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Abstract: The evolutionarily-conserved protein phosphatase 1 (PP1) plays  
a central role in dephosphorylation of phosphoproteins during the M phase of the 
cell cycle. We demonstrate here that the PP1 inhibitor inhibitor-2 protein (Inh-2) 
induces an M-phase arrest in Xenopus cycling egg extracts. Interestingly, the 
characteristics of this M-phase arrest are similar to those of mitogen-activated 
protein kinase (p42MAPK)-induced M-phase arrest. This prompted us to 
investigate whether Inh-2-induced M-phase arrest was dependent on activation 
of the p42MAPK pathway. We demonstrate here that MAPK activity is required 
for Inh-2-induced M-phase arrest, as inhibition of MAPK by PD98059 allowed 
cycling extracts to exit M phase, despite the presence of Inh-2. We next 
investigated whether Inh-2 phosphorylation by the MAPK pathway was required 
to induce an M-phase arrest. We discovered that while p90Rsk (a MAPK protein 
required for M-phase arrest) is able to phosphorylate Inh-2, this phosphorylation 
is not required for Inh-2 function. Overall, our results suggest a novel 
mechanism linking p42MAPK and PP1 pathways during M phase of the cell 
cycle. 
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INTRODUCTION 
 
The amphibian system, specifically the Xenopus laevis system, is a well-
established model for studying transitions through the cell cycle and the 
molecular pathways that regulate such events. The Xenopus oocytes are naturally 
arrested at the G2 phase of the cell cycle and can be released to enter M phase 
either by natural or artificial means. Progression through the cell cycle in 
oocytes was first shown to be induced by maturation promoting factor (MPF) 
[1], whose activity is known to oscillate during the cell cycle, with its highest 
activity during M phase. The two components of MPF, identified as Cdc2 and 
Cyclin B, belong respectively to the cyclin-dependent kinase cell division cycle 
(Cdc), and to the cyclin families of proteins, which are collectively the major 
regulators of cell cycle progression. 
Another level of regulation imposed during cell cycle progression is the activity 
of the p42/44 mitogen-activated protein kinase (MAPK) pathway. The p42 
isoform (ERK2) has been extensively characterized for its role in many aspects 
of Xenopus cell cycle regulation [2], including maturation, M-phase arrest of the 
unfertilized eggs (referred to as cytostatic factor or CSF arrest), and spindle 
assembly checkpoint (SAC). Activation of the MAPK pathway can induce an 
M-phase arrest in Xenopus cycling egg extracts [3-8]. Within the MAPK 
pathway, p90 ribosomal S6 kinase-1 (p90Rsk-1) is the downstream kinase 
required for CSF and the induction of M-phase arrests in Xenopus cycling egg 
extracts [8, 9]. While direct targets of p90Rsk-1 during the CSF arrest have been 
identified, the candidate/s for its downstream effects during mitosis (induced  
M-phase arrests in Xenopus cycling egg extracts) remain unknown. 
PP1 is a member of a larger family of ser/thr protein phosphatases that are 
highly conserved among eukaryotes [10, 11]. A number of observations have 
suggested that PP1 is involved during exit from M phase. For instance, 
temperature-sensitive mutations in PP1 have resulted in M-phase defects such as 
aberrations in chromosomal separation and undivided nuclei in both fission and 
budding yeasts [12-16]. In addition, recent evidence showed that PP1 is also 
required for spindle assembly checkpoint during M phase in both fission and 
budding yeasts [17, 18]. In higher eukaryotes, microinjection of PP1 antibodies 
either during entry or in mid-M phase resulted in M-phase arrest in rat embryo 
fibroblasts [19]. Inhibition by okadaic acid after inactivation of Cdc2 kinase 
induced an M-phase arrest in Xenopus mitotic extracts [20]. The assortment of 
defects caused by PP1 inhibition can be explained by its interaction with several 
different regulatory subunits. PP1 catalytic subunits (α, β, and γ isoforms) are 
rarely found isolated from their various regulatory subunits [10, 21], which 
include inhibitor-2 (Inh-2). 
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Inh-2 is a heat-stable 23-kDa protein that inhibits PP1 activity in its 
unphosphorylated state [10, 21, 22]. Many kinases have been shown to regulate 
PP1 activity through phosphorylation of Inh-2 in vitro. For instance, glycogen 
synthase kinase-3 (GSK3), MAPK, and Cdc2 kinases all phosphorylate Inh-2 on 
Thr 72 residue and activate the Inh-2/PP1 complex [23-28]. However, it has 
been shown that Cdc2 kinase is mainly responsible for Inh-2 phosphorylation of 
Thr 72 residue during M phase in HeLa cells [29, 30]. In addition, p90Rsk 
phosphorylates Inh-2 protein in vitro, but this phosphorylation does not appear 
to affect the phosphatase activity of PP1[26]. Expression of Inh-2 protein 
oscillates in rat fibroblasts, with high levels during M and S phases, similar to 
that of PP1 [31]. In Xenopus cycling egg extracts, Inh-2 addition at 
concentrations that inhibited PP1 activity induced early entry into M phase [32], 
whereas its immunodepletion delayed entry into M phase [33]. In addition, 
knockdown of Inh-2 by siRNA induced mitotic defects in human adult retinal 
epithelial cells [34].  
Addition of either Inh-2 or Inh-1 (which is another inhibitory subunit of PP1) to 
CSF arrested extracts was recently reported to sustain the M-phase arrest after 
Cdc2 inactivation by roscovitine [20]. It was also shown that protein kinase A 
(PKA) was responsible for the phosphorylation of Inh-1 that is partially required 
for the induced M-phase arrest. In this paper, we investigate the role of Inh-2 
protein and show that it is able to induce a similar M-phase arrest in Xenopus cycling 
egg extracts. Since Inh-2 protein does not contain the PKA phosphorylation 
consensus site, we wanted to further investigate if other pathways regulate the 
Inh-2-induced M-phase arrest. We show in this report that the Inh-2-induced  
M-phase arrest is dependent on p42MAPK pathway activation in Xenopus cycling 
egg extract.   
 
MATERIALS AND METHODS 
 
All reagents were purchased from Sigma or VWR unless otherwise indicated. 
 
Preparation of recombinant histidine-tagged Inh-2 protein 
The rabbit Inh-2 cDNA was subcloned into the pET28a plasmid and expressed 
in Escherichia coli (E. coli). The bacterial culture was grown using standard 
procedures, then induced with 1 mM isopropylthio-β-D-galactoside (IPTG) at 
log phase growth and incubated under the same conditions for 4 hrs. The cells 
were pelleted and resuspended in lysis buffer (25 mM Na2HPO4-NaH2PO4, pH 7.5, 
125 mM NaCl, 1.0% Tween-20, 10 μg/ml each of leupeptin, chymostatin, and 
pepstatin, 2.0 μg/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride [PMSF]), 
frozen using liquid nitrogen and thawed (twice), followed by sonication on ice 
(3x 20 pulse sets at 6 output, 30% duty, separated by 1 min using the broad 
probe). After centrifugation, the supernatant (pre-binding sample) was removed 
and added to Ni2+-charged nitrilotriacetic acid (Ni-NTA) agarose resin (Qiagen Inc) 
for 1 hr and mixed end-over-end at 4°C. After binding, the beads underwent 
numerous washes in lysis buffer (without protease inhibitors) containing 1.0% 
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Tween-20 at 4°C, followed by once with lysis buffer with 1.0% Tween-20 and 
0.5 M NaCl, and twice with lysis buffer with 1.0% Tween-20. The next series of 
washes were done at room temperature: 3 times with lysis buffer and twice with 
final wash buffer (25 mM Na2HPO4-NaH2PO4, pH 7.5, 125 mM NaCl, 20 mM 
imidazole). The His-tagged Inh-2 protein was eluted with increasing 
concentrations of imidazole (50 to 250 mM) in dilution buffer (25 mM 
Na2HPO4-NaH2PO4, pH 7.5, 125 mM NaCl). The eluted fractions that contained 
His-tagged Inh-2 protein were pooled and dialyzed against dialysis buffer  
(20 mM N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid [HEPES]-KOH,  
pH 7.0, 5 mM MgCl2, 20% glycerol) at 4°C, using 3,500 molecular weight cut-off 
dialysis tubing (Fisher Scientific). The protein was concentrated against the same 
buffer containing 10% polyethylene glycol (M.W. 20,000) at 4°C. The concentration 
was then estimated by separating samples on SDS-PAGE followed by staining 
with Coomassie Blue and comparing it to BSA standard. 
 
Preparation of Xenopus egg extracts 
 
Induction of ovulation and dejellying eggs 
Female Xenopus frogs were injected in the dorsal lymph sac with 100 I.U. of 
pregnant mare’s serum (PMS) (follicle-stimulating hormone activity). After 48 hrs, 
1000 I.U. of human chorionic gonadotropin (HCG) (luteinizing hormone) were 
injected, and frogs were transferred to vessels containing 0.1 M NaCl solution. 
Within 12-14 hrs after HCG injection, spawned eggs and eggs obtained by 
gently squeezing the female frog were collected. Eggs were dejellied by placing 
them in 0.02 g/ml of L-cysteine (hydrochloride) with 0.16 M NaOH, pH 8.1-8.3, 
and then washed at least 10 times with egg washing solution (0.01 M HEPES-
NaOH, pH 7.0, 0.1 M NaCl), followed by examination under the dissection 
microscope to remove any activated or degenerated eggs.   
 
Cycling egg extract 
For cycling egg extracts, dejellied eggs were electrically activated (2 one-second 
shocks of 15 volts AC, separated by 5 seconds) in 20% Steinberg’s solution 
[11.6 mM NaCl, 0.134 mM KCl, 0.08 mM MgSO4.7H2O, 0.68 mM 
Ca(NO3)2.4H2O, 0.92 mM Tris (hydroxyamino) methane, 0.8 mM HCl,  
0.03 mg/ml penicillin G, 0.05 mg/ml streptomycin sulfate, 0.1 mg/ml 
sulfathiazole, pH 7.4]. The activation of eggs was monitored by contraction of 
the animal hemisphere (brown pigment) of eggs, occurring within 3-10 min of 
the pulse. Just prior to making the extract, activated eggs were washed 3 times in 
extraction buffer (10 mM HEPES-KOH, pH 7.7, 50 mM sucrose, 100 mM KCl, 
5 mM MgCl2, 0.1 mM CaCl2) followed by washing twice with the extraction 
buffer plus protease inhibitors (10 μg/ml of pepstatin, leupeptin, and 
chymostatin). Activated eggs were transferred to a 3-ml Ultraclear centrifuge 
tube (Beckman Coulter, Inc.) containing 0.6 ml of silicon oil (Versalube F-50) 
and overlaid with 0.6 ml of extraction buffer with protease inhibitors and 100 μg/ml 
of cytochalasin B. The eggs were packed by centrifugation at 1,060xg for 1 min 
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at 4°C using a swinging bucket rotor in an Eppendorf 5417R microfuge and 
excess oil and buffer were aspirated. The packed eggs were crushed by 
centrifugation (25-35 min after activation) at 10,200xg for 15 min at 4°C using 
the same rotor, and the cytoplasmic layer was transferred to an ice-chilled 1.6-ml 
microfuge tube for another round of centrifugation at 10,200xg for 15 min at 
4°C. The cleared cytoplasm was removed and 1x volume of an ATP-
regenerating system (40 mM adenosine triphosphate [ATP]/Mg2+ [Roche], 0.4 M 
creatine phosphate [Roche], 2 mg/ml creatine kinase [Roche]) was mixed with 
37x volumes of the extract. Demembranated sperm nuclei were added to a final 
concentration of 75-100 nuclei/μl to the extract.  
 
Interphase-arrested egg extracts 
Dejellied eggs were incubated in 20% Steinberg's solution with 100 μg/ml of 
cycloheximide for 7-10 min and then electrically activated and washed 3 times 
in extraction buffer with 100 μg/ml of cycloheximide, and twice with extraction 
buffer containing protease inhibitors. The activated eggs were crushed 32-37 
min after activation. The extract was obtained following centrifugation steps, 
and addition of the ATP-regenerating system mentioned above. The extract was 
then used immediately or frozen in liquid nitrogen in aliquots of 50 μl and stored 
at -80°C. 
 
M-phase-arrested egg extracts 
To obtain M-phase-arrested unfertilized egg extracts, dejellied eggs were 
washed 3 times in cytostatic factor (CSF) extraction buffer [10 mM HEPES-
KOH, pH 7.7, 50 mM sucrose, 100 mM KCl, 5 mM MgCl2, 5 mM ethylene 
glycol-bis (β-aminoethyl ether)-N,N,N,N’-tetraacetic acid (EGTA), 20 mM NaF] 
and twice with the CSF extraction buffer containing protease inhibitors. The egg 
extract was made in the same way as described above with the exception that 
cytochalasin B was added after the first centrifugation to a final concentration of 
50 μg/ml. 
 
Cycling egg extract assays 
Cycling Xenopus egg extracts were aliquoted [5], and either rabbit Inh-2 protein 
(Calbiochem) (or His-tagged Inh-2), human Inh-2, or buffer was added at 5%-14% 
(v/v) to the reaction (actual additions are specified in the legends). The Inh-2 
protein was added to a final concentration of approximately 2.6-2.1 µM for each 
reaction. The inhibitor PD98059 (Calbiochem) was added to reactions to a final 
concentration of 300 µM (1: 167 dilution). The final volume of each reaction 
was 70 μl. The reactions were then incubated in a water bath at 21-23°C and 
samples for immunoblot, histone H1 kinase (H1K) assay, and cytology were 
taken every 10 min. For immunoblot and H1K analysis, 2 µl of reaction was 
mixed with 20 µl of ice-chilled H1K buffer (10 mM HEPES-KOH, pH 7.7, 50 mM 
sucrose, 100 mM KCl, 5 mM MgCl2, 10 mM NaF, 5 mM EGTA), 17 µl of the 
mixture was added to 20 µl of 2x sample buffer [35] containing 10 mM NaF and 
1 mM Na3VO4, boiled for 5 min and the remaining 5 µl was immediately frozen 
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in liquid nitrogen. For cytology samples, 2.5 µl of the reaction was mixed gently 
with 10 µl of EGS [ethylene glycol-bis(succinic acid N-hydrosysuccinimide 
ester)]fixative (see below). Immunoblot and H1K samples were stored at -80°C, 
and cytology samples were stored at 4°C.  
 
Antibodies and immunoblotting 
For immunoblot analysis [5], samples were analyzed on 12.5 to 17.5% SDS-PAGE 
(acrylamide/bis, 120:1) and transferred to polyvinylidene difluoride (PVDF) 
membrane (Immobilon-P filter; Millipore) at 4°C using Hoeffer immunoblotting 
apparatus at 100 V for 2.5 hrs or overnight at 50 mAmp. The following primary 
antibodies were used: affinity-purified Cdc25C antibody [5], phosphotyrosine 
antibody [5, 36], p90Rsk-1 antibody (product SC-231, Santa Cruz), cyclin B2 
antibody [5, 37], MPM-2 antibody (Cat # 05-368, Upstate Biotechnology) and 
phospho-p44/42 antibody (Cat # 9101, New England Biolabs). Goat anti-rabbit 
or anti-mouse alkaline phosphatase-conjugated secondary antibodies (anti-
rabbit; Cat. # A3687; anti-mouse; Cat. # A3562) were used at 1:3000 dilution for 
1 hr at room temperature to detect the primary antibodies. Immunoblots were 
developed using the substrates 5-bromo-4-chloro-3-indolyl phosphate/nitroblue 
tetrazolium (BCIP/NBT) according to the manufacturer’s instructions (Cat. # P3791, 
Promega). 
 
Histone H1 phosphorylation assay 
Histone H1 phosphorylation assays for Xenopus cycling egg extract reactions [5] 
were conducted by first rapidly thawing the H1K samples (5 μl) followed by 
centrifugation at 10,200xg for a few seconds at 4°C using a swinging bucket 
rotor in an Eppendorf 5417R microfuge. Then, 3 μl of kinase mixture (20 mM 
HEPES-NaOH, pH 7.5, 10 mM MgCl2, 5 mM EGTA, 0.2 mg/ml histone H1 
[Boehringer Mannheim], 60 μM unlabeled ATP, 0.5 μCi/ml γ-32P-ATP [NEN 
Life Science Products], 20 μM protein kinase A inhibitor peptide [PKI], 10 μM 
calmidazolium) was added to each sample, and reactions were incubated for 20 min 
at 21-23°C. After 20 min, reactions were quenched with 8 μl of 2x sample 
buffer. Samples were then separated by 15% SDS-PAGE and processed for 
autoradiography. For quantitation of 32P incorporation, gels were analyzed by 
phosphorimager (Typhoon 8600).  
 
p90Rsk-1 immunoprecipitation 
Freshly made (or thawed) extracts of interphase-arrested activated eggs or  
M-phase-arrested unfertilized eggs were centrifuged at 10,200 x g for 5 min at 
4°C using a swinging bucket rotor in an Eppendorf 5417R microfuge. The 
supernatant was removed and transferred to a new 1.6-ml microfuge tube. For 
M-phase-arrested extracts, 1x volume of ATP-regenerating system (Roche) was 
added to 37x volumes of extract, and NaF was added to 20 mM final 
concentration. For either extract, 45 µl of p90Rsk-1 antibody was added to the 
final volume of 450 µl. The mixture was incubated on ice for 60 min, and 
transferred to a fresh tube containing 45 μl of protein A-Sepharose CL-4B beads 
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and Sepharose CL-4B (1:1, v/v [Amersham Pharmacia Biotech]), followed by 
mixing end-over-end for 1 hr at 4°C. The mixture was centrifuged at 10,200xg 
for 5 min at 4°C using a swinging bucket rotor in an Eppendorf 5417R 
microfuge, followed by removal of the supernatant. The pelleted beads were 
washed end-over-end for 10 min at 4°C. They were first washed with CSF 
extraction buffer that contained 1.0% Tween-20, followed by wash buffer 
containing 1.0% Tween-20 and 1 M NaCl, then wash buffer containing 1.0% 
Tween-20 and twice with wash buffer. At the last stage, the pelleted beads were 
washed once with kinase buffer (20 mM HEPES-KOH, pH 7.0, 1 mM  
β-mercaptoethanol, 5 mM MgCl2) and resuspended in 45 µl of kinase buffer. 
The resuspended immunoprecipitates were then aliquoted (10 µl slurry of  
1 volume beads and 1 volume kinase buffer) and used for phosphorylation assays.  
 
Inh-2 phosphorylation assays 
The p90Rsk-1 immunoprecipitates from interphase-arrested activated egg 
extracts or M-phase-arrested unfertilized egg extracts were used in an in vitro 
kinase assay [26]. Aliquots were thawed and mixed with 10 μl of kinase mixture 
(20 mM HEPES-NaOH, pH 7.0, 5 mM MgCl2, 1 mM β-mercaptoethanol,  
0.1 mg/ml rabbit Inh-2 [Calbiochem], 60 μM unlabeled ATP, 0.5 μCi/ml γ-32P-ATP 
[NEN]). They were incubated for 60 min at 21-22°C and quenched with 2x 
sample buffer. Samples were then separated by 17.5% SDS-PAGE and 
processed for autoradiography. To perform Inh-2 thiophosphorylation assay, 
0.37-0.56 μg/μl of rabbit Inh-2 protein (Calbiochem), or human Inh-2 protein in 
buffer (0.1 mM EGTA, 1 mM dithiothreitol (DTT), 20 mM ammonium acetate, 
pH 5.0, which was brought to pH 7.0 by adding 1 M Tris solution or 50 mM 
Tris-HCl, pH 7.0, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.01% Brij-35, 
50% glycerol) was incubated with active p90Rsk-1 (immunoprecipitated from 
M-phase-arrested unfertilized eggs) in 12 μl of kinase mixture (40 mM Tris-HCl, 
pH 7.5, 40 mM MgCl2, 4 mM β-mercaptoethanol, 2 mM unlabeled γ-S-ATP,  
2 µCi/μl γ-35S-ATP [ICN Biomedicals Inc.]). The kinase reactions were mixed 
end-over-end for 8-25 hrs at 21-26°C. They were then centrifuged twice at 
11,700xg for 10 min at 4°C using a swinging bucket rotor in an Eppendorf 
5417R microfuge. The supernatant was applied to a mini-column (Wizard kit; 
Promega) that contained 125-200 μl of 0.1 g/ml slurry of G-25 superfine 
Sephadex (Amersham Pharmacia Biotech) in the kinase buffer (20 mM HEPES-
KOH, pH 7.0, 5 mM MgCl2, 1 mM β-mercaptoethanol). The column was 
centrifuged at 5,000xg for 30 sec at 4°C using a swinging bucket rotor in an 
Eppendorf 5417R microfuge and the eluate was collected in the receiving tube 
(this procedure was done twice for each supernatant). Samples from each 
supernatant were then mixed with 1x sample buffer, separated by 17.5% SDS-PAGE 
and processed for autoradiography to verify phosphorylation of Inh-2. The 
collected eluate was stored at -20°C until it was used for cycling Xenopus egg 
extract assays. 
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S6 peptide phosphorylation assays 
For in vitro kinase reactions with S6 peptide, the p90Rsk-1 immunoprecipitates 
from extracts of interphase-arrested activated eggs or M-phase-arrested 
unfertilized eggs were used [38]. 10 μl of p90Rsk-1 immunoprecipitates were 
thawed and 10 μl of kinase mixture (20 mM HEPES-NaOH, pH 7.0, 5 mM 
MgCl2, 1 mM β-mercaptoethanol, 0.1 mg/ml of human 40S ribosomal protein  
S6 peptide, amino acids 231-239 [Santa Cruz], 60 μM unlabeled ATP, 0.5 μCi/μl 
γ-32P-ATP (NEN), 5 μM microcystin) was added to each reaction and they were 
incubated for 35 min at 21-22°C. The reactions were quenched with 10 μl of 
stop buffer (100 mM Na4P2O7, 10 mM Na3VO4, 10 mM EDTA, 100 mM NaF), 
centrifuged, and the supernatant removed. For scintillation counting, 10 μl of 
supernatant was spotted onto a half-inch square of P81 (phosphocellulose) paper 
and dried. Each P81 square was washed 5 times with 0.5% phosphoric acid then 
dried. Each square was placed in a separate vial with 5 ml of scintillation liquid 
(Labindustries, Inc.) and counted using a scintillation counter (LS 6500 Multi-
Purpose Scintillation Counter, Beckman Coulter, Inc.).  
 
Autoradiography and phosphorimager analysis 
For autoradiography, dried gels were placed in a cassette over X-OMAT film 
(Kodak) for 1 to 24 hrs. The film was developed using the Kodak X-OMAT 
M35 processor (Kodak). The quantitation of 32P and 35S incorporation was 
determined by phosphorimager analysis. The dried gels were placed on  
a phosphorimager plate for 10 to 24 hrs, processed by phosphorimager and 
quantified using the ImageQuant 5.1 program. 
 
Cytology and fluorescence/phase contrast microscopy 
The EGS fixative was prepared [1 volume of 0.2 M EGS dissolved in dimethyl 
sulfoxide (DMSO); 24 volumes of 100 mM KCl, 5 mM MgCl2, 2.5% glycerol, 
20 mM HEPES-KOH, pH 7.5 and 2 μg/ml Hoechst 33342 (Roche)] [5] and 
centrifuged at 13,000xg for 5 min at room temperature using a fixed angle rotor 
in an Eppendorf microfuge. The cytology samples were then examined by 
mounting 8.5 μl of fixed samples on a microscope slide using a wide-orifice 
pipette tip and covered with a 22 mm square cover slip. Samples were then 
examined using a Zeiss light/fluorescence microscope under 40x or 100x oil 
immersion objectives. Photographs were taken with a microscope camera (Zeiss-
MC100; Carl Zeiss Meditec Inc.) using ELITE Chrome100 slide film (Kodak).  
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RESULTS  
 
To determine whether Inh-2 protein can induce an M-phase arrest in mitotic 
extracts, we used Xenopus cycling egg extracts that mimic cell cycle events in 
vitro, as they would occur in vivo. The control reaction undergoes two cell 
cycles as indicated by entry into M phase at 50 and 100 min (Fig. 1A left panel). 
This is marked by an M-phase-specific transient Cdc25 hyperphosphorylation, 
M-phase phosphoproteins (MPM-2) phosphorylation (Fig. 1A), and M-phase 
nuclear morphology changes that include nuclear envelope breakdown and 
chromosome condensation (Fig. 1B). The addition of Inh-2 protein prior to the 
start of the incubation of the extracts at 21-23°C had no effect up to the start of  
 

 
 

Fig. 1. Inh-2 can induce M-phase arrest in mitotic extracts. Xenopus cycling egg extract was 
prepared, and either buffer or rabbit Inh-2 protein was added to 14% (v/v) of the reaction (A). 
The reactions were incubated at 21-23°C and samples were taken every 10 min for analysis. 
Samples were analyzed by SDS-polyacrylamide gel electrophoresis followed by 
immunoblotting. Top panel: Cdc25 immunoblot. Bottom panel: MPM-2 immunoblot.  
(M) denotes an extract of M-phase-arrested, unfertilized eggs. The p-Cdc25 arrow solid line 
denotes the hyperphosphorylated form of these proteins. The bars below the Cdc25 
immunoblot indicate samples in which M-phase morphology of nuclei was observed (nuclear 
envelope breakdown [NEBD] and chromosome condensation [CC]). Cytology results of the 
reactions to which buffer and rabbit Inh-2 protein were added (from two different 
experiments) (B). The Hoechst stains chromatin; Phase contrast and combined Hoechst/ 
Phase contrast show the presence/absence of a nuclear envelope. Bar, 10 μM. 
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M phase (at 50 minutes). However, sustained hyperphosphorylation of Cdc25 
and MPM-2 phosphorylation indicated that Inh-2 protein blocked cell cycle 
progression and induced an M-phase arrest. This was further corroborated by 
cytological results, in which the extracts manifested characteristic M-phase 
condensed chromatin with no nuclear envelope (Fig. 1B, right panel). In 
contrast, the control reaction had decondensed chromatin and re-formed nuclear 
envelope, indicating that the reaction had entered interphase (Fig. 1B, left 
panel).   
We next determined whether the sustained mitotic protein phosphorylation 
induced by Inh-2 could be due to sustained activity of Cdc2 kinase, a molecule 
that plays a key role during M phase and whose activation is dependent upon 
cyclin B2 interaction. In our experiments, Cdc2 kinase activity correlated well  
 

 
 

Fig. 2. Cdc2 and cyclin B activity oscillate despite cell cycle arrest. Samples taken from the 
experiment shown in Fig. 1(A) were assayed for Cdc2 kinase activity (A). The histone H1 
kinase assay was done in presence of γ-32P-ATP and histone H1 as an exogenous substrate. 
Kinase reactions were analyzed by SDS-polyacrylamide gel electrophoresis followed by 
autoradiography. Bars indicate samples in which M-phase morphology of nuclei was 
observed (nuclear envelope breakdown [NEBD] and chromosome condensation [CC]). 
Quantitation of 32P incorporated into phosphorylated histone H1 by phosphorimager (B). 
Samples were immunoblotted with anti-cyclin B2 antibody (C). (M) denotes an extract of 
M-phase-arrested, unfertilized eggs.  
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with cyclin B protein degradation, as measured by its ability to phosphorylate the 
exogenous protein histone H1 in vitro in the presence of radiolabelled γ-32P-ATP 
(Fig. 2A) [39]. For control samples, the Cdc2 activity decreased at 50 and 100 
minutes. This coincided with diminished levels of cyclin B2 protein at 50 and 110 
min (Fig. 2C, left panel). Interestingly, when Inh-2 was added to the extracts, 
cyclin B2 oscillation continued during the first cell cycle. However, at around 
100 min (during the second cell cycle) there was a divergence between control 
and Inh-2 added reactions. We suspect that the increased activity of Cdc2 in the 
second round may be an indirect effect of the static state of cell cycle related 
proteins. Overall, this result suggests that cell cycle arrest could be induced by 
Inh-2 without sustained Cdc2 kinase activity. 
The p42MAPK pathway is transiently activated during M phase of the mitotic 
cell cycle [3, 5, 40, 41]. We also observed the transient activation of p42MAPK 
in some of our immunoblots at the same time as Cdc25 phosphorylation. Similar 
to Cdc25 phosphoprotein in our experiments, the p42MAPK pathway activity is 
sustained in Inh-2 induced M-phase arrested extracts, as indicated by sustained 
phosphorylation of p42MAPK and p90Rsk-1(Fig. 3A). It has already been 
shown that mitotic activity can be arrested by p42MAPK activation after cyclin 
B degradation [7]. We therefore examined whether p42MAPK pathway 
activation plays an essential role in Inh-2-induced M-phase arrest. In order to 
accomplish this, we added the MEK specific inhibitor PD98059 to the reactions 
[42, 43] and observed that p42MAPK inactivation by PD98059 does not affect 
Cdc2 kinase activity or entry into M phase in Xenopus cycling egg extracts, but 
the PD98059-treated extracts show premature exit from M phase as compared to 
control [40]. In control experiments where only DMSO was added, the extract 
underwent one cell cycle as indicated by entry into M phase at 80 min, 
characterized by Cdc25 hyperphosphorylation, followed by its downregulation 
(Fig. 3B, upper panel). In this sample, p42MAPK activation was not detected by 
immunoblotting with anti-phospho-p44/42 antibody (Fig. 3B, lower panel). 
Addition of Inh-2 resulted in the entry and arrest of cell extract in M phase at 80 min 
(Fig. 3C, upper panel), followed by p42MAPK sustained activation (Fig. 3C, 
lower panel). Interestingly, inhibition of MAPK activation through PD98059 
addition resulted in a normal entry and exit from M phase (Fig. 3D). 
To further determine the role of the p42MAPK pathway in Inh-2 induced M-phase 
arrest, we examined the involvement of its downstream kinase, p90Rsk kinase, 
shown to be required for M-phase arrest in Xenopus cycling egg extracts [8]. 
Since p90Rsk-1 has been shown to phosphorylate rabbit Inh-2 in vitro [26], we 
immunoprecipitated p90Rsk-1 from M-phase-arrested Xenopus egg extracts to 
determine its activity (data not shown). In vitro kinase assays with rabbit Inh-2 
protein as a substrate revealed that active p90Rsk-1 showed approximately  
20-fold higher levels of P32 incorporation than Inh-2 phosphorylated by p90Rsk-1 
immunoprecipitated from interphase extract. 
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Fig. 3. Inh-2-induced M-phase arrest requires activation of the p42MAPK pathway.  
A Xenopus cycling egg extract was prepared, and either buffer or His-tagged rabbit Inh-2 
protein was added to 14% for A and 5% (v/v) for B-D of the final reaction. The samples 
were analyzed by SDS polyacrylamide gel electrophoresis. Top panel: p42MAPK tyrosine 
phosphorylation (4G10) immunoblot (A). Bottom panel: p90Rsk-1 immunoblot. (M) 
denotes an extract of M-phase-arrested, unfertilized eggs. For B to D, either DMSO or 300 μM 
(final concentration) of PD98059 was added at the same volume to these reactions. Upper 
panel of each pair: Cdc25 immunoblot (p-Cdc25 arrow denotes the hyperphosphorylated form). 
Lower panels: activated p42MAPK (phospho-p44/42) immunoblot (pp42MAPK denotes 
the phosphorylated form). The bars below the Cdc25 immunoblots represent samples in 
which M-phase morphology of nuclei was observed. Reaction to which buffer and DMSO 
were added (B). Reaction to which Inh-2 and DMSO were added (C). Reaction to which 
Inh-2 and PD98059 were added (D). 
 
To demonstrate that Inh-2 phosphorylation was not due to other M-phase kinases 
that were precipitated with the active p90Rsk-1, an interphase-arrested egg 
extract was prepared in which only p42MAPK was specifically activated. 
Similarly, the p90Rsk-1 immunoprecipitated from the constitutively active MEK 
protein [5, 44] -activated interphase-arrested extract was also able to 
phosphorylate Inh-2 protein (data not shown). We next examined whether 
p90Rsk-1-phosphorylated Inh-2 can induce an M-phase arrest similar to that 
induced by the un-phosphorylated form. The reaction to which thiophosphorylated 
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Inh-2 protein was added entered M phase at 70 min, and was arrested in M phase 
in a manner very similar to the unphosphorylated form (Fig. 4A). In addition, 
once the reaction entered M phase, thiophosphorylated Inh-2 protein underwent 
further post-translational modification, as observed by its slower migration in 
SDS-PAGE (Fig. 4B). This post-modification may be due to phosphorylation of 
Inh-2 by kinases other than p90Rsk-1, activated during M phase [30]. The Cdc2 
kinase activity was not sustained and oscillated in thiophosphorylated Inh-2 
containing reactions (data not shown). Overall, these results demonstrate that 
thiophosphorylation of Inh-2 by p90Rsk-1 can also induce M-phase arrest in  
a Xenopus cycling egg extract.   
 

 
 

Fig. 4. p90Rsk-phosphorylated Inh-2 can induce an M-phase arrest similar to that induced 
by its unphosphorylated form. A Xenopus cycling egg extract was prepared, and either 
buffer or thiophosphorylated (thio-p-) rabbit Inh-2 protein was added to the final reaction. 
Samples were analyzed by SDS-polyacrylamide gel electrophoresis and immunoblotting 
(A). Top panel: Cdc25 immunoblot. (M) denotes an extract of M-phase-arrested, 
unfertilized eggs. The bars below the Cdc25 immunoblot indicate samples in which  
M-phase morphology of nuclei was observed. Samples from thiophosphorylated Inh-2 
reaction were separated on a 17.5% SDS-polyacrylamide gel, stained with Coomassie blue, 
destained and then dried (B). The autoradiogram of the gel is shown.   
 
There could be two reasons for the similarity in potency of phosphorylated and 
unphosphorylated forms of Inh-2 in our experiments. First, it is possible that the 
concentrations used were beyond their effective threshold. By lowering the 
concentrations of both phosphorylated and unphosphorylated Inh-2 proteins 
added to Xenopus cycling egg extracts, we determined the effective 
concentration of each Inh-2 form to be between 1.6 and 2.1 μM. At concentrations 
of 2.1 μM, both phosphorylated and unphosphorylated Inh-2 were able to induce 
M-phase arrest, while at 1.6 μM they were both ineffective (Suppl. Fig. 1 in 
Supplementary material at http://dx.doi.org/10.2478/s11658-011-0030-z). As both 
p90Rsk-1 phosphorylated and unphosphorylated Inh-2 display similar potentials 
in their ability to induce an M-phase arrest, p90Rsk phosphorylation of Inh-2 is 
unlikely to be required for this M-phase arrest.  
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Fig. 5. Schematic model showing Inh-1 and Inh-2-induced M-phase arrests in Xenopus 
cycling egg extracts. 
 
Alternatively, the similarity in potency could be caused by phosphorylation of 
the Inh-2 protein by the endogenous p90Rsk-1 subsequent to Inh-2 addition to 
the reaction. To circumvent this potential problem, we used human Inh-2 protein 
lacking the consensus site required for p90Rsk-1 phosphorylation. The p90Rsk-1 
phosphorylation consensus motifs are Arg/Lys-X-Arg-X-X-Ser/Thr and Arg-
Arg-X-Ser/Thr [45]. The rabbit and Xenopus Inh-2 amino acid sequences each 
have one potential p90Rsk-1 phosphorylation motif (a.a. 25-28), while human 
Inh-2 protein has none. Predictably, the activated p90Rsk-1 immunoprecipitated 
from M-phase-arrested extracts was able to phosphorylate the rabbit Inh-2 
protein but failed to phosphorylate human Inh-2 protein (Suppl. Fig. 2A, B in 
Supplementary material at http://dx.doi.org/10.2478/s11658-011-0030-z). Despite 
the lack of phosphorylation, human Inh-2 protein was able to arrest the cell cycle 
at M phase with the same characteristics as the rabbit Inh-2 (Suppl. Fig. 2C, 
right panel in Supplementary material at http://dx.doi.org/10.2478/s11658-011-
0030-z). Since p90Rsk-1 did not phosphorylate human Inh-2 protein in vitro, this 
result suggests that phosphorylation of the serine residue within the p90Rsk-1 
consensus motif is not required for the Inh-2-induced M-phase arrest. Therefore, 
although Inh-2 M-phase arrest is dependent on activation of the p42MAPK 
pathway, Inh-2 protein does not require p90Rsk phosphorylation for the M-
phase arrest. However, this result does not exclude the possibility that 
phosphorylation of other Ser/Thr residues present in rabbit Inh-2 (outside the 
consensus motif) or within the human Inh-2 sequence could contribute towards 
modifying Inh-2 function. 
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DISCUSSION 
 

The mitotic M phase is a remarkably orchestrated process that requires PP1 
phosphatase activity during completion of the latter stages. Here, we have 
established that a known inhibitor of PP1, Inh-2, can induce M-phase arrest in 
Xenopus cycling extracts. This induced M-phase arrest is concentration 
dependent and, more importantly, it requires activation of the p42MAPK 
pathway. The Inh-2-induced M-phase arrest is characterized by sustained  
M-phase nuclear morphology (chromosome condensation and nuclear envelope 
breakdown), as well as maintenance of M-phase specific phosphoproteins in 
phosphorylated or hyperphosphorylated states. This arrest also results in 
sustained activation of p90Rsk-1, downstream of the p42MAPK pathway. On 
the other hand, Cdc2 kinase activity is not sustained despite the presence of Inh-
2, suggesting that not all molecular hallmarks involved in M-phase exit are 
affected by Inh-2 addition. This result is similar to the Inh-1 induced M-phase 
arrest in Xenopus cycling egg extracts [20] and supports previous reports that 
Inh-2 does not inhibit cyclin B destruction machinery or Cdc2 inactivation in 
these extracts [20, 32, 46, 47]. Other reports have shown that addition of Inh-2 
protein causes an early entrance into M phase [32, 33], whereas in our 
experiments, addition of Inh-2 resulted in entry into M phase at the same time as 
the control and inducing an M-phase arrest. We believe that the difference with 
our results is due to fact that their Xenopus egg extracts contained a higher 
concentration of sperm nuclei and were therefore closer to a “somatic” cell 
extract with G1 and G2 phases, which retained the ability to respond to cell 
cycle checkpoints. Consequently, it is possible that in their experiments, the 
inhibition of PP1 activity affected possible checkpoint mechanisms in G1 or G2 
phases, resulting in accelerated entry into M phase, whereas these mechanisms 
were not activated in the “embryonic” extract used in our experiments. 
While the induction of an M-phase arrest by Inh-2 protein has not been shown in 
Xenopus cycling egg extracts before this report, several effects of Inh-2 on other 
aspects of the cell cycle involving inactivation of PP1 have been reported. 
Among those, Inh-2 protein was shown to inhibit DNA replication, overcome 
DNA checkpoint arrest, cause shortening of microtubules during anaphase, and 
sustain an M-phase arrest in meiotic (CSF extracts) and mitotic extracts (HeLa 
cells) [20, 32, 46-48]. Interestingly, Inh-1 and Inh-2 have been shown to inhibit 
PP1’s ability to sustain phosphorylation of M-phase specific phosphoproteins 
after Cdc2 inactivation in meiotic and mitotic extracts [20]. The threshold 
concentration of Inh-2 used to induce an M-phase arrest at 2.1 μM in our extracts 
was just below the range reported to inhibit PP1 activity, at concentrations of 3-10 μM 
[32, 46, 47]. This correlates well with the notion that in our experiments, PP1 
phosphatase activity is inhibited. 
While Inh-1 and Inh-2 may both inhibit PP1 activity, their mode of action 
appears to be distinct. For Inh-1, its phosphorylation by PKA during M phase 
appeared to be responsible for inactivation of PP1. However, unlike Inh-1, Inh-2 
does not contain the PKA phosphorylation consensus site, despite its capacity to 
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induce a similar M-phase arrest in Xenopus cycling egg extracts. Moreover, our 
results suggest for the first time that the Inh-2-induced M-phase arrest is a direct 
effect of MAPK activity, as inhibition of p42MAPK resulted in normalization of 
the mitotic cycle despite the presence of Inh-2 in these extracts (Fig. 5). 
Normally, p42MAPK becomes transiently activated, after the peak of cyclin 
B/Cdc2 kinase (MPF) activation in Xenopus cycling egg extracts [3, 5, 40, 41]. 
The extracts containing Inh-2 entered M phase at the same time as the control 
extracts, concurrent with the timing of the p42MAPK phosphorylation, meaning 
that the MAP kinase pathway was not prematurely activated or delayed. 
The p42MAPK pathway regulates many aspects of the cell cycle in Xenopus, 
such as maturation, M-phase arrest of the unfertilized egg, and spindle assembly 
checkpoint [49, 50]. Interestingly, p90Rsk, which has been shown to be required 
downstream of the p42MAPK pathway in order to induce an M-phase or CSF 
arrest in Xenopus [8, 9], can also phosphorylate Inh-2 [26, 51]. We speculated 
next whether p90Rsk phosphorylation of Inh-2 might play a similar role to PKA 
phosphorylation of Inh-1. However, Inh-2 protein devoid of the p90Rsk 
phosphorylation site and p90Rsk-phosphorylated Inh-2 both had a similar 
threshold concentration for inducing M-phase arrests in Xenopus cycling egg 
extracts. This result suggests that p90Rsk phosphorylation of Inh-2 is not 
responsible for inducing or sustaining an M-phase arrest. 
There is evidence linking Inh-2 and PP1 under physiological conditions, as Inh-2 
protein levels increase during entry into M phase and inhibit PP1 phosphatase 
activity [31]. PP1 activity has been shown to oscillate during the cell cycle in 
Xenopus egg extracts with low activity during entry into M phase [32, 46, 47]. 
Reciprocally, a decrease in Inh-2 expression leads to increased PP1 activity 
during the cell cycle. The transient activation of p42MAPK observed during M 
phase correlates well with the PP1 inhibition and increase in Inh-2 protein levels. 
Although the molecular connection between Inh-2 and MAP kinase activation 
remains unknown, it appears that the MAPK pathway acts upstream of Inh-2, 
since inhibition of the p42MAPK pathway renders Inh-2 ineffective in our 
experiments. It may be that p42MAPK affects Inh-2 function either directly or 
through a different mechanism (Fig. 5). For instance, the Thr 72 residue on Inh-2 
can become phosphorylated by GSK3, Cdc2 and MAPK, but the exact function 
of this phosphorylation remains to be investigated in Xenopus cycling egg 
extracts [23-28]. In addition, it is unlikely that activation of the MAPK pathway 
was induced by the spindle assembly checkpoint mechanism since proteolysis of 
cyclin B protein was not inhibited and our extracts contained insufficient sperm 
nuclei for SAC induction. 
Alternatively, Inh-2 protein might also assist other kinases in inducing an M-phase 
arrest independently of PP1 inactivation. For instance, Inh-2 protein has been 
shown to interact with Pin and Aurora A kinases and increase their kinase 
activity in vitro [52, 53]. While it is possible that other kinases may also be 
involved, it is clear that adding exogenous Inh-2 is not sufficient to sustain M-phase 
arrest without MAPK activity. Further studies are required to examine their exact 
molecular relation during the cell cycle. 
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