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The spindle checkpoint ensures accurate chromosome
segregation by delaying anaphase in response to misa-
ligned sister chromatids during mitosis. Upon checkpoint
activation, Mad2 binds directly to Cdc20 and inhibits the
anaphase-promoting complex or cyclosome (APC/C).
Cdc20 binding triggers a dramatic conformational change
of Mad2. Consistent with an earlier report, we show herein
that depletion of p31°°™" (formerly known as Cmt2) by
RNA interference in HeLa cells causes a delay in mitotic
exit following the removal of nocodazole. Purified recom-
binant p31°°™* protein antagonizes the ability of Mad2 to
inhibit APC/C®“?° in vitro and in Xenopus egg extracts.
Interestingly, p31°°™" binds selectively to the Cdc20-
bound conformation of Mad2. Binding of p31°™" to
Mad2 does not prevent the interaction between Mad2
and Cdc20 in vitro. During checkpoint inactivation in
HeLa cells, p31°°™ forms a transient complex with APC/
€420 hound Mad2. Purified p31°°™¢ enhances the activity
of APC/C isolated from nocodazole-arrested HeLa cells
without disrupting the Mad2-Cdc20 interaction.
Therefore, our results suggest that p31°°™" counteracts
the function of Mad2 and is required for the silencing
of the spindle checkpoint.
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Introduction

During the cell division cycle, cells duplicate their chromo-
somes once and only once and segregate the sister chroma-
tids evenly in mitosis, thus faithfully transmitting their
genetic information to the daughter cells. The replicated
chromosomes are held together by the cohesin protein
complex (Nasmyth, 2002). At the metaphase-anaphase
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transition, a large ubiquitin protein ligase called the ana-
phase-promoting complex or cyclosome (APC/C) mediates
the degradation of securin, an inhibitor of separase (Peters,
2002). The active separase then cleaves a subunit of the
cohesin complex, Sccl, leading to the dissolution of chromo-
some cohesion and the onset of sister-chromatid separation
(Nasmyth, 2002). To maintain genetic stability, the spindle
checkpoint delays the onset of chromosome segregation in
response to sister chromatids that have not attached to
microtubules emanating from the two opposite poles of the
mitotic spindle (biorientation) (Rudner and Murray, 1996;
Gorbsky, 2001; Wassmann and Benezra, 2001; Millband et al,
2002; Musacchio and Hardwick, 2002; Yu, 2002; Bharadwaj
and Yu, 2004). A single kinetochore that is not captured by
microtubules and not under tension activates this checkpoint
(Li and Nicklas, 1995; Rieder et al, 1995; Nicklas, 1997).
APC/C is a critical target of the spindle checkpoint (Peters,
2002; Yu, 2002). Inhibition of APC/C by the checkpoint
causes the stabilization of securin, inhibition of separase,
and a delay in sister-chromatid separation (Peters, 2002).

Progress has been made toward understanding the me-
chanism by which the spindle checkpoint inhibits APC/C in
response to spindle defects (Millband et al, 2002; Yu, 2002).
In vertebrates, Mad2 and BubR1 act synergistically to inhibit
APC/C in vitro through their direct binding to Cdc20 (Li et al,
1997; Fang et al, 1998a; Hwang et al, 1998; Kim et al, 1998;
Wassmann and Benezra, 1998; Sudakin et al, 2001; Tang et al,
2001; Fang, 2002). Furthermore, BubR1 and Mad2 can as-
semble into a single mitotic checkpoint complex (MCC)
containing BubR1, Bub3, Mad2, and Cdc20 in vivo
(Hardwick et al, 2000; Fraschini et al, 2001; Sudakin et al,
2001; Millband and Hardwick, 2002). It is unclear whether
Mad2 and BubR1 act exclusively in the context of MCC or
they also form independent BubR1-Bub3-Cdc20 and Mad2-
Cdc20 complexes to inhibit APC/C in living cells.
Nevertheless, it has been firmly established that the Mad2-
Cdc20 interaction is absolutely required for the proper ex-
ecution of the spindle checkpoint (Fang et al, 1998a; Hwang
et al, 1998; Kim et al, 1998; Dobles et al, 2000; Michel et al,
2001).

Recent structural data have provided insights into the
Mad2-Cdc20 interaction (Luo et al, 2000, 2002; Sironi et al,
2002). Mad2 recognizes a short conserved peptide motif
within Cdc20 (Luo et al, 2000, 2002). Binding of the Cdc20
peptide to Mad2 triggers a dramatic structural rearrangement
of Mad2, which involves the shuffling of several § strands
in the main B sheet of Mad2 (Luo et al, 2000, 2002).
Interestingly, Madl contains a small Mad2-binding motif
similar to that of Cdc20, and Madl binding triggers the
same large conformational change of Mad2 as does Cdc20
(Luo et al, 2000, 2002; Sironi et al, 2002). Madl is also
required for the kinetochore localization of Mad2 (Chen
et al, 1998; Chung and Chen, 2002; Luo et al, 2002). Very
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recently, we have shown that Mad2 possesses two natively
folded conformations at equilibrium, referred to as N1 and
N2 (Luo et al, 2004). N2-Mad2 resembles the structure of the
Mad1- or Cdc20-bound Mad2 and is more active in APC/C
inhibition. The Mad2-binding domain of Mad1 facilitates the
N1-N2 conformational switch of Mad2 in vitro. Taken to-
gether, these results suggest that, upon checkpoint activation,
Mad1 recruits Mad2 to unattached kinetochores and facil-
itates the formation of N2-Mad2 and thus the establishment
of the Mad2-Cdc20 interaction (Chen et al, 1998; Chung and
Chen, 2002; Luo et al, 2002). The structural studies on the
Mad1-Mad2 and Mad2-Cdc20 complexes have revealed an-
other intriguing feature of these interactions. The dissociation
of Madl-Mad2 and Mad2-Cdc20 complexes requires the
partial unfolding of the C-terminal region of Mad2, which
imposes a significant energetic barrier on these processes
(Luo et al, 2000, 2002; Sironi et al, 2002). This suggests the
existence of other factors that may facilitate the disassembly
of the Mad2-Cdc20-containing checkpoint complexes when
the checkpoint is satisfied.

A novel human Mad2-binding protein called Cmt2 has
recently been identified in a yeast two-hybrid screen (Habu
et al, 2002). As Cmt2 has been in use for the Charcot-Marie-
Tooth disease type 2 (CMT2) gene, we propose to rename this
Mad2-binding protein, p31°°™¢, for its comet tail-like cellular
localization pattern in mitosis (unpublished results, TH and
TM). In Hela cells, the association of the endogenous
p31°°™¢! protein with Mad2 coincides with the dissociation
of the Mad2-Cdc20 interaction, suggesting that p31°°™¢
might play a role in silencing the spindle checkpoint (Habu
et al, 2002). Consistent with this notion, we report herein that
HeLa cells depleted of p31°°™" by RNA interference (RNAi)
escape from the checkpoint-mediated mitotic arrest with
significantly slower kinetics. P31°°™*" blocks the biochemical
function of Mad2 in vitro and in Xenopus egg extracts.
Strikingly, p31°°™" only interacts with the Cdc20-bound
conformation of Mad2. P31°°™ binding and Cdc20 binding
to Mad2 are not mutually exclusive, indicating that p31°°™*"
and Cdc20 bind to different sites on Mad2. Moreover,
p31°°™et Mad2, and Cdc20 form a ternary complex in vitro
and in vivo, and this complex is transiently enriched as cells
exit from mitosis. Purified recombinant p31°°™¢' protein
moderately activates APC/C isolated from nocodazole-
arrested HeLa cells without disrupting the Mad2-Cdc20
interaction. Our results indicate that p31°°™®' counteracts
the function of Mad2 and is required for spindle checkpoint
silencing.

Results

P31°°™¢t js required for the inactivation of the spindle
checkpoint

To test the hypothesis that p31°°™ is required for checkpoint
inactivation, we examined the effect of RNAi-mediated deple-
tion of p31°°™*! on the mitotic arrest of HeLa cells caused by
spindle-damaging agents. Transfection of p31°°™¢-specific
siRNA into HeLa cells reduced the protein level of p31¢°™¢!
to 15% of that of the cells that received a control siRNA
(Figure 1A). Cells depleted of p31°°™®" did not exhibit any
discernable cell cycle phenotype, as judged by FACS
(Figure 1C) and cell morphology (data not shown). This
indicates that p31°°™" at 15% of its endogenous concentra-
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tion is sufficient for cell cycle progression under normal
conditions. If p31°°™" is required for the inactivation of the
spindle checkpoint, downregulation of p31°°™ is expected to
cause a delay in the activation of APC/C®¥?° and conse-
quently a delay in mitotic exit after the removal of spindle-
damaging agents. HeLa cells transfected with control or
p31°°™et 5iRNA were arrested in mitosis with nocodazole.
After 18 h of nocodazole treatment, cells were then grown in
fresh medium to allow them to exit from mitosis. As shown in
Figure 1B, two key APC/C substrates, securin and cyclin B1,
were degraded in control cells at around 2 h after the removal
of nocodazole. In contrast, securin and cyclin Bl were
inefficiently degraded in p31°°™¢" RNAi cells, resulting in
higher levels of both proteins after the removal of nocodazole
as compared to control cells. Consistent with the biochemical
readout, FACS analysis revealed that p31°™¢ RNAi cells
exited from mitosis with a much slower kinetics as compared
to the control cells (Figure 1C). For example, at 1.5 h after the
release from nocodazole-mediated mitotic arrest, 62% of the
control cells had returned to the G1 phase with a 2N DNA
content, while only 35% of the p31°°™' RNAI cells exited
from mitosis. These data suggest that p31°°™" is required for
the efficient inactivation of the spindle checkpoint estab-
lished by extensive spindle damage. The phenotypes of
p31°°™et RNAi cells are consistent with those described for
cells transfected with antisense oligonucleotides against
p31¢°™et (Habu et al, 2002), with one minor exception. In
the latter case, cells also experience a delay in mitotic exit
following the release from nocodazole-mediated mitotic ar-
rest. However, a significant portion of cells treated with
antisense p31°°™¢' underwent cell death. We do not know
the exact reason for the lower incidence of cell death in
p31°°™<t RNAI cells following the release from nocodazole-
mediated mitotic arrest. It is possible that RNAi and antisense
technologies knock down the protein level of p31°°™" with
different kinetics and to different extents, thus resulting in
slightly different phenotypes.

We next checked the behavior of p31°°™* RNAi cells in the
presence of lower concentrations of nocodazole. As shown in
Figure 1D and E, p31°°™ RNAi cells underwent mitotic arrest
more efficiently at lower concentrations of nocodazole (e.g.
12.5ng/ml). This again is consistent with the notion that
p31°°™et counteracts the spindle checkpoint function of
Mad2. Higher levels of p31°°™" inactivate Mad2 and the
spindle checkpoint in living cells (Habu et al, 2002), whereas
lower levels of p31°°™" lead to checkpoint activation at a
lower threshold of spindle damage.

P31°°™¢ plocks the ability of Mad2 to inhibit APC/C¥%°
in vitro and in Xenopus extracts

Binding of Mad2 to Cdc20 inhibits the ubiquitin ligase activity
of APC/C in vitro (Fang et al, 1998a). We next checked
whether p31°°™" blocked the ability of Mad2 to inhibit
APC/C®¢2° in a ubiquitination assay reconstituted with
purified components (Figure 2A). As shown previously,
addition of purified Cdc20 protein to interphase Xenopus
APC/C activated its ligase activity using a fragment of
human cyclin Bl (residues 1-102) as the substrate
(Figure 2B, compare lanes 1 and 2) (Fang et al, 1998b;
Kramer et al, 1998). Preincubation of Cdc20 with the dimeric
wild-type Mad2 greatly reduced the activity of APC/Cc4°2°
(Figure 2B, lanes 2 and 3). Addition of increasing amounts of
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Figure 1 P31°°™® is required for the inactivation of the spindle checkpoint. (A) HeLa cells transfected with the control or p31°°™' siRNA
duplexes were dissolved in SDS sample buffer, separated on SDS-PAGE, and blotted with anti-APC2 and anti-p31°°™* antibodies. (B) HeLa cells
transfected with control or p31°°™" siRNA were treated with 100 ng/ml nocodazole for 18 h and released into fresh medium. The total cell
lysates of log-phase cells and cell samples taken at the indicated time points were separated on SDS-PAGE and blotted with the indicated
antibodies. (C) FACS analysis of some of the cell samples described in (B). The peaks corresponding to 2N and 4N DNA contents are labeled.
(D) FACS analysis of HeLa cells that were transfected with control or p31°°™®" siRNA and treated with the indicated concentrations of
nocodazole. The peaks corresponding to 2N and 4N DNA contents are labeled. (E) HeLa Tet-on cells transfected with the control or p31¢°™®
siRNA were treated with varying concentrations of nocodazole for 16 h and stained with Hoechst 33342. The mitotic indices were determined
by directly observing the cells with an inverted fluorescence microscope. The mitotic cells were round and contained condensed DNA, while
the interphase cells were flat with decondensed DNA. This experiment was repeated three times and standard deviations are included as error

bars.
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p together with Mad2 partially restored the activity of
APC/C®%?° (Figure 2B, lanes 4-8). As a control, addition of
increasing amounts of recombinant human Mobl, a protein
that does not interact with Mad2, did not affect the inhibition
of APC/C®20 by Mad2 (Figure 2B, lanes 9-13). We also
performed the APC/C assay in the presence of AC-Mad2 and
p31°°™** (Figure 2C). As the C-terminal region of Mad2 is
required for the Mad2-Cdc20 interaction, a Mad2 mutant
with its C-terminal 10 residues deleted (AC-Mad2) was in-
active in APC/C inhibition (Figure 2C). Addition of p31°°™¢
or Mobl along with AC-Mad2 did not affect the activity of
APC/C (Figure 2C). This indicates that p31°°™®" does not have
a general APC/C-stimulatory effect. Our data clearly demon-
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strate that p31°°™' partially reverses the APC/C-inhibitory
activity of Mad2 in vitro.

We next tested the effect of p31°°™" on Mad2-mediated
APC/C inhibition in Xenopus egg extracts. Consistent with
the earlier reports (Fang et al, 1998a), cyclin B1 was rapidly
degraded in mitotic Xenopus egg extracts that contained
active APC/C®%?° (Figure 2D). Addition of dimeric wild-
type Mad2 inhibited APC/C®°%° in these extracts and stabi-
lized cyclin Bl (Figure 2D) (Fang et al, 1998a). Addition of
p31°°™et together with Mad2 to these extracts again
partially restored degradation of cyclin B1 (Figure 2D). As a
control, p31°°™®" alone did not perturb cyclin B1 degradation
in these extracts (Figure 2D). Therefore, p31°™" also
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Figure 2 P31°°™¢t antagonizes the ability of Mad2 to inhibit the activity of APC/C®%°%°. (A) The purified Hisg-tagged p31°°™, Mad2, AC-Mad2,
Mobl1, and Cdc20 proteins were separated on SDS-PAGE and stained with Coomassie blue. (B) The ubiquitination activity of APC/C was
assayed with a Myc-tagged N-terminal fragment of human cyclin B1. The reaction mixtures were separated on SDS-PAGE and blotted with the
anti-Myc antibody. The positions of the cyclin B1 substrate and the cyclin B1-ubiquitin conjugates are labeled. Incubation of APC/C isolated
from interphase Xenopus egg extracts (I-APC/C) with human Cdc20 greatly stimulated the activity of APC/C (compare lanes 1 and 2). The
purified Mad2 protein (4 uM) inhibited the activity of APC/C®%%° using cyclin B1 as a substrate (compare lanes 2 and 3). Addition of increasing
amounts of p31°°™®" (250 nM-4 uM) together with Mad2 restored the activity of APC/C®%2° (compare lane 3 with lanes 4-8). Addition of a
control protein Mobl (250 nM-4 uM) did not have any effect on Mad2-mediated inhibition of APC/C®?° (lanes 9-13). Addition of p31°°™¢t
(4 uM) alone in the absence of Mad2 did not stimulate the activity of APC/C®°2° (lanes 14-18). (C) Same as in panel B (lanes 1-13) except that
the AC-Mad2 protein (4 uM) was used in the assays. (D) P31°°™ reverses Mad2-mediated inhibition of APC/C®%°?° in Xenopus egg extracts. In
vitro-translated >°S-labeled full-length human cyclin B1, a known APC/C substrate, was added to mitotic Xenopus egg extracts in the presence
of XB buffer, recombinant purified wild-type Mad2, p31°°™', or both Mad2 and p31°°™". The final concentrations of Mad2 and p31°°™" were
20 pM. Samples were taken at the indicated time points and analyzed by SDS-PAGE followed by autoradiography. The half-life of cyclin B in

each experiment is indicated.

blocked the APC/C-inhibitory activity of Mad2 in Xenopus
egg extracts.

P31°°™¢! selectively binds to the Cdc20-bound
conformation of Mad2

It has been previously shown that bacterially expressed wild-
type Mad2 protein exists as two species: a monomer and a
dimer (Fang et al, 1998a). Interestingly, only the dimeric form
of Mad2 is active in inhibiting APC/C in Xenopus egg extracts
(Fang et al, 1998a). A point mutant of Mad2, Mad2R!*34,
exists exclusively as a monomer (Sironi et al, 2001).
Surprisingly, we have recently shown that Mad2®'*** also
exists as two distinct monomeric conformers, referred to as
N1 and N2, which can be separated by anion exchange
chromatography (Luo et al, 2004). N2-Mad2®'*** is much
more potent in APC/C inhibition in Xenopus extracts (Luo
et al, 2004). The structures of both conformers have been
determined by NMR spectroscopy (Figure 3A). The structure
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of N2-Mad2 resembles that of the Cdc20-bound form of
Mad2, thus explaining why N2-Mad2 is more active in
APC/C inhibition. Our NMR studies also indicate that the
wild-type Mad2 monomer exhibits the N1 conformation,
whereas the Mad2 dimer is in the N2 conformation. More
interestingly, the Mad2-binding domain of Madl facilitates
the structural conversion from N1-Mad2 to N2-Mad2 in vitro.
These data suggest that the N1-N2 conformational change
of Mad2 is required for its APC/C-inhibitory activity, and this
structural transition might be regulated by other spindle
checkpoint proteins, such as Madl.

As the interaction between Mad2 and p3 is regulated
during the cell cycle (Habu et al, 2002), we tested whether the
conformational change of Mad2 regulates the Mad2-p31°°™*"
interaction. Various purified Hiss-tagged Mad2 proteins were
immobilized on Ni**-NTA beads and incubated with °S-
labeled p31°°™¢', Cdc20, or Madl proteins translated in
reticulocyte lysate. After washing, the proteins bound to

1 comet

©2004 European Molecular Biology Organization



beads were analyzed by SDS-PAGE followed by autoradio-
graphy. As shown in Figure 3B, p31°°™"' was selectively
retained on beads containing N2-Mad2"™ dimer or N2-
Mad2®'*** monomer. There was no detectable binding
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between p31°°™®' and N1-Mad2 (Figure 3B). In contrast,
N1-Mad2™" and N1-Mad2®'*** bound more tightly to the C-
terminal domain of Madl (Mad1C) as compared to N2-Mad2,
while both N1 and N2 forms of Mad2 bound equally well to
the N-terminal fragment (residues 1-174) of Cdc20
(Figure 3B). Therefore, these Mad2-binding proteins exhibit
different binding preferences toward the N1 and N2 forms of
Mad2. P31°°™ preferably binds to N2-Mad2. We do not yet
fully understand why Madl prefers N1-Mad2 because the
binding of N1-Mad2 to Madl is a complicated process (Luo
et al, 2004). However, this is very likely due to a difference in
binding kinetics between Mad1 and the two forms of Mad2.

To confirm the findings of these qualitative binding assays,
we used isothermal calorimetry titration (ITC) to measure the
binding affinity between p31°°™®' and Mad2 quantitatively
(Figure 3C). The dissociation constant (Kg) of the p31°°™'-
N2-Mad2R**4 complex was determined to be 0.24uM
(Figure 3C), while there was no detectable binding between
p31°™ and N1-Mad2 (data not shown). Thus, the ITC
experiment demonstrates that p31°°™® only binds to the N2
form of Mad2. Furthermore, the stoichiometry of binding
between p31°°™" and Mad2 was very close to 1:1. The native
molecular weight of the Mad2"'-p31°°™ or the Mad2R!33#-
p31°°™¢ complexes was estimated to be around 60 kDa by gel
filtration chromatography (data not shown). These data
indicate that p31°°™" selectively forms a simple 1:1 hetero-
dimer with N2-Mad2 with high affinity. This finding was
further confirmed by NMR studies (Figure 4). Addition of
p31°°™¢! caused dramatic line broadening and disappearance
of most HSQC signals of N2-Mad2R'*** due to the formation
of the 60kDa p31°°™*'-Mad2 complex (Figure 4A). In con-
trast, at a final concentration of 80 uM, addition of p31°°™¢
did not alter the pattern of the 'H-'>N HSQC spectrum of
N1-Mad2®"**#, demonstrating that there is no binding even
at high concentrations (Figure 4B). Thus, the Ky between
p31°°™" and N1-Mad2 is greater than 80 puM. This in turn
indicates that p31°°™' binds to N2-Mad2 preferably with a
selectivity greater than 330-fold.

We next tested whether p31°°™" only interacts with N2-
Mad2 in living cells. As the C-terminal region of Mad2 is also
required for the N1-N2 structural transition, AC-Mad2 exclu-
sively adopts the N1 conformation and cannot undergo the
N1-N2 conversion (data not shown). We cotransfected plas-
mids encoding Myc-tagged Mad2 or AC-Mad2 and HA-tagged

Figure 3 P31°°™¢" selectively binds to the N2 conformation of
Mad2. (A) Ribbon drawing of the structures of the N1 and N2
forms of Mad2. The structural elements of Mad2 that undergo major
changes between the N1 and N2 conformers are colored yellow,
while the rest of the structural elements are in blue. The strands are
numbered 1-8, while the helices are labeled A-C in the N1-Mad2
structure. The secondary structure elements of the N2-Mad2 are
labeled in a similar manner with the exception of 9, which is
unstructured in N1-Mad2. The structures were generated with
Molscript and Raster3D. (B) Various forms of Hiss-Mad2 were
bound to Ni?*-NTA beads and incubated with *°S-labeled Mad1C,
Cdc20N, and p31°°™¢! proteins. Empty beads were used as a control,
and 50% of the input protein used in each binding reaction was
loaded for comparison. After washing, the proteins retained on
beads were analyzed by SDS-PAGE followed by autoradiography.
The Mad2 proteins bound to the beads were analyzed by SDS-PAGE
followed by Coomassie blue staining. (C) ITC analysis of the
binding between p31°°™®" and N2-Mad2R'***. The dissociation
constant (Kj) and the stoichiometry (N) of binding are indicated.

The EMBO Journal  VOL 23 | NO 15 | 2004 3137



Conformation-specific binding of p31°°™* to Mad2
G Xia et al

A N2—Mad2R133AfN2-Mad2R]33A+p31Comet

105 °
= &
' oc oaooﬂlfe‘}g' i
o L] - g ?}l
8 'G,:I o
£ 15 2 Bo °
=3 ° Lo, |
o o | 05, 3 - °
° 0B . G0 Fo e}
£ 120 i ‘};?"-“%?“” ¢
- - o CUY SG -
Y T 3 ©
°° o0 S:”
125 2 A
¥ (=1 :
13012 il
10.3 98 93 88 83 78 73 6.8 6.3
'H (ppm)
B N1-Mad2R1334/N1-Mad2R 1334+ p3 1 comet
105
110 : .
i . . Eo . !
R qu‘,g
— L] oo
£ 115 . * o ve o
-.8-: . °?°°‘5£o °
*e ocog o o ®
& 120 t . "ﬁl-%;gs e
. ook & .
:e o\goﬂgbo
Y W ale
125 . ¢
o % %,"0
130 LY . :

L]
104 99 94 89 84 79 74 69 64
H (ppm)

Figure 4 P31°°™" selectively binds to N2-Mad2 but not to NI-
Mad2. (A) Overlay of the 'H-1>N HSQC spectra of the free I5N-
labeled N2-Mad2®'33* (in black) and the mixture of 60pM °N-
labeled N2-Mad2R'*** and 80 uM unlabeled p31°°™ (in red). (B)
Overlay of the 'H-1°N HSQC spectra of the free 15N-labeled N1-
Mad2®!334 (in black) and the mixture of 60 uM °N-labeled N1-
Mad2R"3%* and 80 uM unlabeled p31°°™" (in red).

p31°°™¢! into HeLa cells and performed co-immunoprecipita-

tion experiments. As shown in Figure 5A, a significant
portion of HA-p31°°™' was precipitated with anti-Myc
beads when the Myc-tagged Mad2 was coexpressed. The
Myc-tagged Mad2 protein was also detected in the anti-HA
immunoprecipitates when coexpressed with HA-p31°°™e!
(Figure 5A). As expected, p31°°™ did not interact with AC-
Mad2 in this assay (Figure 5A). The expression levels of
Mad2, AC-Mad2, and p31°°™" in the lysates were similar
in these samples (Figure 5B). Therefore, p31°°™" does not
interact with AC-Mad2 in living cells, presumably due to the
inability of AC-Mad2 to adopt the N2 conformation.

Cdc20 and p31°°™°* pind to distinct sites on Mad2
As described above, p31°°™* blocks the ability of Mad2 to
inhibit APC/C®?° in vitro and in Xenopus egg extracts.
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Figure 5 P31°°™" does not bind to AC-Mad2 in living cells. (A)
HeLa Tet-on cells were transfected with the indicated plasmids and
lysed. The resulting lysates were immunoprecipicated with anti-
Myc or anti-HA beads and the immunoprecipitates were then
blotted with anti-Myc or anti-HA. (B) The cell lysates in (A) were
blotted with anti-Myc or anti-HA.

P31°°™¢! also selectively binds to the N2 conformation of
Mad2 with high affinity. The most straightforward model to
explain these findings is that p31°°™' competes with Cdc20
for binding to the N2 conformer of Mad2. We tested this
possibility directly. As shown in Figure 6A, the full-length
Cdc20 was selectively retained on glutathione-agarose beads
bound to GST-Mad2. Surprisingly, addition of Hiss-tagged
p31°°™< did not affect the binding of Cdc20 (Figure GA).
This suggested that Mad2, Cdc20, and p31°°™" might tran-
siently form a ternary complex. We also performed the
binding experiment in the reverse order. The preformed
Mad2-Cdc20 complex also associated with 3*°S-labeled
p31°°™¢! (Figure 6B). We next measured the binding affinities
among Mad2, p31°°™, and Cdc20 using ITC (Figure 6). A
Cdc20 peptide (Cdc20P1) containing the Mad2-binding motif
of Cdc20 bound to N2-Mad2R'*3# with a dissociation constant
(Kq) of 0.65uM (Figure 6C and D). Consistent with the
qualitative beads pull-down experiments, Cdc20P1 bound to
the Mad2-p31°™" complex with a similar affinity
(Kq=0.69 uM) (Figure 6D). Thus, these data indicate that
binding of p31°°™" to Mad2 does not prevent Mad2 from
binding to Cdc20. Mad2, Cdc20, and p31°°™" can indeed form
a ternary complex. This also indicates that p31°°™' and
Cdc20 use distinct binding mode to interact with Mad2, and
they bind to different sites on Mad2. It should be mentioned
that the Mad2-Cdc20P1 affinity measured in this study was
somewhat lower than, but similar to, the affinity between
Mad2R*33* and a longer Cdc20 peptide (Kg= 0.1 uM) reported
by Sironi et al (2002). This difference is very likely due to the
use of a longer Cdc20 peptide in their experiment (Sironi et al,
2002).

P31°°™¢t transiently interacts with Mad2-Cdc20-
containing complexes during checkpoint inactivation
To determine whether and when Mad2, Cdc20, and p31°°™¢!
form a ternary complex in vivo, we performed co-immuno-
precipitation experiments on endogenous proteins in lysates
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Figure 6 Mad2, Cdc20, and p31°°™ form a ternary complex in vitro. (A) GST-Mad2 was bound to glutathione-agarose beads and incubated
with *°S-labeled full-length human Cdc20 in the presence of 20 g of Hiss-tagged Mob1 or p31°°™ proteins. GST, Hiss-Mob1, or Hise-p31°°™!
alone was used as negative controls and 20% of the input **S-labeled Cdc20 protein used in the binding reaction was loaded for comparison.
After washing, the proteins retained on beads were analyzed by SDS-PAGE followed by autoradiography. The samples were also blotted with -
p31%°™et (B) GST-Mad2 or the GST-Mad2-Cdc20 complex was bound to glutathione-agarose beads and incubated with 3°S-labeled p31°°™®!,
GST was used as a negative control and 20% of the input >*S-labeled p31°°™" protein used in the binding reaction was loaded for comparison.
After washing, the proteins retained on beads were analyzed by SDS-PAGE followed by autoradiography. The samples were also blotted with -
Cdc20. (C) ITC analysis of the binding between N2-Mad2R'*** and Cdc20P1. The dissociation constant (Ky) and the stoichiometry (N) of
binding are indicated. (D) ITC analysis of the binding between the N2-Mad2R'**4-p31°°™¢ complex and Cdc20P1. The dissociation constant
(Kq) and the stoichiometry (N) of binding are indicated.

of HeLa cells undergoing spindle checkpoint inactivation. vivo. Compared with nocodazole-arrested cells, more
Treatment of HeLa cells with nocodazole activated the spin- p31°°™! was found in the Cdc20 immunoprecipitates from
dle checkpoint and arrested cells in mitosis, as evidenced by cells at 1h after release from nocodazole arrest (Figure 7C,
the accumulation of cyclin Bl and securin proteins compare lanes 3 and 4). This increased association between
(Figure 7A). The protein levels of cyclin Bl and securin Cdc20 and p31°°™ preceded the activation of APC/C
dropped sharply at 2 h following the removal of nocodazole, (Figure 7B). This suggests that more p31°°™®" became asso-
indicating that these cells recovered from nocodazole- ciated with Cdc20, presumably bridged through Mad2, in
mediated checkpoint arrest and exited from mitosis at this cells undergoing checkpoint inactivation. Consistent with
juncture (Figure 7A). Thus, inactivation of the spindle check- earlier findings (Habu et al, 2002), the timing of the
point occurred between 1 and 2h after the removal of indirect binding between p31°™' and Cdc20 correlated
nocodazole. As p31°°™®" does not bind to Cdc20 directly well with the dissociation of the Mad2-Cdc20-containing
(data not shown), an interaction between p31°°™" and protein complexes. These data suggest that p31°°™®" transi-
Cdc20 in the lysate would indicate the formation of Mad2- ently interacts with checkpoint protein complexes containing
Cdc20-p31°°™*"-containing protein complexes. We therefore Mad2, Cdc20, and APC/C during the inactivation of the
performed immunoprecipitation with an anti-Cdc20 antibody spindle checkpoint. It is worth mentioning that p31°°™¢
and blotted the immunoprecipitates with antibodies against also forms a ternary complex with Madl and Mad2 (data
p31°°™', Mad2, and APC3 (Cdc27) (Figure 7A). Cdc20 not shown). However, the Mad1-Mad2-p31°°™" interaction
formed protein complexes with APC/C and Mad2 in nocoda- does not appear to be regulated during the cell cycle (data not
zole-arrested cells (Figure 7C). At 1h after release from shown).

nocodazole arrest, binding between Mad2 and Cdc20 became

weaker, whereas the interaction between APC/C and Cdc20 P31°°™* enhances the activity of Mad2-inhibited APC/C
remained constant (Figure 7C, compare lanes 3 and 4). from Hela cells without disrupting the Mad2-Cdc20
Consistent with our in vitro binding data, p31°°™' was interaction

present in the anti-Cdc20 immunoprecipitates from nocoda- On the one hand, we have clearly demonstrated that p31¢°™¢
zole-arrested cells (Figure 7C), indicating that p31°°™, binding to Mad2 does not interfere with the binding between
Mad2, and Cdc20 can indeed form ternary complexes in Mad2 and Cdc20. Instead, Mad2, Cdc20, and p31°°™ can

©2004 European Molecular Biology Organization The EMBO Journal VOL 23 | NO 1512004 3139
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Figure 7 P31°°™" transiently associates with the APC/C-Cdc20-
Mad2 complex during checkpoint inactivation in HeLa cells. (A)
HeLa cells were treated with 100 ng/ml nocodazole for 18h and
released into fresh medium. The total cell lysates of log-phase cells
(Log), cells arrested at the G1/S boundary with thymidine (G1/S),
and cell samples taken at the indicated time points after release
from the nocodazole-mediated mitotic arrest were separated on
SDS-PAGE and blotted with the indicated antibodies. (B) HeLa cells
were treated with 100 ng/ml nocodazole for 18 h and released into
fresh medium. Samples were taken at the indicated time points after
release from the nocodazole-mediated mitotic arrest. APC/CC92°
was immunoprecipitated with o-Cdc20 beads from lysates of log-
phase cells (Log), cells arrested at the G1/S boundary with thymi-
dine (G1/S), and cell samples after release from the nocodazole-
mediated mitotic arrest and assayed for cyclin Bl ubiquitination
activity. (C) The same cell samples as in (A) were lysed with the NP-
40 lysis buffer and immunoprecipitated with anti-Cdc20 antibody.
The immunoprecipitates were separated by SDS-PAGE and blotted
with indicated antibodies. (D) Cdc20 was immunoprecipitated from
log-phase (lanes 5 and 6), thymidine-treated (lanes 7 and 8), or
nocodazole-treated (lanes 2-4) HeLa cell lysates. The immunopre-
cipitates were incubated with purified recombinant p31°°™' (4 uM)
or Mob1 (4 uM) proteins. After washing, the beads were assayed for
cyclin B1 ubiquitination activity (top panel) and blotted with anti-
Mad2 (bottom panel). Anti-Mobl immunoprecipitates from the
nocodazole-treated cell lysate were included as the negative control
(lane 1).
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form a ternary complex in vitro and in vivo. On the other
hand, it is also clear that addition of recombinant purified
p31°°™¢! protein to the in vitro APC/C ubiquitination assay
partially reverses the inhibition of APC/C®?° by Mad2. This
suggests that p31°°™" forms a transient complex with APC/
C-Cdc20-Mad?2 to restore the activity of APC/C®°. To test
this hypothesis more directly, we immunoprecipitated Cdc20
from log-phase, thymidine-treated, or nocodazole-treated
HeLa cells. As shown in Figure 7C, the Cdc20 immunopreci-
pitates from log-phase or thymidine-treated cells did not
contain detectable amounts of APC/C, whereas the Cdc20
immunoprecipitates from nocodazole-arrested cells con-
tained APC/C, Mad2, and a small amount of p31%°™
Consistent with earlier reports (Fang et al, 1998a), APC/C
isolated from nocodazole-arrested HeLa cells was largely
inactive (Figure 7D, lane 2). Addition of purified recombinant
p31°°™¢! protein greatly enhanced the ubiquitin ligase activity
of APC/C (Figure 7D, lanes 2 and 4), while addition of the
irrelevant Mob1 protein did not significantly affect the APC/C
activity (Figure 7D, lanes 2 and 3). Interestingly, after in-
cubation with p31°°™¢!, the amount of Mad2 bound to Cdc20
was only slightly reduced (Figure 7D, bottom panel, lane 4).
Therefore, p31°°™" alone is not sufficient to break up the
Mad2-Cdc20 interaction. It forms a transient complex with
APC/C, Cdc20, and Mad2 to stimulate the activity of APC/C.

Discussion

Biochemical and genetic data have established a critical role
of Mad2 in the spindle checkpoint. For example, inactivation
of Mad2 in mammalian cells through gene deletion, antibody
injection, or RNAi abolishes the checkpoint, causing chromo-
some mis-segregation, premature onset of anaphase, and the
inability of these cells to undergo mitotic arrest in the
presence of nocodazole (Gorbsky et al, 1998; Dobles et al,
2000; Michel et al, 2001; Luo et al, 2004). Furthermore, yeast
mutant cells harboring mutations in the Mad2-binding motif
of Cdc20 have a defective spindle checkpoint and fail to arrest
in the presence of spindle-damaging agents (Hwang et al,
1998; Kim et al, 1998). Overexpression of a Cdc20 mutant
with its Mad2-binding motif mutated in HeLa cells promotes
mitotic exit in the presence of nocodazole more efficiently
than does the ectopic expression of the wild-type Cdc20 (data
not shown). These results indicate that the Mad2-Cdc20
interaction is essential for the proper execution of the spindle
checkpoint. Consistent with this notion, the Mad2-Cdc20
interaction is enhanced in checkpoint-active cells (Fang
et al, 1998a; Zhang and Lees, 2001). It is not exactly clear
how the spindle checkpoint promotes the formation of Mad2-
Cdc20 checkpoint complexes. According to one model, upon
checkpoint activation, Mad2 is recruited to the unattached
kinetochores via the Mad1-Mad2 interaction (Yu, 2002). As
Cdc20 is also localized at the kinetochores, the close proxi-
mity of Mad2 and Cdc20 might promote the formation of the
Mad2-Cdc20 checkpoint complexes (Yu, 2002). Madl might
also convert Mad2 to a conformation more amenable for
Cdc20 binding, thus facilitating the interaction between Mad2
and Cdc20 (Yu, 2002). Consistent with this notion, we have
recently shown that Mad2 exists in two conformations, one
of which (N2-Mad2) is more active in inhibiting APC/Cc%*°
(Luo et al, 2004). Madl facilitates the formation of the N2
conformer of Mad2 in vitro. Binding of Mad2 to Cdc20, either
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as a binary complex or in the context of a larger MCC, leads
to the inhibition of APC/C (Fang et al, 1998a; Sudakin et al,
2001; Tang et al, 2001; Fang, 2002; Yu, 2002).

Little is known about the mechanism of checkpoint in-
activation and the disassembly of the Mad2-Cdc20-contain-
ing checkpoint complexes (Yu, 2002). Mad2 only localizes to
unattached kinetochores (Howell et al, 2000; Hoffman et al,
2001). It is thus possible that, upon microtubule attachment
and the establishment of kinetochore tension, the absence of
Mad2 at the kinetochores decreases the efficiency of the
formation of the Mad2-Cdc20 checkpoint complexes. The
dissociation of these complexes may then lead to the activa-
tion of APC/C®%?°_ It is unclear whether the breakup of these
checkpoint complexes is a spontaneous process or is assisted
by an active mechanism. However, the existence of an active
mechanism is suggested by recent structural studies. The
Mad2-binding region of Cdc20 inserts as a central strand in
a large B sheet (Luo et al, 2000, 2002; Sironi et al, 2002). The
subsequent structural rearrangement of the C-terminal region
of Mad2 then locks in the Mad2-binding region of Cdc20 (Luo
et al, 2000, 2002; Sironi et al, 2002). The dissociation of the
Mad2-Cdc20 complex requires the partial unfolding of Mad2,
that is, the unfolding of strands f8 and B9 (Luo et al, 2002;
Sironi et al, 2002). This allows the C-terminal region of Mad2
to flip open, thus releasing Cdc20. This mode of Mad2-ligand
binding has been referred to as the ‘safety belt’ mechanism
(Sironi et al, 2002). As the partial unfolding of Mad2 imposes
a kinetic barrier on the breakup of the Mad2-Cdc20 complex,
this mechanism may prolong the lifetime of the Mad2-con-
taining checkpoint complexes. On the other hand, the un-
assisted breakup of the Mad2-Cdc20 complexes might be too
slow for the inactivation of the spindle checkpoint and the
onset of anaphase during the normal cell cycle. This suggests
that the disassembly of the inhibitory checkpoint complexes
might be assisted by active mechanisms.

P31°°™¢" might be a part of one such active mechanism for
checkpoint inactivation for the following observations pre-
sented in this study (Figure 8). First, RNAi-mediated deple-
tion of p31°°™" in HeLa cells slowed down the kinetics of
mitotic exit following the removal of spindle-damaging
agents. This indicates that p31°°™*' is required for checkpoint
inactivation. Second, p31°°™" negatively regulates the func-
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Figure 8 Different forms of APC/C during checkpoint activation

and inactivation and the proposed role of p31°°™®" (see Discussion
for details).
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tion of Mad2 in the spindle checkpoint in vitro and in vivo,
consistent with Mad2 being the critical target of p31%°™¢
during checkpoint inactivation. Third, p31°°™®" selectively
recognizes and binds to the Cdc20-bound conformation of
Mad2. This striking behavior of p31°°™ lends strong support
to the notion that p31°°™¢" is responsible for the inactivation
of Mad2 after termination of the checkpoint signal. Third,
p31°°™¢! transiently interacts with Mad2-Cdc20-APC/C-con-
taining protein complexes in checkpoint-active cells, and this
interaction is enriched during mitotic exit. Finally, purified
p31°™et partially activates APC/C®%?° jsolated from nocoda-
zole-arrested HeLa cells. These results support a role of
p31¢°™et in the activation of Mad2-inhibited APC/C®4¢2° dur-
ing spindle checkpoint silencing (Figure 8).

P31°°™et js not sufficient to break up the Mad2-Cdc20
interaction. It is possible that p31°®™¢' is not directly involved
in the disassembly of the Mad2-Cdc20-containing spindle
checkpoint complexes. It may simply offset the APC/C-in-
hibitory effect of Mad2 through the formation of APC/C-
Cdc20-Mad2-p31°°™" complex. The degradation of securin
and cyclin B1 then initiates a cascade of events that ulti-
mately lead to the disassembly of the checkpoint complexes.
However, it is equally possible that p31°°™' does play a rather
direct role in the breakup of the Mad2-Cdc20 complexes.
Although not sufficient, it might be required for this process.
Conceivably, p31°°™®" might collaborate with other cofactors,
such as chaperones, to disassemble Mad2-Cdc20 complexes.
In the future, it will be interesting to identify additional
p31°°™<Linteracting proteins. Given its remarkable binding
selectivity toward N2-Mad2, it will also be interesting to use
p31°™¢! 35 a ‘sensor’ to monitor the formation of the Mad2-
containing checkpoint complexes in living cells.

Materials and methods

Tissue culture, RNAi, flow cytometry, and microscopy

HeLa Tet-on cells (Clontech) were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen) supplemented with 10% fetal
bovine serum, 2mM L-glutamine, and 100 ug/ml penicillin and
streptomycin. At 40-50% confluency, the cells were transfected
with the appropriate siRNA oligonucleotides. The p31°°™¢'-siRNA
oligonucleotides were chemically synthesized and contained
sequences corresponding to nucleotides 108-130 of the p31%°™¢
coding region. The siRNA duplex corresponding to nucleotides 648-
670 of human Mst1 gene was used as a control. The Mst1 siRNA did
not result in any reduction of the protein levels of either Mstl or
p31°°™¢!. The annealing of the siRNAs and subsequent transfection
of the RNA duplexes into HeLa cells were performed exactly as
described (Elbashir et al, 2001). After 24 h of transfection, cells were
treated with 100 ng/ml nocodazole for 16 h and released into fresh
medium. Samples were taken at indicated time points, fixed with
70% ethanol, stained with propidium iodide, and analyzed by flow
cytometry (FACS). A portion of the cells were dissolved directly in
SDS sample buffer, sonicated, boiled, and separated by SDS-PAGE
followed by immunoblotting with antibodies against APC2, cyclin
B1 (Santa Cruz), and securin. To determine the mitotic index, the
transfected cells treated with various concentrations of nocodazole
were stained with Hoechst 33342, and directly observed with a
Zeiss Axiovert 200M inverted fluorescence microscope using a x 40
objective. Round cells with condensed DNA were counted as mitotic
cells.

Immunoprecipitation and immunoblotting

HeLa Tet-on cells were transfected with pCS2-HA-p31°°™¢!, pCS2-
Myc-Mad2, or pCS2-Myc-AC-Mad2 using the Effectene reagent
(Qiagen) according to the manufacturer’s protocols. Cells were
lysed with the NP-40 lysis buffer (50 mM Tris-HCI, pH 7.7, 150 mM
NaCl, 0.5% NP-40, 1 mM DTT, 10% glycerol, 0.5 uM okadaic acid,
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and 10 pg/ml each of leupeptin, pepstatin, and chymostatin). The
lysates were cleared by centrifuging for 30 min at 4°C at top speed in
a microcentrifuge to make the high-speed supernatants. Anti-HA
and anti-Myc monoclonal antibodies (Boehringer Mannheim) were
covalently coupled to Affi-Prep Protein A beads (Bio-Rad) and
incubated with the HeLa cell supernatants for 2 h at 4°C. The beads
were then washed five times with the NP-40 lysis buffer. The
proteins bound to the beads were dissolved in SDS sample buffer,
separated by SDS-PAGE, and blotted with anti-HA or anti-Myc
antibodies at a concentration of 1 ug/ml. For immunoprecipitation
of the endogenous proteins, the supernatants of HeLa Tet-on cells at
various cell cycle stages were obtained as described above. Affinity-
purified anti-Cdc20 polyclonal antibodies were covalently coupled
to Affi-Prep Protein A beads (Bio-Rad) and incubated with the HeLa
cell supernatants for 2h at 4°C. The beads were then washed five
times with the NP-40 lysis buffer. The proteins bound to the beads
were dissolved in SDS sample buffer, separated by SDS-PAGE, and
blotted with antibodies against APC3 (Cdc27), p31°°™, or Mad2.

Expression and purification of recombinant p31°°™¢, Mad2,
Mob1, and Cdc20 proteins

The coding region of p31°°™" was cloned into pQE30 (Qiagen) and
the resulting plasmid was transformed into the Escherichia coli
strain M15[pREP4] for protein expression. The coding region of
human Mob1 was cloned into pET28 (Novagen) and the resulting
plasmid was transformed into BL21(DE3)pLysS for protein expres-
sion. The N-terminally Hise-tagged p31°°™" and Mobl proteins
were isolated on Ni**-NTA beads (Qiagen) and further purified on
a Superdex 75 gel filtration column (Amersham). The recombinant
wild-type Mad2, Mad2®"**#, and AC-Mad2 proteins were expressed
and purified as described (Luo et al, 2004). In addition, the coding
region of Mad2 was also subcloned into pGEX-4T1 and the resulting
plasmid was transformed into BL21. The resulting GST-Mad2
protein was purified using glutathione-agarose beads (Amersham).
For the production of human Cdc20 protein, a recombinant
baculovirus encoding Cdc20 fused at its N-terminus with a Hisg
tag was constructed using the Bac-to-Bac system (Invitrogen).
Expression and purification of Cdc20 in Sf9 cells were performed as
per the manufacturer’s protocols.

In vitro protein binding, ubiquitination, and degradation
assays

To assay the binding between human Mad2, p31°°™®, Madl, and
Cdc20 proteins, the C-terminal fragment of Mad1 (residues 481-718;
MadlC), the N-terminal fragment of Cdc20 (residues 1-174;
Cdc20N), and p31°°™®" were translated in reticulocyte lysate in the
presence of [**S]methionine. Purified Hises-tagged Mad2 proteins in
either N1 or N2 form were bound to Ni**-NTA beads (Qiagen),
incubated with 3°S-labeled Mad1C, Cdc20N, or p31°°™¢" proteins,
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and washed three times with TBS containing 0.05% Tween. The
proteins retained on the beads were analyzed by SDS-PAGE
followed by autoradiography. To assay the binding among Mad2,
p31°°™' and Cdc20, GST-Mad2 fusion protein was bound to
glutathione-agarose beads, incubated with 3°S-labeled full-length
Cdc20 protein in the presence of Hises-tagged p31°°™' or Mobl
proteins, and washed three times with TBS containing 0.05%
Tween. Glutathione-agarose beads bound with GST were used as
controls. The proteins retained on the beads were analyzed by SDS-
PAGE followed by autoradiography. Alternatively, GST-Mad2 fusion
protein was bound to glutathione-agarose beads and incubated
with Hisg-Cdc20 protein expressed and purified from Sf9 cells. After
washing, the beads were incubated with *°S-labeled p31°™" and
washed three times with TBS containing 0.05% Tween. The
proteins retained on the beads were analyzed by SDS-PAGE
followed by autoradiography. Cyclin ubiquitination and degradation
assays were performed as described (Tang et al, 2001).

Isothermal titration calorimetry (ITC) and NMR spectroscopy
ITC was performed with a VP-ITC titration calorimeter (MicroCal
Inc.) at 20°C. Calorimetric measurements were carried out with
protein samples (p31°°™¢ and the N2 form of Mad2R'*34) purified
as described above and a synthetic peptide corresponding to
residues 124-136 of human Cdc20. For each titration experiment,
2ml of IO—ZOHM protein solution (Mad2R'*3*, p31°°™¢  or the
p31%°™met_Mad2""3** complex) in a buffer containing 50mM
NaH,PO,, pH 6.8, 300mM KCI, and 0.5mM TCEP was added to
the calorimeter cell. The Cdc20 peptide (0.4-0.6mM) or the
Mad2R!334 protein (0.2 mM) in the exact same buffer was injected
with 30 portions of 8ul with an injection syringe. Binding
parameters were evaluated using the Origin software package
provided with the instrument. NMR experiments were carried out at
30°C on a Varian Inova 600 MHz spectrometer equipped with four
channels and pulsed field gradients. Samples contained 80 uM of
unlabeled p31%°™¢ and 60 uM of '°N-labeled N1-Mad2R!334 or N2-
Mad2R!334 in the NMR buffer (50 mM phosphate, pH 6.8, 300 mM
KCl, and 1 mM DTT).
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