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ABSTRACT The activity of maturation-promoting factor
(MPF), a protein kinase complex composed of p34cdc2 and
cyclin B, is undetectable during interphase but rises abruptly
at the G2/M transition to induce mitosis. After the synthesis
of cyclin B, the suppression ofMPF activity before mitosis has
been attributed to the phosphorylation of p34cdc2 on sites
(threonine-14 and tyrosine-15) that inhibit its catalytic activ-
ity. We previously showed that the activity of the mitotic
p34cdc2/cyclin B complex is rapidly suppressed when added to
interphase Xenopus extracts that lack endogenous cyclin B.
Here we show that a mutant of p34cdc2 that cannot be inhibited
by phosphorylation (threonine-14 -* alanine, tyrosine-15 --

phenylalanine) is also susceptible to inactivation, demonstrat-
ing that inhibitory mechanisms independent of threonine-14
and tyrosine-15 phosphorylation must exist. We have partially
characterized this inhibitory pathway as one involving a
reversible binding inhibitor of p34cdc2/cyclin B that is tightly
associated with cell membranes. Kinetic analysis suggests that
this inhibitor, in conjunction with the kinases that mediate the
inhibitory phosphorylations on p34cdc2, maintains the inter-
phase state in Xenopus; it may play an important role in the
exact timing of the G2/M transition.

Entry into mitosis depends on the activation of maturation-
promoting factor (MPF) (1-4), a protein kinase complex
composed of a catalytic subunit, p34cdc2, and its essential
regulatory subunit, cyclin B (5-15). The reaction pathways that
govern MPF activation are complex (reviewed in refs. 16-21).
Briefly, as cyclin B accumulates during interphase, it binds to
p34cdc2 and allows phosphorylation of p34cdc2 on threonine
161, a site essential for catalytic activity of the kinase complex
(17, 22-26). However, the bulk of p34cdc2/cyclin B is held
inactive because cyclin binding simultaneously allows phos-
phorylation of p34cdc2 (20, 27, 28) on a pair of adjacent
inhibitory sites, Thr-14 and Tyr-15 (29-33), by Weel/Mikl
(34-39) and Mytl, a recently identified membrane-associated
kinase (40-42). The activity of the Thr-14 and Tyr-15 kinases
is held high during interphase, while the activity of Cdc25 (43,
44), the enzyme specific for dephosphorylating both Thr-14
and Tyr-15 (45-47), is held low. When cyclin B accumulates to
a critical threshold level, it sets off a cascade of events that
leads, after a defined lag, to a switch in the balance between
Cdc25 and Weel/Mikl and Mytl activities (20,40-42,48-55)
such that the inhibitory phosphorylations on p34cdc2 are sud-
denly removed and MPF is abruptly activated.
Although the inhibition of p34cdc2/cyclin B by phosphory-

lation on Thr-14 and Tyr-15 is clearly a central mechanism for
suppressing its activity during interphase, a number of studies
have suggested that this mechanism cannot account entirely
for the regulation of the interphase to mitosis transition.
Studies in Xenopus extracts revealed, surprisingly, that the lag
phase preceding MPF activation could be prolonged (by
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protein phosphatase 2A) without modulation of either Cdc25
or Weel/Mikl and Mytl activities (56). In addition, studies in
Saccharomyces cerevisiae, in which the inhibitory phosphory-
lation sites in p34cdc2 were rendered unphosphorylatable by
site-directed mutagenesis, demonstrated the existence of a
mechanism(s), other than phosphorylation of the inhibitory
sites on p34cdc2, for delaying the onset of mitosis (57, 58). Most
recently, an analysis in Xenopus extracts showed that the delay
in the onset of p34cdc2/cyclin activation, imposed by unrepli-
cated DNA, occurs without modulation of Weel/Mikl and
Mytl or Cdc25 activities (59).

Here, we describe a pathway that is essential for the sup-
pression of p34cdc2/cyclin B during the lag phase. A mutant
form of p34cdc2/cyclin B, with Thr-14 and Tyr-15 altered to
unphosphorylatable residues, is still susceptible to negative
regulation in Xenopus interphase extracts. Inhibition of the
mutant form of p34cdc2/cyclin B appears to occur through the
reversible binding of an inhibitor. We have partially charac-
terized this binding inhibitor as a large ("400-500 kDa)
protein complex that is tightly associated with cell membranes.
Kinetic analysis suggests that this inhibitor may play an im-
portant role in the exact timing of mitosis.

METHODS
Preparation of p34cdc2/Cyclin B. Reticulocyte lysates (Pro-

mega), containing '10 ng of wild-type or mutant (thrl4ala,
tyrl5phe) p34cdc2 per ml (46), and supplemented with 10 mM
Mg2+-ATP, were mixed with 1/3 volume of 20 nM glutathione
S-transferase (GST)-cyclin B, prepared as described (56), plus
1/3 volume of [1:100 into extract buffer (XB; ref. 20)] diluted
interphase extract, prepared as described (56). The final
reaction mixtures were incubated at room temperature (RT)
for 1 hr. Aliquots (1.5 ,lI) of each reaction mixture were bound
to aliquots (10 p.tl) of glutathione agarose beads. The bead-
bound complexes were washed with 400 ,ul of XB/1 mM
dithiothreitol (DTT) and used as substrates for subsequent
inhibitor assays.

Preparation of [35S]Methionine-Labeled (thrl4ala, tyrl5phe)
p34cdc2/Cyclin B. Four microliters of reticulocyte lysate con-
taining [35S]methionine-labeled (thrl4ala, tyrl5phe) p34cdc2
(46) was incubated with 20 ,ul of interphase extract plus 20 ,ul
of GST-cyclin B (40 nM in XB) and 4 ,ul of 12CA5 antibody
(1 ,ug/,ll; Upstate Biotechnology). After 1 hr at room tem-
perature, aliquots (10 gl) were bound to aliquots (10 ,ul) of
protein A-Sepharose beads. The immune complexes were
washed three times with 400 ,ul of XB.

Inhibitory Kinase Assay and Washes. Detection of Thr-14,
Tyr-15 inhibitory kinase followed a procedure communicated
to us by X. F. Xheng and J. Ruderman. Membrane pellets were
solubilized with the original (concentrated extract) volume of
a buffer containing 0.5% Triton X-100, 50 mM Tris (pH 8), 0.5
M NaCl, 25 mM MgCl2, 1 mM ATP, and 1 mM DTT. Inhibitory

Abbreviations: MCI, mitotic cdc2 inhibitor; OG, octyl glucoside; MPF,
maturation-promoting factor; GST, glutathione S-transferase.
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kinase activity was detected by incubating the solubilized extract
(diluted 1:4 into XB) with bead-bound p34cdc2/cyclin B contain-
ing the wild-type p34cdc2 subunit plus Mg2+-ATP. After 30 min
at RT, the beads were stringently washed with 2x 400 1.d of
XB/0.5 M NaCl/0.2% Nonidet P-40 (NP-40)/1 mM DTT [which
removes mitotic cdc2 inhibitor (MCI)], followed by one wash with
400 gl of XB.

Solubilization and Fractionation of MCI. Ten micrograms
of pepstatin, chymostatin, and leupeptin per ml as well as 1
mM DTT was added to all buffers. The membrane pellet
(140,000 x g, 1 hr) from 1 ml of interphase extract was
solubilized in 6 ml of XB plus 4% octyl glucoside (OG),
incubated on ice for 30 min, and recentrifuged to remove the
insoluble material. For the MCI assay, the solubilized prepa-
ration was diluted below the critical micelle concentration
(cmc) (to 0.3% OG; cmc - 0.6%) of OG with XB/15%
glycerol and the solution was concentrated using Cen-
triprep-10 and Centricon-10 concentrators (Amicon) to a final
volume of 200 ,ul.

Sucrose gradient. Two hundred microliters of the above
preparation was adjusted to 4% OG and loaded onto a 2-ml
15-40% sucrose gradient (in XB/4% OG) and centrifuged in
a Sorvall TL55 rotor at 55,000 rpm for 10 hr at 4°C. Fractions
(200 ,ul) were diluted (to 0.3% OG) and reconcentrated (to 50
,ul) for the MCI assay.

Gel filtration. Two hundred microliters of the preparation
described above was adjusted to 3% OG and loaded onto a
24-ml Superose 6 FPLC column (Pharmacia) equilibrated in
XB/3% OG/15% glycerol. Fractionation took place at 0.2
ml/min, and 0.8-ml fractions were collected. Each fraction was
diluted into 15 ml of XB/15% glycerol and reconcentrated
(above) for the MCI assay.
Heat Treatment of Membranes. The membrane pellet

(140,000 x g, 1 hr) from 400 pll of interphase extract was
resuspended in 400 pll of XB. Aliquots (200 ,ll) were incubated
at 37°C or 4°C (control) for 15 min. One hundred microliters
of each treated aliquot was diluted into 1 ml of XB, recentri-
fuged (4°C), and resuspended in XB for MCI assay or in 0.5%
Triton X-U00 and assayed for inhibitory kinase activity
(above).

RESULTS AND DISCUSSION
Previously, we showed that Xenopus interphase extracts that
lack endogenous cyclin B contain an inactivator of p34Cdc2/
cyclin B (56). To determine whether this inhibition was
mediated solely by phosphorylation of p34cdc2 on the inhibitory
sites, we tested whether an active p34cdc2/cyclin B complex
containing a mutant form of p34cdc2, that cannot be inhibited
by phosphorylation (thrl4ala, tyrl5phe), was still susceptible
to inactivation. Active wild-type or mutant p34cdc2/cyclin B
was incubated in interphase extracts, and, at various times, the
kinase was reisolated and assayed for histone HI kinase
activity. As demonstrated previously (56), the interphase
extract rapidly inactivates wild-type p34cdc2/cyclin B (Fig. 1A),
with t, < 30 sec. Significantly, the mutant complex is also
susceptible to inactivation (Fig. 1A), although with slower
kinetics (t12 2-5), indicating that the inhibitory phosphory-
lations cannot be the sole means of inactivation.

Aside from the inhibitory phosphorylations at thrl4, tyrIS,
the only other known modes of inhibiting cyclin-dependent
kinases are by regulating the activating (Thr-161) phosphor-
ylation site (22-26) or by the binding of stoichiometric inhib-
itors (reviewed in refs. 60-62). We have shown that the
phosphate group on Thr-161 does not turn over in interphase
extracts (56); therefore it seemed unlikely that loss of Thr-161
phosphorylation would account for the inactivation of mutant
p34cdc2/cyclin B. To confirm this, we compared the state of
Thr- 161 phosphorylation in the active complex with that of the
inactivated complex. This can be seen in Fig. lB. Lane 2 shows
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FIG. 1. (A) Inactivation of wild-type and mutant (thrl4ala,
tyrlSphe) p34cdc2/cyclin B in interphase extracts. Ten microliters of
beads containing either wild-type or mutant p34cdc2/cyclin B was
incubated with 10 ,ul of interphase extract (diluted 1:1 with XB). At the
indicated times, the beads were washed with 400 ,ul of XB and assayed
for histone HI kinase activity. (B) Thr-161 dephosphorylation does not
account for the inactivation of mutant p34cdc2/cyclin B. Lane 2,
starting HI kinase activity of the mutant complex as well as the gel
mobility (56) of the p34cdc2. Unphosphorylated p34cdc2 is in lane 1.
Lane 3, HI kinase activity as well as the p34cdc2 gel mobility of mutant
p34cdc2/cyclin B after incubation in an interphase extract for 15 min.
(C) The HI kinase activity of the mutant but not wild-type p34cdc2/
cyclin B is restored by washing stringently. Inactivated wild-type or
mutant p34cdc2/cyclin B (see A) was washed either with XB (lane 2)
or with XB/0.5 M NaCl/0.2% NP-40 (lane 3) and assayed for Hi
kinase activity.

the HI kinase activity of the activated p34cdc2/cyclin B as well
as the increased mobility of the p34cdc2 subunit that is indic-
ative of Thr-161 phosphorylation (56, 63). Incubation of this
Thr-161 phosphorylated complex with interphase extracts
resulted in the complete loss of HI kinase activity, but the level
of Thr-161 remained undiminished (Fig. 1B, lane 3). There-
fore, dephosphorylation of Thr-161 does not account for
inactivation of the mutant complex.
The recent discovery of a number of stoichiometric inhib-

itors of cyclin-dependent kinases (reviewed in refs. 60-62) led
us to test whether mutant p34cdc2/cyclin B is inactivated by the
binding of an inhibitor protein. If the inactivation occurred via
association with an inhibitor, then the activity might be
restored by washing stringently (64). A 0.5 M NaCI/0.2%
NP-40 wash completely restored HI kinase activity of the
mutant complex (Fig. 1C). This result suggests that interphase
extracts contain a binding inhibitor of p34cdc2/cyclin B. In
contrast, the inactivation of the wild-type complex was not
reversed by washing (Fig. 1C). This was expected because
tyrosine phosphorylation on p34cdc2 coincides with its inacti-
vation (56); reactivation of wild-type p34cdc2/cyclin B would
additionally require tyrosine dephosphorylation.
Any direct inhibitor of p34cdc2/cyclin B must be overcome

prior to entry into mitosis. To determine whether the phos-
phorylation-independent mechanism of p34cdc2 inhibition is
similarly regulated, we compared the rate of inactivation of
mutant p34cdc2 in interphase versus mitotic extracts. Mitotic
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FIG. 2. Neither wild-type nor mutant (thrl4ala, tyrlSphe) p34cdc2/
cyclin B is inactivated in surrogate mitotic extracts. Ten microliters of
beads containing wild-type (squares) or mutant (circles) p34cdc2/cyclin
B was incubated with 10 Al of an interphase extract diluted 1:1 with
XB (open symbols) or an interphase extract diluted 1:1 with EB buffer
plus 2 AM okadaic acid (OA) (closed symbols). At the indicated times,
the beads were washed with 400 pl. of XB and assayed for Hi kinase
activity.

extracts exhibit high levels of endogenous Hi kinase activity,
due to mitotically activated p34cdc2/cyclin B. Because this
background would obscure the loss of activity associated with
exogenously added p34cdc2/cyclin B, we generated a surrogate
state of mitosis. The components of EB buffer (65), plus
okadaic acid (66), can induce at least a subset of events that
characterize the mitotic state (67), including the mitotic phos-
phorylation of Cdc25, chromosome condensation, and nuclear
envelope dissolution, in the apparent absence of cyclin B and
<5% of normal mitotic cdc2 kinase activity (67). Fig. 2 shows
that the inactivation of wild-type and mutant p34cdc2/cyclin B

is blocked by EB plus 2 p.M okadaic acid (EB buffer alone had
a relatively minor effect on the kinetics of inactivation, sug-
gesting that the effect is not simply due to the ionic strength
of EB). Thus, the binding inhibitor appears to be inactivated
during an M phase-like state.
To characterize the inhibitor, we separated the interphase

extract into cytosolic and particulate fractions by high-speed
centrifugation (140,000 x g, 1 hr). Fig. 3A shows that the
majority of the inhibitor was recovered in the pellet. To
determine whether the activity was membrane-associated, we
resuspended the pellet (from Fig. 3A) in 50% sucrose and
separated the membrane-associated material from other in-
soluble material by flotation through a sucrose step gradient.
The inhibitory activity was recovered at the 10%/40% sucrose
interface, indicating that the inhibitor is membrane-associated
(data not shown). Next, we explored the nature of the mem-
brane association, by extracting isolated membranes with
agents that remove peripheral membrane proteins. As shown
in Fig. 3B, the inhibitory activity was only released from the
pellet under conditions that solubilized the membranes (4%
OG). After detergent solubilization, -35% of the starting
activity could be recovered in the supernatant (Fig. 3B). Taken
together, these data suggest that the binding inhibitor is an
integral membrane protein that remains partially active after
detergent solubilization.
To estimate the complexity of the solubilized inhibitory

activity, we determined its behavior after sucrose gradient
sedimentation and gel filtration chromatography (Fig. 3C).
The inhibitory activity migrates as a discrete entity with an
approximate sedimentation value of 15S and fractionates as a
discrete peak at a position corresponding to approximately 420
kDa (Fig. 3D). Heat sensitivity studies indicated that the
activity is stable to a 15-min incubation at 37°C and 42°C, but
increasingly labile at higher temperatures (Fig. 3E). Taken
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FIG. 3. Characterization of the binding inhibitor. (A) Separation, by high-speed centrifugation (140,000 x g, 1 hr), of an interphase extract into
soluble and insoluble fractions. Cytosolic and membrane fractions were restored to one-half of the original (concentrated extract) volume. Serial
dilutions of each were assayed for inhibitory activity toward the mutant (thrl4ala, tyrlSphe) p34cdc2/cyclin B complex in the absence of ATP. (B)
The membrane pellet was washed with 2 M NaCl/100 mM Na2CO3, pH 11.4, or 0.4% OG, to remove peripherally bound proteins. The washed
membranes were restored to the original volume and assayed for the ability to inhibit mutant p34cdc2/cyclin B. The 4% OG-solubilized material
was assayed as described in the text. (C and D) Fifteen to 40% sucrose density gradient centrifugation (C) and Superose 6 gel filtration fractionation
(D) of detergent-solubilized membrane protein. (E) Heat sensitivity of the membrane-associated inhibitor.
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FIG. 4. An inhibitor of cdc2 activation resides in me
correlates with MCI activity. (A) An inhibitor of cdc2 kinm
is removed from extracts by high-speed centrifugation
branes were depleted from an undiluted interphase extra(
g, 30 min). GST-cyclin B (20 nM final) was added to th
supernatant (hss) diluted 1:1 either with XB (squares)
different concentrations of the membrane fraction to g
membrane proteins per ,ul (circles) and 5 ,ug of membrane
,tl (triangles). At the indicated times, 0.5 ,tl of each reac
was diluted into 12 ,l of EB and assayed for HI kinase ac
Comparison of the heat sensitivity of MCI with the heat
the membrane-associated Thr-14 and Tyr-15 inhibito
Control and heat-treated membranes (37°C for 15 min; s
restored to the original volume, diluted, and then assa

activity (B) or assayed for inhibitory kinase activity
Inhibitory kinase activity in C is measured by the inhibiti
kinase activity of a wild-type substrate. Inhibitory kinase
is measured by a direct assay for Tyr-15 kinase activity b
resulting complex (same as in C) with a phosphotyrosine;
Control and heat-treated membranes are equally able t
activation in membrane-depleted extracts. A membrane
terphase extract (hss) was diluted 1:1 with XB (squa
membranes (triangles), or heat-treated membranes (ci
presence of 20 nM (final) GST-cyclin B. At the indicated
of each reaction mixture was diluted into 12 ,ul of EB an
HI kinase activity.

O hss

---- hss + 2.

hss +2
tr

together, the biochemical characterization suggests that the
mitotic cdc2 inhibitor, which we call MCI, is a large protein
complex ( 400-500 kDa) that is partially heat stable and
tightly associated with cell membranes.
The localization of MCI to the membrane fraction prompted

+ 2.5 tg/pi mem us to assign a physiological role for MCI. As previously
+ 5 g/ggi mem demonstrated (41), membranes contribute a significant inhi-

bition of p34cdc2 activation (also shown in Fig. 4A). Because
these experiments utilize wild-type p34cdc2, this inhibition may
be mediated by previously characterized Thr-14, Tyr-15 inhib-
itory kinases that are membrane-associated (40-42).
To distinguish MCI from these enzymatic membrane-

associated inhibitors (42), we studied the heat sensitivity of
MCI and the membrane-associated Thr-14, Tyr-15 kinase(s),
using specific substrates or conditions that would uniquely
reveal each activity. To summarize the results, a standard

)n incubation of the membrane fraction at 37°C for 15 min caused
IL an -80% inhibition of the total Thr-14 and Tyr-15 kinase

activity in the membranes but had no effect on MCI activity.
LEATUI) This is shown in Fig. 4 B-D. In Fig. 4B, we assayed for MCI

activity using mutant p34cdc2/cyclin B that cannot be inhibited
Dilution by phosphorylation. Gentle washing conditions were used to

preserve the interaction between MCI and p34cdc2/cyclin B. In
CONIRCI Fig. 4C, we assayed for the total membrane-associated inhib-
,,AT TR.EAE itory kinase activity, using the wild-type p34cdc2/cyclin B

complex as a substrate and washing the treated complexes
stringently to eliminate the contribution of MCI. Finally, as

Dilution indicated in Fig. 4D, we assayed directly for inhibitory kinase
C'NFROL activity using the same substrate and conditions as for Fig. 4C,
RII1 AA DF.ATE but probing for the presence of phosphotyrosine in the sub-

strate by immunoblot. In summary, the results indicate not only
that MCI activity is biochemically distinguishable from the
membrane-associated inhibitory (Thr-14, Tyr-15) kinase ac-
tivities but furthermore provide a means for preparing a
membrane fraction that contains normal levels of MCI activity
but is largely inhibited (by 80%) in Thr-14 and Tyr-15 kinase

pg/llcon mem activity.
To test which of the two general types of inhibitor in the

5.pg/pI heat membrane fraction (phosphorylation-dependent and/or inde-
reated mem pendent) accounted for the ability of membranes to delay

p34cdc2 activation, we prepared two types of membrane frac-
tions: a heat-treated membrane fraction that contained pri-
marily MCI activity and a control membrane fraction that
contained MCI and inhibitory kinase activities (see Fig. 4
B-D). Fig. 4E shows that the two membrane preparations were

mbranes and equally capable of delaying cdc2 activation. These results argue
ase activation that the delay in cdc2 activation correlates more strongly with
i. The mem- MCI activity than with the membrane-associated Thr-14 and
ct (200,000 x Tyr-15 kinase activities. The most likely explanation is that
ie high-speed MCI activity contributes an important function that, in con-
or with two junction with Thr-14 and Tyr-15 phosphorylation, is required
ive 2.5 ,ug of for the normal sigmoidal-shaped kinetics of p34cdc2/cyclin B
proteins per activation (see also ref. 59).ction mixture

In summary, we have identified a membrane-associatedztivity. (B-D)
cc

sensitivity of stoichiometric inhibitor of p34cdc2/cyclin B, which may coop-
ry kinase(s). erate with the inhibitory kinases (Weel/Mikl and Mytl) to
,ee text) were ensure the correct timing of p34cdc2/cyclin B activation. It is
yed for MCI therefore likely that the purification of MCI and the descrip-
(C and D). tion of its interplay with Weel/Mikl and Mytl will be
aivity HI necessary for formulating a realistic mechanism for MPF
actvinrnino D

activation.
y Pl<UIIlg LIIC

antibody. (E)
to delay cdc2
-depleted in-
tres), control
ircles) in the
times, 0.5 ,ul
d assayed for
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