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The cohesin complex establishes sister chromatid cohesion during S phase. In metazoan cells, most if not all
cohesin dissociates from chromatin during mitotic prophase, leading to the formation of metaphase chromosomes
with two cytologically discernible chromatids. This process, known as sister chromatid resolution, is believed to
be a prerequisite for synchronous separation of sister chromatids in subsequent anaphase. To dissect this process
at a mechanistic level, we set up an in vitro system. Sister chromatid resolution is severely impaired upon
depletion of Wapl from Xenopus egg extracts. Exogenously added human Wapl can rescue these defects and,
remarkably, it can do so in a very short time window of early mitosis. A similar set of observations is made for
Pds5, a factor implicated previously in the stabilization of interphase cohesion. Characteristic amino acid motifs
(the FGF motifs) in Wapl coordinate its physical and functional interactions with Pds5 and cohesin subunits. We
propose that Wapl and Pds5 directly modulate conformational changes of cohesin to make it competent for
dissociation from chromatin during prophase. Evidence is also presented that Sgo1 plays a hitherto underappre-
ciated role in stabilizing cohesin along chromosome arms, which is antagonized by the mitotic kinases polo-like
kinsase (Plk1) and aurora B.
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Chromosome duplication and segregation are among the
most fundamental events that must be regulated faith-
fully to maintain genome integrity in eukaryotic cells.
Errors in these processes during mitosis or meiosis in-
crease the probability of genome instability, potentially
leading to cancer, developmental disorders, or birth
defects. Extensive studies during the past decade have
revealed that two structurally related protein complexes,
cohesin and condensin, play central roles in controlling
a series of events that makes duplicated chromosomes
proficient for faithful segregation (Losada and Hirano
2005; Nasmyth and Haering 2005). Cohesin participates
in holding newly duplicated chromatids together during
S phase, a process known as sister chromatid cohesion (Lee
and Orr-Weaver 2001; Onn et al. 2008). Condensin, on the
other hand, associates with chromatin to initiate chro-
mosome condensation during the early stage of mitosis
(i.e., prophase). At the same time, the bulk of cohesin
dissociates from chromosome arms, leading to the for-
mation of metaphase chromosomes in which sister chro-
matids become microscopically discernible as two rod-

shaped structures apposed along their lengths. Although
the physiological significance of this process, often re-
ferred to as sister chromatid resolution, is not fully
understood, one possibility frequently discussed is that
the resolution process is a prerequisite for rapid and
synchronous separation of sister chromatids in anaphase
(Losada et al. 2002). Despite its fundamental importance,
we are still largely ignorant of the molecular mechanisms
behind this process.

The cohesin complex consists of four subunits: Smc1
and Smc3 (members of the structural maintenance of
chromosomes [SMC] family of ATPases), Scc1/Mcd1/
Rad21 (a member of the kleisin family of proteins), and
Scc3/SA (SA1 and SA2 in vertebrates). Cohesin forms
a ring-like structure that may topologically embrace two
sister chromatids (Anderson et al. 2002; Haering et al.
2002, 2008; Gruber et al. 2003). While the final release of
cohesin from chromosomes in anaphase accompanies
proteolytic cleavage of the Scc1/Mcd1/Rad21 subunit
(Uhlmann et al. 1999; Hauf et al. 2001), the release of
bulk cohesin during prophase does not (Waizenegger et al.
2000). It has been shown instead that the latter process is
facilitated by two mitotic kinases, polo-like kinase (Plk1)
and aurora B (Losada et al. 2002; Sumara et al. 2002).
While Plk1 is likely to directly phosphorylate cohesin
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subunits, the role of aurora B in this process is less clear.
On the other hand, it has been proposed that another
factor, Sgo1, protects a centromeric population of cohesin
from its phosphorylation by Plk1, thereby allowing co-
hesion to persist at centromeres until the onset of
anaphase (Kitajima et al. 2006).

Plk1 and aurora B are not the only factors that are
required for sister chromatid resolution, however. Recent
studies in human cells have demonstrated that Wapl,
originally identified as a gene product important for
heterochromatin organization and normal chromosome
segregation in Drosophila melanogaster (Verni et al.
2000; Dobie et al. 2001), physically interacts with cohesin
and plays a key role in promoting the resolution process
(Gandhi et al. 2006; Kueng et al. 2006). It has also been
shown more recently that yeast proteins related to Wapl
genetically interact with cohesin regulators during in-
terphase (Ben-Shahar et al. 2008; Bernard et al. 2008).
These observations are intriguing because the process
corresponding to sister chromatid resolution in early
mitosis is not obvious in yeasts. Thus, Wapl is likely to
be a general regulator of cohesin that functions through-
out the cell cycle, although its mechanism of action
remains to be elucidated.

Pds5 is another protein implicated in a complex layer
of cohesin regulation. The function of Pds5 that has been
best characterized so far in yeasts and humans is the
maintenance of sister chromatid cohesion during G2 phase
(Hartman et al. 2000; Panizza et al. 2000; Tanaka et al.
2001; Losada et al. 2005). Nevertheless, different organ-
isms display substantially different requirements for
Pds5’s function. For example, Pds5 is essential for viability
in budding yeast (Hartman et al. 2000; Panizza et al. 2000),
but not in fission yeast (Tanaka et al. 2001). Mice lacking
Pds5B, one of the two Pds5 isoforms in vertebrates, exhibit
no discernible defects in sister chromatid cohesion, al-
though they display severe developmental defects (Zhang
et al. 2007). While Pds5 has been shown to physically
interact with Wapl (Gandhi et al. 2006; Kueng et al. 2006),
it remains to be determined whether Pds5 also has a
function in sister chromatid resolution and, if so, how
the two proteins may work together.

In the present study, we used a cell-free extract derived
from Xenopus eggs to dissect the process of sister chro-
matid resolution at a mechanistic level. We show that
depletion of endogenous Wapl (or Pds5) from egg extracts
causes severe defects in sister chromatid resolution,
which can be rescued by adding a recombinant human
Wapl (or Pds5) protein back into the extracts. This
experimental system, together with extensive protein–
protein interaction assays, allows us to explore the
molecular mechanism of how Wapl and Pds5 might
interact with cohesin to facilitate its dissociation from
chromatin. It is found that Wapl uses characteristic FGF
motifs conserved in its N-terminal domain to coordinate
an exquisite molecular cross-talk with Pds5 and cohesin.
Finally, we present evidence that Sgo1 plays a negative
role in cohesin release from chromosome arms, and that
Plk1 and aurora B antagonize this action of Sgo1 through
distinct mechanisms.

Results

Sister chromatid resolution is severely compromised
in the absence of Wapl or Pds5 in Xenopus egg extracts

To gain mechanistic insights into the molecular network
that regulates sister chromatid resolution, we took ad-
vantage of the cell-free system from Xenopus eggs that
has proved to be powerful in studying cell cycle-depen-
dent changes of higher-order chromosome structures,
such as chromosome condensation and sister chromatid
cohesion (e.g., Hirano et al. 1997; Losada et al. 1998).
Basic characterization of the Xenopus ortholog of Wapl is
shown in Supplemental Figure S1. In short, Xenopus
Wapl was present in egg extracts as a 160-kDa poly-
peptide with a sedimentation coefficient of ;7S. The
majority of Wapl was not cofractionated with either Pds5
or the holocomplex of cohesin as judged by sucrose
gradient centrifugation, but reciprocal immunoprecipita-
tion revealed that a small population of Wapl did interact
with Pds5 and cohesin as had been shown in human cell
lysates (Gandhi et al. 2006; Kueng et al. 2006). When
sperm chromatin was incubated with the cell-free ex-
tracts, Wapl was progressively accumulated on chroma-
tin during interphase and gradually dissociated from
chromatin after mitotic entry. This kinetics was similar
to that of cohesin and Pds5B.

To test whether chromatin binding of Wapl, Pds5, and
cohesin depends on one another, we depleted each of the
three factors from interphase extracts (Fig. 1; see also
Supplemental Fig. S2). Sperm chromatin was incubated
with each extract for 120 min, and then cyclin B was
added to convert the cell cycle state into mitosis. Chro-
matin fractions were isolated at various time points and
analyzed by immunoblotting. We found that loading of
Wapl and Pds5 onto chromatin during interphase was
severely compromised in a cohesin-depleted extract (Losada
et al. 2005). In a Pds5-depleted extract, cohesin and Wapl
were loaded normally onto chromatin during interphase
(Fig. 1A, lanes 9,10), but their dissociation from chromatin
upon mitotic entry was severely impaired (Fig. 1A, lanes
11,12). Similarly, when Wapl was depleted from an extract,
mitotic dissociation of cohesin and Pds5B was heavily
retarded (Fig. 1A, lanes 13–16).

The same, yet more visually arresting, results were
obtained by immunofluorescence analysis in which
metaphase chromosomes assembled in each extract were
stained with an antibody against a cohesin subunit (Fig.
1B). In chromosomes assembled in a mock-depleted
extract, only a small amount of cohesin was detectable
between sister chromatid axes that were visualized
clearly with an antibody against a condensin I subunit
(Fig. 1B, panels a–d). In chromosomes assembled in a
Wapl-depleted extract, however, a large amount of cohe-
sin remained, forming a highly characteristic, single axis-
like structure on each chromosome (Fig. 1B, panel g).
Sister chromatids were not discernible in these chromo-
somes as judged by DAPI stain (Fig. 1B, panel f), and the
sister axes positive for condensin I failed to be resolved,
apparently being twisted around each other to form
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a single axis-like structure (Fig. 1B, panel h). The distri-
bution patterns of cohesin and condensin I in these
chromosomes were similar to each other, yet they did
not overlap completely (Fig. 1B, panel e). Moreover,
a similar resolution defect was observed in both Wapl-
depleted and Pds5-depleted extracts under a different
experimental setup, in which duplication of sister DNA
molecules was confirmed by incorporation of biotin-
dATP and sister axes were visualized with an antibody
against topoisomerase IIa (topo IIa) (Fig. 1C). These
results indicate that Wapl and Pds5 facilitate release of
bulk cohesin from chromatin upon mitotic entry and
thereby promote sister chromatid resolution in Xenopus
egg extracts.

Recombinant human Wap1 (hWapl) and human Pds5B
(hPds5B) can promote sister chromatid resolution
in a short time window upon mitotic entry

To confirm that the resolution defects observed in Wapl-
depleted extracts were due to specific depletion of Wapl

rather than nonspecific depletion of other factors, we set
up rescue experiments by using a recombinant hWapl
protein produced in reticulocyte lysates. The protocol of
the experiments is summarized in Figure 2A. We first
confirmed that addition of a control reticulocyte lysate at
0 min (i.e., immediately before sperm chromatin was
added) affected neither the morphology of metaphase
chromosomes assembled in a mock-depleted extract
(Fig. 2B, panel a) nor that of poorly resolved chromosomes
observed in a Wapl-depleted extract (Fig. 2B, panel b).
However, when a reticulocyte lysate containing hWapl
was added into the Wapl-depleted extract at the same
timing, the resolution defect was efficiently rescued (Fig.
2B, panel c). We then asked whether a persistent in-
teraction between Wapl and cohesin during interphase is
essential for promoting sister chromatid resolution in the
subsequent mitosis. To this end, addition of hWapl into
the Wapl-depleted extracts was delayed until either DNA
replication was mostly completed or mitotic inducer
cyclin B was added (at 90 min or 120 min, respectively)

Figure 1. Wapl and Pds5 are required for
sister chromatid resolution in Xenopus

egg extracts. (A) Sperm chromatin was in-
cubated for 120 min with interphase egg
extracts that had been depleted with con-
trol IgG (Dmock; lanes 1-4), a mixture of
anti-Smc1 and anti-Smc3 (Dcohesin; lanes
5-8), a mixture of anti-Pds5A and anti-
Pds5B (DPds5; lanes 9-12), or anti-Wapl
(DWapl; lanes 13-16). Cyclin B was added
to trigger entry into mitosis, and the mix-
tures were incubated for another 100 min.
At the indicated time points, chromatin-
bound proteins were isolated and analyzed
by immunoblotting with the antibodies
indicated. The lowest part of the gel was
stained with Coomassie brilliant blue to
determine the level of core histones as
a control for chromatin recovery. The
efficiency of depletion in each extract is
shown in Supplemental Figure S2. (B)
Metaphase chromosomes were assembled
in mock-depleted (Dmock; panels a–d) or
Wapl-depleted (DWapl; panels e–h) extracts,
fixed, and double-stained with anti-SA1
(green, panels a,e; grayscale images, panels
c,g) and anti-XCAP-G (magenta, panels a,e;
grayscale images, panels d,h). The insets

show close-ups of selected chromosomal
regions (indicated by the rectangles). (Pan-
els b,f) Bulk chromosomal DNA was coun-
terstained with DAPI (grayscale images).
Bars, 5 mm. (C) Metaphase chromosomes
were assembled in mock-depleted (Dmock;
panel a), Wapl-depleted (DWapl; panel b), or
Pds5-depleted (DPds5; panel c) extracts that
had been supplemented with biotin-dATP.
The chromosomes were fixed and stained
with anti-topo IIa (green). Bulk and repli-
cated DNA were visualized with DAPI
(blue) and FITC-conjugated avidin (red),
respectively. Bar, 5 mm.
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(see Fig. 2A). To our surprise, successful rescue of the
resolution defects was observed in both cases (Fig. 2B,
panels d,e).

We then performed the same set of experiments using
the combination of recombinant hPds5B and Xenopus egg
extracts depleted of endogenous Pds5. Again, the resolu-
tion defects in the Pds5-depleted extracts were efficiently
rescued when hPds5B was added at 0 min (Fig. 2C, cf.
panels a and b), or when the addition was delayed until 90
min or 120 min (Fig. 2C, panels c,d). Our results suggest
that Wapl and Pds5 are able to promote sister chromatid
resolution in a very short time window of mitosis,
most likely through a transient interaction with cohesin
subunits.

The FGF motifs conserved in the N-terminal half
of vertebrate Wapl play critical roles in promoting
sister chromatid resolution

The amino acid sequence of hWapl is composed of two
parts. The C-terminal half is widely conserved among the
Wapl family members and is predicted to be predomi-
nantly a-helical. In contrast, the N-terminal half is
unique to the vertebrate members of this family and
contains many putative phosphorylation sites, implicat-
ing its regulatory functions (Fig. 3A; Supplemental Fig. S3
for sequence alignments). An initial set of experiments to
molecularly dissect hWapl is shown in Supplemental
Figure S4. In short, subunit–subunit interaction assays
demonstrated that the N-terminal half (amino acids
1–500) of hWapl was responsible primarily for interact-
ing with Pds5 and a pair of SA1 and Rad21 (the non-
SMC subunits of cohesin). Neither the N-terminal nor
the C-terminal half (amino acids 501–1190) of hWapl
was sufficient to support chromatin loading or to rescue
the resolution defect observed in the extract depleted
of endogenous Wapl.

We then closely inspected the amino acid sequences of
vertebrate Wapl and found that a triplet sequence of FGF
is highly conserved at three positions in their N-terminal
halves (Fig. 3A; Supplemental Fig. S3). The motif (hereaf-
ter referred to as the FGF motif) was similar, if not
identical, to the FxF/Y motif found in the double-strand
repair protein Nbs1, or the FxFG and GLFG motifs found
in many nuclear pore complex components (nucleo-
porins). It had also been shown that Nbs1 and some of
the nucleoporins use these unique motifs to interact with
the HEAT repeat proteins ATM and importin b, respec-
tively (Bayliss et al. 2000; You et al. 2005). We were
intrigued by these previous reports because multiple
HEAT repeats are found in Pds5 (Neuwald and Hirano
2000; Panizza et al. 2000) and possibly in the SA1/SA2/
Scc3 family of proteins as well (Nasmyth and Haering
2005). To test whether the FGF motifs present in Wapl
play a direct role in interacting with Pds5 and/or SA1, we
took a site-directed mutagenesis approach. For each FGF
motif, both phenylalanine residues were replaced simul-
taneously with glutamic acids (i.e., being converted to
EGE) according to the strategy used by You et al. (2005),
and the resulting three sets of mutations were put
together in different combinations. For simplicity, wild-
type hWapl (73FGF–429FGF–453FGF) is referred to as FFF,
whereas a protein mutated in the first FGF motif (73EGE–
429FGF–453FGF) is called EFF. Likewise, a protein mu-
tated in both the second and third FGF-motifs (73FGF–
429EGE–453EGE) is referred to as FEE.

We first tested which of the FGF motifs, if any, might
contribute to Wapl’s interaction with Pds5. Wild-type
hWapl (FFF) and the mutant protein EFF interacted
efficiently with hPds5B (Fig. 3B, lanes 11,12). In contrast,
the association with hPds5B was weakened substantially
with FEF and FFE and compromised most severely with
FEE and EEE (Fig. 3B, lanes 13–16), indicating the impor-
tance of the second and third motifs of Wapl (429FGF and
453FGF in hWapl) in its interaction with Pds5B.

Figure 2. Wapl and Pds5 promote sister chromatid resolution
in a short time window upon mitotic entry. (A) Sperm chroma-
tin was added to Xenopus egg interphase extracts that had been
immunodepleted with control IgG (Dmock), anti-Wapl (DWapl),
or anti-Pds5 (DPds5). Cyclin B (cyc B) was added at 120 min
to drive the cell cycle state into mitosis, and chromosomes were
fixed at 210 min for immunofluorescence. A control reticulo-
cyte lysate or a lysate containing hWapl (or hPds5B) was added
to the extracts at different time points. (B) Metaphase chromo-
somes were assembled in mock-depleted (panel a) or Wapl-
depleted (panels b–e) extracts that had been supplemented with
reticulocyte lysates containing no hWapl (panels a,b) or hWapl
(panels c–e) at the indicated time points. The chromosomes
were stained with anti-topo IIa as described in Figure 1C.
Measurements of the distance between sister chromatid axes
were provided below each panel. In all chromosomes shown
here, duplication of sister DNA molecules was confirmed as
judged by dATP incorporation (data not shown). (C) Metaphase
chromosomes were assembled in Pds5-depleted extracts that
had been supplemented with reticulocyte lysates containing no
Pds5 (panel a) or hPds5B (panels b–d) at the indicated time
points. The chromosomes were stained and analyzed as above.
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We then asked whether any one of the FGF motifs of
Wapl also participate in its interaction with the non-SMC
subunits (SA1–Rad21) of cohesin. The assay was per-
formed in the absence (Fig. 3C) or presence (Fig. 3D) of
hPds5B. Wild-type hWapl (FFF) interacted efficiently with
hSA1–hRad21 in the absence (Fig. 3C, lane 9) or presence
(Fig. 3D, lane 9) of hPds5B. In the absence of hPds5B,
hWapl’s ability to interact with hSA1–hRad21 was com-
promised with EFF, less severely with FEE, and yet was
completely abolished with EEE (Fig. 3C, lanes 10–12).
Inclusion of hPds5B in the mixtures partially restored the
weakened interactions observed with EFF and FEE, but
failed to fully restore the interaction between EEE and
hSA1–hRad21 (Fig. 3D, lanes 10–12). Thus, although the
mode of interactions among hWapl, hPds5B, and hSA1–
hRad21 is most likely synergistic, our results suggest that
the first FGF motif of Wapl (73FGF in hWapl) contributes
primarily to its interaction with SA1–Rad21.

Finally and most importantly, the wild-type and mu-
tant forms of hWapl were added back into Wapl-depleted
extracts, and their ability to rescue the resolution defect

was tested. We found that wild-type hWapl (FFF) was able
to efficiently rescue the defect (Fig. 3E, panel b), but the
EEE mutant protein failed to do so (Fig. 3E, panel e). The
addition of EFF and FEE into the Wapl-depleted extracts
produced intermediate phenotypes as expected (Fig. 3E,
panels c,d). Taken all together, our results demonstrate
that the three FGF motifs present in the N-terminal
domain of Wapl contribute to its productive interaction
with Pds5 and cohesin, thereby playing a crucial role in
promoting sister chromatid resolution.

The major target of SA1, Wapl, and Pds5 encompasses
a conserved block in the central region of Rad21

We next asked which part of the SA1–Rad21 dimer might
make a contact with Wapl and Pds5. We first found that
hWapl and hPds5B could each bind to hRad21 in a mutu-
ally independent manner (Fig. 4A, lanes 12–15), and that
these interactions were greatly stimulated by hSA1 (Fig.
4A, lanes 8–11). Nevertheless, in the absence of hRad21,
virtually no interaction was detectable between hWapl
and hSA1 (Fig. 4B, lane 6) or between hPds5B and hSA1

Figure 3. The FGF motifs in Wapl play crucial roles
in sister chromatid resolution by coordinating its
interaction with Pds5 and cohesin. (A) Schematic
representation of the primary structure of Wapl
orthologs. The filled boxes indicate regions highly
conserved from yeasts to humans, whereas the open
boxes indicate sequences unique to vertebrate mem-
bers. Three FGF motifs (thick vertical lines) are
found in all of the vertebrate orthologs investigated
(see Supplemental Fig. S3). (B) A panel of mutant
hWapl was translated in vitro simultaneously with
3xFlag-hPds5B, and then precipitated with anti-Flag
beads. The precipitates (lanes 9–16) along with input
fractions (lanes 1–8) were analyzed by immunoblot-
ting. Representative results are depicted in the car-
toons. (C) A mixture of in vitro translated 3xFlag-
hRad21 and hSA1 was precipitated with anti-Flag
beads. The beads were then subjected to another
incubation with lysates, producing a panel of mutant
hWapl. The precipitates (lanes 8–13) and input frac-
tions (lanes 1–7) were analyzed by immunoblotting.
(D) The same set of experiments as C was performed,
except that hPds5 was coproduced in lysates used for
the second incubation. From B–D, the membranes
were probed first with anti-Wapl (top) and subse-
quently with a mixture of the antibodies indicated
(bottom). (E) Metaphase chromosomes were assem-
bled in a Wapl-depleted extract that had been sup-
plemented with the hWapl mutants indicated. The
chromosomes were analyzed as described in Figure 2.
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(Fig. 4B, lane 8). These results suggest that, although
Rad21 has an intrinsic property to interact with Wapl,
Pds5, and SA1 individually, an SA1-bound form of Rad21
offers a better context for recruiting Wapl and Pds5.

To localize the domain(s) required for this composite
array of subunit–subunit interactions, a truncation series
of hRad21 was constructed and used for similar analyses
(Fig. 4C). In an initial set of experiments, we found that

a central region of hRad21 (amino acids 287–449) was
required for its interaction with hSA1 (Fig. 4C, left panel),
and that hWapl and hPds5B bound to the same region in
the presence of hSA1 (Fig. 4C, middle panel). In a second
set of experiments, the hSA1-binding region was further
narrowed down to a small region of hRad21 (amino acids
362–403), whereas binding of hWapl–hPds5 was found to
require a larger region (amino acids 287–403) containing

Figure 4. The major target of SA1, Wapl, and Pds5 is the central region of Rad21. (A) 3xFlag-hRad21 was translated in vitro
individually or simultaneously with hSA1, and then precipitated with anti-Flag beads. The beads were subjected to another incubation
with hWapl and hPds5B, which had been translated in various combinations as indicated. After the second incubation, the precipitates
(lanes 7–15) and input fractions (lanes 1–6) were analyzed by immunoblotting. (B) hSA1 was translated in vitro alone (lanes 1,2) or
simultaneously with 3xFlag-tagged hRad21 (lanes 3,4), 3xFlag-tagged hWapl (lanes 5,6), or 3xFlag-tagged hPds5B (lanes 7,8), and was
subjected to immunoprecipitation with anti-Flag. Aliquots of input fractions (lanes 1,3,5,7) and precipitates (lanes 2,4,6,8) were
analyzed by immunoblotting. (C) Full-length hRad21-3xFlag (FL) or its truncated versions (C1, C2, C3, C4, and C5) were translated with
hSA1 and then precipitated with anti-Flag beads. (Left panel) Five percent of the input fraction (I) and the bead-bound fractions (P) was
analyzed by immunoblotting. (Middle and right panels) Alternatively, the beads were subjected to another incubation with hPds5B and
hWapl before being analyzed by immunoblotting. A summary of the results is shown in the bottom panel. For sequence alignment of
Rad21 and Rec8 in vertebrates, see Supplemental Figure S5. We notice that, compared with hSA1 or hWapl, hPds5B was more sensitive
to any truncations of hRad21. Thus, hPds5B may make additional contacts with hRad21 outside of its central region.
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the hSA1-binding region (Fig. 4C, right panel). Close
inspection of the amino acid sequences revealed that
the region required for SA1 binding contained a block of
residues (372–392) highly conserved among members of
the kleisin a (Rad21–Rec8) family (Fig. 4C, bottom panel;
Supplemental Fig. S5). Thus, these analyses uncover
a hierarchy of protein assembly that centers around the
previously unrecognized sequence conserved in the cen-
tral region of Rad21.

Sgo1 localizes to the intersister regions in poorly
resolved chromosomes

Previous studies showed that Plk1 and aurora B kinase,
a component of the chromosome passenger complex
(CPC), are required for cohesin release from chromosome
arms, thereby contributing to sister chromatid resolution
(for review, see Peters et al. 2008). According to a prevail-
ing scenario, Plk1 phosphorylates the SA subunit to
facilitate release of cohesin from arms, whereas Sgo1
protects a centromeric population of cohesin against
Plk1-mediated phosphorylation by recruiting protein
phosphatase 2A (PP2A) to centromeres. To gain more
insight into the functional relationship between arm
cohesion and centromeric cohesion, we examined the
localization of Sgo1 and INCENP (another component of
the CPC) in metaphase chromosomes assembled under
various conditions. Consistent with previous reports
(Boyarchuk et al. 2007; Rivera and Losada 2009), both
Sgo1 and INCENP were found to be restricted to centro-
meric regions of metaphase chromosomes assembled in
a mock-depleted extract (Fig. 5A, panels a–d). Unexpect-
edly, however, in Wapl-depleted or Pds5-depleted ex-
tracts, we observed discrete axial distribution of Sgo1
along the entire length of poorly resolved chromatids in
addition to its enhanced centromeric accumulation (Fig.
5A, panels e–l). The axial distribution of Sgo1 was
reminiscent of that of cohesin observed in Wapl-depleted
chromosomes (Fig. 5B, panels d–f), most likely corre-
sponding to the ‘‘intersister’’ regions where sister chro-
matids are glued together. On the other hand, INCENP
failed to be enriched at centromeres in the absence of
Wapl or Pds5 and, rather, displayed diffuse signals along
the length of chromosomes (Fig. 5A, panels f,g,j,k),
suggesting that subchromosomal localization of Sgo1
and the CPC is intimately related with each other (see
the Discussion). Similarly, axial distribution of Sgo1 was
observed in resolution-deficient chromosomes assembled
in an extract that had been depleted of both Plx1 (the
Xenopus ortholog of Plk1) and the CPC (Fig. 5A, panels
m–p). Thus, these results implicate that the target of
action of Sgo1 is not restricted to centromeres, and raise
the possibility that Sgo1 plays a hitherto underappreci-
ated role in stabilizing cohesion along chromosome arms.

Sgo1 plays a role in stabilizing arm cohesion
and functionally interacts with Plk1 and Wapl
in distinct manners

To test directly whether Sgo1 plays a role in stabilizing
arm cohesion, metaphase chromosomes were assembled

in extracts depleted of Sgo1 or cohesin, and stained
with antibodies against XCAP-G (a condensin I subunit)
and SA1. We found that arm cohesion was loosened

Figure 5. Sgo1 localizes to the intersister regions in poorly
resolved chromosomes. (A) Metaphase chromosomes were as-
sembled in the extracts that had been depleted with control IgG
(Dmock; panels a–d), anti-Wapl (DWapl; panels e–h), anti-Pds5
(DPds5; panels i–l), or a mixture of anti-Plx1, anti-aurora B, and
anti-INCENP (DPlx1DCPC; panels m–p). The chromosomes
were fixed and double-stained with anti-Sgo1 (grayscale images,
panels a,e,i,m; magenta, panels b,f,j,n; red, panels c,g,k,o; green,
panels d,h,l,p) and anti-INCENP (green, panels b,c,f,g,j,k,n,o).
DNA was counterstained with DAPI (blue, panels c,g,k,o;
magenta, panels d,h,l,p). Close-ups of selected regions of chro-
mosomal arms (indicated by the rectangles in panels c,g,k,o,
respectively) are shown in panels d, h, l, and p. (B) Chromo-
somes that had been assembled in mock-depleted and Wapl-
depleted extracts were double-stained with anti-Sgo1 (grayscale,
panels a,d; red, panels c,f) and anti-SA1 (grayscale, panels b,e;
green, panels c,f). (Panels c,f) DNA was counterstained with
DAPI (blue). Bars, 10 mm. The efficiency of depletion in each
extract is shown in Supplemental Figure S2.
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substantially in Sgo1-depleted chromosomes compared
with control chromosomes (Fig. 6A, panels a,d). Cohesin
depletion caused much more severe defects in cohesion,
frequently making it difficult to discern the pair of sister
chromatids within individual chromosomes (Fig. 6A,
panel g). These observations were confirmed by quanti-
tative measurements of the distance between sister
chromatids assembled in mock-depleted and Sgo1-
depleted chromosomes (Fig. 6B). Consistently, the Sgo1-
depleted chromosomes had a much smaller amount of
SA1 left between chromatid arms than the control
chromosomes (Fig. 6A, panels b,e). As expected, virtually
no SA1 was detectable in cohesin-depleted chromosomes
(Fig. 6A, panel h). These results substantiate the idea that
Sgo1 may act as a negative regulator of cohesin release
and the resolution of sister chromatid arms.

Finally, we wished to test how Sgo1 might functionally
interact with positive regulators of sister chromatid
resolution such as Plk1 and Wapl. Depletion of Plx1 from

the extracts caused resolution defects that were slightly
milder than those observed in Wapl-depleted extracts
(Fig. 6C, panels b,c; see also Losada et al. 2002). Again,
depletion of Sgo1 resulted in loosely paired sister chro-
matids (Fig. 6C, panel d). We found that simultaneous
depletion of the two factors produced an intermediate
phenotype in which the degree of resolution was compa-
rable with that found in a mock-depleted extract (Fig. 6C,
cf. panels a and e). In contrast, however, additional
depletion of Sgo1 failed to relieve the defects caused by
Wapl depletion (Fig. 6C, panel f). Measurements of the
distance between sister chromatids confirmed the mor-
phological examination (Fig. 6D). Our data suggest that
Wapl and Plk1 promote sister chromatid resolution
through distinct mechanisms, and that one function of
Plk1 may be to antagonize the action of Sgo1.

Discussion

Sister chromatid resolution, which occurs from prophase
through metaphase, is assumed to be a preparatory step
that allows rapid and synchronous separation of sister
chromatids in subsequent anaphase. In the present study,
we used a cell-free system from Xenopus eggs to demon-
strate that Wapl and Pds5 cooperate to promote sister
chromatid resolution. By acting on the central region of
the kleisin subunit of cohesin, Wapl and Pds5 may
directly modulate the conformation of the cohesin com-
plex and convert it into a form competent for dissociation
from chromatin. This process is exquisitely coordinated
by three FGF motifs present in the N-terminal domain of
Wapl. We also present evidence that Sgo1 plays a hitherto
underappreciated role in stabilizing cohesin along chro-
mosome arms, which is antagonized by distinct actions of
Plk1 and aurora B.

The FGF motifs in Wapl coordinate its physical
and functional interactions with Pds5 and cohesin

The present results show that there exists a specific and
composite mode of protein–protein interactions among
the two regulatory subunits of cohesin (SA1 and Rad21)
and its two regulatory factors (Wapl and Pds5). Among the
three FGF motifs conserved in the N-terminal domain of
human Wapl, the first one contributes primarily to its
interaction with SA1–Rad21, whereas the second and
third ones contribute to its interaction with Pds5. Our
results demonstrate clearly that the FGF motif-mediated
interactions are functionally important because combi-
nations of mutations in these motifs progressively reduce
its ability to promote sister chromatid resolution in
Xenopus egg extracts.

How might the FGF motifs contribute to this process at
a mechanistic level? Interestingly, previous structural
and functional studies have revealed some examples of
specific interactions between HEAT repeats and short
amino acid motifs related to FGF (Bayliss et al. 2000; You
et al. 2005). For instance, an FxFG repeat from Nsp1 (a
component of the nuclear pore complex) binds to a convex
face between two successive HEAT repeats in importin b.

Figure 6. Sgo1 plays a role in stabilizing arm cohesion. (A)
Metaphase chromosomes were assembled in a control extract
(Dmock; panels a–c), Sgo1-depleted extract (DSgo1; panels d–f),
or cohesin-depleted extract (Dcohesin; panels g–i), and double-
stained with anti-XCAP-G (panels a,d,g) and anti-SA1 (panels
b,e,h). (Panels c,f,i) The bulk DNA was counterstained with
DAPI. (B) The distance between sister chromatid axes was
measured for >50 chromosomes from each condition and
plotted. (C) Replicated chromosomes were assembled in a con-
trol extract (panel a) or extracts depleted of various factors
(individually or in combinations) as indicated (panels b–f), and
stained with anti-topo IIa. (D) The distance between sister
chromatid axes was measured and plotted as in B. Bars, 10
mm. The efficiency of depletion in each extract is shown in
Supplemental Figure S2.
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Binding of Ran-GTP to the other surface of importin
b induces its conformational change, which in turn weak-
ens the FxFG–HEAT interaction, thereby releasing impor-
tin b from Nsp1 (Bayliss et al. 2000). Similarly, an FxF/Y
motif from Nbs1 (a subunit of the Mre11–Rad50–Nbs1
complex) interacts with HEAT repeats in the checkpoint
kinase ATM and stimulates its activity (You et al. 2005).
By analogy, it is tempting to speculate that the FGF
motifs of Wapl may bind to specific parts of HEAT repeats
in Pds5 (and possibly SA1) and trigger a series of confor-
mational changes of the cohesin complex, eventually
leading to its dissociation from chromatin. Such inter-
actions among Wapl, Pds5, and cohesin would occur most
efficiently on chromatin (Fig. 1A) rather than in soluble
extracts (Supplemental Fig. S1). Yet, a transient action of
Wapl and Pds5 upon mitotic entry appears sufficient to
convert cohesin into a dissociation-proficient form (Fig.
2), further emphasizing the highly dynamic and elaborate
nature of this molecular process.

A model for the action of Wapl and Pds5 on cohesin
release

How might the postulated action of Wapl and Pds5 render
cohesin competent for dissociation from chromatin, and

how might this process be coupled with the ATP-binding
and hydrolysis cycle of cohesin? The embrace model for
the action of cohesin predicts that its dissociation from
chromatin would require transient opening of the cohesin
ring. Our results suggest that SA1 binds to a conserved
block within the central region of Rad21, which in turn
creates the primary target of actions of Wapl and Pds5.
One possible scenario may be that Wapl and Pds5, in
collaboration with SA1, bend the Rad21 molecule around
its central region so that its N-terminal and C-terminal
winged helix domains are brought together into close
proximity (Fig. 7A, panels a, b). This configuration nat-
urally increases the probability of head–head engagement
of SMC dimers when their heads are bound to ATP.
Alternatively or additionally, Wapl or Pds5 may have
an activity that loads ATP on empty SMC heads or
exchanges prebound ADP with ATP. Such ATP-sand-
wiched head–head engagement could help create a situa-
tion in which one of the linkages between Rad21 and the
SMC dimer is destabilized transiently (Fig. 7A, panel b),
leading to subsequent opening of the SMC–kleisin ring
upon hydrolysis of the bound ATP (Fig. 7A, panel c).
While this scenario is admittedly speculative, it is sup-
ported by a recent structural study of a bacterial SMC–
kleisin protein complex (Woo et al. 2009). Whatever the

Figure 7. Opposing actions of Wapl–Pds5 and
Sgo1 on releasing cohesin from chromosome
arms. (A) A speculative model for the action of
Wapl and Pds5 on cohesin release. (Panels a,b)
Wapl and Pds5 interact with the central region of
Rad21 to induce its conformational changes upon
entry into mitosis, which may in turn facilitate
ATP-mediated engagement of the head domains of
Smc1 and Smc3. (Panel c) The engaged configura-
tion could transiently destabilize either one of the
two SMC–kleisin interfaces, and subsequent ATP
hydrolysis allows opening of the cohesin ring,
thereby allowing its dissociation from chromatin.
ATP molecules are shown by the yellow ovals. (B,
top panel) Schematic presentation of a regulatory
network for cohesin release from chromosome
arms during early mitosis. The two populations
of Sgo1 (and the CPC) along chromosome arms
and at centromeres are indicated by ‘‘arm’’ and
‘‘cen,’’ respectively. (Bottom panels) This model
nicely predicts the behavior of cohesin and its
regulators observed under different conditions.
See the text for details.
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actual mechanisms might be, it is most likely that there
exists an intricate cross-talk between the ATPase cycle of
the SMC subunits and the conformational change of the
non-SMC regulatory subunits, both of which may be the
targets of action of cohesin regulators such as Wapl and
Pds5.

Evolutionary aspects of Wapl and Pds5 in cohesin
regulation

Although the primary structure of Pds5 is conserved from
yeast to humans, the degree of sequence conservation
among members of the Wapl family of proteins is very
low (see Peters et al. 2008). In budding and fission yeast,
the Wapl orthologs are nonessential proteins that play
rather cryptic roles in regulating cohesin dynamics dur-
ing interphase (Ben-Shahar et al. 2008; Bernard et al.
2008). Notably, they lack N-terminal extensions (Fig.
3A), and the process corresponding to sister chromatid
resolution is not prominent or absent in these organisms.
We speculate that, during evolution, acquisition of
N-terminal extensions might have conferred on Wapl
an ability to interact with cohesin and Pds5 in a more
efficient and productive manner, thereby modifying
or fine-tuning its original function. In this way, Wapl
might have gained an ability to rapidly release cohesin
during early mitosis, thereby contributing to the estab-
lishment of the so-called prophase pathway in metazoan
species.

Our previous study (Losada et al. 2005) reported that
depletion of Pds5 caused only a subtle set of defects in
cohesin regulation in Xenopus egg extracts. In the present
study, however, careful re-evaluation of depletion con-
ditions (Supplemental Fig. S2) followed by successful
rescue assays (Fig. 2) provides a compelling set of evi-
dence that Pds5 facilitates cohesin release and promotes
sister chromatid resolution during mitosis in Xenopus
egg extracts. At first glance, this conclusion is inconsis-
tent with the so far frequently discussed role for Pds5 in
the maintenance of sister chromatid cohesion during
interphase in yeast and humans (for review, see Losada
and Hirano 2005; Peters et al. 2008). We suggest that the
apparent discrepancy may simply reflect different faces of
Pds5, whose actions potentially regulate cohesin dynam-
ics either positively or negatively depending on the
context (before or after cohesin’s loading onto chromatin)
and/or on different stages of the cell cycle. This argument
may also be compatible with the recent findings that, in
budding yeast, Wapl and Pds5 counteract the establish-
ment of cohesion (Rowland et al. 2009; Sutani et al. 2009).
It is clear, however, that future work is required to
understand to what extent the interphase function of
Wapl–Pds5 reported in yeast might mechanistically be
related to its mitotic function observed in vertebrates.

Regulatory network of sister chromatid resolution

Although the role of Sgo1 in stabilizing centromeric
cohesion during mitosis and meiosis has been character-
ized extensively, its potential contribution to stabilizing
arm cohesion has largely been unrecognized. One of the

unexpected findings in the present study is that, when-
ever cohesin release from chromatid arms is severely
impaired, a substantial amount of Sgo1 is concentrated on
a discrete axis-like structure along the entire length of
chromosomes, presumably corresponding to the inter-
sister regions where cohesin is also enriched under these
conditions (Fig. 5). This observation prompted us to
examine the morphology of Sgo1-depleted chromosomes
in detail, and it was found that Sgo1 depletion caused
enhanced release of cohesin from chromatid arms and
loosened arm cohesion (Fig. 6A). Taken together, our
results provide a convincing set of evidence that Sgo1 in
fact plays a role in stabilizing arm cohesion, at least in the
Xenopus egg cell-free extracts. Curiously enough, defects
in centromeric cohesion, if any, are very subtle in Sgo1-
depleted egg extracts (Rivera and Losada 2009; this study).
It is well known that metaphase chromosomes in early
embryonic cells tend to be longer and thinner than those
in somatic chromosomes (Belmont et al. 1987), and
chromosomes assembled in Xenopus egg extracts reca-
pitulate such embryonic properties (Ono et al. 2003).
Accordingly, we speculate that the relative contribution
of arm and centromeric cohesion may be different be-
tween the two types of chromosomes, and that somatic
ones rely more on centromeric cohesion than on arm
cohesion. If this idea were right, measuring the minor
contribution of arm cohesion would be rather difficult
in somatic cells, providing a reasonable explanation for
why the potential contribution of Sgo1 to arm cohesion
has not been fully appreciated so far. Nonetheless, a re-
cent study has provided evidence in favor of such a cryptic
role of Sgo1 in stabilizing arm cohesion in HeLa cells
(Nakajima et al. 2007).

Our model for the regulatory network of sister chro-
matid resolution is shown in Figure 7B (top panel). It
should be emphasized that loss of Sgo1 from chromatid
arms is not sufficient to promote cohesin release and arm
resolution, and that Wapl–Pds5 is absolutely essential for
these processes regardless of the presence or absence of
Sgo1. In contrast, Sgo1 depletion partially negates the
requirement for Plk1 in the resolution process, implicat-
ing that one function of Plk1 is to antagonize the action of
Sgo1 along arms. While how Sgo1 might stabilize arm
cohesion remains to be elucidated, PP2A was not found
concentrated in the intersister regions within resolution-
deficient chromosomes (Supplemental Fig. S6). Thus, the
action of Sgo1 along arms, unlike its proposed action at
centromeres, could be independent of PP2A. On the other
hand, subchromosomal localization of Sgo1 and the CPC
is heavily dependent on each other (Supplemental Fig. S7;
see also Boyarchuk et al. 2007; Rivera and Losada 2009).
The CPC is therefore most likely to contribute to the
resolution process as part of the regulatory loop that
localizes Sgo1 properly to centromeres. Our model nicely
illustrates how these positive and negative factors con-
stitute the regulatory network of sister chromatid reso-
lution, and helps explain the consequences that are
observed when each of them is removed individually or
in combination from the system (Fig. 7B, bottom panels).
It will be an exciting challenge in the future to understand
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how this elaborate network actually works and how
aberrations of its components potentially lead to chro-
mosome instability.

Materials and methods

Antibodies

We previously reported antibodies raised against three different
antigens for human Wapl (Gandhi et al. 2006). It was found that
all of them specifically recognized Xenopus Wapl present in egg
extracts (Supplemental Fig. S1), and the antibody against
a C-terminal recombinant fragment of human Wapl was used
throughout the present study unless otherwise stated. Rabbit
polyclonal antisera were raised against a synthetic peptide
corresponding to the C-terminal amino acid sequence of Xen-

opus Sgo1 (RQSLSRYNEVFVGCRR) and a recombinant full-
length Cdc45 expressed in insect cells. Immunization and
affinity purification were carried out as described previously
(Hirano et al. 1997). Other antibodies used in this study were as
follows: anti-Smc1, anti-Smc3, and anti-Rad21 (Losada et al.
1998); anti-SA1 (Losada et al. 2000); anti-Pds5A and anti-Pds5B
(Losada et al. 2005); anti-XCAP-G and XCAP-H (Hirano et al.
1997); anti-Plx1, anti-aurora B, and anti-INCENP (Losada et al.
2002); and anti-topo II a (Hirano and Mitchison 1993).

Preparation of Xenopus egg extracts

Interphase low-speed supernatant (LSS) of Xenopus eggs and
demembranated sperm chromatin were prepared according to
Murray (1991) with some modifications. Briefly, dejellied eggs
were activated by treatment with the Ca2+ ionophore A23187
(Sigma) at 50 nM in MMR (5 mM Na-HEPES at pH 7.8, 100 mM
NaCl, 2 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 0.1 mM Na-EDTA)
for 3 min. The eggs were washed with MMR, incubated with
KMH (20 mM K-HEPES at pH 7.7, 100 mM KCl, 2.5 mM MgCl2)
containing 100 mg/mL cyclohexamide and 50 mg/mL cytochala-
sin D at 22°C until 20 min after activation, and finally chilled for
5 min on ice. The cytoplasmic fraction of these eggs was
prepared by centrifugation as described previously (Losada
et al. 1998). The interphase LSS was supplemented with
recombinant sea urchin cyclin B (100 nM) to convert the cell
cycle into mitosis. All egg extracts were supplemented with ATP
and creatine phosphate at final concentrations of 1 mM and 10
mM, respectively.

Immunodepletion and immunoprecipitation

Affinity-purified antibodies were mixed with rProtein A-Sephar-
ose beads (GE Healthcare) and incubated for 1 h at room
temperature. The antibody-coupled beads were washed and
equilibrated with KMH. For immunodepletion, 100 mL of egg
extract were incubated with 25 mL of antibody beads for 30 min
on ice with occasional mixing. After two successive rounds of
incubation, the supernatants were recovered by brief spin and
used as depleted extracts. The amounts of each antibody in-
cubated with 100 mL of beads were as follows: for Wapl depletion,
75 mg of anti-Wapl; for Pds5 depletion, a mixture of 25 mg of anti-
Pds5A and 25 mg of anti-Pds5B; for cohesin depletion, a mixture
of 15 mg of anti-Smc1 and 15 mg of anti-Smc3; for Plx1 depletion,
50 mg of anti-Plx1; for CPC depletion, a mixture of 65 mg of anti-
aurora B and 65 mg of anti-INCENP; for Sgo1 depletion, 60 mg of
anti-Sgo1. When multiple components were depleted simulta-
neously from egg extracts, the same volume of beads was
coupled with a mixture of corresponding antibodies. For immu-

noprecipitation, 10 mL of egg extract were incubated with 5 mL of
beads (coupled with 2.5 mg of IgG) for 30 min at 4°C with
occasional mixing. The beads were washed with 500 mL of KMH
containing 0.1% Triton X-100 five times and subjected to SDS-
PAGE. For mock depletion and precipitation, the same amount
of control rabbit IgG (Sigma) was used.

Biochemical and morphological analyses of chromatin

and chromosomes assembled in egg extracts

Demembranated sperm chromatin was mixed with interphase
egg extracts at a final concentration of 4000 nuclei per microliter
for biochemical assays or 1000 nuclei per microliter for mor-
phological assays. After incubation for 100 or 120 min at 22°C,
the mixture was supplemented with recombinant sea urchin
cyclin B (100 nM) to convert the cell cycle state into mitosis, and
incubated for another 100 or 120 min. For biochemical analysis,
aliquots were taken at time intervals and diluted with 10 vol of
ice-cold KMH containing 0.2% Triton X-100. The diluted
fractions were overlaid on a 30% sucrose cushion made in
KMH, and spun at 1500g for 10 min at 4°C. After removing
soluble fractions, chromatin fractions recovered in the pellets
were washed by resuspending with KMH and spun again at
4500g, before they were processed for SDS-PAGE. For morpho-
logical analysis, metaphase chromosomes were assembled as
described above. In the experiment shown in Figure 1C, the
reactions were supplemented with 4 mM biotin-14-dATP (Invi-
trogen) to check the efficiency of DNA replication. The assembly
mixtures were fixed with 10 vol of 2% formaldehyde in KMH
containing 0.1% Triton X-100 for 15 min at room temperature,
and centrifuged at 7000g for 10 min onto coverslips through
a 30% glycerol cushion made in KMH. Immunofluorescence was
performed as described previously (Losada et al. 1998, 2000,
2002; Ono et al. 2003). The distance between sister chromatid
axes was analyzed by using ImageJ software (http://rsb.info.nih.
gov/ij).

In vitro transcription and translation

DNA fragments encoding different regions of hWapl, hPds5B,
hRad21, and hSA1 were amplified by PCR and inserted into
a pTnT vector (Promega). Point mutations were introduced with
the QuikChange XL site-directed mutagenesis kit (Stratagene).
3xFlag-tagged constructs were made by insertion of annealed
oligonucleotides encoding the corresponding sequence. In vitro
transcription and translation reactions were carried out with the
TNT Quick Coupled Transcription/Translation System (Prom-
ega) according to the manufacturer’s instruction. The details of
plasmid construction and the primer sequences used are avail-
able in the Supplemental Material. A typical reaction mixture
(25 mL) containing 0.5 mg of plasmid DNA for each construct was
supplemented with methionine (25 mM) and incubated for 90
min at 30°C. A control lysate was prepared using the same
protocol with an empty pTnT vector. For immunoprecipitation
analyses, 10 mL of the reaction mixture were incubated with 5 mL
of rProtein A-Sepharose that had been coupled with 5 mg of
control mouse IgG or anti-Flag M2 mouse monoclonal antibody
(Sigma). For complementation assays, depleted egg extract was
supplemented with 1/10 vol of reticulocyte lysates.
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