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Cdc14 family phosphatases have been identified in eukaryotes ranging from yeast to mammals (reviewed in (1, 2)).
They are proline-directed phosphatases (3) and in yeast, they
target mitotic cyclin-dependent kinase 1 (Cdk1) substrates (reviewed in (1, 2), making them key regulators of late mitotic
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phatases localize dynamically to a variety of cellular structures
in a cell cycle dependent manner. During interphase they are
located at yeast spindle pole bodies (SPB)1 or centrosomes of
higher organisms, and/or are sequestered in the nucleolus. During mitosis Cdc14 proteins are present on the SPBs/centrosomes, at kinetochores, on the mitotic spindle, at the site of cell
division, and the midbody, depending on the different species
(reviewed in (4)). At these different sites, Cdc14 phosphatases
presumably dephosphorylate a wide variety of substrates that
are hyperphosphorylated by Cdk1 during mitosis.
Many Cdc14 phosphatase substrates have now been identified in Saccharomyces cerevisiae, Schizosaccharomyces
pombe, and mammalian cells. Thus far, yeast Clp1 substrates
have also been Cdk1 substrates, but it is unclear whether
Cdc14 phosphatases exclusively dephosphorylate Cdk1 substrates. Furthermore, it is not known whether all Cdk1 phosphorylation events can be reversed by Cdc14 family phosphatases
because Cdc14 exhibits target site preference both in vitro and
in vivo (5, 6). Tethering molecules involved in Cdc14 family
sequestration and inhibition have also not been comprehensively identified. Outside of S. cerevisiae, for example, the nucleolar binding partners for this family are unknown (reviewed in
(1, 2).
The sole Cdc14 phosphatase family member in S. pombe,
termed Clp1/Flp1 (Clp1 for simplicity), regulates several aspects of mitotic exit but is not important for rDNA segregation
as in S. cerevisiae (7). Clp1 promotes mitotic exit by antagonizing the auto-amplification loop of Cdk1 by dephosphorylating Cdc25 (8, 9). It also functions together with Aurora
kinase to regulate chromosome biorientation (10), and stabilizes the cytokinetic ring through an interaction with anillin-like
Mid1 (11). Like S. cerevisiae Cdc14, Clp1 is important for
proper mitotic spindle function (12–14), and coordination of
the nuclear division cycle with cell division through a cytoki-

1
The abbreviations used are: SPB, Spindle pole body; Cdk1,
Cyclin-dependent kinase 1; TAP, Tandem affinity purification; FDR,
False discovery rate; YE, Yeast extract; TF, Transcription factor; SIN,
Septation Initiation Network; SIP, SIN Inhibitory Phosphatase; PP2A,
Protein Phosphatase 2A; MOR, Morphogenesis-related NDR kinase
network; NDR, Nuclear Dbf2-related kinase; MBF, Mlu1-binding factor; GO, Gene Ontology.
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The conserved family of Cdc14 phosphatases targets cyclin-dependent kinase substrates in yeast, mediating late
mitotic signaling events. To discover substrates and regulators of the Schizosaccharomyces pombe Cdc14 phosphatase Clp1, TAP-tagged Clp1, and a substrate trapping
mutant (Clp1-C286S) were purified from asynchronous
and mitotic (prometaphase and anaphase) cells and binding partners were identified by 2D-LC-MS/MS. Over 100
Clp1-interacting proteins were consistently identified,
over 70 of these were enriched in Clp1-C286S-TAP (potential substrates) and we and others detected Cdk1
phosphorylation sites in over half (44/73) of these potential substrates. According to GO annotations, Clp1-interacting proteins are involved in many essential cellular
processes including mitosis, cytokinesis, ribosome biogenesis, transcription, and trafficking among others. We
confirmed association and dephosphorylation of multiple
candidate substrates, including a key scaffolding component of the septation initiation network called Cdc11, an
essential kinase of the conserved morphogenesis-related
NDR kinase network named Shk1, and multiple Mlu1binding factor transcriptional regulators. In addition, we
identified Sal3, a nuclear ␤-importin, as the sole
karyopherin required for Clp1 nucleoplasmic shuttling, a
key mode of Cdc14 phosphatase regulation. Finally, a handful of proteins were more abundant in wild type Clp1-TAP
versus Clp1-C286S-TAP, suggesting that they may directly
regulate Clp1 signaling or serve as scaffolding platforms to
localize Clp1 activity. Molecular & Cellular Proteomics 12:
10.1074/mcp.M112.025924, 1074 –1086, 2013.
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nesis checkpoint (15). Importantly, S. pombe Clp1 is not
essential for cell viability, unlike S. cerevisiae Cdc14 (16, 17),
making it amenable to clp1 gene manipulation.
In this study, we took advantage of the nonessential nature
of clp1 and used a proteomics approach to comprehensively
define Clp1-interacting proteins in S. pombe. In addition to
identifying known Clp1 substrates and interacting proteins,
we found new substrates, mapped their phosphorylation
sites, and investigated the effect of dephosphorylation on a
specific target, Cdc11. We also identified the karyopherin
Sal3 as the importin responsible for Clp1 nuclear import and
its ability to shuttle between important sites of cellular action.
EXPERIMENTAL PROCEDURES
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Purification of TAP Complexes—Tandem affinity purifications (TAPs)
were conducted as described (18) from the following strains: clp1-TAP,
clp1-TAP nda3-KM311, clp-C286S-TAP, and clp-C286S-TAP nda3KM311 (supplemental Table S1). The nda3-KM311 strains were arrested in prometaphase at 19 °C for 6 h before harvest. TAPs were also
done from clp-C286S-TAP nda3-KM311 cells that were first blocked at
19 °C for 6 h and then released to 32 °C for 30 min (anaphase).
Analysis of TAP Complexes by Mass Spectrometry—Proteins were
digested and analyzed by two-dimensional liquid chromatography
tandem MS (2D-LC-MS/MS) as previously described (19, 20). All RAW
files can be accessed in Peptide Atlas (PASS00121). MS2 and MS3
spectra were extracted separately from RAW files and converted to
DTA files using Scansifter software (21) (v2.1.25). Spectra with less
than 20 peaks were excluded and the remaining spectra were
searched using the SEQUEST algorithm (TurboSequest v.27 rev12)
against the S. pombe protein database (created in May 2011 from
pombase.org). Common contaminants were added and all sequences
were reversed to estimate the false discovery rate (FDR), yielding
10352 total entries. Variable modifications (C⫹57, M⫹16, [STY]⫹80
for all spectra and [ST]-18 for MS3), strict trypsin cleavage, ⬍10
missed cleavages, fragment mass tolerance: 0.00 Da (because of
rounding in SEQUEST, this results in 0.5 Da tolerance), and parent
mass tolerance: 2.5 Da were allowed. Peptide identifications were
assembled and filtered in Scaffold (v3.6.4, Proteome Software, Portland, OR) using the following criteria: minimum of 99.9% protein
identification probability; minimum of three unique peptides; minimum of 95% peptide identification probability; minimum peptide
length of five amino acids; minimum number of one tryptic terminus;
DeltaCN ⱖ 0.1; and Xcorr minimum threshold values of 1.8, 2, and 2.5
for charge states ⫹1, ⫹2, and ⫹3, respectively. FDRs were estimated
in Scaffold 3 based on the percentage of decoy sequences identified
after using the above filtering criteria; for the combined MudPITs (10
in total), the protein level FDR was 0.9% and the peptide level FDR
was 0.0%. Proteins containing the same or similar peptides that could
not differentiated based on MS/MS alone were grouped to satisfy the
principles of parsimony; this is relatively rare in S. pombe. All proteins
meeting the above criteria were exported to Excel for further filtering.
(1) contaminant proteins (e.g. keratin) were removed (2) nonspecific
proteins that were also identified in TAP preparations from a strain
lacking the TAP tag or in multiple unrelated TAPs were demarcated by
shading in Supplemental Tables and (3) proteins identified in only 1
experiment were removed (i.e., proteins must be identified in at least
two experiments with at least three unique peptides per experiment).
supplemental Table S2 is the final protein interactor list from all 10
Clp1-TAP runs. Phosphorylation sites were filtered to 50% Scaffold
localization using Scaffold PTM (v2.0, Proteome Software, Portland,
OR) and Ascores (22) are reported without further filtering (Fig. 3 and
supplemental Tables S5 and S6).

GO Annotation and Network Analysis of Clp1-interacting Proteins—GO annotations of the resulting proteins were collected from
the S. pombe gene database (www.pombase.org) and categorized
into the most general process in which the protein participates (Fig.
1C). Previously reported S. pombe protein–protein interactions were
downloaded from BioGRID (v3.1.94, www.thebiogrid.org/). Physical
interactions (excluding colocalization) of Clp1-interacting proteins
were used to create an interaction network (Fig. 2) using Cytoscape,
an open source platform for complex network analysis and visualization (version 2.8.3, (23).
Yeast Cell Culture and Strains—All S. pombe strains (supplemental
Table S1) were grown in yeast extract (YE) or minimal media with
required supplements (24). Transformations were performed using the
lithium acetate method or electroporation (25, 26). Fusion epitopetagged proteins were generated by tagging the 3⬘ end of the endogenous gene loci with epitope-tag-KanR cassette as previously described
(27). Strain construction and tetrad analysis were accomplished through
standard methods. For induction from the nmt81 promoter (28), cells
were grown overnight in minimal media containing 5 g/ml thiamine,
washed three times with media lacking thiamine and then allowed to
grow for 18 h in thiamine-free media (induction). For spot assays, cells
were grown to mid-log phase at 25 °C, 8 million cells were resuspended
in 1 ml of water and then 1:10 serial dilutions were plated on YE agar
and incubated at 25 °C, 27 °C, 29 °C, 32 °C, or 36 °C for 4 days. The
cdc11– 8D mutant was made by site-directed mutagenesis (Multisite
Quickchange kit, Agilent) and integrated in place of cdc11::ura4.
Immunoprecipitation and Immunoblotting—Cell pellets were collected from cells in log phase growth or arrested in mitosis and snap
frozen in a dry ice/ethanol bath before lysis. Whole-cell S. pombe
lysates were prepared in Nonidet P-40 buffer or HEPES buffer (50 mM
HEPES-NaOH, pH 8.0, 150 mM NaCl, 5 mM EDTA, 1 mM EGTA, 50 mM
␤-glycerol phosphate, 0.1 mM Na3VO4, 1 mM dithiotreitol, 1 mM
phenylmethylsulfonyl fluoride, 1% Nonidet P-40), and immunoprecipitations were performed as previously described (29), except 2 g
of antibody was used in each immunoprecipitation. In some cases cell
lysates were made using the FastPrep-24 instrument (MP Biomedical,
Santa Ana, CA). Protein samples were resolved by SDS-PAGE and
transferred to PVDF membrane (Immobilon P, Millipore, Bedford,
MA). Blocked membranes were incubated with primary antibodies
(1:1,000 dilution) for 1 h at room temperature or overnight at 4 °C.
Goat anti-mouse or goat anti-rabbit Alexa Fluor 680 (Invitrogen,
Carlsbad, CA) secondary antibodies were used at a 1:5,000 dilution.
Immunoblots were scanned using the infrared imaging system and
protocol (Odyssey, LI-COR Biosciences) and images were exported
from Odyssey software in TIFF format. Antibodies used included
anti-myc (9E10), anti-HA (12CA5), anti-GFP (Roche), anti-Flag (Invitrogen), and anti-Cdc11 (30).
In Vitro Phosphatase Assays—Phosphatase assays of immunoprecipitants were conducted as previously described (31) with the following modifications. After immunoprecipitation from native cell lysates, Sepharose-bound proteins were washed three times with 1 ml
HEPES buffer (see above for buffer composition) and twice with 1 ml
of Clp1 phosphatase buffer (50 mM imidazole, pH 6.9, 1 mM EDTA,
and 1 mM dithiothreitol), divided equally into four parts. Three parts
were treated with H2O, 100 ng MBP-Clp1, or 100 ng MBP-Clp1C286S, respectively, in 20-l reactions composed of 1⫻ Clp1 phosphatase buffer. The fourth part was washed with -protein phosphatase buffer (25 mM Hepes-NaOH, pH 7.4, 150 mM NaCl, and 0.1
mg/ml BSA), and treated with 1 l of -protein phosphatase (New
England Biolabs, Inc., Ipswich, MA) in a 20-l reaction composed of
1⫻ -protein phosphatase buffer and 2 mM MnCl2. All reactions were
incubated at 30 °C for 30 min with gentle mixing and terminated by
adding 5 l of 5⫻ SDS sample buffer. Protein samples were resolved
by SDS-PAGE in the absence or presence of 20, 50, or 100 M
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Phos-tag acrylamide per the manufacturer’s protocol (Wako Chemicals USA, Inc. Richmond, VA).
Microscopy—All microscopy images were acquired using a personal DeltaVision system (Applied Precision, Issaquah, WA). This
system includes an IX71 microscope (Olympus, Center Valley, PA),
60 ⫻ NA 1.42 PlanApo objective, a CoolSnap HQ2 camera (Photometrics, Tucson, AZ), and softWoRx imaging software. Z series optical sections were taken at 0.5 m steps. After image acquisition, Z
stacks were combined (Quick Projection), deconvoluted, saved in
softWoRx, and imported into Adobe® Creative Suite (CS4). Images
of clp1⌬, csc1⌬ and clp1⌬csc1⌬ cells were acquired after fixation
in 70% ethanol and staining with DAPI and methyl blue (septa/cell
wall).
RESULTS

Identification of Clp1 Interacting Proteins—To identify Clp1
substrates and/or interacting partners, tandem affinity purifications (TAPs) (18, 32) of Clp1 were performed and the resultant complexes were analyzed by 2D-LC MS/MS (19) (Fig.
1B). Because interaction between Clp1 and its substrates
might be transient, a catalytically inactive mutant of Clp1,
Clp1-C286S, (Fig. 1A) (9, 33), and wild-type Clp1, were used
as bait in the purifications. The Clp1-C286S mutant should act
as a substrate trap, able to bind its substrates but unable to
dephosphorylate them (34). To enhance the chances of identifying the largest number of interacting proteins, Clp1 was
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FIG. 1. Identification of Clp1 interacting proteins. A, Schematic
of Clp1’s domain structure. The catalytic domain is shown in dark
green. The PTP motif (residues 281–294), a signature of phosphatases, contains the catalytic site and is highlighted in blue. In the Clp1
substrate trapping mutant, the catalytic site cysteine 286 is replaced
by serine. The regulatory domain is shown in lime green. B, Workflow
used to identify Clp1-interacting proteins. C, Pie chart showing the
different GO categories of all Clp1-interacting proteins (supplemental
Table S2). The number of Clp1 interactors with each GO annotation
are in indicated in parentheses.

purified from asynchronously growing cells in which Clp1 is
primarily at the SPB and nucleolus, and mitotically arrested
cells in which Clp1 has spread throughout the cell, decorating
the mitotic spindle, the kinetochores, and the contractile ring.
To enrich for cells in mitosis, we used the ␤-tubulin mutant
nda3-KM311 to arrest cells in prometaphase (35) and a 30 min
release of this arrest to capture cells in anaphase. Each TAPLC-MS/MS analysis was performed in duplicate.
In total, over 400 proteins were identified in at least two of
the 10 Clp1 purifications by at least three unique peptides
(supplemental Table S2). Proteins likely to be nonspecific
(false-positive interactors) based on their identification in
background or in four unrelated TAP-LC-MS/MS analyses
performed in our laboratory are shaded in blue or green,
respectively (supplemental Table S2). The remaining 128
Clp1-associated proteins were sorted based on the GO annotation of their function (Fig. 1C). Many of these proteins are
linked to a biological process involved in cell division including
cell cycle regulation, cell polarity establishment, protein degradation, chromosome segregation, cytokinesis, and cell wall
biosynthesis (Fig. 1C), consistent with Clp1’s known functions
in anaphase (36). A large number of Clp1-associated proteins
are involved in ribosome biogenesis/protein translation, or
general biosynthesis and cellular metabolism. These sets of
proteins have been identified frequently in other unrelated
TAP-LC-MS/MS analyses performed in our laboratory, and
may have been nonspecifically purified. However, given the
strong functional ties between cell cycle and cell growth (37),
it would not be surprising if bonafide Clp1-interacting proteins
were among them. An additional GO category included several proteins involved in intracellular protein transport (Fig.
1C). Intracellular trafficking is important for delivery of materials to the cell division site (38) and so it is feasible that
Cdk1/Clp1 regulates some aspect(s) of cellular trafficking.
Lastly, a large group of Clp1-associated proteins were linked
to transcriptional regulation, a process regulated at numerous
levels by phosphorylation/dephosphorylation (Fig.1C).
Identification of Clp1 Substrates—Because we expected
Clp1 substrates to be enriched in purifications of the substrate-trapping Clp1-C286S mutant relative to wild-type Clp1,
we compared the recovery of the 128 interactors from these
two baits. Based on normalized spectral counts (spectral
counts of the protein divided by the spectral counts of the bait
Clp1, multiplied by 1000), we identified 73 proteins with at
least two-fold enrichment in Clp1-C286S TAPs (supplemental
Table S3). Validating this strategy and our analysis, all previously identified Clp1 substrates were recovered in this list of
73 proteins including Nsk1-Dlc1 (14), the scaffolding components of the Aurora kinase complex (INCENP/Pic1, Survivin/
Bir1, and Borealin/Nbl1) (10, 39), monopolin (Mde4 and Pcs1)
(13, 40), the kinesin Klp9 (12), the Cdk1 regulator Cdc25 (8, 9),
and the cytokinetic ring protein Cdc15 (11) (supplemental
Table S3 and Fig. 2). The remaining proteins were therefore
excellent candidates for being either Clp1 substrates or the
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FIG. 2. Network diagram of physical interactions of proteins enriched in Clp1-C286S-TAP (candidate substrates). The network and
BioGRID physical interactions were organized using Cytoscape (see Experimental Procedures for details). The Clp1 node is purple, candidate
Clp1 substrate nodes are yellow (those with known interaction partners depicted as larger nodes), and all other nodes are green (i.e., protein
interactions from BioGRID). Node names that are underlined indicate previously known Clp1 substrates. Each edge (line between nodes)
indicates an interaction. Purple edges indicate interactions found in this study and orange edges are BioGRID interactions.

binding partners of such substrates. To distinguish Clp1 substrates, we searched our MS data set for phosphorylation
sites matching the Cdk1 consensus within Clp1 interactors
and found that over half (44/73) of the putative substrates
contain such phosphorylation sites (Fig. 3, supplemental Tables S5 and S6), highlighting the strength of this methodology.
To better understand the cellular processes impacted by
these potential Clp1 substrates, we analyzed their physical
interactions annotated in BioGRID. This analysis again highlighted the connection between Clp1 and the regulation of
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cytokinesis and chromosome segregation (Fig. 2). As well as
previously recognized Clp1 substrates involved in these processes, we found that Clp1-C286S associated with the heterodimeric kinesin-8 (Klp5-Klp6) and the DASH complex.
Kinesin-8s are plus-end directed motors important for chromosome congression at the metaphase plate, conserved from
yeasts through humans (reviewed by (41)). Although human
kinesin-8 members, KIF18A and KIF18B, appear to be phosphorylated on Cdk1 consensus sites (42– 44), to our knowledge, regulation of kinesin-8s by Cdk1 has not been reported
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FIG. 3. Potential Clp1 substrates contain Cdk1 phosphorylation sites. A, Clp1 substrates containing Cdk1 consensus sites identified in
our study. Localization probability ⫽ Scaffold score for phosphorylation sites localization, Ascore ⫽ describes how well a phosphorylation site
is localized (22). Asterisks (*) indicate sites only identified by additional loss of water in MS3, indicating phosphorylation. Superscript letters (a
and b) denote Cdk1 consensus sites identified in references (81) and/or (82) respectively. B, Clp1 substrates containing Cdk1 consensus sites
identified in other studies (see A).

and it will be interesting to learn whether kinesin-8s are modulated by this kinase. The DASH complex is composed of ten
subunits that localize to the outer kinetochore and mitotic
spindle and plays an important role in capturing and maintaining attachments of kinetochores to spindle microtubules
during chromosome segregation (reviewed in (45)). Phosphorylation of multiple DASH complex components by several
different protein kinases is known to control their function (45).
Enrichment of DASH complex components in Clp1-C286S-
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TAPs suggests that phosphorylation of the DASH complex
may be regulated by Clp1.
Several transcription factors (TFs) were enriched in Clp1C286S-TAPs (Fig. 2 and supplemental Table S3). One prominent TF is Sep1, a component of pombe cell cycle box
binding factor (PBF) complex, which belongs to the conserved family of forkhead transcription factors and regulates
the first wave of gene transcription important for mitosis and
cytokinesis (46 – 48). Among Sep1’s targets is Ace2, another TF
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controlling S. pombe cell separation (48, 49). Several phosphorylation sites matching the minimal Cdk1 consensus were identified in Sep1 (Fig. 3, supplemental Tables S4 –S6), and although
post-transcriptional regulation of Sep1 by Cdk1 has not been
reported, it is possible that Clp1 assists in reducing Sep1 activity during anaphase, fine tuning the window of its activation.
Another group of putative Clp1 substrates, Res1, Res2, and
Cdc10, are all Mlu1-binding factor (MBF) TF complex subunits
(Fig. 2 and supplemental Table S3). The MBF complex activates gene expression important for S phase (50). Nrm1 and
Yox1, both of which are negative regulators of MBF activity
and repress MBF-regulated promoters outside of G1-S phase
(51, 52), are also enriched in Clp1-C286S-TAPs (supplemental
Table S3). Thus, Clp1 might associate with the entire complex
through an interaction with one or more of its members.
Indeed, we detected Cdk1 consensus sites in Cdc10, Res1,
and Nrm1 (Fig. 3) and several components of MBF have been
implicated as Cdk1 targets. For example, phosphorylation of
S196 on Cdc10, mediated by Cdk1, is required for formation
of the Cdc10-Res1 complex (53). The cyclin Cig2 binds to
Res2 and promotes Res1 phosphorylation at S130, which in
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turn inhibits MBF-dependent gene transcription (54). Thus, in
addition to potential regulation of the M-G1 TF Mbx1 (55) and
Sep1 (described above), Clp1 may also regulate the phosphorylation status and activity of the MBF TF complex.
Many other proteins involved in regulation of cytokinesis
and septation were identified as potential Clp1 substrates. In
addition to the F-BAR protein Cdc15, multiple cytokinetic ring
proteins were identified including IQGAP Rng2, myosin II regulatory light chain Cdc4, myosin II heavy chain Myp2, and
Cyk3 (Fig. 2 and supplemental Table S3). Interestingly,
Cdc11, an essential scaffolding component of the Septation
Initiation Network (SIN) kinase cascade that regulates the
onset of cell division in S. pombe, was identified as a putative
Clp1 substrate (56). Furthermore, Cdc11 is phosphorylated at
Cdk1 consensus sites (reference (57), Fig. 3 and supplemental
Tables S4 –S6).
To validate our proteomic strategy, we chose an array of
Clp1 interactors and confirmed their association with Clp1 by
standard co-immunoprecipitation and determined if they are
bona fide Clp1 substrates using phosphatase assays. In each
case, Clp1-C286S co-immunoprecipitated the protein and, as
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FIG. 4.
Co-immunoprecipitation
analysis of potential Clp1 substrates.
(A–H) Prior to immunoprecipitation,
cells producing the indicated tagged
proteins or appropriate control strains
were either grown asynchronously,
blocked in prometaphase (denoted B)
using the cold sensitive ␤-tubulin mutant, nda3-KM311, or released (denoted R) from the arrest for 30 min.,
allowing cells to progress into anaphase
when Clp1 is most active. Immunoprecipitates were then immunoblotted to
detect associations with Clp1 and/or
Clp1-C286S.
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expected from our MS analysis, these potential substrates
co-immunoprecipitated more readily, or exclusively, with
Clp1-C286S compared with wild-type Clp1 (Fig. 4). To test
directly whether these proteins were Clp1 substrates, several
candidates were isolated from clp1⌬ cells arrested in mitosis,
and treated with recombinant Clp1, catalytically inactive Clp1C286S, or a nonspecific phosphatase. In all cases, Clp1 reduced or abolished the mobility shift due to phosphorylation
(Fig. 5). In addition, the vast majority of Cdk1consensus phosphorylation sites detected in Clp1 interactors were identified in
the C286S mutant TAP (supplemental Tables S4 –S6), both
confirming disruption of Clp1 activity in this mutant and highlighting its preference for Cdk1-phosphorylated substrates.
Taken together, these results support the conclusion that the
Clp1-C286S purifications are enriched in Clp1 substrates.
Characterization of Cdc11 Phosphoregulation by Cdk1 and
Clp1—Cdc11, a SPB protein that is required to coordinate the
activities of several signaling components of the SIN, was
identified among the Clp1 substrates (Figs. 4H and 5H, supplemental Table S3). The phosphorylation state of Cdc11 is
postulated to regulate SIN function and cytokinesis, although
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FIG. 5. Clp1 dephosphorylates the candidate substrates. (A–H)
The indicated substrates were immunoprecipitated from clp1⌬ cells
arrested in mitosis using the cold sensitive ␤-tubulin mutant, nda3KM311, and then treated with H2O (mock treatment), recombinant
MBP-Clp1, recombinant MBP-Clp1-C286S, or -phosphatase. The
SDS-PAGE mobilities of the treated immunoprecipitates were then
analyzed by immunoblotting. Phos-tag was incorporated into the gels
to allow phosphorylation-induced mobility shifts to be detected (see
Experimental Procedures).

the detailed mechanism is unclear (30, 57– 60). Interestingly,
Cdc11 was previously found to be a target of a PP2A-family
phosphatase complex termed the SIN Inhibitory Phosphatase
(SIP) that controls SIN function, possibly by regulating Cdc11
phosphostate (60). To explore whether Clp1 and SIP cooperate
in the control of cytokinesis, we compared the effect of these
two phosphatases on Cdc11 phosphostatus.
Previously, we identified phosphorylation at RXXS sites on
Cdc11 catalyzed by the terminal SIN kinase Sid2, and found
that they contributed to an auto-amplification loop in the SIN
(57). In addition, we have identified eight phosphosites on
Cdc11 matching the minimal consensus sequence of Cdk1
(S/T-P) (30, 57). Cdk1 phosphorylates MBP-Cdc11 in vitro but
not when these sites are mutated to alanines indicating that
these eight sites are the only Cdk1 sites in the protein (30). To
examine whether Cdk1 and/or Sid2 phosphorylation sites
were targeted by Clp1 and/or the SIP, we compared a cdc11S8A allele in which the eight Cdk1 sites were mutated to
alanine (generated previously (30)), a cdc11-S8D allele in
which the 8 Cdk1 sites were mutated to aspartates, a cdc11S7A allele in which the seven Sid2 sites have been mutated to
alanine and a cdc11-S15A allele in which both Cdk1 and Sid2
sites were mutated to alanine. Each mutant was able to
rescue cdc11::ura4⫹ cells indicating they retained essential
function. Thus, they were integrated into the genome at the
cdc11 locus by replacing cdc11::ura4⫹. In the following
experiments, we used untagged and epitope tagged cdc11
alleles to evaluate the phosphostatus and function of the
phosphomutants.
Cdc11 phosphorylation is detected as gel mobility shifts
that increase during mitosis (57, 59, 60). The SDS-PAGE
mobilities of Cdc11-GFP, Cdc11-S7A-GFP, Cdc11-S8A-GFP,
and Cdc11-S15A-GFP were therefore examined in wild-type
cells and in cells deleted for clp1 or an essential component of
the SIP, csc1. As expected, mutating the Cdk1 sites, the Sid2
sites, or both, led to clear reductions in the SDS-PAGE mobility of Cdc11, consistent with these sites being phosphorylated in vivo (Fig. 6A). Ablation of Cdc11 Sid2 sites, but not the
Cdk1 sites, reduced its SDS-PAGE mobility when clp1 was
deleted (Fig. 6A), consistent with Clp1 specifically removing
Cdk1 sites from Cdc11. In contrast, a fraction of Cdc11
migrated more slowly in the gel when the SIP component csc1
was deleted, even when both sets of phosphorylation sites
were absent (Fig. 6A). These results suggest that the SIP does
not remove either Cdk1 or Sid2 sites from Cdc11 and that yet
another protein kinase contributes to Cdc11 phosphoregulation. Moreover, these data indicate that Clp1 affects Cdc11
function in a manner distinct from the PP2A SIP complex.
Genetic evidence supporting this conclusion was obtained by
examining the phenotype of the double mutant, clp1⌬ csc1⌬.
Whereas 3% of clp1⌬ cells and 18% of csc1⌬ cells failed
cytokinesis, that number significantly increased to 35% in the
double mutant at 36 °C (Fig. 6B).
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To assay whether Cdc11 phosphoregulation at Cdk1/Clp1
sites affects SIN signaling and cytokinesis, we took a genetic
approach. We found that the cdc11-S8A-GFP mutation had
no effect on the growth of sid1–239, spg1–106, and cdc7–24
mutants, which are loss of function mutants in the SIN (Fig.
6C). This is consistent with the idea that Cdk1 phosphorylation does not promote SIN signaling. In contrast, the phosphomimetic cdc11-S8D-GFP mutation exacerbated defects
in SIN signaling, reducing the restrictive temperature of sid1–
239 and spg1–106 and being synthetically lethal with cdc7–24
(Fig. 6C and data not shown). These results indicate that
preventing Cdc11 dephosphorylation at Cdk1 sites results in
a weak hypomorphic allele, consistent with the previously
observed negative genetic interactions observed between
clp1⌬ and mutations of SIN genes (17).
Identification of Other Clp1 Interacting Proteins—We were
next interested in determining whether we could identify proteins that copurified better with wild-type Clp1 than with
Clp1-C286S (i.e., potential Clp1 regulators or cofactors).
Based on normalized spectral counts, we identified proteins
among the original 128 Clp1 interactors with more than two-
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fold enrichment in wild-type Clp1 relative to Clp1-C286S
complexes (supplemental Table S7). Although most proteins
in this grouping were recovered at low levels, the top four
proteins are noteworthy. First, the major hit in this category
was Mid1, a protein that anchors the contractile ring in the
middle of the cell (reviewed in (61)). Clp1 binds Mid1 at
the medial cortex, allowing Clp1 access to a substrate at the
cytokinetic ring, Cdc15 (11). Second, the transcription factor
Mbx1 also fell into this category of proteins (supplemental
Table S7), consistent with our previous finding that Mbx1
co-immunoprecipitated wild-type Clp1, but not Clp1-C286S
(55). Lastly, the 14 –3-3 proteins Rad24 and Rad25 were preferentially recovered with wild-type Clp1 compared with Clp1C286S (supplemental Table S7). Phosphorylation of Clp1 by
Sid2 or Cds1 provides docking sites for 14 –3-3 proteins
(RXXS), and 14 –3-3 binding antagonizes Clp1 localization to
the nucleolus (62– 64). It is possible that because Clp1-C286S
is constitutively bound to substrates, its association with
Rad24 or Rad25 is partially inhibited.
Identification of the Sal3 Karopherin as the Mediator of Clp1
Nuclear Import—The regulation of Clp1 nucleoplasmic shut-
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FIG. 6. Role of Cdc11 dephosphorylation by Clp1. A, Cdc11-GFP proteins
were immunoprecipitated from the indicated strains and their SDS-PAGE mobilities were determined by immunoblotting with anti-Cdc11 serum. All retarded
gel migration of Cdc11 is because of
phosphorylation (57, 59). B, The indicated strains were grown at 36 °C in YE,
fixed and stained with DAPI and methyl
blue to visualize nuclei and cell wall, respectively (left panel). Bar, 5 m. The
number of multiseptated cells was determined and plotted (right panel). dd,
double delete and error bars represent
standard deviations of the mean. C, The
indicated strains were grown to mid-log
phase at 25 °C in YE, spotted in 10-fold
serial dilutions on YE plates, and incubated at the indicated temperatures.

Substrates and Regulators of Clp1 Phosphatase

tling is critical for its function (64, 65) but neither the machinery at the nuclear pore, nor the sequences within Clp1 that
regulate its nuclear-cytoplasmic distribution have been defined. The importin-␤3, Sal3 (66) was prominent among those
proteins with no apparent preference for either wild-type or
Clp1- C286S (supplemental Table S8). Like other importins,
Sal3 facilitates cargo transport through nuclear pore complexes (67, 68). Validating the MS results, we found that
Clp1-Myc13 co-immunoprecipitated with Sal3-Flag3 (Fig. 7A)
and so we pursued the implications of this association.
Because sal3⫹ is not an essential gene, it was possible to
evaluate Clp1-GFP localization in sal3⌬ cells, although the
cells are elongated because of a defect in Cdc25 nuclear
import (66). Clp1-GFP was produced at normal levels in sal3⌬
cells (supplemental Fig. S1) and was detected at SPBs during
interphase (n ⫽ 186) and the cytokinetic ring during mitosis
(n ⫽ 32) as expected (Figs. 7B and 7C). However, Clp1-GFP
was absent from the nucleus in all stages of the cell cycle in
sal3⌬ cells, in contrast to wild-type cells (Figs. 7B and 7C).
Thus, Sal3 is required for Clp1 nuclear import.
To confirm that Sal3 is the only importin involved in Clp1
nuclear import, Clp1-GFP localization was systematically examined in mutations of all other known S. pombe importins
(69). There are seven importin-␤s (Kap95, Kap104, Kap111,
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Kap113, Kap114, Kap123, and Sal3) and two importin-␣s
(Imp1 and Cut15) in S. pombe (69, 70). Unlike in sal3⌬ cells,
Clp1-GFP localized normally to the nucleus in the single deletions of the other nonessential importins (supplemental Fig.
S2A), confirming that none of them affect Clp1 nucleocytoplasmic shuttling. Clp1-GFP also localized normally in the
temperature-sensitive mutant of the essential importin Cut15
(supplemental Fig. S2B). Finally, because Kap95 depends on
both importin-␣s as adaptors for cargo selection (67), we
examined Clp1-GFP localization in a double mutant, imp1⌬
cut15–122, that abolishes the activity of both importin-␣s at
the nonpermissive temperature and found no change in Clp1
localization (supplemental Fig. S2C). Together, these data
indicate that Sal3 alone controls Clp1’s access to the nucleus.
The importin-␤3 family binds cargo nuclear localization sequences (NLSs) without the need for adaptor proteins (71).
Thus, we next sought to identify Clp1’s NLS that is recognized
by Sal3. The NLS of S. cerevisiae Cdc14 is located near its C
terminus (72). To determine if Clp1 shared this characteristic,
we introduced a GFP::kanR cassette following amino acid 500
in the endogenous clp1⫹ open reading frame, eliminating the
last 37 amino acids of the protein (Fig. 8A). Like Clp1-GFP in
sal3⌬ cells, Clp1(1–500)-GFP, was absent from the nucleus at
all cell cycle stages (n ⫽ 134 interphase and 42 mitotic cells)

Molecular & Cellular Proteomics 12.5

Downloaded from http://www.mcponline.org/ by guest on April 22, 2019

FIG. 7. Characterization of Sal3 dependent Clp1 nuclear import. A, Clp1 and Sal3 co-immunoprecipitate. B, Live cell images of clp1-GFP
sid4-RFP (Sid4 is a SPB marker, reference (83)) or clp1-GFP sid4-RFP sal3⌬ cells. (C) same as (B) except single cells represent either
interphase or mitosis as indicated.
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although it maintained localization to SPBs during interphase
and the cytokinetic ring during mitosis (Fig. 8B). This result
suggests that Clp1’s NLS is contained in the last 37 amino
acids.
A typical NLS contains a string of basically charged amino
acids (73) and we identified such a motif within amino acids
500 –537 of Clp1 (Fig. 8A). To determine whether the five
basic residues in this region contributed to the function of the
Clp1 NLS, we replaced clp1⫹ with a mutant version,
Clp1NLSmut-GFP, in which R524, K527, K529, K532, and
R534 were mutated to alanines. Indeed, Clp1NLSmut-GFP
localized to the SPBs during interphase and the cytokinetic
ring during mitosis, but was not observed in the nucleus (n ⫽
117 interphase and 38 mitotic cells) (Fig. 8C), indicating that
these basic amino acids are a crucial element of the Clp1
NLS. Like wild-type clp1⫹ and unlike clp1⌬, the clp1NLSmutGFP mutant opposed the function of cdc2–33, indicating that
it is enzymatically active. Moreover, unlike clp1⌬, it did not
negatively interact with the cytokinesis mutant, cdc3–124,
signifying that its cytoplasmic functions were intact (supplemental Fig. S3).
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Finally, to determine if the C terminus of Clp1 is sufficient
for nuclear localization, we fused GFP to the C-terminal amino
acids of Clp1, residues 476 –537 (Fig. 8A), and expressed this
fusion in cells. Although GFP alone localized diffusely
throughout the cell, GFP-(476 –537) accumulated within the
nucleus (Fig. 8D), indicating that the C terminus of Clp1 is
both necessary and sufficient for nuclear localization. However, GFP-(476 –537) localized diffusely in the cytoplasm of
sal3⌬ cells (Fig. 8E), consistent with the requirement of Sal3
for Clp1 nuclear import.
DISCUSSION

Taking advantage of the nonessential nature of the S.
pombe Clp1/Cdc14 phosphatase and the power of comparative proteomics yielded a wealth of information. This analysis
revealed the breadth of cellular processes potentially impacted by Clp1 including vesicular trafficking, transcriptional
regulation, and ribosome biogenesis in addition to its known
roles in mitotic exit and cytokinesis. Many novel Clp1/Cdc14
interactors and substrates were identified, including multiple
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FIG. 8. Identification of a functional Clp1 NLS. A, Schematic of Clp1, Clp1 truncations, and Clp1 mutations. The C-terminal 17 amino acids
that contain the stretch of basic residues mutated to alanines (highlighted in black) in Clp1NLSmut are shown above full length Clp1. B,
Representative live cell images of clp1(1–500)-GFP sid4-RFP cells in either interphase or mitosis. C, Same as (B) but images are of
clp1NLSmut-GFP sid4-RFP cells. D, and E, Representative live cells images of rpn11-mCherry (D) (Rpn11 is a marker of the nuclear envelope
(84)) or sal3⌬ rpn11-mCherry (E) cells expressing GFP or GFP-clp1(476 –537).
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certain proteins bind Clp1 at or near the substrate-binding
site, inhibiting substrate interactions. Our analysis revealed a
few candidates—Mid1, an anillin like protein, which is necessary for Clp1 recruitment to the contractile apparatus (11), and
the 14 –3-3 proteins Rad24 and Rad25. Speculatively, Mid1
might recruit to and inhibit Clp1 at the cytokinetic ring and
then release Clp1 allowing localized access to its ring substrates as Mid1 disappears from the ring and ring constriction
proceeds. Alternatively, Mid1 may not inhibit Clp1, but simply
be its tether to the cytokinetic ring. On activation of the SIN or
the DNA damage checkpoint, Clp1 is released from the nucleolus and phosphorylated at RXXS sites, which facilitates
Clp1’s interaction with Rad24 and Rad25 and retention in the
nucleoplasm (62– 64, 80). Thus, 14 –3-3 proteins may regulate
Clp1 localization, but may also prevent its function (i.e. wildtype Clp1-TAP contains more Rad24 and Rad25 than Clp1C286S). Future studies are needed to test these hypotheses.
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