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SUMMARY

The mitotic regulators Wee1 and Cdk1 can inac-
tivate each other through inhibitory phosphory-
lations. This double-negative feedback loop is
part of a bistable trigger that makes the transi-
tion into mitosis abrupt and decisive. To gener-
ate a bistable response, some component of a
double-negative feedback loop must exhibit
an ultrasensitive response to its upstream regu-
lator. Here, we experimentally demonstrate that
Wee1l exhibits a highly ultrasensitive response
to Cdk1. Several mechanisms can, in principle,
give rise to ultrasensitivity, including zero-order
effects, multisite phosphorylation, and compe-
tition mechanisms. We found that the ultrasen-
sitivity in the inactivation of Wee1 arises mainly
through two competition mechanisms: compe-
tition between two sets of phosphorylation sites
in Weel and between Weel and other high-
affinity Cdk1 targets. Based on these findings,
we were able to reconstitute a highly ultrasensi-
tive Wee1 response with purified components.
Competition provides a simple way of generat-
ing the equivalent of a highly cooperative allo-
steric response.

INTRODUCTION

The mitotic regulator cyclin B-Cdk1 is controlled by a sys-
tem of two double-negative feedback loops and a positive
feedback loop. Active Cdk1 brings about the inactivation
of the nuclear kinase Wee1 and the cytoplasmic, mem-
brane-associated kinase Myt1, which, when active, can
inactivate Cdk1 through phosphorylation of Thr 14 and/
or Tyr 15 (Fattaey and Booher, 1997; Liu et al., 1997;
McGowan and Russell, 1993, 1995; Mueller et al., 1995a,
1995b; Parker and Piwnica-Worms, 1992). In addition, ac-
tive Cdk1 brings about the activation of Cdc25, which can
then dephosphorylate the sites phosphorylated by Wee1

and Myt1 (Hoffmann et al., 1993; Kumagai and Dunphy,
1992; Solomon et al., 1990).

Under the proper circumstances, positive and double-
negative feedback loops can exhibit bistability. This means
that the system can adopt either of two alternative steady
states in response to a constant stimulus and can toggle
between these states in response to small changes in
stimulus (Cross et al., 2002; Ferrell and Xiong, 2001; Gard-
ner et al., 2000; Laurent and Kellershohn, 1999; Novak
and Tyson, 1993; Thron, 1996; Tyson et al., 1996). Recent
experimental work has demonstrated that the Cdk1/
Wee1/Myt1/Cdc25 system is, in fact, bistable (Pomeren-
ing et al.,, 2003; Sha et al, 2003) and can toggle
between a stable interphase state, with Cdk1 and Cdc25
inactive and Wee1 and Myt1 active, and a stable mitotic
state with Cdk1 and Cdc25 active and Wee1 and Myt1
inactive.

A bistable signaling system must include a positive
feedback loop, a double-negative feedback loop, or the
equivalent (Thomas, 1981), although sometimes this feed-
back loop may be difficult to appreciate (Markevich et al.,
2004). However, the presence of positive or double-nega-
tive feedback does not guarantee that a system will be bi-
stable; the shapes of the steady-state stimulus/response
curves for the individual legs of the loop are important
as well. It is also important that some component of the
loop exhibit a sigmoidal, ultrasensitive steady-state re-
sponse—that is, a nonlinear response resembling that
of a cooperative enzyme (Ferrell, 1996; Ferrell and Xiong,
2001; Goldbeter and Koshland, 1981, 1982; Huang and
Ferrell, 1996)—rather than a hyperbolic, Michaelian re-
sponse (Figure 1A). For the particular case of a two-com-
ponent positive or double-negative feedback, it is easy to
show that simple Michaelian response functions do not
support bistability (see the Supplemental Data available
with this article online). This is also true for an arbitrarily
large positive feedback loop, provided that the compo-
nents of the loop constitute a strongly monotone system
(Angeli et al., 2004). Given that the Cdk1/Weel1/Myt1/
Cdc25 system is bistable (Pomerening et al., 2003; Sha
et al., 2003), it seemed plausible that some component of
the system would exhibit a highly ultrasensitive steady-
state response to its upstream regulator.
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Figure 1. Ultrasensitive Phosphorylation of Wee1 at Thr 150 in
Xenopus Egg Extracts

(A) Michaelian and ultrasensitive steady-state responses.

(B) Steady-state Cdk1 activity and Wee1 Thr 150 phosphorylation as
a function of cyclin concentration. Data were taken from one represen-
tative experiment.

(C) Steady-state Wee inactivation versus steady-state Cdk1 activity.
Data were taken from 13 independent experiments. Because different
extracts and cyclin preparations yielded different EC50 values, we
pooled the data after fitting each individual experiment to the Hill
equation and then normalizing it to its fitted maximum and EC50
values. The apparent Hill coefficient of 3.5 was obtained by fitting all
of the normalized data to the Hill equation.

Ultrasensitivity is not only important for allowing positive
feedback loops to generate bistable responses, but also
for effective signal propagation down cascades. With
Michaelian steady-state responses, an n-fold change in
stimulus always yields a less than n-fold change in re-
sponse. After several levels in a signaling cascade, the
loss in signal contrast can be severe. Ultrasensitivity can
help restore the original contrast and can also amplify it,
converting graded inputs into more abrupt and switch-
like outputs (Brown et al., 1997; Ferrell, 1996, 1997;
Goldbeter and Koshland, 1981, 1982; Hooshangi et al.,
2005). In addition, ultrasensitivity is required for generating
oscillations in negative feedback loops of certain lengths
(Walter, 1970). Thus, ultrasensitivity may be important in
a wide range of signaling contexts.
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Several examples of ultrasensitive responses have
been documented experimentally. The earliest were the
phosphorylation of phosphorylase and isocitrate dehydro-
genase in vitro (LaPorte and Koshland, 1983; Meinke
et al., 1986), where the observed sigmoidal responses
could be largely attributed to zero-order ultrasensitivity,
a phenomenon that occurs when the kinase and/or phos-
phatase that regulate the steady-state level of substrate
phosphorylation are operating near saturation (Goldbeter
and Koshland, 1981). More recent examples have in-
cluded the activation of MEK and p42 MAPK by Mos in
Xenopus oocyte extracts (Huang and Ferrell, 1996), AMP
kinase activation in INS-1 cells (Hardie et al., 1999), and
JNK activation in several cell types (Bagowski et al.,
2003). Thus, ultrasensitivity is a recurring motif in cell
signaling.

A variety of plausible mechanisms have been proposed
to account for the ultrasensitivity observed in these sys-
tems. For example, the ultrasensitive response of MEK
to Mos may be generated by competition between CK2f3
and MEK for access to Mos (Chen et al., 1997), and the re-
sponse of p42 MAPK to MEK may be generated by non-
processive multisite phosphorylation (Burack and Sturgill,
1997; Ferrell and Bhatt, 1997). However, these postulated
mechanisms remain largely untested.

Here, we have examined whether the inactivation of
Wee1 by Cdk1 in Xenopus egg extracts is Michaelian or
ultrasensitive. We found that the inactivation of Wee1, as as-
sessed by the steady-state phosphorylation of one critical
residue (Thr 150), is highly ultrasensitive, with an apparent
Hill coefficient of 3.5. We then tested several plausible
mechanisms to account for the observed ultrasensitivity.
We found that some of the ultrasensitivity is intrinsic to
the core Wee1l/cyclin B-Cdk1/Wee1 phosphatase sys-
tem, with the main mechanism for intrinsic ultrasensitivity
being competition between two sets of phosphorylation
sites in Wee1 for access to Cdk1. In addition, much of
the observed ultrasensitivity is extrinsic to the core sys-
tem. The main mechanism of extrinsic ultrasensitivity ap-
pears to be competition between Wee1 and other high-
affinity substrates for access to Cdk1. As proof of principle
for the idea of competition as a source of ultrasensitivity,
we have reconstituted the highly ultrasensitive, switch-
like inhibition of Wee1 by Cdk1 in vitro with purified re-
combinant components.

RESULTS

We began by measuring the steady-state response of
Wee1 to various constant levels of Cdk1 activity in Xeno-
pus egg extracts. We prepared interphase cycloheximide-
treated egg extracts in which cyclins had been degraded
and Cdk1 was inactive. To these extracts, we added var-
ious concentrations of purified, bacterially expressed,
nondegradable cyclin (sea urchin A90-cyclin B) and S9-
expressed Cdk1AF (Xenopus Cdk1 with Thr 14 and Tyr
15 changed to Ala and Phe, respectively, which prevents
inactivation of the Cdk1AF by Weel and Myt1) and
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Figure 2. Intrinsic Ultrasensitivity in the Wee1 Response

[p1354¢1-A65-Cyclin B1-Cdki AF] (nM)

[p138%1-A65-Cyclin B1-Cdk1AF] (nM)

(A) Coomassie-stained gel of recombinant GST-p135“°!, A65-cyclin B1, Cdk1AF, Wee1, and PP2A proteins. The asterisks denote the comigrating
GST-p135¥?, AB5-cyclin B1 and Cdk1AF proteins, and the Wee1 protein.

(B) In vitro steady-state response of Wee1 to p135“°'-A65-cyclin B1-Cdk1AF in a reconstituted system. Recombinant Wee1 (60 nM) was incubated
with various concentrations of p1 3S“°1-A65-cyclin B1-Cdk1AF complexes in the presence of PP2A for 1 hr. Wee1 Thr 150 phosphorylation was as-
sessed by pT150-Wee1 immunoblotting and densitometry. Data points represent means + standard errors (n = 6). The apparent Hill coefficient (1.5)

was estimated by fitting the data to the Hill equation.

(C) Wee1 Thr 150 phosphorylation after 1 hrincubation with various concentrations of p135U°'-A65-cyclin B1-Cdk1AF. Data points represent means +

standard errors (n = 4).

assessed the steady-state level of Cdk1 activity by his-
tone H1 kinase assays (Figure 1B). Time-course experi-
ments (data not shown) established that by 60 min,
Cdk1 activity had reached an apparent steady state. We
also included sperm chromatin (500/uL) in the extracts
to monitor mitosis and to ensure that the Cdk1 activities
achieved were physiologically relevant. We typically ob-
tained nuclear envelope breakdown at a cyclin concentra-
tion of 30-40 nM, consistent with previous studies (Pom-
erening et al., 2003; Sha et al., 2003; Solomon et al., 1990).
As a surrogate for the steady-state activity of the endog-
enous Wee1 protein, we assessed the phosphorylation
of Thr 150 by quantitative immunoblotting with phospho-
specific antibodies (Figure 1B). This assay was chosen be-
cause Thr 150 phosphorylation correlates well with Wee1
activity and because it has proven to be more reproduc-
ible than direct activity assays (Kim et al., 2005). However,
since the inactivation of Wee1 depends upon the phos-
phorylation of two residues, Thr 104 and Thr 150 (Kim
et al., 2005), pT150 immunoblotting might underestimate
the ultrasensitivity in the Weel inactivation response.
Care was taken to ensure that the quantified pT150 and
H1 phosphorylation signals were linear with respect to
the amount of protein loaded per lane (data not shown).
We carried out Cdk1 and Wee1 assays on 13 indepen-
dent extract preparations, and plotted Wee1 T150 phos-
phorylation as a function of Cdk1 activity to isolate the
response of Wee1 to Cdk1 from any nonlinearity in the re-
sponse of Cdk1 to cyclin. As shown in Figure 1C, the
relationship between Cdk1 activity and Wee1 T150 phos-

phorylation was steeply sigmoidal and was well-approxi-
mated by a Hill function with a Hill coefficient of 3.5.
Thus, the steady-state response of Weel to Cdk1 in
Xenopus egg extracts is highly ultrasensitive.

Intrinsic Ultrasensitivity

Several potential mechanisms for ultrasensitivity, includ-
ing zero-order ultrasensitivity and multisite phosphoryla-
tion, would be intrinsic to the core system of Wee1, the
Weel SP/TP kinase (thought to be mainly cyclin B1-
Cdk1), and the Wee1 phosphatase (as yet unidentified).
If so, it should be possible to reconstitute an ultrasensitive
response with physiological concentrations of purified
recombinant proteins in vitro.

Accordingly, we examined the steady-state response
of purified Wee1 to purified Cdk1 complexes in the pres-
ence of a commercially available phosphatase, PP2A.
The Cdk1 complexes consisted of recombinant p135Uc",
AB5-cyclin B1, and Cdk1AF. Suc1/Cks1 proteins have
been shown to be important for the high-affinity interac-
tion of Cdk1 with certain substrates, including Wee1 (Pa-
tra and Dunphy, 1996; Patra et al., 1999), and we found
that to be the case here as well. The purified Wee1 prep-
aration and the p135°'- A65-cyclin B1- Cdk1AF prepara-
tion ran as single Coomassie-stained bands on SDS
polyacrylamide gels (GST-p135“°!, A65-cyclin B1, and
Cdk1AF all comigrate at 37 kDa) (Figure 2A). The PP2A
preparation showed numerous Coomassie-stained
bands, none of which ran with the expected molecular
weights of the PP2A A- or C-subunits (Figure 2A). We
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empirically chose a concentration of PP2A that would
allow ~30 nM p13%°"- AB5-cyclin B1-Cdk1AF to produce
a steady-state level of Wee1-T150 phosphorylation of
about 0.5 mol phosphate/mol Wee1.

The reconstituted system produced an ultrasensitive re-
sponse, with an apparent Hill coefficient of 1.5 (Figure 2B).
This indicates that some of the ultrasensitivity in the re-
sponse of Wee1 to Cdk1 in extracts was intrinsic to the
Wee1/Cdk1/phosphatase system. However the ultrasen-
sitivity observed here was significantly less than that of
the full extract system (ny = 3.5), suggesting that much
of the ultrasensitivity in the extract was extrinsic—that is,
due to factors outside the core Wee1/Cdk1/phosphatase
system.

If the ultrasensitivity in the reconstituted Wee1/Cdk1/
phosphatase system was due mainly to the mechanism
of Wee1 phosphorylation rather than dephosphorylation,
then a plot of the cumulative extent of Wee1 phosphoryla-
tion at some fixed time for the two-component system
of Weel and Cdk1 should be similar in shape to the

1136 Cell 128, 1133-1145, March 23, 2007 ©2007 Elsevier Inc.

Figure 3. The Wee1 Phosphorylation/
Dephosphorylation Network

Five SP/TP Cdk phosphorylation sites have
been identified in Xenopus WeelA (Kim et al.,
2005). There are 32 possible phosphorylated
forms of Weel1 and 80 phosphorylation and
dephosphorylation reactions that interconvert
them. The phosphorylation of Thr 104 and Thr
150 (sites 8 and 10) is required for inactivation
of Wee1, but the other sites (sites 1, 2, and 3)
tend to be phosphorylated first. The red, green,
and blue edges represent particular paths to
Thr 150 phosphorylation as discussed in the
text.

steady-state stimulus/response curve for the three-com-
ponent Wee1/Cdk1/PP2A system. This was in fact the
case (Figures 2B and 2C), allowing us to further simplify
the system and to avoid using the least well-defined of
the three components, the partially purified PP2A, in
many of our further studies. Note that the Cdk1 prepara-
tions used in Figures 2B and 2C were different, and the
fact that the two curves have similar EC50’s despite the
absence of PP2A in one (Figure 2C) is coincidental.

The Wee1 Phosphorylation Network

The mitotic inactivation of Wee1 involves the phosphoryla-
tion of at least five sites (Kim et al., 2005). Two of the sites,
Thr 104 and Thr 150 (referred to in Figure 3 as sites 8 and
10, because they are the eighth and tenth SP/TP se-
quences from the N terminus), are well-conserved and
are essential for the inactivation of Wee1. The other three
sites, Ser 38, Thr 53, and Ser 62 (sites 1, 2, and 3; Figure 3)
are poorly conserved and are dispensable for Wee1 inac-
tivation (Kim et al., 2005). Recent deletion studies suggest



the possibility of three other sites as well (Ser 74, Thr 86,
Thr 101) (unpublished data). However, for simplicity we
will focus on the five best-established sites.

With five phosphorylation sites there are 2° = 32 poten-
tial phosphostates for Wee1 (Figure 3). Eight phospho-
states are phosphorylated at both Thr 104 and Thr 150,
and so are expected to be inactive (Figure 3, yellow shad-
ing). An additional eight phosphostates are phosphory-
lated at Thr 150 but not Thr 104 (Figure 3, pink shading),
and so would be recognized by the pThr 150 antibodies
used here as a surrogate for Wee1 inactivation. The 32
phosphostates are connected by 80 phosphorylation/de-
phosphorylation pathways (Figure 3). At present there is
no evidence for an obligatory order of Wee1 phosphoryla-
tion, although sites 1, 2 and 3 tend to be phosphorylated
more quickly in Xenopus egg extracts than Thr 150 (Kim
et al., 2005). A phosphorylation network as complicated
as that shown in Figure 3 offers myriad possible mecha-
nisms for the generation of ultrasensitivity.

Zero-Order Ultrasensitivity

We first examined whether zero-order ultrasensitivity
might account for the intrinsic ultrasensitivity seen in Fig-
ure 2B. When opposing phosphatases and kinases are
operating close to saturation, the steady-state level of
substrate phosphorylation as a function of kinase concen-
tration becomes steeply sigmoidal (Goldbeter and Kosh-
land, 1981) (see also Supplemental Data).

To assess the potential for zero-order ultrasensitivity in
the Wee1 response, we measured the apparent K,,, values
for the phosphorylation and dephosphorylation of Thr 150
in Xenopus egg extracts. We prepared a cycloheximide-
treated interphase extract and added sufficient Cdk1AF
(200 nM) and nondegradable A90-cyclin B (100 nM) to
drive the extract into M-phase. After 30 min of incubation
the extracts were in M-phase, as assessed by DAPI stain-
ing of added sperm chromatin (data not shown). We then
added various concentrations of purified recombinant
Wee1 to the extract for 2 min and assessed the initial
rate of Thr 150 phosphorylation by pT150-Wee1 immuno-
blotting. As shown in Figure 4A, the rate of Thr 150 phos-
phorylation increased almost linearly with Wee1 concen-
tration up to the highest concentration used, 120 nM. By
nonlinear curve fitting we estimated a K,,, value of 566
nM. To obtain the apparent K,,, for dephosphorylation,
we incubated various concentrations of recombinant
Wee1 with M-phase extract for 1 hr to maximally phos-
phorylate the Wee1, added 50 mM EDTA to rapidly stop
protein phosphorylation, and at 0 and 25 s assessed the
level of Wee1 Thr 150 phosphorylation. Nonlinear curve
fitting yielded an apparent K,,, of 97 nM (Figure 4B). Plug-
ging these K,,, values into the Goldbeter-Koshland equa-
tion (see Supplemental Data) yielded a curve with an ap-
parent Hill coefficient of 1.1, substantially less than the
observed value of 1.5. Thus, zero-order ultrasensitivity
does not appear to account for much of the observed
intrinsic ultrasensitivity.
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Figure 4. The Role of Zero-Order Ultrasensitivity in the Wee1
Response

(A) Saturation of Wee1 Thr 150 phosphorylation. Various concentra-
tions of recombinant Wee1 proteins were incubated in A90-cyclin
B-treated extracts for 2 min. The phosphorylation of Wee1 at Thr 150
at 2 min was assessed by pT150-Wee1 immunoblotting and densitom-
etry, and was used to estimate initial velocities. Data points represent
means =+ standard errors (n = 4). The curve represents the best fit to the
Michaelis-Menten equation.

(B) Saturation of Wee1 Thr 150 dephosphorylation. Various concentra-
tions of recombinant Wee1 protein were fully phosphorylated by incu-
bation with M-phase egg extract for 1 hr and then extract was treated
with 50 mM EDTA for 25 s. The decrease of phosphorylation between
0 and 25 s was assessed by pT150-Wee1 immunoblotting and densi-
tometry and used to estimate initial velocities. Data points represent
means + standard errors (n = 5). The curve represents the best fit to
the Michaelis-Menten equation.

(C) Steady-state response of Wee1 to Cdk1 in the presence and ab-
sence of sperm chromatin (1000/pl). Interphase extracts were treated
with A90-cyclin B and Cdk1AF for 2 hr. The phosphorylation of endog-
enous Wee1 at Thr 150 was assessed as in (B). Data points represent
means + standard errors (n = 5).

One remaining possibility is suggested by the fact that
Wee1 is a nuclear protein. If its phosphorylation and de-
phosphorylation take place mainly in the nucleus, then

Cell 128, 1133-1145, March 23, 2007 ©2007 Elsevier Inc. 1137



the concentration of Wee1 seen by its kinase and phos-
phatase could be much higher than 10-20 nM, allowing
the converting enzymes to operate close to saturation
(Ferrell, 1998). If so, then some of the ultrasensitivity
seen in extracts (Figure 1C) should require the presence
of nuclei. However, as shown in Figure 4C, there was no
apparent difference in the response of Wee1 to A90-cyclin
B-Cdk1AF in extracts in the presence and absence of
added sperm chromatin. Thus, there is no evidence that
zero-order ultrasensitivity contributes substantially to the
Wee1 response.

Dual Phosphorylation of Thr 104 and Thr 150

The inactivation of Wee1 depends upon the phosphoryla-
tion of two sites, Thr 104 and Thr 150 (Kim et al., 2005). If
the Thr 104 phosphorylation generally precedes the Thr
150 phosphorylation (Figure 3, green path; Figure 5A),
the two-step inactivation of Wee1 might generate enough
ultrasensitivity to account for the intrinsic ultrasensitivity
(see Supplemental Data for further discussion).

To test this hypothesis, we compared the response of
wild-type Weel to Weel with one of the inactivating
phosphorylation sites, Thr 104, mutated to glutamic acid
(Wee1-T104E). As shown in Figure 5B, WT-Wee1 and
Wee1-T104E were indistinguishable in their responses to
p135“1_A65-cyclin B1-Cdk1AF. Thus, the requirement
for dual phosphorylation for the inactivation of Wee1
does not contribute significantly to Wee1’s intrinsic
ultrasensitivity.

A Role for Wee1’s Inessential Phosphorylation Sites
We considered two other plausible mechanisms for the in-
trinsic ultransensitivity of the Wee1 response. The first was
suggested by the observation that the three inessential
phosphorylation sites in the N terminus of Wee1 (Ser 38,
Thr 53, and Ser 62) tend to be phosphorylated prior to
Thr 150 (Kim et al., 2005). Thus, long paths to the phos-
phorylation of Thr 150 (Figure 3, red path) may predomi-
nate if all phosphorylation sites are present, even though
shorter paths (Figure 3, blue and green paths) can be
taken if the inessential sites are missing. These long paths
could generate multisite ultrasensitivity, as discussed fur-
ther in the Supplemental Data, through competition be-
tween the essential and inessential sites (Figures 5D and
5E). The second mechanism was based on the fact that
Wee1 is not only a substrate of Cdk1 but also a regulator
of Cdk1. If a complex between the catalytic domain of
Wee1 and the phosphorylation site of Cdk1 accumulates
to an appreciable extent, then Wee1 could act as a stoi-
chiometric inhibitor of Cdk1AF. This inhibition could gen-
erate the threshold in the response of Wee1 to Cdk1AF.
These two mechanisms were tested by examining
whether mutation of the N-terminal phosphorylation sites
in Wee1 affected the intrinsic ultrasensitivity in the in vitro
system. If the first mechanism (N-terminal phosphoryla-
tion sites as decoys) predominated, mutating these sites
should eliminate the ultrasensitivity. If the second mecha-
nism (stoichiometric inhibiton of Cdk1AF by the catalytic
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domain of Weel) predominated, mutating these sites
should have no effect. Accordingly, we generated a quin-
tuple-site mutant of Wee1 (with Ser 38, Thr 53, Ser 62, Thr
101, and Thr 104 all mutated to glutamic acid; designated
Wee1-12378E) and compared its response to Cdk1 to that
of wild-type Wee1. As shown in Figure 5C, the response of
Wee1-12378E was nearly hyperbolic (ny = 1.1), whereas
the response of wild-type Wee1 was slightly ultrasensitive
(ny = 1.4). Thus, the intrinsic ultrasensitivity in Wee1 Thr
150 phosphorylation depends upon the presence of these
poorly conserved N-terminal sites. Although inessential
for the inactivation of Wee1, they are nevertheless re-
quired for the generation of an ultrasensitive response.

If the N-terminal sites in one Wee1 molecule can com-
pete with Thr 150 in a second Wee1 molecule, then adding
recombinant Wee1-T150A to the core system of recombi-
nant Wee1, PP2A, and p135“°'-A65-cyclin B1-Cdk1AF
should increase the observed ultrasensitivity. As shown
in Figure 5F, this was in fact the case: adding Wee1-
T150A shifted the steady-state response curve to the right
and increased the ultrasensitivity from 1.5 to 2.1. This
shows that competition between Wee1 molecules for
access to Cdk1 can generate ultrasensitivity.

Extrinsic Ultrasensitivity: Intermolecular

Competition and Dilution Effects

Much of the ultrasensitivity seen in extracts (Figure 1C) is
not accounted for by intrinsic mechanisms (Figure 2), and
thus must be due to some protein or proteins extrinsic
to the core Wee1/Cdk1/phosphatase system. One attrac-
tive hypothesis is competition between Wee1 and other
Cdk1 substrates, with Wee1 becoming phosphorylated
after these preferred substrates are saturated with Cdk1.
A preferred substrate can act much like a stoichiometric
inhibitor and can therefore produce a threshold and ultra-
sensitivity (Supplemental Data). Recent experimental work
has established that the budding yeast Cdk1 protein can
phosphorylate hundreds of cellular proteins with a range
of affinities and efficiencies (Loog and Morgan, 2005;
Ubersax et al., 2003). If, as seems likely, vertebrate Cdk1
also interacts with a great number of targets, it seems
plausible that some of the Xenopus Cdk1 substrates could
compete effectively with Wee1 for access to Cdk1.

To explore this idea, we modeled a simple intermolecu-
lar competition mechanism between Wee1 and a second
substrate, denoted Sub2, for access to active Cdk1 (Fig-
ure 6A). If we chose rate constants such that Sub2 was
preferred over Wee1 and a substantial concentration of
Cdk1-Sub2 complex was formed (a; = 1, a» = 10; Figures
6A and 6B, blue and red lines), the result was a prominent
threshold in the Wee1 stimulus/response curve. Thus,
intermolecular competition could contribute to Weel’s
observed ultrasensitivity.

One strong prediction of the intermolecular competition
model is that the size of the threshold and the shape of the
stimulus/response curve should be sensitive functions of
the concentration of the competitor (Figure 6B), with the
response becoming less ultrasensitive as the competitor
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Figure 5. The Role of Multisite Phosphorylation in the Wee1 Response

(A) Inactivation of Wee1 through the sequential phosphorylation of Thr 104 and Thr 150. If nonprocessive, this type of mechanism could yield an
ultrasensitive response with an apparent Hill coefficient between 1 and 2 (Equation 13 in the Supplemental Data).

(B) Mutating Thr 104 does not affect Wee1 Thr 150 phosphorylation. WT-Wee1 and Wee1-T104E were incubated for 1 hr with various concentrations
of p135U°1-AB5-cyclin B1-Cdk1AF, and pT150-Wee1 was assessed by immunoblotting. Data points represent means + standard errors (n = 3).

(C) The role of the inessential N-terminal sites. Wild-type Wee1 and Wee1-12378E (60 nM) were incubated with various concentrations of p135U°'-
AB5-cyclin B1-Cdk1AF complex for 1 hr. pT150-Wee1 was assessed by immunoblotting. Data points represent means + standard errors (n = 6).
(D) A kinetic scheme for the competition between one inessential decoy site (Ser 38) and one essential site (Thr 150) for Cdk1.

(E) Theoretical steady-state pT150 Wee1 responses in the face of competition between essential and inessential sites within Wee1. For the black
curve, all of the elementary rate constants (a’s, d’s, and k’s) in panel (D) were assumed to be equal to 1, except k_y =k_o =k _3=k_4=0.1. For
the red and blue curves, d, and/or a, were changed as specified in the panel. For other parameter choices, other behaviors are possible, including
bistability (Markevich et al., 2004).

(F) Intermolecular competition between Wee1 molecules for access to Cdk1. Recombinant Wee1 (60 nM) was incubated with various concentrations
of p135“°1-A65-cyclin B1-Cdk1AF complexes in the presence of PP2A for 1 hr, as in Figure 2B, in the absence or presence of purified recombinant
Wee1-T150A. Data points represent means + standard errors (n = 3).

decreases in concentration. A model that combines com- We therefore set out to determine whether the ultrasen-
petition between Wee1 sites (between Ser 38 and Thr 150) sitivity of the Wee1 response was decreased in diluted
and between Wee1 and a second substrate (Figure 6C) extracts. We prepared extracts at three concentrations:
makes similar predictions (Figure 6D). undiluted (1x), diluted to 30%-strength (0.3x), or diluted
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(A) Kinetic scheme for intermolecular competition between Wee1 and a second Cdk1 substrate, Sub2.

(B) Theoretical stimulus/response curves for various assumed concentrations of Sub2. For each of the curves shown, it was assumed thatas = d =
do =Ky =ko =[Weeli] =1; a2, =10; k_4 =k_o =0.1. To emphasize the relative shapes of the three curves, we have taken each EC50 to be equal to 1.
(C) Kinetic scheme for combined competition between Ser 38 and Thr 150 and intermolecular competition between Wee1 and Sub2, for access

to active Cdk1.

(D) Theoretical stimulus/response curves for various assumed concentrations of Sub2. For each of the curves shown, it was assumed that all of the
a’s, d’s, k’s, and [Weely,] = 1, excepta, =as =100, d> =ds =0.01,and k_1 =k_, =k_z =k_, = k_5 = 0.1. To emphasize the relative shapes of the three

curves, we have taken each EC50 to be equal to 1.

(E) Steady-state response of Wee1 to Cdk1 in diluted extracts. Data were taken from three independent experiments, and each extract was normal-
ized to its fitted maximum and EC50 values, again to emphasize the shapes of the curves.

to 10%-strength (0.1 x). We restored the concentration of
Wee1 in the extracts to 20 nM by adding recombinant
Wee1, incubated the extracts with various concentrations
of A90-cyclin B/Cdk1AF for 90 min at room temperature,
and then assessed the steady-state level of Weel Thr
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150 phosphorylation by immunoblotting. The combined
results of three experiments are shown in Figure 6E. The
Wee1 response in the 1x extracts was highly ultrasensi-
tive, with an apparent Hill coefficient of 5.2 (Figure 6E,
red curve). The Wee1 response in the 0.3x extract was
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(B) Ultrasensitivity in vitro. Recombinant Wee1 (60 nM) was incubated for 1 hr with PP2A and various concentrations of p135“°'-A65-cyclin
B1-Cdk1AF in the presence of no competitor substrate (O); 20 nM Sic1 ([); or 20 nM Sic1, 20 nM Cdc6, 20 nM Fin1 (@). Data are from
five independent experiments and are plotted as means + standard errors. Curves were obtained by nonlinear least squares regression to the Hill

equation.

(C) Ultrasensitivity in vitro. Recombinant Wee1 (60 nM) was incubated for 1 hr with PP2A and various concentrations of p135“°1-A65-cycIin
B1-Cdk1AF in the presence of no competitor substrate (O); 600 nM bovine serum albumin (BSA) ([J); or 600 nM Cdc25C (@®@). Data are from three
independent experiments and are plotted as means + standard errors. Curves were obtained by nonlinear least squares regression to the Hill

equation.

more graded, with an apparent Hill coefficient of 2.9
(Figure 6E, blue curve). In the 0.1x extract the response
was indistinguishable from a Michaelian response (Fig-
ure 6E, black curve). This supports the hypothesis that
much of Wee1’s extrinsic ultrasensitivity arises through
intermolecular competition.

Reconstitution of a Highly Ultrasensitive

Response In Vitro

If the intermolecular competition hypothesis is correct, it
should be possible to reconstitute a highly ultrasensitive
response in vitro by adding an appropriate competitor to
the Wee1/Cdk1 system. Loog and Morgan have identified
anumber of yeast proteins that are high-affinity substrates
for yeast Cdki1-cyclin complexes (Loog and Morgan,
2005). We expressed three of these potential competitors
in E. coli (Cdc6, Fin1, and Sic1), purified them (Figure 7A),
and examined their effects individually and together on
the Wee1 stimulus/response curve in vitro.

As shown in Figure 7B, adding 20 nM Sic1 shifted the
stimulus/response curve to the right and made the re-
sponse more ultrasensitive. Adding Cdc6 and Fin1 to-
gether with Sic1 (Figure 7B) shifted the curve further to
the right and slightly increased the apparent Hill coeffi-
cient. The extent of ultrasensitivity achieved with Sic1
alone (ny = 3.4) or with all three competitors (ny = 3.6)
in vitro was comparable to that seen in the extract system
(ny = 3.5). Similar results were obtained for the cumulative
response of Wee1 in the absence of added PP2A in vitro
(data not shown). We also carried out reconstitution ex-
periments using recombinant bacterially expressed Xeno-
pus Cdc25C (Figure 7A). The N terminus of Cdc25C con-
tains 13 SP/TP motifs, any of which might bind Cdk1. At
a concentration of 600 nM (cf. an estimated endogenous
concentration of 140 nM [Kumagai and Dunphy, 1992]),
Cdc25C shifted the Wee1 stimulus/response curve to the
right and made the response more ultrasensitive (ny =2.0)
(Figure 7C). Taken together, these findings experimentally
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confirm that intermolecular competition can generate
a highly ultrasensitive response.

DISCUSSION

A simple phosphorylation-dephosphorylation cycle, with
neither the kinase nor the phosphatase saturated by sub-
strate, will exhibit a graded, Michaelian response to stim-
uli. However, a number of mechanisms, including cooper-
ativity, enzyme saturation, multisite phosphorylation, and
stoichiometric inhibitors, can produce a qualitatively dif-
ferent type of response—a sigmoidal, ultrasensitive re-
sponse. Ultrasensitivity is an important building block
for several complex systems-level behaviors, including
bistability.

Here, we have shown that the response of Weel to
Cdk1 in Xenopus egg extracts is highly ultrasensitive
(Figure 1C). The steady-state stimulus/response curve is
fairly flat at low and high stimulus levels, but switches
from off to on over a narrow 3- to 4-fold range of Cdk1
concentrations. In general a response like this can be use-
ful for filtering noise and amplifying sensitivity. In the case
of the Cdk1/Wee1 system, we suspect that Wee1’s ultra-
sensitivity also permits the generation of a bistable re-
sponse, which helps make interphase and M-phase dis-
crete states (Pomerening et al., 2003; Sha et al., 2003)
and helps keep the Cdk1/APC oscillator from approaching
a stable steady state with an intermediate level of Cdk1
activity (Pomerening et al., 2005).

Intrinsic Ultrasensitivity from Competition between
Wee1 Phosphorylation Sites

A small amount of Wee1’s ultrasensitivity can be observed
in a simple reconstituted system consisting of purified re-
combinant Wee1, PP2A, and p13%“°'- A65-cyclin B1-
Cdk1AF (Figure 2). This intrinsic ultrasensitivity appears
not to represent a simple zero-order effect; the Wee1
phosphatase and the Wee1 kinase are not sufficiently sat-
urated by Wee1 to produce the experimentally observed
intrinsic ultrasensitivity (Figure 4). The intrinsic ultrasensi-
tivity requires the presence of several poorly conserved
N-terminal phosphorylation sites (Figure 5C), which sug-
gests that these sites act as decoys, competing with Thr
150 (and possibly Thr 104) for access to active Cdk1. At
least some of this competition is probably intermolecular,
since the addition of Wee1-T150A to the in vitro system
increases the ultrasensitivity of the wild-type Wee1 re-
sponse (Figure 5F).

These findings provide a rationalization for a puzzling
aspect of Wee1 evolution. The N-terminal regulatory re-
gion of Weef is highly divergent across species. Never-
theless, all Wee1 species sequenced to date contain mul-
tiple N-terminal SP/TP phosphorylation sites, although the
number and exact location of the sites varies consider-
ably. For example, Xenopus embryonic Wee1A contains
10 SP/TP sites; human somatic Wee1A contains 15; Dro-
sophila Dwee1 contains 8; S. pombe Wee1 contains 24;
and S. cerevisiae Swe1l contains 13. If the function of
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many or most of these sites is simply to soak up the first in-
crements of active Cdk1 presented to Wee1, as opposed
to mediating some complicated allosteric rearrangement,
it could explain why the evolutionary constraints on the
sites appear to be so weak.

These findings also help to rationalize recent observa-
tions on the regulation of Swe1 by phosphorylation (Harvey
et al., 2005). Wee1 proteins undergo multiple N-terminal
phosphorylations just before cells enter mitosis (McGowan
and Russell, 1995; Mueller et al., 1995a; Parker et al., 1995;
Tang et al., 1993; Watanabe et al., 1995), and usually the
SP/TP phosphorylation of Wee1 correlates with its inacti-
vation. Indeed, mutating all of the SP/TP sites in Xenopus
Wee1A renders it constitutively active (Kim et al., 2005).
However, Harvey and colleagues found that when some
sites in Swe1 are mutated to nonphosphorylatable resi-
dues, theresulting Wee1 allele has low activity, not high ac-
tivity (Harvey et al., 2005). It seems plausible that these
sites might be decoy sites rather than inactivation sites,
and that mutating them frees Cdk1 to phosphorylate
mitotic substrates.

Note that two other important substrates and regulators
of Cdk1, Myt1 and Cdc25, also have multiple poorly con-
served SP/TP residues. In the case of Myt1, many of the
SP/TP residues reside in a C-terminal regulatory domain
that has been implicated in Cdk1 binding (Wells et al.,
1999). Thus, it seems plausible that this type of intrinsic
competition is a recurring theme in Cdk1-substrate
interactions.

Extrinsic Ultrasensitivity and Intermolecular
Competition

Although some of Wee1’s observed ultrasensitivity ap-
pears to be intrinsic to the core Wee1/Cdk1/phosphatase
system, much of it is not (Figure 1C versus Figure 2B). Our
working hypothesis is that this extrinsic ultrasensitivity
is mainly due to competition between Wee1 and other
Cdk1 substrates for access to Cdk1. Several observations
support this hypothesis. First, modeling studies show that
such a mechanism could plausibly account for the ob-
served extrinsic ultrasensitivity (Figures 6C-6D). Second,
comprehensive studies of Cdk1 substrates in yeast indi-
cate that Cdk1 has hundreds of substrates (Ptacek et al.,
2005; Ubersax et al., 2003), many containing multiple SP/
TP sites that might be expected to tie Cdk1 up more
effectively than single sites could (Klein et al., 2003). Third,
a key prediction of the intermolecular competition model,
that the steady-state stimulus/response curve should be-
come less ultrasensitive as the concentration of the extract
is lowered, was observed experimentally (Figure 6E).
Fourth, a highly ultrasensitive response could be reconsti-
tuted in vitro by adding Sic1 or Cdc25C to the core Wee1/
Cdk1/phosphatase system (Figures 7B and 7C). Taken to-
gether, this evidence supports the hypothesis that inter-
molecular competition accounts for the extrinsic ultrasen-
sitivity observed in the response of Wee1 in extracts. It was
somewhat surprising that Sic1 produced a substantial
threshold at a concentration of 20 nM (Figure 7B), when



its apparent K,,, for Cdk1 was found to be approximately
150 nM (data not shown). This suggests that the effective
Ky for the Sic1-Cdk1 complex under steady-state phos-
phorylation conditions might be substantially lower than
the apparent K,,,, which was derived from initial velocity ex-
periments. For example, some partially phosphorylated
form of Sic1 might bind Cdk1 more strongly than nonphos-
phorylated Sic1 does.

Sic1 is unusual in that it is not only a Cdk substrate, but
also a stoichiometric Cdk inhibitor. We suspect that these
aspects of Sic1 function are two sides of the same coin—
that its ability to inhibit the phosphorylation of other Cdk1
substrates simply reflects its ability to form long-lived
complexes with Cdk1 while it itself is being phosphory-
lated (Nash et al., 2001; Verma et al., 1997). This idea is
supported by structural studies of the binding of p27
Kip1, another protein that acts as both a substrate and
stoichiometric inhibitor of Cdks, to cyclin A-Cdk2 com-
plexes (Russo et al., 1996).

A definitive test of the intermolecular competition model
awaits the identification of the relevant competitors. One
possibility is Xic1, a Cdk1 substrate and inhibitor related
to p21 Cip1 and p27 Kip1 (Shou and Dunphy, 1996; Su
et al., 1995). However, Xic1 is a poor inhibitor of cyclin
B/Cdk1 (Shou and Dunphy, 1996; Su et al., 1995) and is
too low in abundance to be an effective stoichiometric
competitor (Shou and Dunphy, 1996). In addition, purified
recombinant Xic1 (10 nM) had no apparent affect on the
phosphorylation of Wee1 (60 nM) by cyclin B1-Cdk1
(0-60 nM) in vitro (data not shown), indicating that at
physiological concentrations (2 nM), Xic1 is unlikely to
contribute to the ultrasensitivity of Wee1.

Intermolecular competition should impose an ultrasen-
sitive response on not only Wee1, but also any Cdk1 sub-
strate with similar or weaker binding to Cdk1. This might
explain why a number of proteins phosphorylated down-
stream of Cdk1, including Weel, Cdc25, and p42
MAPK, all exhibit similarly switch-like responses to more
graded changes in Cdk1 activity in extracts (Pomerening
et al., 2005).

Intermolecular competition has the potential to be a true
systems-level mechanism for generating an ultrasensitive
response. It is possible that scores or hundreds of sub-
strates contribute to the ultrasensitive response of Wee1
to Cdk1, and to the bistability of the Cdk1/Cdc25/Wee1/
Myt1 system. Mutations in any of these substrates might
have an effect on the function of Wee1, albeit a subtle
one if a great number of nonmutated substrates would
continue to contribute normally to the ultrasensitivity.

Competition, Ultrasensitivity, and Temporal
Thresholds

It seems likely that competition is important beyond its
role in generating ultrasensitive steady-state responses.
Georgi and coworkers have shown that there is a discrete
temporal ordering in the phosphorylation of Cdk1 sub-
strates, with Wee1 and Cdc25 phosphorylated early,
and the APC component Cdc27 phosphorylated late

(Georgi et al., 2002). Likewise, competition between APC
substrates appears to be critical for determining the order
of polyubiquitination and proteolysis of various APC sub-
strates (Rape et al., 2006). In the same way that competi-
tion can introduce a concentration threshold into a steady-
state response, it can introduce a temporal threshold
into a dynamic response. The importance of generating
both sharp temporal thresholds and sharp concentration
thresholds is readily apparent; competition provides a
simple general mechanism for generating both.

EXPERIMENTAL PROCEDURES

Steady-State Wee1 Inactivation with Xenopus Egg Extracts
Interphase egg extracts were prepared in the presence of cyclohexi-
mide (100 ug/ml) as previously described (Murray, 1991; Smythe and
Newport, 1991). Extracts were supplemented with nondegradable
sea urchin A90-cyclin B (0 - 100 nM) and noninhibitable Cdk1AF
(200 nM). Demembranated sperm chromatin was routinely added
(500/ul) to monitor progression into mitosis. Samples of egg extract
were taken after 2 hr and frozen on dry ice for subsequent histone
H1 kinase assay and phospho-Thr150 Wee1 blotting. Samples equiv-
alent to 0.2 ul extract were used for histone H1 kinase assay and the
resulting *2P-labeled histone was detected and quantified by SDS
gel electrophoresis and blotting followed by phosphoimaging. For
phospho-Thr150 Wee1 blotting, 1 pl of extract sample was subjected
to SDS polyacrylamide gel electrophoresis, blotted, and probed with
affinity-purified pT150-Wee1 antibody (1:1000). The phosphorylated
band was quantified by Photoshop or GelDoc (Bio-Rad, Hercules,
CA). Care was taken to ensure that the band intensity was linear with
respect to protein loading.

Expression of Recombinant Proteins in Insect Cells
N-6xHis/Flag-tagged Xenopus Wee1A (the product of the embryonic
Wee1 gene), N-6xHis/Flag-tagged Xenopus Cdk1AF, and C-6xHis/
Flag-tagged nondegradable Xenopus cyclin B1 (A65-cyclin B1) were
expressed in Si9 cells and affinity-purified using anti-Flag M2 agarose
(Sigma-Aldrich, St. Louis, MO) as described previously (Pomerening
et al., 2005). Weel1-T104E and Wee1-12378E mutants were con-
structed by QuickChange mutagenesis (Stratagene, La Jolla, CA).
Primer sequences are provided in the Supplemental Data.

p135Uc1_AB5-cyclin B1-Cdk1AF complexes were prepared by a
modification of a published procedure (Patra and Dunphy, 1996).
GST- and Flag-tagged p13%“°! from bacterial culture (200 ml) was
bound to glutathione-Sepharose (0.4 ml, Amersham, Piscataway,
NJ). A65-cyclin B1 and Cdk1AF (50 ml each) were individually ex-
pressed in S;9 cells, combined, lysed with 8 ml of lysis buffer (50 mM
Tris-Cl, 150 mM NaCl, 1 mM EDTA, 10 mM B-mercaptoethanol,
0.5 mM ATP, 10 mM MgCl,, 0.1% Nonidet P-40, 10 pg/ml leupeptin,
10 pg/ml chymostatin, and 10 ng/ml pepstatin [pH 7.4]). After incuba-
tion for 30 min at room temperature, S9 cell lysates were added to
p135“'_pound glutathione resin and agitated for 2 hr at 4°C. The resin
was washed three times with KB buffer (20 mM HEPES, 150 mM NaCl,
5 mM MgCl,, 10% sucrose, 0.1% Nonidet P-40 [pH 7.7]) and once with
KB buffer without detergent. p135“°'-A65-cyclin B1-Cdk1AF com-
plexes were eluted with 50 mM Tris-Cl (pH 8.0) containing 10 mM
glutathione.

Preparation of Recombinant Proteins in Bacteria

Constructs for bacterial expression of S. cerevisiae Sic1, Cdc6, and
Fin1, in the pET28a vector, were obtained from D. O. Morgan (UCSF,
CA). Proteins were expressed in bacteria with 0.4 mM IPTG induction
for 3 hr at 29°C, and purified using nickel-NTA Superflow as described
in the 6xHis-tagged protein manual (Qiagen, Valencia, CA). In the case
of Fin1, the cell pellet was lysed in 8 M urea, which was gradually
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removed from the protein preparation by washing the column with
buffers containing decreasing concentrations of urea. Protein concen-
trations were determined from Coomassie-stained SDS-PAGE gels
using bovine serum albumin as a standard.

Phosphorylation and Dephosphorylation

of Wee1 with Egg Extracts

For phosphorylation reactions, cycloheximide-treated (100 pg/ml)
interphase extracts were prepared and incubated with Cdk1AF
(200 nM) and nondegradable A90-cyclin B (100 nM) for 30 min. Various
concentrations of recombinant Wee1 protein was then added to the
extract, incubated for two minutes, and reaction was terminated by
adding SDS sample buffer. Wee1 phosphorylation was analyzed by
pT150-Wee1 immunoblotting as described above.

For dephosphorylation reactions, recombinant Wee1 proteins were
incubated with cycloheximide-treated extracts preincubated with
Cdk1AF (200 nM) for 1 hr to produce maximal phosphorylation. De-
phosphorylation initiated by the addition of 50 mM EDTA, was allowed
to proceed for 25 s, and was stopped by the addition of SDS sample
buffer. Dephosphorylation was estimated from the change of pT150-
WeeT1 signal between 0 and 25 s detected by pT150-Wee1 immuno-
blotting.

In Vitro Reconstituted Wee1 Inactivation

Recombinant Wee1 (60 nM) was incubated with various concentrations
of p135Uc1-A65-cyclin B1-Cdk1AF complex and PP2A (Upstate, Teme-
cula, CA) in the presence or absence of Sic1, Fin1, and Cdc6 (20 nM
each). The kinase reaction was carried out at 30°C for 1 hr in kinase
buffer (15 ul) containing 50 mM Tris-Cl (pH 7.5), 10 mM MgCl,,
0.3 mM ATP, 2 mM dithiothreitol, 0.01% Brij35, and 1 mM EGTA.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures,
Supplemental References, and three figures and can be found with
this article online at http://www.cell.com/cgi/content/full/128/6/1133/
DC1/.
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