eur Mot. Biol. Organ.) J. 12:3417-3426. 

Desai, D., Y. Gu, and D.O. Morgan. 1992. Activation of human cyclin-depen- 
dent kinases in vitro. MoL Biol. Cell. 3:571-582. 

Dunphy. W.G. 1994. The decision to enter mitosis. Trends Cell Biol. 4:202-207. 
Edgar, B.A., and P.H. O'Farrell. 1989. Genetic control of cell division patterns 

in the Drosophila embryo. Cell, 57:177-187. 
Edgar, B.A., and P.H. O'Farrell. 1990. The three postblastoderm cell cycles of 

Drosophila embryogenesis are regulated in G2 by string. Cell. 62:469-480. 
Enoch, T., and P. Nurse. 1990. Mutation of fission yeast cell cycle control genes 

abolishes dependence of mitosis on DNA replication. Cell, 60:6654573. 
Gossen, M., and H. Bujard. 1992. Tight control of gene expression in mamma- 

lian cells by tetracycline-responsive promoters. Proc, Natl. Acad. Sci. USA. 
89:5547-5551. 

Gould, K.L., and P. Nurse. 1989. Tyrosine phosphorylation of the fission yeast 
cdc2* protein kinase regulates entry into mitosis. Nature (Lond.). 342:39-45. 

Gu, Y., J. Rosenblatt, and D.O. Morgan. 1992. Cell cycle regulation of CDK2 
activity by phosphorylation of Thrl60 and Tyrl5. EMBO (Eur Mot, Biol, 

Organ.) J. 11:3995-4005. 
Heald, R., M. McLoughlin, and F. McKeon. 1993. Human Weel maintains mi- 

totic timing by protecting the nucleus from cytoplasmically activated Cdc2 
kinase. Cell. 74:463-474. 

Herzinger, T., J.O. Funk, K. Hillmer, D. Eick, D.A. Wolf, and P. Kind. 1995. 
Ultraviolet B irradiation-induced G2 cell cycle arrest in human kerati- 
nocytes by inhibitory phosphorylation of the cdc2 cell cycle kinase. Onco- 
gene. 11:2151-2156. 

Hofmann, J., P.M. O'Connor, J. Jackman, C. Schubert, F. Ueberall, W.K. 
Kohn, and H. Grunicke. 1994. The protein kinase C inhibitor ilmofosine 
(BM41 440) arrests cells in G2 phase and suppresses CDC2 kinase activation 
through a mechanism different from that of DNA damaging agents. Bio- 
chem. Biophys. Res. Commun. 199:937-942. 

Kharbanda, S., A. Saleem, R. Datta, Z.-M. Yuan, R. Weichselbaum, and D. 
Kufe. 1994. Ionizing radiation induces rapid tyrosine phosphorylation of 
p34 c~c2. Cancer Res. 54:1412-1414. 

King, R.W., P.K. Jackson, and M.W. Kirschner. 1994. Mitosis in transition. Cell. 
79:563-571. 

Krek, W., and E.A. Nigg. 1991. Mutations of p34 cdc2 phosphorylation sites in- 
duce premature mitotic events in HeLa cells: evidence for a double block to 
p34 ~¢2 kinase activation in vertebrates. E M B O  (Eur. Mol. Biol. Organ.) J. 
10:3331-3341. 

Kumagai, A. and W.G. Dunphy. 1995. Control of the Cdc2/Cyclin B complex in 
Xenopus egg extracts arrested at a G2/M checkpoint with DNA synthesis in- 
hibitors. Mot, Biol, Cell, 6:199-213. 

Larsen, J.K. 1994. Measurement of cytoplasmic and nuclear antigens. Flow Cy- 
tometry--A Practical Approach. IRL Press, New York. 2nd edition. 93-117. 

Lew, D.J. and S.I. Reed. 1995. A cell cycle checkpoint monitors cell morpho- 
genesis in budding yeast. J. Cell Biol. 129:739-749. 

Maity, A., W.G. McKenna, and R.J. Muschel. 1995. Evidence for post-tran- 
scriptional regulation of cyclin B1 mRNA in the cell cycle and following irra- 
diation in HeLa cells. E M B O  (Eur MoL BioL Organ.) J. 14:6034509. 

Mueller, P.R., T.R. Coleman, A. Kumagai, and W.G. Dunphy. 1995. Mytl: a 
membrane-associated inhibitory kinase that phosphorylates Cdc2 on both 
threonine-I4 and tyrosine-15. Science (Wash. DC). 270:86-90. 

Murray, A. 1994a. Cell cycle checkpoints. Current Biol. 6:872-876. 
Murray, A.W. 1994b. The genetics of cell cycle checkpoints. Curr. Opin. Genet. 

Dev. 5:5-11. 
Muschel, R.J., H.B. Zhang, G. lliakis, and W.G. McKenna. 1991. Cyclin B ex- 

pression in HeLa cells during the G2 block induced by ionizing radiation. 
Cancer Res. 51:5113-5117. 

Muschel, R.J., H.B. Zhang, and W.G. McKenna. 1993. Differential effect of 
ionizing radiation on the expression of cyclin A and cyclin B in HeLa cells. 
Cancer Res. 53:1128-1135. 

Norbury, C., J. Blow, and P. Nurse. 1991. Regulatory phosphorylation of the 
p34 c~c2 protein kinase in vertebrates. EMBO (Eur. Mol. Biol, Organ.) J. 10: 
3321-3329. 

Nurse, P. 1990. Universal control mechanism regulating onset of M-phase. Na- 
ture (Lond.). 344:503-508. 

Ookata, K., S. Hisanaga, T. Okano, K. Tachibana, and T. Kishimoto. 1992. Re- 
location and distinct subcellular localization of p34'JC2-cyclin B complex at 
meiosis reinitiation in starfish oocytes. EMBO (Eur Mot, Biol. Organ.) J. 
11:1763-1772. 

Paules, R.S., E.N. Levedakou, S.J. Wilson, G.L. lnnes, N. Rhodes, TD.  Tlsty, 
D.A. Galloway, L.A. Donehower, M.A. Tainsky, and W.K. Kaufmann. 1995. 
Defective G2 checkpoint function in cells from individuals with familial can- 
cer syndromes. Cancer Res. 56:1763-1773. 

Pines, J ,  and T. Hunter. 1989. Isolation of a human cyclin cDNA: evidence for 
cyclin mRNA and protein regulation in the cell cycle and for interaction with 
p34 cdc2. Cell. 58:833446. 

Pines, J., and T. Hunter. 1991. Human cyclins A and B1 are differentially lo- 
cated in the cell and undergo cell cycle-dependent nuclear transport. J. Cell 
Biol. 115:1-17. 

Pines, J., and T. Hunter. 1994. The differential localization of human cyclins A 
and B is due to a cytoplasmic retention signal in cyclin B. E M B O  (Eur. Mol. 
Biol, Organ.)J. 13:3772-3781. 

Rosenblatt, J., Y. Gu, and D.O. Morgan. 1992. Human cyclin-dependent kinase 
2 (CDK2) is activated during the S and G2 phases of the cell cycle and asso- 
ciates with Cyclin A. Proc. Natl. Acad. Sci, USA. 89:2824-2828. 

Sheldrick, K.S., and A.M. Carr. 1993. Feedback controls and G2 checkpoints: 
fission yeast as a mode/system. BioEssays. 15:775-782. 

Smeets, M.F.M.A., E.H.M. Mooren, and A.C. Begg. 1994. The effect of radia- 
tion on G2 blocks, cyclin B expression and cdc2 expression in human squa- 
mous carcinoma cell lines with different radiosensitivities. Radiother. Oncol. 
33:217-227. 

Solomon, M.J., T. Lee, and M.W. Kirschner. 1992. The role of phosphorylation 
in p34 cd~2 activation: identification of an activating kinase. Mot, Biol, Cell. 3: 
13-27. 

Sorger, P.K., and A.W. Murray. 1992. S-phase feedback control in budding 
yeast independent of tyrosine phosphorylation of I)34 cd':2s. Nature (l.ond.). 
355:365-368. 

Stueland, C.S., D.J. Lew, M.J. Cismowski, and S.I. Reed. 1993. Full activation 
of p34 cDc2s histone HI kinase activity is unable to promote entry into mito- 
sis in checkpoint-arrested cells of the yeast Saccharomyces cerevisiae. MoL 
Cell. Biol. 13:3744-3755. 

The Journal of Cell Biology, Volume 134, 1996 970 


