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Synthetic physical interactions map kinetochore
regulators and regions sensitive to constitutive

Cdc14 localization
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The location of proteins within eukaryotic cells is often critical for
their function and relocation of proteins forms the mainstay of
regulatory pathways. To assess the importance of protein location
to cellular homeostasis, we have developed a methodology to
systematically create binary physical interactions between a query
protein and most other members of the proteome. This method
allows us to rapidly assess which of the thousands of possible
protein interactions modify a phenotype. As proof of principle
we studied the kinetochore, a multiprotein assembly that links
centromeres to the microtubules of the spindle during cell division.
In budding yeast, the kinetochores from the 16 chromosomes
cluster together to a single location within the nucleus. The many
proteins that make up the kinetochore are regulated through
ubiquitylation and phosphorylation. By systematically associating
members of the proteome to the kinetochore, we determine
which fusions affect its normal function. We identify a number
of candidate kinetochore regulators, including the phosphatase
Cdc14. We examine where within the kinetochore Cdc14 can act
and show that the effect is limited to regions that correlate with
known phosphorylation sites, demonstrating the importance of
serine phospho-regulation for normal kinetochore homeostasis.
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he relocation of proteins between cellular compartments un-
derlies many regulatory pathways. For example, protein re-
location underpins most cell-signaling pathways (1) and the
establishment of cell polarity and asymmetric cell division both
require highly specialized relocation of proteins within the cell (2).
Furthermore, the aberrant localization of proteins underlies the
pathology of a number of diseases (3). However, our understanding
of the effect of relocalizing members of the proteome is limited to
specific studies typically concerning individual proteins, and only a
select few studies have globally monitored protein relocation (4, 5).
One highly localized structure within the cell is the kinet-
ochore, which in budding yeast forms a single megadalton
complex (6-8). The kinetochore attaches chromosomes to the
spindle microtubules to drive accurate chromosome segregation.
The kinetochore consists of at least 60 unique gene products
present in multiple copies that stretch from the specialized H3
histone subunit (Cse4, CENP-A in mammals) to the microtubule
binding proteins of the Daml complex (9). Kinetochores nor-
mally assemble hierarchically from the centromere-bound pro-
teins (10). Once assembled, the structural homeostasis of the
kinetochore is regulated by proteins that are recruited to kinet-
ochores. For example, the histone subunit Cse4 is tightly regu-
lated by the E3 ubiquitin ligase Pshl, which is localized at
centromeres. Pshl prevents excessive Cse4 centromere loading
via ubiquitylation-dependent degradation of Cse4 (and at non-
centromeric regions) (11). Cse4 is also phosphorylated by Ipll,
likely to destabilize aberrant microtubule interactions and ensure
correct sister chromosome biorientation (12). Another such
modification is the phosphorylation and ubiquitylation of the
MIND complex member Dsnl. Dsnl is a target of both the
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cyclin-dependent kinase (CDK) and the Aurora kinase (Ipll) (13,
14). Ipll-dependent phosphorylation stabilizes Dsnl and prevents
its degradation by the Mub1/Ubr2 ubiquitin pathway. Additionally,
the spindle assembly checkpoint, a key regulator of mitotic pro-
gression, is regulated via the selective, phospho-dependent, re-
cruitment of proteins to the kinetochore (15-17). These data
indicate that kinetochore homeostasis and mitotic control are
regulated by posttranslational modifications and protein re-
cruitment to the kinetochore.

To provide a map of kinetochore regulators, we wished to
systematically recruit candidate proteins constitutively to the
kinetochore and assay for a mitotic phenotype. To do this, we
developed a system to artificially create protein—protein fusions
across the proteome. We combined a GFP binding protein (18,
19) with a GFP library of strains (20) to create binary fusions
between a kinetochore protein and most other proteins in the
proteome. We used growth as a readout for kinetochore defects
and any protein—protein interactions that affect growth we
termed “synthetic physical interactions” or SPIs. We chose to
study the kinetochore protein Mtw1, which is a conserved mem-
ber of the MIND (Mis12) complex of the KMN (KNL1-Mis12-
Ndc80) network of mid-/outer-kinetochore proteins (9). The SPI
method identified proteins that, when bound to the kinetochore
component Mtwl, cause a growth defect. For example, the
Cdcl14 phosphatase produces a SPI when bound to Mtw1. Cdc14
removes phosphates from CDK target sites, with a strong bias for
phospho-serine over phospho-threonine (21). We then switched
the GBP tag onto Cdcl4 and used this to make fusions with
GFP-tagged kinetochore proteins and show that the MIND
complex, Dam1 complex, and COMA complex are all sensitive
to constitutive Cdc14 binding. Thus, we created a map of regions
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within the kinetochore that are sensitive to constitutive Cdc14
phosphatase activity. In some cases these phosphorylation events
have been mapped (22, 23) and studied in some detail (14);
however, the role of Cdcl4 in kinetochore function remains
unclear (24, 25). This study establishes that phosphorylation of
proteins at the kinetochore is essential for normal mitotic pro-
gression in yeast. The SPI methodology identifies specific pro-
tein—protein interactions that control a given phenotype and thus
provides a powerful tool to study the spatial regulation of pro-
teins at a systems level.

Results

To identify regulators of kinetochore homeostasis we wanted to
systematically and constitutively recruit specific proteins to the
kinetochore. To achieve this aim, we made use of an antibody
domain that binds with high affinity to GFP (18, 19), the GFP
binding protein (GBP). We chose to study Mtwl, the yeast
ortholog of human Mis12. Mtwl is a member of the essential
Mtw1/Mis12/MIND complex (Mtwl, Dsnl, Nnfl, and Nsll) (26,
27). The MIND complex connects the inner constitutive cen-
tromere-associated network kinetochore proteins, which are
adjacent to the centromeric DNA, with the outer, microtubule-
associated proteins in conjunction with Mif2 (28-31). We linked
the MTW1 kinetochore gene with that of the GBP (MTWI-GBP).
By virtue of the RFP tag on the GBP, we can identify the Mtw1-
GBP in live cells and confirm that it localizes with the kineto-
chore. A plasmid encoding Mtw1-GBP can be transferred into a
library of GFP strains to allow us to sequentially fuse a GBP-
tagged protein with an array of GFP-tagged proteins (Fig. 14 and
Fig. S14). We were readily able to delete the endogenous MTW1
gene from a strain containing the MTW1I1-GBP plasmid, indicating
that the fusion is functional. We created two other constructs to
control for the effects of both expressing MTWI ectopically and
for the nonspecific effects of GBP binding to GFP-tagged pro-
teins. These controls were used as the basis for comparison with
the MTWI-GBP. We confirmed that the GBP colocalizes in vivo
to GFP-tagged proteins (Fig. 1 B-D). We expressed MTWI1-GBP
in cells encoding proteins tagged with CFP, to which the GBP
does not bind, and found that this tagged version of Mtwl
colocalizes with the kinetochore (Fig. 1 E-G). Furthermore, we
found that the Mtw1-GBP is sufficient to constitutively relocalize
GFP-tagged proteins to the kinetochore (Fig. 1 H-J).

Proteome-Wide Kinetochore Fusions. We transferred the MTW1I-
GBP plasmid and, separately, the two controls, MTW1 and GBP,
into the GFP collection of strains using selective ploidy ablation
(SPA) (32) (Fig. S14), which produces arrays of haploid GFP-
tagged strains, each containing one of the three plasmid con-
structs. The relative growth of the resulting strains was assessed
by colony size, measured in quadruplicate for each strain, and
quantified using the ScreenMill suite of software (33) (SI Text).
An example of these data illustrates that specific GFP strains are
restricted for growth with Mtwl-GBP compared with either of
the two controls (Fig. 24). Comparing the growth rate of strains
expressing MTWI-GBP with either the MTW1I or the GBP con-
trol yielded well-correlated data for strains demonstrating a
growth defect (Fig. S1 B and C), therefore we used the average
growth relative to the two controls as a measure of growth effects
(Fig. 2B). For these proteome-wide data, growth defects were
quantified and then normalized using z-score. High z-scores in-
dicate a growth defect produced by the Mtw1-GBP interaction
with the GFP-tagged protein. Most forced interactions have no
discernable growth effect upon the cells (z-score ~0). Relative to
the two controls, 128 GFP strains had a growth defect defined by
an average z-score > 1.5 (Dataset S1). We defined interactions
that affect growth as SPIs. A number of these SPI proteins have
essential functions in the cell and, although we controlled for
nonspecific protein interactions, we wished to know how many of

10414 | www.pnas.org/cgi/doi/10.1073/pnas.1506101112

A

B Nup100-GFP ~ GBP-RFP merge
—_—————
—_— MTW1-GBP i i
—_—— O 9 N
N BT S
ENE-GFP., & @
- C Nuf2-GFP GBP-RFP merge
D (s i
\nl e L Pl
\"‘ﬂ_l \§"l~(k“
L ) i
D Om14-GFP  GBP-RFP merge Mtw1-GBP-RFP___merge

Fig. 1. (A) The SPA methodology introduces a plasmid encoding, for ex-
ample Mtw1-GBP (red circle) into an array of GFP strains. The Mtw1 query
protein is fused with the GFP binding protein and also contains an RFP
sequence to allow us to monitor its location. The GBP-RFP is efficiently
recruited to GFP-tagged proteins in different cellular compartments in vivo,
such as the nuclear pore (B, Nup100), the kinetochore (C, Nuf2), or the mi-
tochondria (D, Om14). The Mtw1-GBP protein localizes to the kinetochore in
the nucleus of yeast cells as indicated by its position relative to the kineto-
chore (E), nucleus (F), and spindle pole body (G). Mtw1-GBP colocalizes with
three GFP-tagged proteins, which normally do not localize with Mtw1 (H-J).
The three panels on the right show the normal localization of these proteins
and the three panels on the left show their localization when bound to
Mtw1. The GFP tagged proteins with GBP-RFP localize as previously reported
[yeastgfp.yeastgenome.org (20)]. The cell boundaries are overlaid as red
dashed lines. (Scale bars, 5 um.)

these interactions result from the relocalization of an essential
GFP protein. We reasoned that these interactions would be
suppressed by having an untagged version of the GFP-tagged
protein present in the cell. Therefore, we modified the proteome-
wide screen, retaining the cells as diploids that are heterozygously
GFP-tagged (Fig. 2C and Fig. S14). We assayed these diploid
strains for growth, as previously described. The resulting growth
rates (Fig. 2D) showed that 56 strains were inhibited from growth
(z-score > 1.5) (Dataset S2), of which the majority (34 strains)
were common with the haploid set of SPIs (Fig. 2D, Inset).

SPIs Share Common Functions. Because functionally related genes
and proteins are enriched for interactions (genetic, physical, and
so forth) (34, 35), we asked whether the Mtwl SPIs were
enriched for interactions from genomics and proteomics data-
bases. We used the Cutoff Linked to Interaction Knowledge tool
(CLIK) (36) to plot the interaction density of the haploid and
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Fig. 2. Mtw1 synthetic physical interactions. (A) An example of 384 yeast GFP
strains each arrayed in quadruplicate. The MTW1-GBP construct is expressed in
these strains and the growth of colonies on the plate are shown. (Inset) An
example of 16 strains from the plate, three of which show growth restriction
compared with the two controls (GBP and MTWT1). The red bars indicate the
three growth-restricted strains, with the z-score indicated. (B) Quantitation of
the colony size allows us to calculate z-scores for each interaction (higher score
indicates greater growth restriction). The strains are ranked based upon their
z-score, with the most growth-restricted strains to the left. Only a relatively
small subset of interactions affect growth; 128 strains have an average z-score
greater than 1.5 (boxed group, full data in Dataset S1). (C) The same assay was
repeated in heterozygously tagged diploid strains, where for each strain there
is an untagged allele in addition to the GFP-tagged version. (Inset) The same
16 strains highlighted in A. (D) Quantitative analysis of the diploid screen
shows that 56 strains are significantly restricted for growth (boxed group and
Dataset S2). The inset Venn diagram indicating that a majority of the diploid
SPIs (34 of 56) are common with those from the haploid screen.

diploid SPI screens (Fig. S1 D and E, respectively). The CLIK plot
shows that both the haploid and diploid screens enrich for a set of
~100 SPIs that have a high interaction density (i.e., are likely true
positives). To assess the false discovery rate (FDR) and to cor-
roborate the CLIK analysis we retested the haploid and diploid
screens with the interactions that caused the strongest growth
defects with 16 replicates. This high-density retest of the SPIs
identified 112 haploid and 79 diploid SPIs (Datasets S3 and S4; for
an example, see Fig. S1F). Of the original 34 SPIs that were
common between haploid and diploid screens, only one failed to
confirm; additionally, the high-density retest confirmed a number
of additional SPIs. As a result, 61 Mtw1 SPIs are common between
the haploid and diploid sets after high-density retesting. These
data show that the SPI data are reproducible with good correlation
of the proteome-wide z-scores with the high-density repeated data
(Fig. S1 G and H). We also found that, as expected for quantitative
screens, the FDR increased as the strength of the phenotype de-
creased (Fig. S1 I and J). Additionally, the number of confirmed
SPIs was in good agreement with that predicted by the CLIK
analysis. Finally, we asked whether SPIs correlate with protein
abundance, because low-abundance proteins may be more sus-
ceptible to disruption simply based upon stoichiometric interaction
with Mtw1-GBP, but we found no correlation (Fig. S1 K and L).

Collectively these data show that the SPI methodology is ro-
bust and identifies a set of proteins that are enriched for genetic
and physical interactions, indicating that they share common
functionality. To test this notion, we used gene ontology en-
richment analysis (37) within the set of 61 confirmed SPIs, which
when constitutively bound to the kinetochore result in a growth
defect. These Mtw1 SPIs are significantly enriched for a number
of different functional classes or protein complexes, including

Olafsson and Thorpe

chromosome organization, histone modification/deacetylation, nu-
clear transport, the nuclear pore, and condensin (Fig. S2). This
enrichment is illustrated for a subset of confirmed SPIs (Fig. 3).
Furthermore, phenotype enrichment analysis (38) shows that mu-
tants of the genes encoding the Mtwl SPIs give both a chromo-
somal instability (CIN) phenotype and show synthetic lethality with
proteins involved in sumoylation (Fig. S3). These data indicate
that the Mtwl SPIs are enriched for proteins that likely play an
important role in kinetochore function. To ask whether CIN was
associated with the SPI phenotype, we used an established assay
for CIN (39) in diploid cells that encode a single GFP allele and
contain the plasmid-encoded Mtw1-GBP. We found that of five
Mtwl SPIs tested, three show a clear CIN phenotype (CdcS,
Tom?70, and Yprl74c) (Fig. S4 A and B). To test whether these
SPI phenotypes were caused by association with the kinetochore
or by movement of the kinetochore to a new location within the
nucleus, we used fluorescence imaging. We found that Mtw1-GBP
is sufficient to relocalize both Cdc5-GFP and Ypr174c-GFP to the
kinetochore (Fig. S5 A and B, respectively). In contrast, the
nucleoporin Nupl, when associated with Mtw1, moves the tagged
version of Mtwl into close association with the nuclear periphery
without relocalizing the kinetochore structure itself (Fig. S5C).
Association between the mitochondrial translocase Tom70 and
Mtwl1 leads to abnormal kinetochore foci (Fig. S5D). These imag-
ing studies support the notion that the Mtw1-GBP recruits proteins
to the kinetochore that are not tightly bound structural components
(such as Cdc5); however, proteins such as Nupl and Tom70, which
are tightly bound to defined structural complexes, do not relocalize.
We cannot rule out that relocation of some Mtwl from the kinet-
ochore does not, at least partially, contribute to the SPI phenotype.
The GFP-GBP interaction itself is strong (19) and this creates a
molecular “tug-of-war” between the two tagged proteins.

SPI Analysis Identifies a Role for Kinetochore Phosphorylation. Three

of the 61 Mtw1 SPIs are directly involved in phospho-regulation.
First, Dbf4 is the regulatory subunit of the Cdc7 kinase. Second, the
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Fig. 3. Mtw?1 SPI network. A subset of the confirmed Mtw1 SPIs (a group of 31
SPIs that were common between haploid and diploids in both the proteome-
wide analysis and also the high-density retest) are shown as nodes, color coded
according to the strength of the SPI (red indicates strong interactions, purple
indicates weak interactions). The enriched genetic and physical interactions be-
tween these proteins are indicated by green and orange edges, respectively. A
selection of the gene ontology enrichment for this set of proteins is indicated by
grouping related proteins in boxes with the associated P value of enrichment.
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Fig. 4. The Mtw1-Cdc14 SPI is the result of Cdc14 recruitment to kinetochores.
(A) Cdc14 is normally localized to the nucleolus and when tagged with GFP can
recruit GBP. (B) Mtw1-GBP recruits Cdc14-GFP to the kinetochores, and this
results in mitotic defects, such as lagging kinetochores. (C-E) GBP-Cdc14 and the
catalytically inactive variants are normally localized to the nucleolus, as shown
by colocalization with nucleolar protein Fob1. Inclusion of a GFP-tagged ki-
netochore protein, such as Mtw1-GFP or Nnf1-GFP, is sufficient to recruit either
GBP-Cdc14 (F and G) or phosphatase-dead GBP-Cdc14-C283A (H) to the kinet-
ochore. Cell outlines are indicated with red dashed lines. (Scale bars, 5 pm.)

~a )

polo-like kinase Cdc5 was identified as a high-copy suppressor of
DBF4 mutants (40). Finally, Cdc14 is a mitotic phosphatase that
reverses the effects of the CDK to facilitate the progression from
mitosis to G;. We focused upon Cdcl4, a conserved phosphatase
that is released from the nucleolus during anaphase to act upon
CDK targets principally within the nucleus (21, 41). Cdc14 normally
localizes to kinetochores during late mitosis and is important for
targeting the chromosomal passenger complex to kinetochores (42).
To determine the effect of the Mtw1-Cdc14 SPI in live cells, we
used imaging and genetic analysis. We found that cells containing
both Mtw1-GBP and Cdc14-GFP have constitutive association of
Cdcl4 and Mtwl and aberrant kinetochore foci are observed in
these cells (Fig. 4 A and B). We found that association of Cdc14
with Mtwl caused an increase in large-budded cells (Fig. S4C),
although without leading to a CIN phenotype (Fig. S4 A and B).
This Mtw1-Cdc14 SPI phenotype could be caused by recruitment of
Cdc14 to the kinetochore, by association of the entire kinetochore
into the nucleolus or by impairing kinetochore assembly by titrating
away Mtwl-bound proteins. We examined the location of the ki-
netochore, Cdcl4, and the nucleolus using fluorescence imaging.
We found that Cdcl4 is relocalized to kinetochores (Fig. S5 E and
F), although we noted that some Mtw1 was relocalized to the nu-
cleolus. To evaluate this Mtw1-Cdc14 SPI in more detail and to
examine the role of Cdcl4 at the kinetochore, we used the SPI
system to recruit Cdcl4 to different kinetochore proteins, essen-
tially performing the reciprocal fusion to that identified in the
proteome-wide screen. We created constructs that encode Cdcl4
alone, GBP-Cdc14 (both N- and C-terminal fusions), and mutants
of CDC14 that encode catalytically inactive phosphatases (N-ter-
minally tagged) GBP-Cdcl4-CA and GBP-Cdcl4-CS and also
(C-terminally tagged) Cdc14-CA-GBP. Cdcl4 tagged with GBP
localized normally to the nucleolus (Fig. 4 C-E). The CDC14-GBP-
REFP allele can be introduced into the endogenous CDCI4 locus,
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indicating it functions normally within the cell (Table S1). We
transferred these constructs separately into a set of 88 kinetochore
and kinetochore-related GFP strains (Dataset S5) using the SPA
methodology, with 16 replicates. Thus, we constitutively associated
Cdc14 with each complex within the kinetochore structure and
evaluated its effect. The GBP-tagged versions of Cdc14 (both wild-
type and mutant) were recruited to GFP-tagged kinetochores (Fig.
4 F-H). We next compared the growth of Cdc14-GBP with both
untagged Cdcl4 and with either of the catalytic-dead mutants,
which allowed us to query the effect of the phosphatase activity. A
number of strains are inhibited for growth specifically by the cata-
lytically active form of the Cdc14 phosphatase (Fig. 5 4 and B and
Fig. S64). We quantified the growth effects as previously described
(33), comparing the wild-type GBP-Cdc14 with either Cdc14 or the
catalytically inactive mutants. The two N-terminally tagged mutants
(GBP-cdc14-CA and GBP-cdcl14-CS) gave equivalent results (Fig.
S6B and Dataset S5). Additionally, the data for the N- and C-ter-
minally tagged versions of Cdc14 were well correlated (Fig. S6C).
Regardless of which GBP-Cdc14 construct is used or which control
was compared, we found that members of the MIND complex
consistently cause a growth defect (Fig. 5.4 and B and Fig. S64). In
addition to individual SPIs from other complexes, there is evidence
to support a growth defect for Cdc14 association with members of
the outer kinetochore Dam1 complex (Dadl, Dad2, and Dad3), the
inner kinetochore Cbf3 complex (Ndcl0 and Cep3), and the
COMA complex (Mcm21 and Ctf19).

To determine whether the stoichiometry of Cdc14-GBP is a
determinant of the SPI phenotype, we compared the fluores-
cence from endogenously tagged Cdc14-GBP-RFP with that of
plasmid-encoded Cdc14-GBP-RFP (either wild-type or mutant).
The plasmid creates ~150% of the normal level of Cdc14 protein
(Fig. S74). We then correlated the Cdcl4 SPIs with protein
abundance and found no correlation (Fig. S7 B and C). We also
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Fig. 5. Cdc14 recruitment only affects a subset of kinetochore proteins. (A) The
N-terminally tagged Cdc14 compared with Cdc14 gave SPI phenotypes with 20
GFP strains and compared with the catalytically inactive mutant gave 10 SPIs, 7
of which overlap between the two groups (Dataset S5). (B) The C-terminally
tagged Cdc14 gave 40 SPIs relative to the Cdc14 control and 17 relative to a
catalytically inactive mutant, of which 15 overlap (Dataset S5). Members of the
MIND complex are identified in both screens. (C) Cdc14-kinetochore SPIs overlap
with known phosphorylation sites. A schematic of the kinetochore shows many
of the key kinetochore proteins, each of which is color-coded: red indicates the
Cdc14 SPIs with the strongest growth defects and purple the weakest; gray
proteins were not identified as SPIs in this assay. Superimposed upon this sche-
matic as “lollipops” are the previously mapped CDK sites within the kinetochore.

Olafsson and Thorpe


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.201506101SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.201506101SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.201506101SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.201506101SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.201506101SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.1506101112.sd05.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.201506101SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.201506101SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.201506101SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.1506101112.sd05.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.201506101SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.201506101SI.pdf?targetid=nameddest=SF6
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.201506101SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.201506101SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.1506101112.sd05.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1506101112/-/DCSupplemental/pnas.1506101112.sd05.xlsx
www.pnas.org/cgi/doi/10.1073/pnas.1506101112

L T

/

1\

=y

used increasing copper concentrations to up-regulate the levels
of plasmid-encoded Cdcl4 (Fig. S7D) and found that higher
levels of Cdcl4 have only minor effects upon SPI phenotype
(Fig. S7 E-H and Dataset S5).

To ask whether the Cdcl4-kinetochore SPIs require check-
point activation, we created a set of 22 GFP strains that are
deleted for MAD3, a critical downstream component of the
spindle assembly checkpoint. We repeated the SPI screen with
both wild-type GFP-tagged strains and mad3A versions of each
of these. The SPI phenotypes were not suppressed by deletion of
MAD3, indicating that checkpoint is not necessary for the Cdc14
SPI phenotype (Fig. S6 E and F and Dataset S5). Some of the
Cdcl4 interactions give a slightly stronger growth defect in
mad3A strains (e.g., Nsl1, Amel, or Cep3), indicating that these
SPIs create problems for the kinetochore, which are normally
suppressed by an active checkpoint. We also repeated the screen
in the presence of benomyl and this did not significantly affect
any of the SPIs (Dataset S5). We also marked a region of
chromosome five (at the URA3 locus) with a repressor—operator
system and found that the Mtwl-Cdcl4 interaction does not
exclusively arrest cells before metaphase (Fig. S4D). These data
indicate that the mitotic checkpoint is not directly producing the
SPI phenotype, nor do the SPIs result in checkpoint deficiency.

Dsn1 Dephosphorylation Does Not Cause the SPI Phenotype. Dsnl is
the only member of the MIND complex known to contain CDK
target sites (22, 23), but blocking phosphorylation of these sites
does not result in significant mitotic phenotypes (13). To ask
whether association of Cdc14 adjacent to the MIND complex
could affect phosphorylation of Dsnl, we tagged endogenous
Dsnl with the sequence encoding three HA tags. We found that
Dsn1 phosphorylation is reduced upon recruitment of wild-type
Cdcl14 to the MIND complex in comparison with mutant Cdc14
(Fig. S6D), although CDK dephosphorylation of Dsnl is not
lethal; therefore, we could not link the SPI phenotype allele
with this particular dephosphorylation event. It is possible that
by constitutively recruiting Cdc14 adjacent to Dsnl, the two
non-CDK serines (S240 and 250) are dephosphorylated. Ipl1-
dependent phosphorylation of these two serines stabilizes Dsnl
and prevents its ubiquitin-mediated degradation by Ubr2 and
Mubl (14). However, the SPI phenotype of the MIND com-
plex with Cdc14 is not rescued in a ubr24 strain (Fig. S84), nor
are the Cdcl4 SPIs with Nnfl, Nsl1, or Nuf2 (Fig. S8B). Ad-
ditionally, we created a set of new GBP constructs from the
kinetochore (Nuf2, Mif2, and Ctf19) and tested their effect in
a CDC14-GFP strain. These fusions all give SPI phenotypes in
both wild-type UBR2 and ubr2A cells (Fig. S8C). Hence, de-
letion of UBR?2 fails to rescue the growth defect of Cdc14 with
the MIND complex. To test this in another way, we created a
plasmid construct expressing a mutant form of DSNI, in which
the codons for serines 240 and 250 are converted to those of
aspartic acid (S240,250D). This construct would therefore
create a pool of stabilized Dsn1 that cannot be degraded in the
canonical Ubr2-dependent way (14). This DSNI §240,250D
plasmid was used in a Cdc14 SPI assay of the kinetochore and
the original SPI phenotype (with members of the MIND com-
plex) is not rescued by inclusion of this stabilized Dsn1 construct
(Fig. S9). We also performed the same experiment with other
Dsnl variants, first with the canonical CDK site changed to
aspartic acid (S264D), second with a Dsn1 variant that included
changes to two other proposed CDK sites (569,170,264D), and
third with all of these serines changed to aspartic acid
(S69,170,240,250,264D). In no case did the mutations of DSN1
rescue the SPI phenotype of recruiting Cdcl4 to the MIND
complex (Fig. S9). Thus, we conclude that dephosphorylation
of CDK and Ipl1 sites within Dsnl is not responsible for the
SPI phenotype.

Olafsson and Thorpe

Irrespective of the CDK or other phosphorylation sites, these
data indicate that phosphorylation of proteins at the kinetochore is
important for normal mitotic function. The Cdcl4 fusions that
cause SPIs are superimposed upon a graphic of the kinetochore
structure (Fig. 5C) to produce a map of these Cdc14 phosphatase-
sensitive regions within the yeast kinetochore.

Discussion

Key steps in kinetochore assembly and homeostasis are regulated by
specific posttranslational modifications, such as phosphorylation
and ubiquitylation (9). We have developed a proteome-wide ap-
proach to systematically query which protein—protein interactions
affect kinetochore homeostasis. We identified a small subset of
these forced interactions that significantly affect growth and termed
these synthetic physical interactions. SPIs define pairs of proteins
that when forced together affect the growth of the cells. Mutations
in the genes encoding Mtw1 SPIs give a CIN phenotype and have
synthetic interactions with sumoylation mutants. Recently, a
number of kinetochore proteins have been identified that are
sumoylated (43). Among the Mtw1 SPIs are a number of proteins
that associate with the inner kinetochore, including Rfal, Brnl,
Nmd5, and CdcS (11). The latter of these, Cdc5, is the polo-like
kinase, which regulates the dynamic association between kineto-
chores and microtubules (44). More generally, phosphorylation
plays an important role in kinetochore homeostasis and we noted
that one Mtwl SPI was with Cdcl4. CDK phosphorylates a
number of kinetochore proteins and Cdcl14, when released from
the nucleolus in anaphase, reverses a number of these phosphory-
lations (22, 23, 42, 45). However, the importance of these CDK
phosphorylation/dephosphorylation events is unclear. For example,
Dsnl is a member of the MIND complex, which is dephosphory-
lated before the bulk release of Cdcl14 (13). However, CDCI4
conditional mutants only have a subtle defect in mitosis (25). To
map the effects of Cdcl4 phosphatase activity, we used the SPI
method to recruit both wild-type and inactive variants of Cdc14
to different kinetochore proteins. We found that a number of ki-
netochore complexes are sensitive to constitutive recruitment of the
active phosphatase, including the MIND complex, the Cbf3 com-
plex, and the Dam1 complex. Although it is possible that the Mtw1-
Cdc14 SPI phenotype is caused by partial relocation of Mtwl to
another location (e.g., the nucleolus), this is unlikely for a number
of reasons. First, the mutant Cdc14 binding causes equal kineto-
chore relocation as the wild-type (Fig. 4 G and H), but does not
give a SPI phenotype. Second, we did not identify other Cdc14-
associated nucleolar proteins in the original Mtwl SPI screen,
despite screening most of the proteome. Third, not all kinetochore
proteins produce a SPI phenotype with Cdc14. Fourth, our stoi-
chiometry analysis does not support sequestration of low-abundance
kinetochore proteins away from the kinetochore (Fig. S7 B and C).
Finally, these Cdc14 SPIs correlate well with a map of the CDK
sites within the kinetochore (Fig. 5C). We show that although
phosphorylation of Dsnl is inhibited by recruitment of Cdcl4,
this dephosphorylation is unlikely to result in the Cdcl4-Mtwl
SPI. Therefore, we speculate that either the Cdcl4 is removing
other phosphates in neighboring proteins—for example, CDK
serine sites on Cnnl (24), Slil5 (42), Birl (46), or Finl (47) (Fig.
5C)—or at non-CDK sites on other proteins. In any of these
cases, the Cdc14 SPIs highlight the importance of phosphoryla-
tion of kinetochore proteins for mitosis and warrant further
characterization of the role of phosphorylation in regulating ki-
netochore homeostasis. Because Cdcl14 normally functions as a
dimer, the catalytically inactive mutants may be capable of re-
cruiting wild-type Cdc14 to the kinetochore (48, 49). This would
produce false-negatives in our screen; hence, it is possible that
our list of sites affected by Cdc14 is an underrepresentation of all
of the critical CDK sites at the kinetochore. Another approach
would be to recruit CDK or other kinases to the kinetochore to
determine whether constitutive phosphorylation would also affect
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mitosis. Such a fusion method is highly effective in specific cases
(50, 51).

Collectively, these data show that the SPI methodology is suffi-
ciently robust to create protein fusions across the proteome. Fur-
thermore, we show proof of principle that the SPI methodology
identifies functional interactions in a similar way to synthetic ge-
netic interactions. A spatial map of serine-phosphatase-sensitive
sites within the kinetochore correlates well with existing CDK data,
strongly supporting a role for functional CDK phosphorylation in
mitotic kinetochore function. The SPI methodology is adaptable
for use with either entire proteins or functional domains and has
broad application for exploring the role of protein localization at a
systems level.
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Experimental Procedures

The yeast strains used in this study are listed in Table S1. Strains were con-
structed using standard techniques and standard yeast growth medium in-
cluding 2% (wt/vol) of the indicated carbon source (52). Yeast plasmids are
listed in Table S2. Plasmids were transferred into the GFP strains using se-
lective ploidy ablation (32) and the resulting colony growth assessed using
ScreenMill software (33). Other methods are described in S/ Text.
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