








C283S or Cdc14-D253A appeared to be slightly increased
compared with wild-type Cdc14. This may reflect that Net1 is
an in vitro substrate of Cdc14, although hypophosphorylated
Net1 has been shown to have an increased affinity for Cdc14
(44, 50).
Several of the Cdc14 interactors that we identified in the

initial mass spectrometry analysis interacted more strongly
with Cdc14-C283S or Cdc14-D253A than with wild-type
Cdc14, in particular Bni1, Bnr1, and Kar9 (Fig. 2, B and C).
This suggests that these proteins may be bona fide Cdc14 sub-
strates. In contrast, other proteins tested did not exhibit en-
hanced binding to the Cdc14 mutants compared with wild
type, such as the SPB components, Spc42 and Spc110. This
may reflect that Cdc14 binds these substrates but does not
dephosphorylate them. Given that Cdc14 has been shown to
associate with the SPB during anaphase (42), it is possible that
these SPB proteins could serve as a scaffold for Cdc14. Impor-
tantly, Sli15, an established Cdc14 dephosphorylation sub-
strate, displayed stronger binding to Cdc14-C283S or Cdc14-
D253A than to wild-type Cdc14. Thus, Cdc14-C283S and
Cdc14-D253A likely are effective substrate-trapping mutants.
Immunopurification of Catalytically Inactive Cdc14 May

Enrich for Cdc14 Substrates—Since mutation of residues in
the active site of Cdc14 increased the affinity of Cdc14 for the
known substrate, Sli15, and potential substrates, Bni1, Bnr1,
and Kar9, in vitro, we generated yeast strains carrying either
wild-type Cdc14 or catalytically inactive Cdc14 to test these
interactions in vivo. Overexpression of CDC14 is lethal (2),
and we were concerned that expression of catalytically inac-
tive Cdc14 would also be lethal, since it could act as a domi-
nant-negative mutant. Therefore, we generated strains carry-
ing CDC14 or CDC14-D253A under the control of a
weakened galactose-inducible GAL1 promoter (GALS) (51),
which allowed for regulatable expression. We added a FLAG
or 5GFP epitope tag to the C terminus of CDC14 or CDC14-
D253A to facilitate subsequent immunopurification experi-
ments. Expression of GALS-CDC14-D253A was not lethal,
unlike expression of GALS-CDC14 (data not shown), indicat-
ing that catalytically inactive Cdc14 does not act as a domi-
nant-negative mutant. Nevertheless, we saw increased bind-
ing of Cdc14-D253A to Sli15 and the potential substrates,
Bni1, Bnr1 and Kar9, over wild-type Cdc14 in vivo (Fig. 4 and
supplemental Fig. S1). Thus, we reasoned that Cdc14-D253A-
5GFP could be useful for immunopurification and MS analy-
sis to enrich for substrates of Cdc14.
The GALS-CDC14-D253A-5GFP yeast strain was grown

under non-inducing conditions and then induced with galac-
tose for 3 h prior to collection and immunopurification of
Cdc14. We found this induction time is sufficient for accumu-
lation of Cdc14-D253A-5GFP and release into the nucleus
and cytoplasm as determined by fluorescent microscopy anal-
ysis. For comparison, we performed the same induction and
immunopurification using a yeast strain carrying a plasmid
encoding GAL1-GFP. Fig. 3A shows Coomassie Blue staining
of Cdc14-D253A-5GFP-associated proteins. There were sub-
stantially fewer bands in pulldowns from the control strain
(GAL1-GFP), indicating that the associated proteins were
likely bound to Cdc14-D253A, rather than to the GFP tag.

Fig. 1B shows a list of proteins divided into functional cate-
gories, which were identified by MS as interactors of Cdc14-
D253A. In this experiment, we found additional proteins in-
volved in mitosis. These included Hsl1 and Gin4, which are
important for sensing septin organization and initiating the
morphogenesis checkpoint (52). We also identified proteins
involved in mitotic spindle orientation, Dma2, a protein with
a role in spindle positioning (53), and Dyn1, a protein that is
partially functionally redundant with Kar9 (36). Lte1, a com-
ponent of the mitotic exit network, was also identified as a
Cdc14-D253A interactor. Interestingly, Cdc14 regulates Lte1
dephosphorylation and redistribution of Lte1 from the bud
cortex during mitosis (54). This indicates that probable sub-
strates of Cdc14 can be identified by immunopurification of
Cdc14-D253A and subsequent MS analysis. Consistently,
Sli15 was also detected using this method. In addition to the
SPB components that we found by analysis of Cdc14 interac-
tors in �net1 cells, Cdc31, Mps2 and Nud1 (Fig. 1B), Cdc14-
D253A pulldown yielded Sfi1. Sfi1 is a component of the SPB
half-bridge that is essential for SPB duplication (55, 56) and
has a role in SPB separation (57). Notably, mutations of a
Cdk1 consensus site in the C terminus of Sfi1 prevents sepa-
ration of duplicated SPBs (57). This indicates that phosphor-
ylation of Sfi1 is important for SPB separation, and dephos-
phorylation of Sfi1 may be a step in licensing a new round of
SPB duplication.
Using this method, we did not detect some potential Cdc14

substrates that were identified in Fig. 1, such as Bni1, Bnr1, or

FIGURE 3. Identification of proteins associated with a “substrate-trap-
ping” Cdc14 mutant. A, GFP alone from a control strain (GAL1-GFP) or of
“substrate-trapping” Cdc14-D253A-5GFP expressed from a galactose-induc-
ible promoter (GALS-CDC14-D253A-5GFP) was immunopurified with a poly-
clonal GFP antibody conjugated to magnetic beads. Eluates were resolved
on SDS-PAGE gels and stained with Coomassie blue. B, Cdc14-associated
proteins identified from the gel shown in A were classified into functional
groups.
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Kar9. Because of the large number of proteins interacting
with Cdc14-D253A, this may reflect a lower signal that was
not readily distinguished by MS analysis. Additionally, we
found a higher number of chaperones, metabolic enzymes
and translation proteins associating with Cdc14-D253A than
with Cdc14 in Fig. 1 (supplemental Table S3). This is likely
due to the fact that Cdc14-D253A-5GFP was overexpressed,
while Cdc14–5GFP from �net1 cells was expressed from its
endogenous promoter. As with the proteins identified as in-
teractors with Cdc14–5GFP, Cdc14-D253A interactors were
enriched in a highly significant manner for proteins identified
as in vivo Cdk targets (44).
Some Cdc14 Interactors Have Higher Affinity for the Sub-

strate-trapping Cdc14 Mutants—We selected a subset of
Cdc14 interacting proteins identified by the MS analysis from
the pulldown conditions used in Figs. 1 and 3 for further anal-

ysis by co-immunoprecipitation experiments, using wild-type
or substrate-trapping Cdc14. We generated strains carrying
the interactor with a HA6 tag at its C terminus, expressed
from its endogenous promoter. These strains were crossed
with strains carrying CDC14 or CDC14-D253A under the
control of the GALS promoter with a FLAG tag at the C ter-
minus. After transient expression of GALS-CDC14 or GALS-
CDC14-D253A, Cdc14 was immunoprecipitated with an anti-
body to the FLAG tag, and binding of the potential interactor
was detected by immunoblot using an antibody to the HA6
tag (Fig. 4A). Interestingly, there was less Net1 bound to
Cdc14-D253A than to wild-type Cdc14. This could be due to
the fact that Cdc14-D253A binds more tightly to substrates,
and therefore, there is less Cdc14-D253A available to associ-
ate with Net1. As described above, Bni1, Bnr1, Kar9, and Sli15
exhibited enhanced binding to Cdc14-D253A compared with

FIGURE 4. A subset of Cdc14 interactors display enhanced binding to a substrate-trapping Cdc14 mutant in vivo. A, immunopurification of FLAG-
tagged Cdc14 from strains transiently expressing wild-type Cdc14 (GALS-WT-FLAG) or the substrate-trapping Cdc14 mutant (GALS-D253A-FLAG) in combina-
tion with the indicated HA6-tagged proteins (upper panels) and whole cell extract from these strains (lower panels). Immunoprecipitates and extracts were
resolved on SDS-PAGE gels and immunoblotted with an antibody to the HA tag or to Cdc14. B, immunopurifications of FLAG-tagged Cdc14 from strains
transiently expressing wild-type Cdc14 (GALS-WT-FLAG) or the substrate-trapping Cdc14 mutant (GALS-D253A-FLAG) in combination with the indicated Sfi1-
HA6 (left panel) and whole cell extract from these strains (right panel). Lysate was extracted using buffer with additional salt and detergent (100 mM NaCl
and 0.1% Triton X-100). Immunoprecipitates and extracts were resolved on SDS-PAGE gels and immunoblotted with an antibody to the HA tag or to Cdc14.
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wild-type Cdc14. Of the novel Cdc14-interacting proteins
that were identified in Fig. 3, only Gin4 exhibited enhanced
binding to Cdc14-D253A compared with wild-type Cdc14.
We anticipate that proteins that bind better to Cdc14-

D253A than to wild-type Cdc14 are bona fide substrates.
However, proteins that do not exhibit enhanced binding
could be scaffolds for Cdc14 in addition to being substrates.
In such cases, differential binding to wild-type Cdc14 versus
Cdc14-D253A would not be detected. Alternatively, proteins
that bind to Cdc14, but do not exhibit enhanced binding to
Cdc14-D253A may instead be regulators of Cdc14. An inter-
esting observation from this experiment is that Hsl1 protein
levels appeared to decrease when wild-type Cdc14 is overex-
pressed (Fig. 4A, bottom panel). Hsl1 is a substrate of APCCdh1

(58), and Cdc14 activates APCCdh1 by dephosphorylating
Cdh1 (2, 3). Thus, hyperactivation of APCCdh1 by overex-
pressed Cdc14 likely increases Hsl1 degradation.
We were unable to detect Sfi1 in association with either

wild-type Cdc14 or Cdc14-D253A (Fig. 4A). Because Sfi1 is
part of the SPB half-bridge and is embedded in the nuclear
envelope, we reasoned that it might be more difficult to ex-
tract this protein during cell lysis, and, thus, observe binding
to Cdc14. We tested several lysis conditions to improve Sfi1
extraction, and found that increasing the concentration of
sodium chloride and Triton X-100 in the lysis buffer allowed
us to see an interaction of Sfi1 with wild-type Cdc14, which
was slightly enhanced with Cdc14-D253A (Fig. 4B).
Validation of Novel Cdc14 Substrates in Vivo and in Vitro—

We next examined the phosphorylation status of proteins
with increased binding to Cdc14-D253A compared with wild-
type Cdc14, because these were most likely to represent bona
fide Cdc14 substrates. Initially, we looked at the mobility of
these proteins from yeast overexpressing wild-type Cdc14 or
Cdc14-D253A on SDS-PAGE. We found that some of the
Cdc14-interacting proteins exhibited clear shifts in the pres-
ence of galactose-inducible wild-type Cdc14, but not galac-
tose-inducible Cdc14-D253A, as evidenced by increased mo-
bility (Fig. 5A). In particular, Kar9, Bni1, and Bnr1, as well as
the characterized substrate Sli15, were less phosphorylated in
the presence of GALS-CDC14. Sfi1 and Gin4 showed less pro-
nounced shifts but appeared to undergo slight changes in mo-
bility when wild-type Cdc14 was overexpressed. These data
indicate that Cdc14 either directly or indirectly regulates de-
phosphorylation of these proteins in vivo.
We then assayed the phosphatase activity of Cdc14 toward

Kar9, Bni1, Bnr1, and Sli15 in vitro. Kar9, Bni1, Bnr1, and
Sli15 were phosphorylated in vivo by expression of GAL-
CLB2, immunoprecipitated, and subjected to in vitro phos-
phatase assays. Kar9, Bni1, and Sli15 were efficiently dephos-
phorylated by GST-Cdc14, similar to treatment with �
phosphatase, as evidenced by a mobility shift on SDS-PAGE
(Fig. 5B). Importantly, these proteins were not dephosphory-
lated when treated with the catalytically inactive Cdc14 mu-
tants (C283S or D253A). We also checked the phosphoryla-
tion status of Bni1 following the in vitro phosphatase assay
using an antibody that recognizes both phosphoserine and
phosphothreonine residues. There was a decrease in the
amount of phosphorylated Bni1 following treatment with

GST-Cdc14 compared with total protein levels, which did not
occur after treatment with the catalytically inactive Cdc14
mutants (Fig. 5C). Following treatment with � phosphatase,
no phosphorylated Bni1 was detected. This may reflect the
fact that Cdc14 only dephosphorylates a subset of phospho-
serine and phosphothreonine residues (Cdk sites), while �
phosphatase dephosphorylates all phosphoserine and phos-
phothreonine residues. We obtained qualitatively similar re-
sults for Bnr1; we have somewhat less confidence in these
results because the mobility shift for Bnr1 was less pro-
nounced, and the anti-phospho-serine/threonine assay was
quantitatively less reproducible (data not shown).
Cdc14 Affects Localization of Bni1 and Brn1 in Vivo—Lo-

calization of Bnr1 and Bni1 has been reported to vary during
the cell cycle. Here we examine whether Cdk phosphorylation
and Cdc14 dephosphorylation of the formins could regulate
their localization and, therefore, function.
We first confirmed the timing of formin localization during

a synchronized cell cycle (Fig. 6). Cells with Bnr1-GFP or
Bni1-GFP were released from a metaphase block and visual-
ized. Bnr1-GFP showed bud neck localization starting at the
time of the block and decreasing 20 min after release. In con-
trast, Bni1-GFP was not present at bud necks during the met-
aphase arrest but arrived around the time Bnr1-GFP left. The
switch between formins at the bud neck was coincident, and

FIGURE 5. Confirmation of new Cdc14 substrates in vivo and in vitro.
A, immunoblot analysis of the indicated HA6-tagged proteins in the absence of
overexpressed Cdc14 (�) or following transient expression of wild-type
Cdc14 (GALS-WT) or the “substrate-trapping” Cdc14 mutant (GALS-D253A).
The asterisk indicates a Bni1-HA6 degradation product. B, in vitro phospha-
tase assay after immunopurification of HA6-tagged proteins following tran-
sient expression of GAL-CLB2. Purified proteins were incubated with buffer
(�), recombinant GST alone (GST), GST-tagged wild-type Cdc14 (GST-WT),
GST-tagged catalytically inactive Cdc14 mutants (GST-C283S and GST-
D253A), or 800 U � phosphatase. Immunoprecipitates were analyzed by
immunoblotting with an antibody to HA. C, in vitro phosphatase assay after
immunopurification of HA6-tagged Bni1 following transient expression of
GAL-CLB2 as in B. Immunoprecipitates were analyzed by immunoblotting
with an antibody to phosphoserine/phosphothreonine residues or an anti-
body to HA.
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strikingly, this timing was similar to the time at which Cdc14
is released from the nucleolus in the same protocol.6 Addi-
tionally, mutants in Cdc14 (cdc14-1) or in the signaling path-
ways leading to its release (cdc15-2) show Bnr1 localized to
the bud neck and Bni1 absent from the bud neck (data not
shown), consistent with a functional role for Cdc14 in formin
localization. Together with the biochemical evidence that
Cdc14 dephosphorylates the formins, these results are con-

sistent with the hypothesis that Cdc14 dephosphorylation is
directly responsible for formin localization.
Mutations within the NES of Cdc14 were reported to allow

destruction of mitotic cyclins but block cytokinesis (23). Us-
ing this conditional, separation-of-function mutant, we inves-
tigated the effect of Cdc14 release when it is incapable of
reaching cytoplasmic targets. We confirmed the absence of
Cdc14-dNES at the bud neck, and Bnr1 localized to the bud
neck of cdc14-dNES arrested cells (data not shown). However
in our experiments, Clb2 degradation was not as efficient as6 Y. Lu, personal communication.

FIGURE 6. The timing of the switch in formin localization is coincident with Cdc14 release. A, after a metaphase arrest (M), cells were released synchro-
nously, and the localization of the formins (Bni1 or Bnr1) at the bud neck was scored. The timing of Bnr1 leaving the bud neck is coincident with Bni1 arriv-
ing. This switch is also coincident with the timing of Cdc14 release from the nucleolus during the same protocol, gray box (Footnote 7). B, representative
images from the experiment in A. Scale bar is 10 �m.

FIGURE 7. Localization of formins during Cdc14 overexpression at a metaphase arrest. Strains were arrested in metaphase and then galactose was
added to induce the expression of CDC14 from the plasmids (vector control, wild type CDC14, or the catalytically inactive cdc14D253A mutant). Presence of
the formin at the bud neck is shown during arrest (M) and at 1 and 2 h after addition of galactose (1, 2). Whereas results show CDC14 overexpression caused
a relocalization of both formins, further examination showed that the overexpression was also causing exit from mitosis (assayed by actomyosin ring break-
down and DNA content; data not shown).
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previously reported during the cdc14dNES arrest (data not
shown), meaning that the separation of overall Cdc14 function
from bud-neck-specific function by cdc14dNESmay not be very
tight under our conditions. This lessens the specificity of results
with this mutant when assayed under our conditions.
We next determined the localization of formins in cells

maintained in metaphase by depletion of Cdc20 and induced
to overexpress Cdc14 (Fig. 7). An empty vector or plasmids
expressing wild type or a catalytically inactive mutant of
Cdc14 were transformed into strains with a fluorescently
tagged formin. A truncated galactose inducible promoter was
used to lessen the overexpression (51). When wild type
CDC14 was overexpressed, we observed a change in both of
the formin localizations at the bud neck (Fig. 7); however,
cells expressing wild-type Cdc14 were no longer arrested in
metaphase and instead exited mitosis as assayed by break-
down of their actomyosin rings and DNA replication (data
not shown). This experiment was repeated in a strain with
CDH1 deleted to maintain high levels of mitotic cyclin, but
the same release from the block was observed (data not
shown). Therefore, while this result is consistent with a direct

effect of Cdc14 on formin localization, an indirect effect on
formin localization of Cdc14-stimulated exit from mitosis
cannot be ruled out.
To resolve this issue, we sought a system where an endoge-

nous level of Cdc14 could be released from the nucleolus
without cell cycle progression. This was accomplished
through the overexpression of separase (GALS-ESP1) in cdh1
cdc20 cells. This manipulation was reported to cause Esp1-de-
pendent Cdc14 release (20) during a prolonged anaphase (59).
The complete inability of these cdh1 cdc20 cells to degrade
mitotic cyclins (59) probably results in a stable block before
telophase, allowing us to ask if released Cdc14 could affect
formin localization without mitotic exit. Consistent with our
hypothesis that Cdc14 affects formin localization, GALS-ESP1
induction caused the formin Bnr1 to leave the bud neck and
Bni1 to appear at the bud neck (Fig. 8), at a time known to be
coincident with the release of Cdc14 (59). As expected, cells
remained large budded during the time course, consistent
with a block of mitotic exit. Overall, these results are consis-
tent with Cdc14 dephosphorylation of the formins, demon-
strated biochemically, directly regulating their localization.

FIGURE 8. Cells sustained in anaphase with Cdc14 release show a coincident relocalization of the formins. MET-CDC20 cdh1 GAL-ESP1 strain was ar-
rested in metaphase and either induced with ESP1 (�, in gray) to allow Cdc14 release with delayed cell cycle progression or not (�, black). The localization
of the formin to the bud neck at timepoints after the induction is shown for Bnr1-GFP (top panel) and Bni-GFP (bottom panel) by bar graph. To assay cell cy-
cle progression, the percent of large budded cells is shown by the line graphs.
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DISCUSSION

Using mutant yeast strains that affect the localization or the
catalytic activity of Cdc14, we identified a set of novel Cdc14-
associated proteins. We also confirmed some known Cdc14
interactors including the regulator Net1, components of
the SPB, and the established substrates Sli15 and Lte1. Sev-
eral of these novel interactors may represent interesting
new substrates of Cdc14, (discussed below). In addition to
their utility as proteomic tools, we found that substrate-
trapping mutants are useful for validating Cdc14 sub-
strates. Sli15 and a subset of the Cdc14 interactors showed
enhanced binding to the substrate-trapping mutants com-
pared with wild-type Cdc14. Moreover, we were able to
confirm several of these interactors as substrates for Cdc14
in vivo and in vitro.
Given the requirement for release of Cdc14 into the cyto-

plasm for actomyosin ring contraction and cytokinesis (23),
Bni1 and Bnr1 represent intriguing new Cdc14 substrates.
Bni1 and Bnr1 are partially functionally redundant formins
that nucleate actin cables (45) and appear to be important for
formation and contraction of the actomyosin ring (5, 31). No-
tably, both proteins exhibit cell cycle-regulated localization to
the bud neck that is altered during anaphase. Bnr1 localizes to
the bud neck for the majority of the cell cycle, but disappears
just prior to contraction of the actomyosin ring (60, 61). In

contrast, Bni1 localizes to cytoplasmic speckles through most
of the cell cycle, but appears at the bud neck following disas-
sembly of the mitotic spindle, and prior to cytokinesis (61,
62). This change in localization of both Bni1 and Bnr1 is tem-
porally coincident with Cdc14 release from the nucleolus.
Results from this study demonstrate that Cdc14 interacts with
and dephosphorylates both Bni1 and Bnr1 in vivo and in vitro.
Phosphorylation of Bni1 does not affect actin nucleation in
vitro (63), so it unlikely that Cdc14-dependent dephosphory-
lation of Bni1 alters its activity. Instead, phosphorylation of
Bni1 and Bnr1 may regulate their subcellular localization, and
we provide evidence consistent with this role. Deletion of
BNI1 causes a delay of or a failure to complete actomyosin
ring contraction (64), and Bni1 may be particularly important
for the incorporation of actin filaments into the actomyosin
ring during mitosis (31). Overexpression of BNR1 causes a
cytokinesis defect (65). Cdc14-dependent dephosphorylation
of Bni1 and/or Bnr1 may alter the localization of these pro-
teins, a step that might be necessary for timely ring contrac-
tion and cytokinesis.
Kar9 is an interesting Cdc14 substrate, since there is a role

for Cdc14 in nuclear positioning during anaphase (18). Kar9
orients the mitotic spindle by linking the daughter-bound SPB
to actin cables (36, 37) and is restricted to the daughter-
bound SPB when phosphorylated by Cdk1 (38, 39, 41, 66).

FIGURE 9. Processes regulated by Cdc14. Potential substrates of Cdc14, identified in this study, are indicated for each mitotic process. Cdc14 has roles in
segregation of nuclei, by generating pulling forces on the mother cell-bound SPB, stabilization of the mitotic spindle, by directing proteins to the spindle
midzone, and cytokinesis, by influencing cytokinesis and septin ring organization. Cdc14 also has a potential role in licensing of SPB duplication.
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Mutation of the Cdk1 consensus sites in Kar9 or deletion of
specific cyclin genes results in redistribution of Kar9 to both
SPBs (39–41, 66). Kar9 phosphorylation is cell cycle regu-
lated, being phosphorylated at the G1/S transition and de-
phosphorylated during mitosis (38). This dephosphorylation
of Kar9 occurs concurrent with Cdc14 release, and we have
shown here that Cdc14 can dephosphorylate Kar9 in vivo and
in vitro. Cdc14 may dephosphorylate Kar9 during anaphase,
allowing it to redistribute to both SPBs in anaphase. This, in
turn, could alter the forces acting on replicated nuclei, such
that a unidirectional force pulling nuclei into the daughter cell
is changed to a bidirectional force pulling the nuclei into both
mother and daughter cells for proper DNA segregation. This
could partially account for the observed phenotype of nuclei
accumulating in daughter cells in cells lacking FEAR network-
released Cdc14 (18). Preliminary results from our lab indicate
that Kar9 moves from the daughter-bound SPB to both SPBs
during anaphase.6 It will be interesting to see if Kar9 distribu-
tion is altered in mutant yeast strains that affect the localiza-
tion of Cdc14.
Substrate-trapping methodology has proven fruitful for the

identification and confirmation of substrates of multiple PTPs
(reviewed in Ref. 67), and a proteomic approach has been
used for the identification of substrates of the PTP, PTPN22,
by MS analysis of proteins associated with a substrate-trap-
ping mutant (68). In this study, we demonstrate that a sub-
strate-trapping form of Cdc14 can be used to identify and
validate novel substrates, including Bni1, Bnr1, and Kar9. Ad-
ditionally, we show that mutants with altered Cdc14 localiza-
tion may be useful as proteomic probes to identify new tar-
gets. This strategy has elucidated new Cdc14 substrates, and
perhaps regulators, for future characterization, which are
likely to be involved in diverse mitotic processes (Fig. 9).
Moreover, this approach is likely to have potential for the
identification of substrates of other phosphatases.

Acknowledgments—We thank V. Archambault and L. Schroeder for
their contribution to this work. We thank David Pellman for provid-
ing strains and plasmids.

REFERENCES
1. Schwab, M., Lutum, A. S., and Seufert, W. (1997) Cell 90, 683–693
2. Visintin, R., Craig, K., Hwang, E. S., Prinz, S., Tyers, M., and Amon, A.

(1998)Mol. Cell 2, 709–718
3. Jaspersen, S. L., Charles, J. F., Tinker-Kulberg, R. L., and Morgan, D. O.

(1998)Mol. Biol. Cell 9, 2803–2817
4. Shou, W., Seol, J. H., Shevchenko, A., Baskerville, C., Moazed, D., Chen,

Z. W., Jang, J., Shevchenko, A., Charbonneau, H., and Deshaies, R. J.
(1999) Cell 97, 233–244

5. Visintin, R., Hwang, E. S., and Amon, A. (1999) Nature 398, 818–823
6. Traverso, E. E., Baskerville, C., Liu, Y., Shou, W., James, P., Deshaies,

R. J., and Charbonneau, H. (2001) J. Biol. Chem. 276, 21924–21931
7. Stegmeier, F., Visintin, R., and Amon, A. (2002) Cell 108, 207–220
8. Bardin, A. J., Visintin, R., and Amon, A. (2000) Cell 102, 21–31
9. Bloom, J., and Cross, F. R. (2007)Mol. Cell. Biol. 27, 842–853
10. Gray, C. H., Good, V. M., Tonks, N. K., and Barford, D. (2003) EMBO J.

22, 3524–3535
11. Pereira, G., and Schiebel, E. (2003) Science 302, 2120–2124
12. Higuchi, T., and Uhlmann, F. (2005) Nature 433, 171–176
13. Woodbury, E. L., and Morgan, D. O. (2007) Nat. Cell Biol. 9, 106–112

14. Khmelinskii, A., Lawrence, C., Roostalu, J., and Schiebel, E. (2007) J. Cell
Biol. 177, 981–993

15. D’Amours, D., Stegmeier, F., and Amon, A. (2004) Cell 117, 455–469
16. Sullivan, M., Higuchi, T., Katis, V. L., and Uhlmann, F. (2004) Cell 117,

471–482
17. Machín, F., Torres-Rosell, J., Jarmuz, A., and Aragón, L. (2005) J. Cell

Biol. 168, 209–219
18. Ross, K. E., and Cohen-Fix, O. (2004) Dev. Cell 6, 729–735
19. Jaspersen, S. L., Huneycutt, B. J., Giddings, T. H., Jr, Resing, K. A., Ahn,

N. G., and Winey, M. (2004) Dev. Cell 7, 263–274
20. Sullivan, M., and Uhlmann, F. (2003) Nat. Cell Biol. 5, 249–254
21. Hwa Lim, H., Yeong, F. M., and Surana, U. (2003)Mol. Biol. Cell 14,

4734–4743
22. Yeong, F. M., Lim, H. H., and Surana, U. (2002) Bioessays 24, 659–666
23. Bembenek, J., Kang, J., Kurischko, C., Li, B., Raab, J. R., Belanger, K. D.,

Luca, F. C., and Yu, H. (2005) Cell Cycle 4, 961–971
24. Cristea, I. M., Williams, R., Chait, B. T., and Rout, M. P. (2005)Mol. Cell

Proteomics 4, 1933–1941
25. Wach, A., Brachat, A., Alberti-Segui, C., Rebischung, C., and Philippsen,

P. (1997) Yeast 13, 1065–1075
26. Rout, M. P., Aitchison, J. D., Suprapto, A., Hjertaas, K., Zhao, Y., and

Chait, B. T. (2000) J. Cell Biol. 148, 635–651
27. Knop, M., Siegers, K., Pereira, G., Zachariae, W., Winsor, B., Nasmyth,

K., and Schiebel, E. (1999) Yeast 15, 963–972
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