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The G2/M DNA damage checkpoint inhibits mitosis
through Tyr15 phosphorylation of p34cdc2 in
Aspergillus nidulans

deficient in G2 delay after DNA damage, and thus enterXiang S.Ye, Russell R.Fincher, Alice Tang
lethal premature mitosis in the presence of damaged DNAand Stephen A.Osmani1

(Weinert and Hartwell, 1988). Many genes involved in
The Weis Center for Research, Geisinger Clinic, Danville, PA 17822, the G2/M DNA damage checkpoint regulation were sub-
USA sequently identified in both budding and fission yeasts by
1Corresponding author screening for mutations which uncouple initiation of

mitosis from G2 delay after DNA damage (Al-Khodairy
It is possible to cause G2 arrest in Aspergillus nidulans and Carr, 1992; Allenet al., 1994; Weinertet al., 1994).
by inactivating either p34cdc2 or NIMA. We therefore Many of these checkpoint genes have now been cloned.
investigated the negative control of these two mitosis- However, the cell cycle targets for the checkpoint regula-
promoting kinases after DNA damage. DNA damage tion to bring about G2 delay in response to DNA damage
caused rapid Tyr15 phosphorylation of p34cdc2 and remain to be established (Carr, 1995; Murray, 1995; Lydall
transient cell cycle arrest but had little effect on the and Weinert, 1996).
activity of NIMA. Dividing cells deficient in Tyr15 The activation of the universally conserved p34cdc2 H1
phosphorylation of p34cdc2were sensitive to both MMS kinase, the mitosis-promoting factor (MPF), is central to
and UV irradiation and entered lethal premature the timing and initiation of mitosis in all eukaryotic cells
mitosis with damaged DNA. However, non-dividing (Draetta, 1990; Nurse, 1990; Murray, 1992; Dunphy, 1994;
quiescent conidiospores of the Tyr15 mutant strain Osmaniet al., 1994). The activation of p34cdc2 requires
were not sensitive to DNA damage. The UV and MMS association with the regulatory subunit cyclinB which
sensitivity of cells unable to tyrosine phosphorylate accumulates during late S-phase and G2 (Evans et al.,
p34cdc2 is therefore caused by defects in DNA damage 1983; Booheret al., 1989), and the phosphorylation of
checkpoint regulation over mitosis. Both thenimA5 Thr161 by CDC2-activating kinase (CAK) (Fesquetet al.,
and nimT23 temperature-sensitive mutations cause an 1993; Poonet al., 1993; Solomonet al., 1993). During S
arrest in G2 at 42°C. Addition of MMS to nimT23 G2- and G2 the p34cdc2–cyclinB complex is kept in the inactive
arrested cells caused a marked delay in their entry pre-MPF state through Tyr15 phosphorylation of p34cdc2

into mitosis upon downshift to 32°C and this delay by Wee1/Mik1/Myt1 tyrosine kinases (Russell and Nurse,
was correlated with a long delay in the dephosphoryl- 1987; Gould and Nurse, 1989; Lungrenet al., 1991;
ation and activation of p34cdc2. Addition of MMS to Parker and Piwnica-Worms, 1992; Muelleret al., 1995).
nimA5 G2-arrested cells caused inactivation of the H1 During the G2/M transition the pre-MPF form of p34cdc2

kinase activity of p34cdc2due to an increase in its Tyr15 is rapidly converted into the active MPF form by Tyr15
phosphorylation level and delayed entry into mitosis dephosphorylation catalyzed by the Cdc25 tyrosine phos-
upon return to 32°C. However, if Tyr15 phosphoryl- phatase (Russell and Nurse, 1986; Kumagai and Dunphy,
ation of p34cdc2 was prevented then its H1 kinase 1991). The major regulatory event for the final activation
activity was not inactivated upon MMS addition to of p34cdc2 during mitotic initiation thus appears to be
nimA5 G2-arrested cells and they rapidly progressed the rapid dephosphorylation at Tyr15. Therefore, Tyr15
into a lethal mitosis upon release to 32°C. Thus, Tyr15 phosphorylation of p34cdc2 could be a target for negative
phosphorylation of p34cdc2 in G2 arrests initiation of regulation by the G2/M DNA damage checkpoint control
mitosis after DNA damage inA.nidulans. systems.
Keywords: Aspergillus/DNA damage checkpoint/ Elevated levels of Tyr15-phosphorylated p34cdc2 are
nimXcdc2/Tyr15 phosphorylation of p34cdc2

found to be associated with G2-arrested cells after DNA
damage in several systems (Kharbandaet al., 1994;
O’Conoret al., 1994; Herzingeret al., 1995; Barthet al.,
1996). However, the significance of Tyr15 phosphorylation

Introduction of p34cdc2in the G2/M DNA damage checkpoint regulation
remains to be established in these systems. The regulatoryDNA damage causes a G2 delay of the cell cycle in
pathway for p34cdc2 tyrosine phosphorylation/dephos-eukaryotic cells (Hartwell and Weinert, 1989; Carr; 1995;
phorylation and its role in cell cycle regulation are bestKaufmann, 1995; Murray, 1995). This G2 delay presum-
characterized in fission yeast (Russell and Nurse, 1986,ably allows cells enough time to repair damaged DNA
1987; Gould and Nurse, 1989; Lungrenet al., 1991).before initiation of mitosis. The dependency of initiation
Fission yeast cells unable to tyrosine phosphorylate p34cdc2of mitosis on completion of DNA damage repair is
advance mitosis and produce small ‘wee’ cells (Gouldestablished by G2/M DNA damage checkpoints. The first
and Nurse, 1989; Lungrenet al., 1991). These mutantdirect genetic link between the G2 checkpoint regulation
cells enter mitosis even when DNA replication is inhibitedand DNA damage was demonstrated withrad9 mutations

in budding yeast. Strains carryingrad9 mutations are (Enoch and Nurse, 1990; Lungrenet al., 1991). Thus,
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Tyr15 phosphorylation of p34cdc2links initiation of mitosis
to completion of DNA replication in fission yeast. How-
ever, the role of such phosphorylation in the G2/M DNA
damage checkpoint regulation is not well understood.
Fission yeast cells deficient in Wee1 function are sensitive
to DNA damage by UV and gamma irradiation (Al-
Khodairy and Carr, 1992; Rowleyet al., 1992). In addition,
Rowley et al. (1992) reported that the DNA damage
checkpoint in fission yeast is mediated through the Wee1
protein kinase as fission yeast cells deficient in Wee1
function lack a significant mitotic delay after gamma
irradiation. However, Barbet and Carr (1993) subsequently
showed that fission yeast cells defective or lacking in
Wee1 function have a normal mitotic arrest after DNA
damage. The Tyr15 phosphorylation state and H1 kinase
activity of p34cdc2 in response to DNA damage, however,
were not analyzed biochemically in these studies. Thus,
the role of Tyr15 phosphorylation of p34cdc2 in the G2/M
DNA damage checkpoint regulation remains to be firmly

Fig. 1. Effects of DNA damage by MMS on p34cdc2 and NIMAestablished in fission yeast through a combination of both kinases. MMS (0.04%) was added to an exponentially growing wild-
biochemical and genetic studies. However, such a role in type (strain R153) culture. Samples were taken at 30 min intervals

after MMS addition, and NIMA and p34cdc2 kinase activities wereresponse to DNA damage has recently been established
analyzed. The level of Tyr15-phosphorylated p34cdc2was determinedin human cells (Jinet al., 1996). On the other hand, both
by Western blotting using a monoclonal anti-phosphotyrosine antibodyDNA replication and DNA damage checkpoints are fully
after immunoprecipitation of p34cdc2. After P-Tyr detection the blot

operative in budding yeast cells unable to tyrosine-phos- was stripped and the protein level of p34cdc2 in the immunoprecipitates
phorylate p34cdc28 (Amon et al., 1992; Sorger and Murray, was detected using E-77 anti-NIMXcdc2 antisera.
1992; Stuelandet al., 1993), conclusively demonstrating
that in this system S-phase and G2/M checkpoint regula- is stopped. Only cells lacking both Tyr15 phosphorylation

of p34cdc2 and the function of BIME are able to activatetions inhibit mitosis by some other mechanism.
In Aspergillus nidulans, coordinate activation of two NIMA precociously and initiate mitosis effectively from

S-phase in the absence of DNA replication (Yeet al., 1996).mitosis-promoting kinases is required for the initiation of
mitosis (Osmaniet al., 1991a; Yeet al., 1995). One is the In this study we examined the relationship between

Tyr15 phosphorylation of p34cdc2 and G2 delay caused byuniversally conserved p34cdc2 H1 kinase encoded by the
nimXgene(Osmanietal.,1994).Theregulatorypathway for DNA damage inA.nidulans. We found thatA.nidulans

cells unable to Tyr15-phosphorylate p34cdc2were deficientp34cdc2activation is also conserved inA.nidulans(Osmani
et al., 1991a, 1994; O’Connellet al., 1992; P.Ramos, X.Ye, in the DNA damage-mediated G2 delay and entered mitosis

prematurely after DNA damage. Consequently, only divid-R.Fincher, S.Osmani and L.Ellis, in preparation). The other
essential mitosis-promoting kinase is the NIMA kinase ing cells deficient in Tyr15 phosphorylation of p34cdc2were

sensitive to DNA damage. Thus, Tyr15 phosphorylation ofwhich is currently well characterized only inA.nidulans
(for review, see Osmani and Ye, 1996). However, indirect p34cdc2in G2 alone links initiation of mitosis to completion

of DNA damage repair inA.nidulans.evidence indicates that a NIMA-like mitotic pathway may
also exist in fission yeast,Xenopusand human cells
(O’Connellet al., 1994; Lu and Hunter, 1995). Unlike most Results
mitotic regulatory functions which regulate p34cdc2 H1
kinase activity, NIMA kinase is required for initiation of MMS increases the level of Tyr15-phosphorylated

p34cdc2mitosis independently of the regulation of p34cdc2H1 kinase
activity (Osmaniet al., 1991a). Methyl methanesulfonate (MMS) causes effective DNA

damage inA.nidulans (Kafer and Mayor, 1986), theWe recently uncovered two overlapping S-phase check-
point mechanisms over the initiation of mitosis in addition of 0.01% MMS to germinating wild-type conidia

delaying the first mitosis for more than 4 h. The firstA.nidulans (Ye et al., 1996). The first, the slowing of
S-phase checkpoint, monitors the rate of DNA replication mitosis of germinating conidiospores normally occurs

between 5.5 and 6.5 h after germination at 32°C, whereasand, when DNA replication is slowed, prevents mitosis
temporarily through Tyr15 phosphorylation of p34cdc2. the first mitosis of MMS-treated germinating conidiospores

did not occur until 9–10 h (data not shown, see alsoThus, when DNA replication is slowed, cells deficient in
tyrosine phosphorylation of p34cdc2 enter mitosis prema- Figure 3). This suggests that a DNA damage checkpoint

mechanism operates inA.nidulans, the activation of whichturely. The second, the S-phase arrest checkpoint, requires
both BIME function and Tyr15 phosphorylation of p34cdc2 causes a delay of entry into mitosis.

To investigate if either (or both) of the mitosis-producingwhich in combination inactivate NIMA kinase and cause
inhibition of mitosis when DNA replication is actually kinases, p34cdc2or NIMA, are targets of the DNA damage

checkpoint mechanism, we first determined the bio-halted. Thus, cells lacking either Tyr15 phosphorylation
of p34cdc2 (Ye et al., 1996) or the function of BIME chemical effects of addition of MMS to an exponentially

growing wild-type culture. Addition of MMS only slightly(Osmaniet al., 1988, 1991b; Jameset al., 1995) have a
limited capacity to initiate mitosis when DNA replication inhibited NIMA kinase activity (Figure 1). We previously
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demonstrated that NIMA is a target for the negative type and thenimXcdc2AF mutant strains was caused by the
different cell cycle stages at which the UV irradiation wasregulation by S-phase checkpoints via both Tyr15 phos-

phorylation of p34cdc2and the function of BIME (Yeet al., applied. However, when germinating conidiospores of the
wild-type strain were irradiated by UV at various times1996). Activation of S-phase checkpoints by the DNA

synthesis inhibitor hydroxyurea (HU) rapidly inactivates after germination, their survival rate was very similar to
that shown in Figure 2B. Thus, UV sensitivity of dividingthe NIMA kinase (Yeet al., 1996). Here, lack of strong

inhibition of NIMA by DNA damage suggests that NIMA nimXcdc2AF mutant cells is likely to be caused specifically
by deficient DNA damage checkpoint regulation.is not a primary target for the DNA damage checkpoint

system. As MMS addition to a growing culture caused rapid
Tyr15 phosphorylation and reduced the H1 kinase activityIn contrast, addition of MMS caused rapid Tyr15

phosphorylation of p34cdc2 (Figure 1), the level of phos- of p34cdc2 (Figure 1), we expected that thenimXcdc2AF

mutant cells would also be sensitive to MMS. As shownphorylation increasing markedly 30 min after MMS addi-
tion. Even though the level of NIMEcyclinB increased, in Figure 2C and D, thenimXcdc2AF strain was indeed

much more sensitive to MMS than the wild-type, measuredp34cdc2H1 kinase activity was reduced after MMS addition
(Figure 1). Thus, the DNA damage checkpoint could either as reduction in survival rate or in colony size in

the presence of various concentrations of MMS incorpor-delay mitosis by inhibition of p34cdc2 through Tyr15
phosphorylation. ated into the medium.

To confirm directly that thenimXcdc2AF mutant was
deficient in the DNA damage checkpoint control, weDividing cells deficient in Tyr15 phosphorylation of

p34cdc2 are sensitive to UV irradiation and MMS determined the kinetics of entry into mitosis of germinating
conidiospores in the presence of a low concentration ofbecause they enter mitosis prematurely with

damaged DNA MMS. In the absence of MMS the chromosome mitotic
index (CMI%) of the wild-type strain began to rise at 5 hIf the DNA damage checkpoint is indeed mediated through

Tyr15 phosphorylation of p34cdc2, dividing cells unable to and peaked at 6.5 h after germination (Figure 3). Addition
of MMS to the germinating medium of the wild-typeundergo such phosphorylation should be sensitive to DNA-

damaging agents, as cells deficient in DNA damage strain completely inhibited mitosis for up to 7 h after
germination (Figure 3).checkpoint regulation would be unable to restrain cell

cycle progression and would enter lethal premature mitosis As previously demonstrated (Yeet al., 1996),nimXcdc2AF

mutant cells entered mitosis earlier than the wild-typein the presence of damaged DNA. Non-dividing cells
deficient in p34cdc2 Tyr15 phosphorylation, on the other cells (Figure 3). Addition of MMS delayed but did not

stop thenimXcdc2AF mutant cells progressing into mitosishand, should not be sensitive to DNA-damaging agents
as they would not be able to undergo a lethal premature (Figure 3). By 7 h after germination,.50% of the

nimXcdc2AFmutant cells entered mitosis, whereas none ofmitosis but would be able to repair damaged DNA. We
recently generated animXcdc2AF mutant strain, in which the wild-type cells attempted mitosis in the presence of

MMS (Figure 3). These data show that thenimXcdc2AFp34cdc2 cannot be tyrosine-phosphorylated, using a two-
step gene replacement technique afterin vitro mutagenesis mutant strain is deficient in the DNA damage checkpoint

regulation, as it entered mitosis prematurely in the presenceof nimXcdc2 (Ye et al., 1996). We therefore checked the
sensitivity of dividing and non-dividingnimXcdc2AF cells of damaged DNA, thus exhibiting increased sensitivity to

DNA-damaging agents.to UV irradiation. Wild-type and DNA damage repair-
deficientuvsH4rad18 (Kafer and Mayor, 1986; Yoonet al., Addition of MMS, however, did cause a delay of

progression into mitosis in thenimXcdc2AF germinating1995) strains were used as controls.
When UV irradiation was applied to quiescent conidio- conidiospores (Figure 3). Such delay may be caused by

non-specific cytotoxic effects of MMS, although additionspores, thenimXcdc2AFmutant strain was no more sensitive
to UV irradiation than the wild-type (Figure 2A). The of MMS may have activated additional checkpoint

mechanisms. As germinating conidiospores enter the cellnimXcdc2AF conidiospores must therefore be able to repair
DNA damage during the process of germination before cycle from G1, candidates for such additional checkpoint

mechanisms are the G1/S checkpoints which transientlythey initiate mitosis after entering the cell cycle from G1
arrest. On the other hand, theuvsH4rad18 strain, as pre- delay entry into S-phase after DNA damage, as demon-

strated in the budding yeast (Siedeet al., 1993, 1994;viously reported (Kafer and Mayor, 1986), was extremely
sensitive to UV irradiation, and was completely killed by Lydall and Weinert, 1996).

We demonstrated previously that Thr14 phosphorylationa 100 J/m2 dose which only slightly affected the wild-
type andnimXcdc2AFstrains (Figure 2A). The data suggest cooperates with Tyr15 phosphorylation in the negative

regulation of p34cdc2 in response to the S-phase checkpointthat, unlike the DNA repair-deficientuvsH4rad18strain, the
nimXcdc2AF mutant has no deficiency in DNA damage control (Yeet al., 1996). Thus, the strain bearing both

T14A and Y15F mutations ofnimXcdc2 demonstratesrepair mechanisms.
In contrast, germinatingnimXcdc2AFconidiospores were greater sensitivity to HU than does the strain with only

the Y15F mutation (Yeet al., 1996). To investigatesensitive to UV irradiation (Figure 2B). In this experiment
conidiospores were first allowed to germinate for 4.5 h whether Thr14 phosphorylation of p34cdc2 also had a role

in the DNA damage checkpoint regulation, we comparedbefore UV irradiation was applied, and by which time
they had entered the first cell cycle. As thenimXcdc2AF the UV sensitivity of germinating conidiospores derived

from various mutant strains (Yeet al., 1996). The strainmutant cells attempt the first mitosis earlier than the wild-
type (Ye et al., 1996; see also Figure 3), we checked bearing the T14A mutation alone showed a wild-type level

of sensitivity to UV (Figure 2E). Unlike the sensitivity towhether the difference in UV sensitivity between the wild-
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Fig. 2. UV and MMS sensitivity of strains deficient in Tyr15 phosphorylation of p34cdc2. Conidiospores (250 spores/plate) of a wild-type and
nimXcdc2AFstrain were spread out onto YAG plates. The plates were either immediately UV irradiated (A) or incubated at 32°C for 4.5 h to allow
spore germination and were then UV irradiated (B). After UV irradiation the plates were incubated at 32°C for 2 days for colony formation. To test
sensitivity of the strains to MMS, conidiospores (250 spores/plate) were spread out on YAG plates containing various concentrations of MMS (C).
The survival rate of the strains after DNA damage either by UV irradiation or by MMS incorporated into the medium was expressed as percentage
of colonies produced by control conidiospores in the absence of treatment. In addition the strains were spot-inoculated onto MMS-containing YAG
plates to assess colony growth (D). The colony size was measured 3 days after inoculation and effect of MMS on colony growth was expressed as a
percentage of colony size of their respective controls without MMS. The survival rate of various mutant strains affecting the inhibitory
phosphorylation status of p34cdc2 after UV irradiation (E). UV irradiation was applied 4.5 h after germination as for (B).
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p34cdc2 is present in two states, seen as two bands on
Western blots (Figure 4A and C, EX. cells). The faster-
migrating band of p34cdc2 is associated with NIMEcyclinB

and is phosphorylated at Thr161 or at both Thr161 and
Tyr15 (Osmaniet al., 1994; Yeet al., 1996). Upon release
to permissive temperature, cells entered a rapid and
synchronous mitosis with peak CMI at 10–15 min (Figure
4B, –MMS; Ye et al., 1995) as p34cdc2 became rapidly
tyrosine-dephosphorylated and activated. As previously
reported (Yeet al., 1995), NIMA and NIMEcyclinB accumu-
lated at thenimT23cdc25 G2 arrest point, and the NIMA
kinase became fully activated and hyperphosphorylated
after activation of p34cdc2 by tyrosine dephosphorylation
(Figure 4A). As cells progressed through mitosis, both
NIMA and NIMEcyclinB were degraded, leading to the
down-regulation of the two mitosis-promoting kinases.
When NIMEcyclinB was degraded, some p34cdc2 became

Fig. 3. nimXcdc2AFmutations promote mitosis prematurely in the dephosphorylated at Thr161 and was thus converted topresence of DNA damage. Conidiospores of the wild-type and
the non-phosphorylated slower-migrating band on WesternnimXcdc2AFstrains were germinated in YG medium containing

5 µg/ml nocodazole and 0.01% MMS. Nocodazole was added to trap blot (Figure 4A and C).
cells in mitosis in order to facilitate the determination of the rate at MMS was added to thenimT23cdc25 G2-arrested cells
which cells entered mitosis. Samples were taken at the time intervals for 75 min to cause transient DNA damage and then
indicated, fixed and stained with DAPI. CMI% is shown as percentage

removed from the culture by fresh medium exchange asof germinated spores with condensed chromatin. –, absence of MMS;
cells were down-shifted to release the G2 block. Addition1, presence of MMS.
of MMS to nimT23cdc25G2-arrested cells markedly delayed
entry into mitosis after return to 32°C (Figure 4B,
1 MMS). This mitotic delay was correlated with delayedHU, the strain bearing both T14A and Y15F mutations

did not have more UV sensitivity than did the strain with activation of p34cdc2by tyrosine dephosphorylation (Figure
4C) and p34cdc2 remained Tyr15-phosphorylated for 1 hthe Y15F mutation alone, and similar results were obtained

using MMS as the DNA-damaging agent (data not shown). compared with only 5 min without MMS addition (Figure
4A). NIMEcyclinB accumulated at thenimT23cdc25G2 arrestThus, Thr14 phosphorylation of p34cdc2 appears to have

no role in the DNA damage checkpoint regulation, at least point and remained stable during the MMS-induced mitotic
delay (Figure 4C). As p34cdc2became transiently activatedin response to UV and MMS. As previously demonstrated

for HU sensitivity of the strains (Yeet al., 1996), MMS by Tyr15 dephosphorylation between 60 and 70 min after
release (Figure 4C) cells concurrently underwent a largelysensitivity caused by the Tyr15 mutation of p34cdc2is also

dominant over the endogenous wild-typenimXcdc2. The synchronous mitosis with peak CMI at 70 min (Figure
4B). Then, the level of NIMEcyclinB was reduced, andstrain with ∆ankAwee1 was also found to be UV (Figure

2E) and MMS sensitive (data not shown). Thus the DNA p34cdc2 kinase activity was down-regulated, as cells pro-
gressed through mitosis (Figure 4B and C). These datadamage checkpoint inA.nidulansin response to UV and

MMS is likely to be mediated through Tyr15 phosphoryl- clearly demonstrate a strong correlation between G2 delay
and Tyr15 phosphorylation of p34cdc2 after DNA damageation of p34cdc2.
caused by addition of MMS.

DNA damage by MMS delays entry into mitosis
during nimT23cdc25 block–release by delaying Inactivation of p34cdc2 by Tyr15 phosphorylation

after DNA damage by MMS prevents rapid entryTyr15 dephosphorylation of p34cdc2

The major DNA damage checkpoint in both budding into mitosis upon release of the nimA5 mutation
Previous studies have demonstrated that NIMA is requiredand fission yeasts operates during the G2/M transition

preventing initiation of mitosis in the presence of damaged for mitotic initiation by a mechanism that does not involve
activation of p34cdc2 H1 kinase activity (Osmaniet al.,DNA (Hartwell and Weinert, 1989; Carr, 1995; Lydall

and Weinert, 1996). To address the role of Tyr15 phos- 1991a; Yeet al., 1996). For example, inactivation of
NIMA does not prevent full activation of p34cdc2 H1phorylation of p34cdc2 in the G2/M DNA damage check-

point control specifically, we utilized G2-specific kinase activity and inactivation of NIMA prevents mitotic
initiation even when p34cdc2 is fully activated and cannottemperature-sensitive mutations to synchronize cells at G2

by temperature upshift before causing DNA damage with be Tyr15 phosphorylated (Yeet al., 1996; Figures 5A and
6). In fact, upon release of cells from thenimA5G2 arrestMMS, and then observed the relationship between Tyr15

phosphorylation of p34cdc2 and the initiation of mitosis point, the levels of p34cdc2 H1 kinase activity are seen to
decrease as cells are entering mitosis (Figure 5A). Weupon return of the cells to permissive temperature.

Inactivation of NIMTcdc25, a homolog of the fission therefore asked whether the activated p34cdc2 present at
thenimA5G2 arrest point is inactivated upon DNA damageyeast p34cdc2-specific tyrosine phosphatase Cdc25, blocks

cells at G2 (Figure 4B, –MMS). At the arrest point, by MMS. As can be seen in Figure 5B, and as expected,
p34cdc2 activity increased when cells were arrested in G2p34cdc2–cyclinB accumulates as inactive pre-MPF in which

p34cdc2is phosphorylated at both Tyr15 and Thr161 (Figure due to inactivation of NIMA. However, upon addition of
MMS, p34cdc2 activity was severely inhibited and it was4A and C, G2 sample). In exponentially-growing cells,
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Fig. 4. nimT23cdc25block–release experiment in the presence and absence of MMS. (A) nimT23cdc25block–release in the absence of MMS addition.
(B) Chromosome mitotic index (CMI%) duringnimT23cdc25block–release with or without MMS addition. (C) nimT23cdc25block–release in the
presence of MMS addition. An early log phase culture ofnimT23cdc25was upshifted to the restrictive temperature of 42°C to inactivate NIMTcdc25

and cause cell cycle arrest at thenimT23cdc25G2 arrest point. MMS was added to the G2-arrested culture to a final concentration of 0.04% at 2.5 h
after temperature upshift and was removed from the culture 75 min after addition by exchange with fresh medium prewarmed to 42°C. The culture
was then released from the G2 arrest into permissive temperature of 32°C. For the control culture in the absence of MMS, cells were blocked for the
same period of time (3.25 h) at 42°C as for the MMS-treated culture before release into permissive temperature to allow the initiation of
synchronous mitosis. Samples were taken at the time points indicated for CMI%, and for biochemical analysis.

Tyr15-phosphorylated (Figure 5B). Normally, release of entry into mitosis after release of the G2 arrests. This
cells from thenimA5G2 arrest point allows cells rapidly mitotic delay caused by MMS was correlated with Tyr15
to enter mitosis (Figure 5A). However, after MMS addition phosphorylation of p34cdc2.
there was a long G2 delay as p34cdc2 remained Tyr15-
phosphorylated and largely inactivated. These cells eventu-

Cells unable to tyrosine-phosphorylate p34cdc2 lackally entered a partially synchronous mitosis as the level
the G2 delay after DNA damage and enter mitosisof Tyr15 phosphorylation decreased (Figure 5B). During
prematurelythe G2 delay caused by MMS addition, the level of
To demonstrate directly whether Tyr15 phosphorylationNIMEcyclinB increased and virtually all p34cdc2 was phos-
of p34cdc2 was responsible for the DNA damage-inducedphorylated on the activating Thr161 site (faster-migrating
G2 delay, we repeated thenimA5 block–release experi-band on NIMXcdc2 Western blot, Figure 5B). Thus, the
ments with or without MMS addition usingnimA5 1G2 delay after DNA damage is not mediated through
∆ankAwee1 and nimA5 1 nimXcdc2AF double mutants. Asregulation of either NIMEcyclinB levels or CAK activity
expected, the double mutants were still arrested in G2 at thebut instead correlates well with Tyr15 phosphorylation
restrictive temperature for thenimA5 mutation, althoughof p34cdc2.
p34cdc2 cannot be Tyr15-phosphorylated (Yeet al., 1996;In summary,nimT23cdc25 and nimA5 mutations arrest
Figure 6). Upon release into permissive temperature, thecells in G2 at restrictive temperature either before
double-mutant strains both rapidly underwent a similar(nimT23cdc25) or after (nimA5) activation of p34cdc2 and
synchronous mitosis (Figure 6, –MMS). This G2 arrestgenerate rapid synchronous mitosis upon release into
using thenimA5mutation therefore enabled us to analyzepermissive temperature. Addition of MMS tonimT23cdc25

and nimA5 G2-arrested cells caused a marked delay of directly the consequence of lack of p34cdc2 tyrosine
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Fig. 5. nimA5block–release experiment in the presence and absence of MMS.nimA5block–release with or without MMS was carried out as for
nimT23cdc25block–release described in Figure 4. (A) nimA5block–release in the absence of MMS addition. (B) nimA5block–release in the presence
of MMS addition.

phosphorylation during a synchronized mitosis in the G2/M DNA damage checkpoint control. The mutant cells
undergo premature lethal mitosis in the presence of dam-presence of damaged DNA.

Addition of MMS to nimA5G2-arrested cells markedly aged DNA and thus exhibit increased sensitivity to DNA-
damaging agents.delayed entry into mitosis (Figure 6). If theankAwee1gene

was deleted, this G2 delay was partially overcome (Figure
6) and a partially synchronous mitosis of thenimA5 1 Discussion∆ankAwee1strain occurred ~30 min earlier than thenimA5
single mutant strain. However, if the putative inhibitory In this study we have demonstrated thatA.nidulanscells

have a DNA damage checkpoint mechanism operatingphosphorylation sites, T14 and Y15, of p34cdc2 (nimXcdc2)
were mutated to non-phosphorylatable A and F residues during the G2/M transition to restrain progression into

mitosis if cellular DNA is damaged. Furthermore, we haverespectively (nimXcdc2AF), this G2 delay was then com-
pletely overcome (Figure 6). Furthermore, p34cdc2 H1 established that this G2/M DNA damage checkpoint is

mediated through Tyr15 phosphorylation of p34cdc2 tokinase activity remained high after MMS addition in the
nimXcdc2AF mutant cells (data not shown). Thus, the G2 bring about G2 delay of entry into mitosis. A role for the

inhibitory phosphorylation of p34cdc2 in radiation-induceddelay after DNA damage was mediated through Tyr15
phosphorylation of p34cdc2. G2 arrest has also recently been demonstrated in human

cells (Jinet al., 1996). InA.nidulansthe NIMA kinase isThe partial override of the MMS-induced G2 delay by
∆ankAwee1 suggests the existence of amik1 homolog in also required for the initiation of mitosis and has a role

in the S/M checkpoint regulation (Yeet al., 1996).A.nidulans. This likelihood is further indicated as
∆ankAwee1 only partially complements thenimT23cdc25 However, we found that NIMA does not have a role

in the G2/M DNA damage checkpoint regulation. Themutation, whereas non-Tyr15-phosphorylated p34cdc2

(nimXcdc2Y15F or nimXcdc2AF) completely complements relationship between the G2/M DNA damage checkpoint
regulation and Tyr15 phosphorylation of p34cdc2 is shownnimT23cdc25 (P.Ramos, X.Ye, R.Fincher, S.Osmani and

L.Ellis, in preparation). in Figure 8.
The cellular level of Tyr15-phosphorylated p34cdc2 isTo determine the consequence of the premature mitosis

caused bynimXcdc2AF after DNA damage in the above regulated by two opposing enzymatic activities. The Wee1
tyrosine kinase specifically phosphorylates Tyr15, andblock–release experiments, we compared the viability of

the singlenimA5 and thenimA5 1 nimXcdc2AF double- Cdc25 tyrosine phosphatase specifically dephosphorylates
Tyr15 of p34cdc2. In A.nidulansthe Tyr15 phosphorylation/mutant cells. As shown in Figure 7, cells of either the

nimA5 or nimA5 1 nimXcdc2AF double-mutant strains dephosphorylation of p34cdc2 (NIMX cdc2) is carried out by
ANKAwee1and NIMTcdc25, homologs of fission yeast Wee1remained viable afternimA5block–release in the absence

of MMS treatment. With the addition of MMS, the viability and Cdc25 respectively (O’Connellet al., 1992; P.Ramos,
X.Ye, R.Fincher, S.Osmani and L.Ellis, in preparation).of the singlenimA5mutant cells was slightly reduced. In

contrast, a major reduction in viability of the double- The activities of Wee1 and Cdc25 are cell cycle-regulated
(Izumi et al., 1992; Kumagai and Dunphy, 1992; Tangmutant cells was observed. Thus,A.nidulanscells unable

to tyrosine-phosphorylate p34cdc2 are deficient in the et al., 1993; for a review, see Maller, 1994). During
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Fig. 7. Cell viability of the nimA5single and thenimA51 nimXcdc2AF

double-mutant strains during animA5block–release in the presence or
absence of MMS addition. ThenimA5 temperature block–release and
MMS addition were carried out exactly as described for Figure 6.
After release from thenimA5G2 arrest MMS was removed and
germlings were plated out on YAG plates for colony formation. Cell
viability was then assessed as percentage of colonies formed by the
same number of conidiospores without temperature block–release and
MMS addition.

Fig. 6. Chromosome mitotic index (CMI%) of thenimA5, and
nimA51 ∆ankAwee1or nimA51 nimXcdc2AFdouble-mutant strains
during nimA5block–release in the presence or absence of MMS Fig. 8. Model showing the relationship between Tyr15 phosphorylation
addition. Conidiospores of thenimA5, andnimA51 ∆ankAwee1or of p34cdc2 and the initiation of mitosis mediated by the G2/M DNA
nimA51 nimXcdc2AFdouble-mutant strains were germinated for 8 h at damage checkpoint.
the restrictive temperature of 42°C for thenimA5mutation. MMS was
then added to the culture and then removed by medium exchange

checkpoint inA.nidulans regulates p34cdc2 activation to75 min after addition; cells were then released immediately into
permissive temperature. Cell samples were taken at the indicated time keep p34cdc2 Tyr15-phosphorylated during response to
points after release, fixed and stained with DAPI. Chromosome mitotic DNA damage. This could be achieved by either activating
index was determined as percentage of cells with condensed the ANKAwee1kinase or inactivating the NIMTcdc25phos-chromatin.

phatase, or both. Certainly ANKAwee1 kinase is required
for the G2/M DNA damage checkpoint regulation because
ANKAwee1is the major tyrosine kinase that phosphorylatesinterphase, the Wee1 kinase activity is high, whereas

Cdc25 phosphatase activity is low. Thus, p34cdc2H1 kinase p34cdc2 at Tyr15 (P.Ramos, X.Ye, R.Fincher, S.Osmani
and L.Ellis, in preparation). Moreover,∆ANKAwee1cellsaccumulates in the Tyr15-phosphorylated, inactive pre-

MPF form during interphase. During the G2/M transition are DNA damage checkpoint-deficient and are sensitive
to DNA-damaging agents. However, whether the DNACdc25 phosphatase activity is abruptly activated and

Wee1 kinase inactivated, thus leading to rapid Tyr15 damage checkpoint regulates ANKAwee1 kinase activity
directly is currently not known.dephosphorylation and activation of p34cdc2 H1 kinase. It

is believed that Wee1, Cdc25 and p34cdc2 H1 kinase are The results ofnimT23cdc25 block–release with MMS
addition suggest that NIMTcdc25may be inactivated by theall in a feedback loop in which activation of p34cdc2

further activates itself through feedback activation of DNA damage checkpoint. Normally NIMTcdc25 is very
rapidly activated upon release fromnimT23cdc25 G2 arrestCdc25 and inhibition of Wee1 (Kinget al., 1994; Maller,

1994). However, this regulatory circuit of p34cdc2 activ- as p34cdc2becomes Tyr15-dephosphorylated and activated
within 5 min after release (Figure 4A). However, p34cdc2ation is apparently not essential during a normal cell cycle

progression inA.nidulans as cells deficient in Tyr15 remains highly Tyr15-phosphorylated for 1 h after release
if MMS is added to cause transient DNA damage to thephosphorylation of p34cdc2 are viable (Yeet al., 1996 and

the present study). nimT23cdc25G2-arrested cells (Figure 4C). If activation of
NIMTcdc25 is indeed prevented during this temperatureAt present, it is not understood how the DNA damage
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block–release in response to DNA damage, then p34cdc2 this system (Murray, 1995; Lydall and Weinert, 1996).
The target of these genes to cause cell cycle arrest afterwould remain Tyr15-phosphorylated. The inactivation of

Cdc25C phosphatase activity has been implicated in G2 DNA damage or inhibition of DNA replication remains
to be identified.arrest in response to DNA damage in human cells (O’Conor

et al., 1994; Barthet al., 1996). However, we cannot In addition to identifying the G2/M DNA damage
checkpoint system mediated through Tyr15 phosphoryl-exclude the possibility that high activation of ANKAwee1

after DNA damage could act to counteract the normal ation of p34cdc2, the present results also suggest that
A.nidulanscells may have a p34cdc2 Tyr15 phosphoryl-activation of NIMTcdc25.

At thenimA5G2 arrest point, p34cdc2is already activated ation-independent DNA damage checkpoint system operat-
ing in earlier stages of the cell cycle. This hypothesisby Tyr15 dephosphorylation (Figure 5A; Osmaniet al.,

1991a). According to the positive feedback loop scheme is based on the observation that although non-Tyr15-
phosphorylated p34cdc2 mutant cells completely overcomeof p34cdc2 activation (King et al., 1994; Maller, 1994),

activated p34cdc2, as seen at thenimA5 G2 arrest point, the MMS-induced G2 delay (Figure 6), the same mutant
cells show a delay of progression into mitosis whenwould generate fully activated NIMTcdc25 but inactive

ANKAwee1. If this regulatory scheme is active inA.nidulans germinated from G1 in the presence of MMS (Figure 3).
There are at least two possible levels of control that maythen the ANKAwee1kinase would be inactive at thenimA5

G2 arrest point as p34cdc2 is activated. DNA damage would mediate this delay after DNA damage that do not rely on
Tyr15 phosphorylation of p34cdc2. In mammalian cells,then have to lead to some activation of ANKAwee1, or an

equivalent kinase, in order to cause Tyr15 phosphorylation p53 is known to be required for the DNA damage-induced
G1 arrest, partly through a mechanism involving p53-of p34cdc2. In addition to the studies presented here,

DNA damage by MMS can also effectively cause Tyr15 dependent induction of the CDK inhibitor p21 (Kaufmann,
1995; Lydall and Weinert, 1996). In addition, DNA damagephosphorylation and inactivation of p34cdc2in cells blocked

in mitosis (X.Ye, R.Fincher, A.Tang and S.Osmani, unpub- may cause a slowing or arrest of DNA replication which
could then impose S-phase checkpoint regulation overlished data). This suggests that inA.nidulanscheckpoint

systems that monitor successful progression through mitosis (Lambet al., 1989; Paulovich and Hartwell, 1995).
If DNA damage does lead to impaired DNA replicationmitosis could also be mediated through inactivation of

p34cdc2 by Tyr15 phosphorylation. It will be of interest to inA.nidulans it is unlikely that this would lead to our
observed delay in mitosis in thenimXcdc2AF mutant strainsee how ANKAwee1 and NIMTcdc25 are regulated in

response to DNA damage at different periods of the cell germinated in the presence of MMS, as the slowing of
S-phase checkpoint over mitosis is defective in this straincycle to ascertain their respective roles in the inhibition

of p34cdc2 at different cell cycle stages. (Yeet al., 1996). If germination in MMS leads to an arrest
of the initiation of S-phase, or causes its delay, then theWe recently demonstrated that Tyr15 phosphorylation

of p34cdc2has a role in two overlapping S-phase checkpoint arrest of S-phase checkpoint could be operative as this
level of control involves not only Tyr15 phosphorylationmechanisms inA.nidulans, one involving both Tyr15

phosphorylation of p34cdc2 and the function of BIME (Ye of p34cdc2 but also the function ofbimE (Ye et al., 1996).
Future studies will determine ifbimEplays a role in DNAet al., 1996). How is Tyr15 phosphorylation of p34cdc2

involved in both the S-phase checkpoint and the G2/M DNA damage checkpoint control in G1 and S-phase.
In conclusion, A.nidulans cells have a G2/M DNAdamage checkpoint regulation? The simplest explanation

is that although cells may use different mechanisms to damage checkpoint mechanism and the major cell cycle
target for this checkpoint regulation is Tyr15 phosphoryl-detect unreplicated DNA and DNA damage, the signals

generated in response to such detections may converge ation of p34cdc2. In response to DNA damage the check-
point control rapidly inhibits cell cycle progression intoupon the same cell cycle target, that is, inhibition of

p34cdc2 by Tyr15 phosphorylation. In addition, these two mitosis by inactivating p34cdc2 H1 kinase through Tyr15
phosphorylation, presumably allowing time for DNA dam-checkpoint mechanisms may actually overlap as they both

monitor, and respond to, the state of DNA, and therefore age repair in G2 before initiation of mitosis. Having
established the cell cycle targets for the S-phase check-may share common components of a checkpoint signal

transduction pathway leading to Tyr15 phosphorylation of points (Yeet al., 1996) and for the DNA damage check-
point we can now begin to delineate the signal transductionp34cdc2. This hypothesis is supported by the observations

that A.nidulanscells bearing mutations inuvsBor uvsD, pathways leading to Tyr15 phosphorylation of p34cdc2 in
response to inhibition of DNA replication and to DNAwhich were originally isolated as UV irradiation-sensitive

mutants (Jansen, 1970; Fortuin, 1971), are deficient not damage inA.nidulans.
only in S-phase checkpoint control but also in the G2/M
DNA damage checkpoint control (X.Ye, A.Tang, R.Fincher
and S.Osmani, unpublished results). Similarly, several Materials and methods
genes have been identified in fission yeasts that are required

Aspergillus nidulans strains and general techniquesfor both S-phase and G2/M checkpoint controls (Carr,
A.nidulansstrains used in this study were R153 (pyroA4; wA3); SO53

1995) and these functions may also influence the Tyr15 (nimT23cdc25; wA2); SO54 (nimA5; wA2); ∆AnkAwee1(∆ankAwee1;
phosphorylation state of p34cdc2, although this has not as pyrG89; pyr41; pyroA4; wA3); FRY2 (nimA5; ∆ankAwee1; pyrG89;

pyr41; yA2); FRY20 (pNIG6-nimXcdc2AF; pyr41 pyroA4; pyrG89;yet been tested. Although tyrosine phosphorylation of
wA3); FRY20-1 (nimXcdc2AF; pyroA4; pyrG89; wA3); FRY24 (pNIG6-p34cdc28 has no role in S-phase or DNA damage checkpoint
nimXcdc2Y15F; pyr41; pyroA4; pyrG89; wA3); FRY25 (pNIG6-controls in budding yeast, several genes which have nimXcdc2T14A; pyr41; pyroA4; pyrG89; wA3); AT27 (nimXcdc2AF; nimA5;

overlapping functions in both S-phase and G2/M DNA pyroA4; riboA2; wA3); A329 (adE20; biA1; wA3; uvsH4; methG1;
pyroA4). Media and general techniques for culture, protein extraction,damage checkpoint controls have also been identified in
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protein immunoprecipitation, NIMA and p34cdc2 kinase assays, Western not required for DNA damage-dependent mitotic arrest.Nature, 364,
blotting, and DAPI staining for chromosome mitotic index determination 824–827.
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