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Requirement for MAPK
Activation for Normal Mitotic
Progression in Xenopus Egg
Extracts

Thomas M. Guadagno and James E. Ferrell Jr.*

The p42 mitogen-activated protein kinase (MAPK) is required for progression
through meiotic M phase in Xenopus oocytes. This report examines whether it
also plays a role in normal mitotic progression. MAPK was transiently activated
during mitosis in cycling Xenopus egg extracts after activation of the cyclin-
dependent kinase Cdc2-cyclin B. Interference with MAPK activation by immu-
nodepletion of its activator MEK, or by addition of the MEK inhibitor PD98059,
caused precocious termination of mitosis and interfered with production of
normal mitotic microtubules. Sustained activation of MAPK arrested extracts
in mitosis in the absence of active Cdc2—cyclin B. These findings identify a role
for MEK and MAPK in maintaining the mitotic state.

Mitosis is initiated by the activation of Cdc2—
cyclin complexes. In Xenopus egg extracts,
three mitotic Cde2—cyclin complexes have
been identified; they are activated and inac-
tivated sequentially, beginning with Cdc2—
cyclin Al, followed by Cdc2—cyclin B1, and
finally Cdc2—cyclin B2 (7). The last of the
three, Cdc2—cyclin B2, is inactivated just af-
ter nuclear envelope breakdown (NEBD) (7).
Chromatin condensation and NEBD persist
throughout the remainder of M phase in the
absence of active Cdc2. This petsistence
could be the result of slow reversal of the
effects of Cdc2, or these aspects of mitosis
could be actively maintained by some regu-
latory protein other than Cdc2.

Several lines of evidence raise the possi-
bility that p42 MAPK (also called ERK2)
participates in mitosis. MAPK activation is
required for Xenopus oocyte maturation, and
the regulation of oocyte maturation and is
similar to regulation of mitosis in many im-
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portant respects (2). Moreover, in sea urchin
embryos (3), mammalian cell lines (4), and
cycling Xenopus egg extracts (Figs. 1C; 2C;
and 3, A and C) (5, 6), MAPKSs are activated
during mitosis. Finally, MAPKs have been
implicated in the spindle assembly check-
point in extracts and in a Xenopus cell line
(XTC-2) (5-7), and there is precedent for
proteins involved in this checkpoint to be
involved in establishing the timing of an un-
perturbed mitosis (8). However, depletion of
p42 MAPK or inhibition of p42 MAPK acti-
vation has no effect on the activation or
inactivation of Cdc2 in cycling Xenopus egg
extracts, which suggests that p42 MAPK
might be dispensable for mitotic entry and
exit (5).

We examined the role of p42 MAPK in
mitosis in cycling extracts, monitoring not
only Cdc2 activation and inactivation but also
the main morphological hallmarks of mito-
sis—nuclear envelope breakdown, chromatin
condensation, and microtubule dynamics. We
prevented mitotic activation of p42 MAPK in
cycling extracts by one of two treatments that
inhibit MEK, the protein kinase that phos-
phorylates and activates MAPK: addition of
the MEK inhibitor PD98059 (9) or immu-
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nodepletion of MEK (70). Both approaches
blocked p42 MAPK activation (Fig. 1, A and
C). We then tested whether Cdc2 activity
cycled normally in the absence of MAPK
activation. Activation and inactivation of
Cdc2 was similar in control and in PD98059-
treated extracts and in mock-depleted and
MEK-depleted extracts (Fig. 1, B and D), in
agreement with previous reports (5).

We also tested whether nuclear envelope
breakdown and re-formation and chromatin
condensation and decondensation were al-
tered -in the absence of MAPK activation
(I11). We added low concentrations of de-
membranated sperm (500 per microliter) (12)
to MAPK-inhibited and control cycling ex-
tracts, allowed nuclei to form, and took por-
tions at various times to assess chromatin
condensation by 4',6-diamidino-2-phenylin-
dole (DAPI) staining and NEBD by phase-
contrast microscopy. Both the control and
PD98(059-treated extracts underwent chroma-
tin condensation and nuclear envelope break-
down 50 min after cycling was initiated (Fig.
2, A and B). However, the extracts in which
MEK was inhibited exited mitosis premature-
ly (Fig. 2, A and B). The chromatin had
decondensed and nuclear envelopes re-
formed by 60 min in the PD98059-treated
extract but not until 75 min in the control
extract, Thus the duration of mitosis (taken
here to be the interval between NEBD and

" re-formation) in the MEK-inhibited extract

was less than half that in the control extract.
Premature mitotic exit was also observed
with MEK-depleted extracts but not with
mock-depleted extracts (Fig. 2C), and adding
purified recombinant MEK to the MEK-de-
pleted extracts restored mitosis to a normal
length (Fig. 2D). These results indicate that
MEK activation is necessary to maintain the
mitotic state for a normal period of time.
Because p42 and p44 MAPK are the only
known substrates of MEK, and only p42 is
present in egg extracts, these findings impli-
cate p42 MAPK in maintenance of the mitot-
ic state.

When MAPK is artificially activated be-
fore Cdc2 is activated, it can inhibit cyclin
degradation and hence prolong Cdc2 activa-
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tion and mitosis (/3). However, the present
results (Figs. 1 and 2) suggest that p42
MAPK may be able to sustain mitosis even
after Cdc2 is inactivated. To test this idea
further, we established conditions for induc-
ing sustained activation of p42 MAPK in a
cycling extract at about the time when tran-
sient MAPK activation normally occurs. We

REPORTS

adding recombinant malE-Mos (/4), a MEK
kinase, and timed the Mos addition to be too
late to prevent cyclin destruction (Fig. 3, A
and B).

Under these circumstances Mos treatment
had no effect on the timing of Cdc2 activation
(Fig. 3B), NEBD (Fig. 3C), or chromatin
condensation (Fig. 3D), all of which occurred

activated MEK and MAPK in the extract by by 60 min in both control and Mos-treated

A B
=10
2= 1 ’
£% 21 o conwo 0 10 20 30 40 50 60 70 min
82 ©7 e PDososo Control ”"’]]Hisione Hi
2% 2 PDoB0se 1 S S T Histone Hi
~ 0+ D i dai s 1
0 10 20 30 40 50 60 70 80
Time (min)
D
’
z2 : i 0 20 30 40 50 60 70 80 min
:g g depleted A
s 51 o MEK- depleted w JHistone H1
X5 4 depleted
<5 o MEK- | :
5 i 0 -] *—esas depleted "-’“ ]Hlstone H1

0] 102030405060?080
Time (min)

Fig. 1. Normal activation and inactivation of Cdc2 in extracts after inhibition or immunodepletion
of MEK. (A and B) Effects of MEK inhibitor PD98059 on MAPK activation and Cdc2 activity. Extracts
were treated with PD98059 or DMSO (8). (C and D) Effects of MEK immunodepletion on MAPK
activation and Cdc2 activity. Extracts were depleted of MEK with antibody 662 or were mock-
depleted with rabbit 1gG (8) and warmed to room temperature to initiate cycling. The resulting
MAPK activity was assessed by immune complex kinase assay (A and C), and Cdc2 activity was
assessed with histone H1 as substrate (B and D). Indicated times are relative to initiation of cycling.
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Fig. 2. Premature mitotic exit after inhibition of MEK. (A) Nuclear morphology in control and
PD98059-treated extracts. Nuclei were stained with DAPI and observed by fluorescence micros-
copy. Scale bar, 20 pum. (B) NEBD in control DMSO-treated extracts and PD98059-treated extracts.
(C) NEBD mock-depleted and MEK-depleted extracts. (D) Restoration of normal mitotic duration
in MEK-depleted extracts supplemented with recombinant MEK. Data are averages from two (add
back) or three (mock-depleted, MEK-depleted) experiments. Error bar represents one standard
deviation for the MEK-depleted extracts. For other extracts the duration of mitosis did not vary
measurably from experiment to experiment. NEBD was assessed by phase-contrast microscopy. In
(A) through {C), indicated times are relative to initiation of cycling.

cycling extracts. Moreover, Cdc2 inactivation
occurred normally in both control and Mos-
treated extracts (Fig. 3B). The inactivation of
Cdc2 coincided with mitotic cyclin degrada-
tion as determined by [>*S]methionine label-
ing, gel electrophoresis, and autoradiography
15).

Control extracts returned to interphase by
80 min, as indicated by decondensed chroma-
tin and intact nuclear envelopes (Fig. 3, C and
D). In contrast, Mos-treated extracts re-
mained arrested in mitosis for the duration of
the experiment despite their lack of Cdc2
activity (Fig. 3, C and D). Thus, active p42
MAPK can maintain the mitotic state in the
absence of active Cdc2—cyclin B. This find-
ing implies a role for p42 MAPK in main-
taining mitosis and indicates that inactivation
of p42 MAPK may be required for exit from
mitosis.

The p42 MAPK associates with microtu-
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Fig. 3. Effect of prolonged mitotic activation of
MAPK on Cdc2 activity and mitotic exit. Re-
combinant malE-Mos {a Mos-maltose-binding
protein fusion protein; 300 nM final concentra-
tion) or buffer was added to cycling Xenopus
egg extracts 40 min after initiation of cycling.
{A) MAPK immunoblot. Lower band represents
nonphosphorylated MAPK. Upper band repre-
sents phosphorylated MAPK. (B) Cdc2 H1 ki-
nase activity. (C) NEBD assessed by phase-
contrast microscopy. (D) Chromatin condensa-
tion, assessed by DAPI staining and fluores-
cence microscopy. Scale bar, 20 pm. Indicated
times are relative to initiation of cycling.
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bules (/6) and in particular with the mitotic
spindle (3, 4, 7). We therefore examined
whether microtubule dynamics were altered
in cycling extracts in which MEK was inhib-
ited. We prepared cycloheximide-treated in-
terphase egg extracts devoid of cyclins Al,
B1, and B2 (/7) and mock-depleted them,
immunodepleted them of MEK, or immu-
nodepleted them and then added back puri-
fied recombinant MEK R4F (an activated
form of human MEK) (78) to yield a physi-
ological concentration of MEK (Fig. 4A). We
then drove the extracts into a stable mitotic
state by addition of purified nondegradable
sea urchin cyclin B. This yielded large
amounts of Cdc2—cyclin B activity in all
three types of extracts (Fig. 4B). The active
Cdc2—cyclin B brought about activation of
p42 MAPK in the mock-depleted extract
(Fig. 4B, lane 2), demonstrating that p42
MAPK can be activated downstream of
Cdc2—cyclin B in this system. MEK deple-
tion blocked Cdc2—cyclin B-induced activa-
tion of p42 MAPK, and adding back recom-
binant MEK R4F to the MEK-depleted ex-
tract restored activation of p42 MAPK (Fig.
4B).

We added rhodamine-labeled bovine
brain tubulin and demembranated Xenopus
sperm to the three cyclin-treated extracts and
assessed the size of the microtubule asters
nucleated from the sperm centrioles (/9).
Larger microtubule asters were present in the

REPORTS

MEK-depleted mitotic extracts than in the
mock-depleted extract, despite the fact that
both extracts had high levels of Cdc2 activity
(Fig. 4C). Mitotic extracts treated with the
MEK inhibitor PD98059 also produced large
asters (/5). The addition of purified recom-
binant MEK protein to MEK-depleted ex-
tracts restored production of normal small
mitotic asters (Fig. 4C). Taken together, these
data indicate that p42 MAPK activity is re-
quired for normal mitotic microtubules.

To determine whether MAPK activation
was sufficient to produce mitotic microtubule
asters in the absence of Cdc2 activity, we com-
pared microtubule asters in interphase extracts
and Mos-treated interphase extracts (which
contain high p42 MAPK activity and low Cdc2
activity). Both extracts supported the formation
of large asters (Fig. 4D), and extensive net-
works of microtubules could be seen in the
absence of sperm in both extracts. Thus MAPK
activation is not sufficient to initiate mitotic
microtubule dynamics. Evidently, both Cdc2
and MAPK function in initiating or maintaining
mitotic microtubules (20).

Our results demonstrate that p42 MAPK
is activated downstream of Cdc2 during mi-
tosis in Xenopus egg extracts, that the mitotic
state is actively maintained during the period
after Cdc2 inactivation, and that p42 MAPK
activity is essential for this maintenance.
During meiosis in oocytes, p42 MAPK has a
similar function, suppressing a return to in-
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extracts were prepared from electrically activated cycloheximide-treated eggs and were treated

with nondestructible sea urchin AS0 cyclin B (to
cyclin (to keep them in interphase). (A) Amou

drive them into a stable mitotic state) or with no
nts of MEK in a mock-depleted extract, a MEK-

depleted extract, and a MEK-depleted extract supplemented with human MEK R4F. Immunoblot
with an antiserum (662) raised against a peptide that is identical in the Xenopus and human MEK
proteins. (B) Cdc2 H1 kinase activity (upper autoradiogram) and MAPK immune complex kinase
activity (lower autoradiogram) in an interphase extract (lane 1); a mock-depleted, mitotic extract

(lane 2); a MEK-depleted, mitotic extract (lane

3); and a MEK-depleted mitotic extract supple-

mented with MEK R4F (lane 4). (C) Sperm-nucleated aster formation in mitotic A90 cyclin
B-treated extracts with or without normal MAPK activity. A mock-depleted extract (left), MEK-
depleted extract (center), and MEK-depleted extract supplemented with MEK R4F (right) are shown.
DAPI staining of the sperm is shown in blue; rhodamine-labeled tubulin is shown in red. Scale bar,

20 p.m. (D) Long interphase-like microtubules in i

interphase extracts with normal low MAPK activity

(Left} or high MAPK activity induced by Mos (right). Scale bar, 20 pm.

terphase during the interval between meiosis
I and meiosis II (217, 22). Thus this versatile,
evolutionarily ancient protein kinase, impli-
cated in diverse responses to extracellular
signals, is also an important component of the
cell cycle clock.
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Catalytic Plasticity of Fatty
Acid Modification Enzymes
Underlying Chemical Diversity
of Plant Lipids

Pierre Broun,* John Shanklin,*{ Ed Whittle, Chris Somerville?

Higher plants exhibit extensive diversity in the composition of seed storage
fatty acids. This is largely due to the presence of various combinations of double
or triple bends and hydroxyl or epoxy groups, which are synthesized by a family
of structurally similar enzymes. As few as four amino acid substitutions can
convert an oleate 12-desaturase to a hydroxylase and as few as six result in
conversion of a hydroxylase to a desaturase. These results illustrate how
catalytic plasticity of these diiron enzymes has contributed to the evolution of
the chemical diversity found in higher plants.

All higher plants contain one or more oleate
desaturases that catalyze the O,-dependent in-
sertion of a double bond between carbons 12
and 13 of lipid-linked oleic acid (18:14°) to
produce linoleic acid (18:22%12) (7). In con-
trast, only 14 species in 10 plant families have
been found to accumulate the structurally relat-
ed hydroxy fatty acid, ricinoleic acid (D-12-
hydroxyoctadec-cis-9-enoic acid) (2), which is
synthesized by an oleate hydroxylase that ex-
hibits a high degree of sequence similarity to
oleate desaturases (3). The oleate desaturases
and hydroxylases are integral membrane pro-
teins, which are members of a large family of
functionally diverse enzymes that includes al-
kane hydroxylase, xylene monooxygenase, car-
otene ketolase, and sterol methyloxidase (/).
These nonheme iron—ontaining enzymes use a
diiron cluster for catalysis (4) and contain three
equivalent histidine clusters that have been im-
plicated in iron binding and shown to be essen-
tial for catalysis (/). This class of proteins ex-
hibits no significant sequence identity to the
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soluble diiron-containing enzymes which rep-
resent a similar diversity of enzymatic activities
that include plant acyl-ACP desaturases, meth-
ane monooxygenase, propene monooxygenase,
and the R2 component of ribonucleotide reduc-
tase (I, 5). The catalytic activities of these
enzymes has been mimicked by a synthetic
diiron-containing complex with a coordination
sphere composed entirely of nitrogen ligands
6). _

The oleate hydroxylase from the crucifer
Lesquerella fendleri has about 81% sequence
identity to the oleate desaturase from the
crucifer Arabidopsis thaliana and about 71%
sequence identity to the oleate hydroxylase
from Ricinus communis (7). The observation
that these crucifer desaturase and hydroxy-
lase enzymes are more similar than the two
hydroxylases, and the presence of ricinoleic
acid in a small number of distantly related
plant species, suggests that the capacity to
synthesize ricinoleate has arisen independent-
ly several times during the evolution of high-
er plants, by the genetic conversion of desatu-
rases to hydroxylases.

Comparison of the amino acid sequences of
the hydroxylases from L. fendleri and R. com-
munis with the sequences for oleate desaturases
from Arabidopsis, Zea mays, Glycine max (two
sequences), R. communis, and Brassica napus
revealed that only seven residues were strictly
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conserved in all of the six desaturases but di-
vergent in both of the hydroxylases. The role of
these seven residues was assessed by using
site-directed mutagenesis to replace the resi-
dues found in the Lesquerella hydroxylase,
LFAHI2, with those from the equivalent posi-
tions in the desaturases (8, 9). In a reciprocal
experiment, we replaced the seven residues in
the Arabidopsis FAD2 oleate desaturase with
the corresponding Lesguerella hydroxylase res-
idues ({0). The activity of the modified and
unmodified genes was then determined by ex-
pressing them in yeast and transgenic plants
before analyzing the composition of the total
fatty acids. Technical difficulties limited the
utility of direct measurements of enzyme activ-
ity in cell extracts (/7).

The mutant hydroxylase and desaturase
genes containing all seven substitutions (desig-
nated m,LFAHI12 and m,FAD2, respectively)
were expressed in yeast cells under transcrip-
tional control of the GAL1 promoter. Trans-
genic cells were harvested after induction and
their total fatty acid composition determined by
gas chromatography. Wild-type yeast cells do
not accumulate detectable concentrations of di-
unsaturated or hydroxylated fatty acids (12).
Expression of FAD2 caused the accumulation
of about 4% diunsaturated fatty acids (16:2 and
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Fig. 1. Fatty acid composition of yeast cells
expressing desaturase and hydroxylase genes.
Cultures were induced in growth medium
containing galactose, ~2 X 108 cells were
harvested, and fatty acids were extracted and
modified for analysis by gas chromatography,
as described (7). Values are the averages
(*SE) obtained from five cultures of inde-
pendent transformants.
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