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ABSTRACT Faithful chromosome segregation maintains chromosomal stability as errors in
this process contribute to chromosomal instability (CIN), which has been observed in many
diseases including cancer. Epigenetic regulation of kinetochore proteins such as Cse4 (CENP-
A in humans) plays a critical role in high-fidelity chromosome segregation. Here we show that
Csed is a substrate of evolutionarily conserved Cdc7 kinase, and that Cdc7-mediated phos-
phorylation of Cse4 prevents CIN. We determined that Cdc7 phosphorylates Cse4 in vitro
and interacts with Cse4 in vivo in a cell cycle-dependent manner. Cdc7 is required for kineto-
chore integrity as reduced levels of CEN-associated Cse4, a faster exchange of Cse4 at the
metaphase kinetochores, and defects in chromosome segregation, are observed in a cdc7-7
strain. Phosphorylation of Cse4 by Cdc7 is important for cell survival as constitutive associa-
tion of a kinase-dead variant of Cdc7 (cdc7-kd) with Cse4 at the kinetochore leads to growth
defects. Moreover, phospho-deficient mutations of Cse4 for consensus Cdc7 target sites con-
tribute to CIN phenotype. In summary, our results have defined a role for Cdc7-mediated
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phosphorylation of Cse4 in faithful chromosome segregation.

INTRODUCTION

Accurate chromosome segregation is essential for cell survival as
errors in this process result in chromosomal instability (CIN), a phe-
notype that has been associated with a range of human diseases
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including cancer (Santaguida and Amon, 2015; Singh and Gerton,
2015). The kinetochore, composed of centromeric (CEN) DNA, as-
sociated proteins, and a distinct chromatin architecture, is the key
regulator of high-fidelity chromosome segregation (Verdaasdonk
and Bloom, 2011; Burrack and Berman, 2012; Musacchio and Desai,
2017). CEN DNAs in budding yeast are small in size comprised of
~125 bp of unique sequences (Clarke and Carbon, 1980), whereas
CEN DNAs in other organisms are several mega-bases in size con-
taining repeated sequences, satellite DNA arrays, or retrotranspo-
son-derived DNA sequences (Verdaasdonk and Bloom, 2011;
Burrack and Berman, 2012; Musacchio and Desai, 2017). Despite
the variations in nucleotide composition and the size of CEN DNAs,
the identity of CEN in eukaryotic organisms is defined epigeneti-
cally by specialized nucleosomes containing CEN-specific histone
H3 variant, Cse4 (CENP-A in humans, Cid in flies, Cnp1 in fission
yeast) (Sullivan et al., 1994; Stoler et al., 1995; Meluh et al., 1998;
Henikoff et al., 2000; Takahashi et al., 2000).

Identification of epigenetic mechanisms regulating Cse4
function has been an area of active research. Previous studies
have identified several post-translational modifications of Cse4,
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such as phosphorylation, ubiquitination, sumoylation, methyla-
tion, proline isomerization, and acetylation (Hewawasam et al.,
2010; Ranjitkar et al., 2010; Samel et al., 2012; Au et al., 2013,
Boeckmann et al., 2013; Ohkuni et al., 2014; Ohkuni et al., 2016;
Ciftci-Yilmaz et al., 2018; Hoffmann et al., 2018; Ohkuni et al.,
2018; Mishra et al., 2019; Au et al., 2020; Eisenstatt et al., 2020;
Ohkuni et al., 2020; Eisenstatt et al., 2021), which regulate faith-
ful chromosome segregation. We previously identified two ki-
nases, Ipl1 (Aurora B kinase in humans) and Cdc5 (Plk1 in hu-
mans), that phosphorylate Cse4 to prevent CIN (Boeckmann
et al., 2013; Mishra and Basrai, 2019; Mishra et al., 2019).
Ipl1-mediated phosphorylation of Cse4 regulates kinetochore—
microtubule interactions and chromosome biorientation (Boeck-
mann et al., 2013; Mishra and Basrai, 2019), whereas Cdc5-medi-
ated mitotic phosphorylation of Cse4 contributes to high-fidelity
chromosome segregation (Mishra and Basrai, 2019; Mishra et al.,
2019). Phosphomutants for Cse4 in consensus Ipl1 and Cdc5
sites exhibit CIN phenotype only when combined with other mu-
tants (Boeckmann et al., 2013; Mishra and Basrai, 2019; Mishra
et al., 2019), suggesting the role of other kinases in Cse4
phosphorylation.

In this study, we investigated a potential role for Dbf4-depen-
dent kinase (DDK) in the phosphorylation of Cse4. The rationale
for this is based on previous studies which have shown that Cdc7
associates with CEN chromatin, and this regulates CEN DNA rep-
lication initiation (Natsume et al., 2013). The DDK, composed of
the Cdc7 kinase and the regulatory subunit Dbf4, is essential for
the initiation of DNA replication modulated by phosphorylation
of Cdc45 and subunits of the mini-chromosome maintenance
complex (Mcm2-7) (Lei et al., 1997; Owens et al., 1997; Wein-
reich and Stillman, 1999; Zou and Stillman, 2000; Bruck and Ka-
plan, 2009). Mutation in MCM5 (mcm5-bob1) bypasses the re-
quirement of Cdc7 for replication initiation and leads to
suppression of temperature sensitivity and DNA replication de-
fects in a cdc7-7 strain (Hardy et al., 1997, Sclafani et al., 2002;
Hoang et al., 2007). Studies to date have defined one kineto-
chore substrate for Cdc7, namely Ctf19 (Hinshaw et al., 2017), a
component of the COMA (Ctf19, Okp1, Mcm21, and Ame1)
complex (Ortiz et al., 1999). Cdc7-mediated phosphorylation of
Ctf19 is required for its association with cohesin loaders Scc2/4
and the loading of cohesin to the CEN chromatin (Hinshaw et al.,
2017). Interestingly, Ctf19 interacts with Cse4, and this interac-
tion is important for the recruitment of the COMA complex to
CEN chromatin and maintenance of the functional integrity of the
kinetochore (Ortiz et al., 1999). A potential role for Cdc7-medi-
ated phosphorylation of Cse4 in kinetochore function and chro-
mosome segregation has not been characterized.

We here show that Cdc7 phosphorylates Cse4 in vitro and inter-
acts in vivo with Cse4 in cell cycle-regulated manner. Cdc7 regulates
the maintenance of Cse4 at the kinetochores as evident from the
significant reduction of CEN-associated Cse4 in mitotic cells, a
faster exchange of Cse4 at the metaphase kinetochores and defects
in chromosome segregation in a cdc7-7 strain. Cdc7-mediated
Cse4 phosphorylation regulates faithful chromosome segregation
as increased frequency of chromosome loss was observed in the
nonphosphorylatable cse4 mutant (cse4-4A). Moreover, constitutive
association of kinase-dead variant of Cdc7 (cdc7-kd) with Cse4 at
the kinetochore causes growth defects suggesting that Cdc7-medi-
ated Cse4 phosphorylation is important for cell viability. In summary,
we have identified Cse4 as a substrate for Cdc7, and shown that
Cdc7-mediated phosphorylation of Cse4 contributes to high-fidelity
chromosome segregation.
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RESULTS

Cdc7 phosphorylates Cse4 in vitro

DDK enrichment has been observed at the budding yeast kineto-
chores (Natsume et al., 2013; Hinshaw et al., 2017) and proposed to
regulate loading of CEN cohesion through phosphorylation of Ctf19
(Hinshaw et al., 2017). Moreover, Ctf19 as well as other members of
the COMA complex interact with Cse4, which is required for the
CEN recruitment of COMA complex and kinetochore assembly (Or-
tiz et al., 1999). Therefore, we examined whether Cdc7 kinase inter-
acts with and phosphorylates Cse4 in vitro. We performed in vitro
kinase assays with radiolabeled ATP using DDK (Cdc7/Dbf4 com-
plex) and Cse4 purified from Escherichia coli. Cse4 was radiolabeled
in the presence of DDK (Figure 1A). Moreover, Cse4 phosphoryla-
tion by DDK increased over time (Figure 1A). Control reaction per-
formed without DDK complex did not show a signal (Figure 1A).
Based on these results, we conclude that Cdc7 interacts with and
phosphorylates Cse4 in vitro.

Cdc7 interacts with Cse4 in vivo in a cell cycle-dependent
manner

The in vitro phosphorylation of Cse4 by Cdc7 prompted us to exam-
ine whether Cdc7 and Cse4 interact in vivo. We constructed a strain
that expresses Flag-tagged Cdc7 and HA-tagged Cse4 from their
endogenous promoters. Immunoprecipitation (IP) experiments
were performed using protein extracts from logarithmically growing
cultures. Fluorescence Activated Cell Sorting (FACS), examination of
nuclear position, and cell morphology confirmed that the strain was
in the logarithmic phase of growth (Figure 1B and Supplemental
Figure S1). Western blot results showed an in vivo interaction of
Cdc7 with Cse4 (Figure 1C). IP performed with Cdc7-Flag showed
HA-Cse4 signal; reciprocal pull down with HA-Cse4 showed Cdc7-
Flag signal (Figure 1C).

To determine whether the in vivo interaction of Cdc7 with Cse4
is cell cycle regulated, IP experiments were performed using cells in
G1, S, and G2/M phase of the cell cycle. The cell cycle phase was
confirmed by FACS, nuclear position, and cell morphology analyses
(Figure 2A; Supplemental Figures S2, A and C, and Supplemental
Figure S3). In agreement with previous studies (Jackson et al., 1993),
we observed an expression of Cdc7 in G1, S, and G2/M phases of
the cell cycle (Figure 2B; Supplemental Figure S2, B and D). IP re-
sults showed an interaction between Cdc7 and Cse4 in the S-phase
and G2/M, whereas no interaction of Cdc7 with Cse4 was detected
in G1 despite the expression of Cdc7 and Cse4 in these cells (Figure
2B; Supplemental Figure S2, B and D). Next, we quantified the
fraction of Cse4 pulled down in the IP of Cdc7. The maximum inter-
action of Cdc7 with Cse4 was observed in S-phase cells, which was
~2-fold higher than G2/M cells (Figure 2C). We conclude that in vivo
interaction of Cdc7 with Cse4 is primarily observed in the S-phase
and to some extent, in G2/M cells.

The cell cycle-dependent interaction of Cdc7 and Cse4
prompted us to examine whether association of Cdc7 with CEN
chromatin is affected by the cell cycle. Hence, we performed chro-
matin immunoprecipitation (ChIP) experiments to determine the
levels of Cdc7 at CEN chromatin in G1, S, and G2/M stages of the
cell cycle (Figure 2D). The CEN enrichment of Cdc7 was observed in
all three stages of the cell cycle; however, the enrichment levels
were slightly lower in G2/M cells than those observed in G1 and S-
phase cells (Figure 2D). No significant enrichment of Cdc7 was de-
tected at a negative control (CON) region (Figure 2D). Taken to-
gether, our results show that the in vivo association of Cdc7 with
Cse4 is cell cycle dependent; however, Cdc7 associates with CEN
chromatin in all phases of the cell cycle.
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FIGURE 1: Cdc7 phosphorylates Cse4 in vitro and interacts with Cse4 in vivo. (A) In vitro kinase assay showing
phosphorylation of Cse4 by Cdc7. (B) FACS profiles and morphological analyses of logarithmically growing strains.
Average * SD from three biological replicates are shown. Control (Untagged, RSY299), HA-Cse4 (YMB9337), Cdc7-Flag
(YMB9509), and HA-Cse4 Cdc7-Flag (YMB9539) strains were grown in YPD at 25°C to logarithmic phase and whole cell
extracts were prepared and used in IP experiments using a-Flag agarose and a-HA agarose. (C) Cdc7 interacts with
Cse4 in vivo. Western blots from IP experiments showing in vivo interaction between Cdc7 and Cse4 in logarithmically
growing cells. Control untagged strain did not show Cse4-Cdc7 interaction.

Cdc7 is required for stable maintenance of Cse4 at the
kinetochore during mitosis

Csed recruitment to the CEN chromatin occurs in early S-phase
coincident with the replication of CEN DNA (Newlon, 1988; Pear-
son et al., 2004). Once recruited to kinetochores in early S-phase,
Cse4 remains stably associated with it throughout the cell cycle
(Pearson et al., 2004; Wisniewski et al., 2014). Moreover, Cdc7 ki-
nase is essential for DNA replication initiation during S-phase of
the cell cycle through MCMZ2-7 helicase phosphorylation (Ross-
bach et al., 2017). Given our findings that Cdc7 phosphorylates
Cse4 in vitro and interacts with Cse4 in vivo during S-phase and
G2/M stages of the cell cycle (Figures 1 and 2), we posited that
Cdc7 may have a role either in recruitment and/or in maintenance
of Cse4 at the CEN chromatin. Hence, we performed ChlP experi-
ments to determine the CEN enrichment of Cse4 in the S-phase.
Strains were grown to early logarithmic phase at 25°C, HU was
added (to synchronize cells in the S-phase), and cultures were incu-
bated at 25° and 37°C for 2 h. The well-characterized tempera-
ture-sensitive cdc7-7 mutant does not have defects in the cell cy-
cle at 23°C, shows low frequency of induced mutagenesis, and
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exhibits defects in DNA replication only at the nonpermissive tem-
perature of 37°C (Hollingsworth et al., 1992). Cell cycle synchroni-
zation in the S-phase was confirmed by FACS, nuclear position,
and cell morphology analyses (Supplemental Figure S4, A-C).
Western blot analysis showed that the protein levels of Cse4 in the
S-phase were lower in cdc7-7 than the wild-type strain at both the
permissive (25°C) and after a shift to the nonpermissive tempera-
ture of 37°C (Figure 3A). The reduced protein levels of Cse4 in
cdc7-7 were not due to transcriptional defects as similar levels of
CSE4 RNA were detected in wild-type and cdc7-7 strains (Supple-
mental Figure S4D). The reduced levels of endogenous Cse4 in
the cdc7-7 strain are consistent with our previous studies (Eisen-
statt et al., 2020). ChIP- quantitative PCR (qPCR) showed that the
enrichment of Cse4 at CEN chromatin (CENT and CEN3) is not
significantly different between wild-type and cdc7-7 strains at
25°C or 37°C (p value =>0.05; Figure 3B). There was no significant
enrichment of Cse4 at the non-CEN negative control ACT1 region
(Figure 3B). These results show that despite the reduced protein
levels of Csed4, its recruitment to the CEN chromatin during S-
phase is not affected in cdc7-7 strain.

Cdc7 phosphorylates Cse4 | 3
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FIGURE 2: In vivo interaction of Cdc7 with Cse4 is regulated by the cell cycle independent of CEN-association of Cdc7.
Strains carrying HA-Cse4 Cdc7-Flag (YMB9539) was grown in YPD at 25°C to early logarithmic phase and synchronized
in G1, S, and G2/M stages of the cell cycle. Whole cell extracts were prepared and used in IP experiments using o-Flag
agarose. (A) FACS profiles and morphological analyses showing synchronization in G1, S-phase, and G2/M stages of the
cell cycle. Average + SD from three biological replicates are shown. (B) Cdc7 interacts with Cse4 in the S-phase and
G2/M cells but not in G1. Western blots from IP experiments showing in vivo interaction between Cdc7 and Cse4 in
different stages of the cell cycle. (C) Enrichment levels of Cdc7 and Cse4 interaction in different stages of the cell cycle.
Ratio of Cse4 to Cdc7 pulled down by IP experiments using Cdc7-Flag in G1, S, and G2/M cells. Enrichment levels were
determined by quantification of Western blots using Image J (Schneider et al., 2012). Average from three biological
replicates + SE are shown. ***p value < 0.0001, Student’s t test. (D) Cdc7 associates with CEN chromatin throughout the
cell cycle. ChlIP for endogenously expressed Flag-tagged Cdc7 was performed from LOG, G1, S, and G2/M cultures of
HA-Cse4 Cdc7-Flag strain (YMB9539) grown as described above with o-Flag agarose. Enrichment of Cdc7 at CEN1,
CEN3, CENS5, and a negative control (CON) was determined by qPCR and is shown as % input. Average from three
biological replicates + SE. No statistically significant difference was observed between cell cycle stages based on the

analysis of variance (p value > 0.05).

We next examined whether Cdc7 has a role in the maintenance
of Cse4 at CEN chromatin during mitosis. ChIP experiments were
done with wild-type and cdc7-7 cells synchronized in G2/M. Strains
were grown to early logarithmic phase at 25°C, nocodazole was
added (to synchronize cells in G2/M), and cultures were incubated
at 25° and 37°C for 2 h. Cell cycle synchronization in G2/M was
confirmed by FACS, nuclear position, and cell morphology analyses
(Supplemental Figure S5, A-C). Western blotting showed that the
protein levels of Cse4 in G2/M were lower in cdc7-7 than wild-type
strain at permissive (25°C) and nonpermissive (37°C) temperatures
(Figure 3C). The reduced protein levels of Cse4 in cdc7-7 were not
contributed by transcriptional defects as similar levels of CSE4 RNA
were detected in wild-type and cdc7-7 strains (Supplemental Figure
S5D). ChIP-gPCR showed that the enrichment of Cse4 at CEN chro-
matin (CEN1 and CENJ) is not significantly different between wild-
type and cdc7-7 strains at 25°C (p value = >0.05; Figure 3D). How-
ever, enrichment of Cse4 at the CEN was reduced significantly in
cdc7-7 (~2.7-2.8% of input) compared with the levels observed in a
wild-type strain (~3.2-3.3% of input) at 37°C (Figure 3D). No signifi-
cant enrichment of Cse4 was detected at the non-CEN ACTT1 locus
used as a negative control (Figure 3D). These results show that the
maintenance of Cse4 at the CEN chromatin is affected in cdc7-7
strains.

4 | P. K. Mishra et al.

In an independent approach, we used cell biology to further ex-
amine the role of Cdc7 in maintenance of Cse4 at the CEN chroma-
tin. We quantified the intensity of green fluorescent protein (GFP)-
Cse4 foci at bioriented kinetochores in metaphase cells of wild-type
and cdc7-7 strains grown at 37°C for 2 h. Our results showed that
the intensity of GFP-Cse4 foci at the kinetochores was reduced sig-
nificantly in cdc7-7 when compared with the wild-type strain (Figure
4, A and B). These results are consistent with the reduction of CEN-
associated Cse4 in mitotic cells of cdc7-7 strain (Figure 3D). More-
over, the difference in GFP-Cse4 intensity between wild type and
cdc7-7 was slightly higher than those detected by ChIP experiments
(Figure 3D), which can be attributed to the two independent experi-
mental approaches; for example, ChIP measured the levels of Cse4
at individual CENs, whereas GFP-Cse4 signals were derived from
the clustering of all 16 CENs. Based on these results, we hypothe-
sized that Cdc7 may regulate the stable association of Cse4 at the
kinetochore. Hence, we examined the exchange of GFP-Cse4 at
metaphase kinetochores using a fluorescence recovery after photo-
bleaching (FRAP) assay (Pearson et al., 2004). Wild-type and cdc7-7
strains were grown at 37°C for 2 h and FRAP (pre and post) of GFP-
Csed-labeled centromeres was followed at 2-min intervals for
10 min. The average fluorescence recovery of GFP-Cse4 after pho-
tobleaching in the wild-type strain was low (~0.44% after 10 min),

Molecular Biology of the Cell
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in a cdc7-7 strain. (A) Protein expression of Cse4 is reduced in the S-phase of cdc7-7 strain. Western blots showing
protein levels of Cse4 in WT (YMB9337) and cdc7-7 (YMB9338) strains synchronized in the S-phase with 0.2 M HU at
permissive (25°C) and after 2 h shift to nonpermissive temperature (37°C). Tub2 used a loading control. (B) Cse4
localization and its levels at CEN chromatin in the S-phase are not affected in a cdc7-7 strain. ChIP for endogenously
expressed HA-tagged Cse4 from strains in A was performed using o-HA agarose. Enrichment of Cse4 at CEN1, CEN3,
and a negative control (ACT1) was determined by qPCR and is shown as % input. Average from three biological
replicates + SE; ns = statistically not significant (p value > 0.05, Student’s t test). (C) Protein expression of Cse4 is
reduced in G2/M of cdc7-7 strain. Western blots showing protein levels of Cse4 in WT (YMB9337) and cdc7-7
(YMB9338) strains synchronized in G2/M with 20 ug/ml nocodazole at permissive (25°C) and after 2 h shift to
nonpermissive temperature (37°C). Tub2 used a loading control. (D) The CEN maintenance of Cse4 in G2/M is affected
in a cdc7-7 strain. ChIP for endogenously expressed HA-tagged Cse4 from strains in C was performed using o-HA
agarose. Enrichment of Cse4 at CEN1, CEN3, and a negative control (ACT1) was determined by gPCR and is shown

as % input. Average from three biological replicates + SE. *p value < 0.05; ns = statistically not significant, Student’s

t test.

implying that Cse4 is stably maintained at the kinetochore (Figure 4,
A and C). These results are consistent with previous observations
showing low levels of fluorescence recovery of GFP-Cse4 after pho-
tobleaching in metaphase cells (Pearson et al., 2004; Lawrimore
et al., 2011). The average GFP-Cse4 fluorescence recovery in the
cdc7-7 strain was ~30-fold higher (~15% after 10 min), which was
significantly faster than that observed in the wild-type strain (p value
=< 0.05; Figure 4C). These results are consistent with the reduced
levels of Csed at CEN chromatin (Figure 3D) and reduced intensity
of GFP-Cse4 (Figure 4, A and B) in mitotic cells of the cdc7-7 strain.
We conclude that Cdc7 is required for stable maintenance of Cse4
at the kinetochore during mitosis.

cdc7-7 strains exhibit CIN phenotype

The rapid exchange and reduced levels of CEN-associated Cse4 in
cdc7-7 strains led us to examine the fidelity of chromosome segre-
gation in this strain. CIN phenotype was determined by quantifica-
tion of cells that retain a CEN plasmid (pRS415 LEUZ) after growth in
nonselective medium at the permissive temperature of 23°C. The

Volume 32 November 1, 2021

retention of CEN plasmid in cdc7-7 strain was about 7-fold lower
than the wild-type strain (Figure 5), which is similar to that reported
previously for kinetochore mutants (Kastenmayer et al., 2005; Ma
et al., 2012). These results support a role for Cdc7 in preventing
CIN.

Cdc7 kinase along with Dbf4 are essential for the initiation of
DNA replication facilitated by phosphorylation of Cdc45 and
Mcm2-7 complex (Lei et al., 1997; Owens et al., 1997, Weinreich
and Stillman, 1999; Zou and Stillman, 2000; Bruck and Kaplan,
2009). Previous studies have shown that mutation in MCM5 (mcm5-
bob1) bypasses the requirement of Cdc7 for replication initiation
and leads to suppression of temperature sensitivity and DNA repli-
cation defects in a cdc7-7 strain (Hardy et al., 1997, Sclafani et al.,
2002; Hoang et al., 2007). Hence, we examined if defects in DNA
replication initiation contribute to the CIN phenotype in cdc7-7
strain. We compared the frequency of CEN plasmid retention in
wild-type, cdc7-7, mem5-bob1, and cdc7-7 memb5-bob1 strains.
Our results showed that CEN plasmid retention is similar between
mcmb5-bob1 and wild-type strains (p value = 0.19). The cdc7-7

Cdc7 phosphorylates Cse4 | 5
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metaphase kinetochores and faithful chromosome segregation.
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is reduced in metaphase cells of cdc7-7 strain. WT (YMB11463) and
cdc7-7 (YMB11464) strains were grown and shifted for 2 h to
nonpermissive temperature (37°C). Metaphase cells were selected
based on spindle length measurements. GFP-Cse4 intensity was
measured (prebleached) by microscopic observations of the cells
after subtracting the intracellular background. ***p value < 0.0001,
Student’s t test. (C) Csed exchange at kinetochores is faster in
metaphase cells of cdc7-7 strains. Average GFP-Cse4 fluorescence
recovery in metaphase cells of WT (YMB11463) and cdc7-7
(YMB11464) grown as described in A at 0, 2, 4, 6, and 10 min
postbleaching + SE is shown. **p value < 0.01, ***p value < 0.001,
ns = statistically not significant, Student'’s t test.

mcm5-bob1 shows higher CEN plasmid retention compared with
the cdc7-7 strain; however, the frequency of CEN plasmid retention
in cdc7-7 memb5-bob1 is significantly lower than the wild-type or
mcmb5-bob1 strains (p value = < 0.01; Figure 5). Based on these re-
sults, we conclude that the CIN phenotype of cdc7-7 strains is not
solely due to defects in replication initiation.

Constitutive association of a kinase-dead variant of Cdc7
(cdc7-kd) with Cse4 at the kinetochores causes growth
defects and lethality

We used the synthetic physical interaction (SPI) approach (Olafsson
and Thorpe, 2015) to gain further insight into the activity of Cdc7 at
the kinetochore and determine the physiological significance of
Cdc7 and Cse4 interaction. The SPI system can uncover regulatory
phenotype by forcibly and constitutively associating a regulator with
potential targets (Olafsson and Thorpe, 2015). SPI is based on the
growth inhibition due to forced association of two proteins, one of
which is GFP-tagged, and the second protein fused to a GFP-bind-
ing protein (GBP). This approach has led to the identification of
novel regulators for kinetochore and spindle pole body (centro-
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FIGURE 5: Increased CEN plasmid loss in cdc7-7 strain. WT
(YMB11623), cdc7-7 (YMB11621), mecm5-bob1 (YMB11624), and
cdc7-7 memb5-bob1 (YMB11622) strains transformed with CEN
plasmid (pRS415) were grown in medium selective (SC-Leu) for the
plasmid (denoted as Gg) and then allowed to grow nonselectively in
YPD for 10 generations (G1g). Equal number of cells from Gg and Gg
were plated on YPD and SC-Leu plates at 23°C. Plasmid retention was
measured by the ratio of colonies grown on SC-Leu/YPD. The ratio
from Gqg was divided by the ratio from Gy and normalized to a value
of 100 for the WT strain. Average from three biological experiments £
SE is shown. ***p value < 0.001, Student’s t test.

some) function (Olafsson and Thorpe, 2015; Berry et al., 2016; How-
ell et al., 2019) and an interaction of DDK with kinetochore protein
Mtw1 (Olafsson and Thorpe, 2015; Klemm et al., 2020; Olafsson
and Thorpe, 2020). We used SPI to examine the outcome of forced
interaction of Cdc7 and a kinase-dead version of Cdc7 (cdc7-kd)
fused to GBP (Rothbauer et al., 2006; Fridy et al., 2014) and a red
fluorescent protein (RFP) with GFP-tagged Cse4 (Figure 6A). Plas-
mids pCdc7 and pGBP were used as controls for expression of ei-
ther Cdc7 or GBP alone. It is noted that all strains contain endoge-
nous Cdc7, which was not tagged. Growth of the strains with fusion
of Cdc7 or Cdc7-kd with the GFP-Cse4 was assessed using colony
size as a surrogate for growth, as previously described (Olafsson and
Thorpe, 2017). We found that cdc7-kd-GBP but not Cdc7-GBP ex-
hibits SPI when forced to associate with GFP-Cse4 (Figure 6, B and
C). We next examined the consequence of forced association of
cdc7-kd-GBP with GFP-Cse4 at the kinetochore using fluorescence
imaging (Supplemental Figure S6A). We observed that intensity of
GFP-Cse4 foci was reduced on forced association of the kinase-
dead version (cdc7-kd-GBP) with GFP-Cse4 (Supplemental Figure
S6B). We next examined if the reduced intensity of GFP-Cse4 cor-
related with the cell cycle stage by examining unbudded and bud-
ded cells based on nuclear position and cell morphology. Our re-
sults showed that decreased intensity of GFP-Cse4 foci in
cdc7-kd-GBP strain was not cell cycle dependent as similar reduc-
tion in GFP-foci intensity was observed in unbudded and budded
cells (Supplemental Figure S6C). These results are consistent with
reduced levels of GFP-Cse4 observed at metaphase kinetochores in
a cdc7-7 strain (Figure 4, A and B) and show that perturbed Cdc7-
mediated phosphorylation of Cse4 contributes to growth defects
and reduced intensity of GFP-Cse4 foci (Supplemental Figure Sé).
We next examined the growth phenotype of forced association
of Cdc7-GBP or cdc7-kd-GBP with 89 different GFP-tagged kineto-
chore-related proteins. Selective ploidy ablation (SPA; Reid et al.,
2011) was used to transform pCdc7-GBP or pCdc7-kd-GBP into 89
GFP-tagged kinetochore proteins including Cse4 (with pCdc7 and
pGBP as controls). Again, this screen identified a growth defect of
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meres (Figure 7A). To define the significance
of these potential DDK target sequences,
we constructed CSE4 alleles in which we
mutated either all the seven or four putative
DDK target amino acid residues to alanine
(cse4-7A and csed-4A, respectively) and ex-
amined the consequence on loss of a re-
porter chromosome fragment (CF). The
csed-4A and cse4-7A proteins were ex-
pressed at levels similar to the wild-type
Cse4 (Figure 7B). The loss of CF was mea-
sured using the colony color assay (Spencer
etal., 1990). Our results showed significantly
higher frequency of CF loss in cse4-4A and

Bait Query protein (GFP tagged)

cse4-7A than the wild-type strain; loss of CF
was similar between cse4-4A and cse4-7A

Cdc7-GBP-RFP Ame1, Dad4, Ipl1, Sli15, Spc24, and Spc42

Cdc7kd-GBP-RFP

Ame1, Bub1, Cdc20, Cse4, Cnn1, Ctf19, Htb1, Kre28, Sli15, and Spc25

strains (Figure 7C). These results support a
role for Cdc7-mediated phosphorylation of

FIGURE 6: Constitutive association of a kinase-dead variant of Cdc7 (cdc7-kd) with Cse4 at the
kinetochores causes growth defects. (A) Schematic of SPI assay. (B) Representative images of
the scanned plates from the SPI screen with GFP-Cse4 show 16 replicates for each strain (rows)
and plasmid (columns) combination. (C) The colony sizes in B were measured and LGRs plotted
for the strains carrying GFP-Cse4 and Cdc7-GBP or cdc7-kd-GBP. Error bars indicate SD from
the mean. ***p value < 0.0001, Student'’s t test. (D) List of proteins showing SPI phenotype when

associated constitutively with Cdc7-GBP and cdc7-kd-GBP.

GFP-Cse4 with pCdc7-kd-GBP (Supplemental Table S1). The SPI
screen also identified several other GFP-tagged proteins that exhib-
ited a growth defect when associated with either Cdc7-GBP and/or
cdc7-kd-GBP (Supplemental Table S1). Cdc7-GBP produced a
growth defect with six GFP proteins (Ame1, Dad4, Ipl1, Sli15, Spc24,
and Spc42), whereas the screen with cdc7-kd-GBP identified 10 SPI
partners (Ame1, Bub1, Cdc20, Cse4, Cnn1, Ctf19, Hitb1, Kre28,
Sli15, and Spc25) (Figure 6D). Two proteins (Ame1 and Sli15) exhib-
ited SPI phenotypes in both of these screens (Figure 6D). SPI inter-
actions of Cdc7 with other kinetochore proteins provide an oppor-
tunity for future research. Taken together, these results show that
constitutive association of cdc7-kd-GBP with GFP-Cse4 at the ki-
netochores is detrimental to growth with reduced intensity of GFP-
Cse4 foci.

Cse4 phosphorylation deficient mutants exhibit defects in
chromosome segregation

Previous studies have shown that the consensus target amino acid
sequences for DDK is serine (S) or threonine (T) followed by a nega-
tively charged amino acid residue, aspartic acid (D) or glutamic acid
(E) (Cho et al., 2006; Montagnoli et al., 2006; Charych et al., 2008;
Randell et al., 2010; Hiraga et al., 2014). In addition, DDK also car-
ries out priming-dependent phosphorylation of S or T when these
amino acid residues are followed by a phosphorylated S or T (Sasa-
numa et al., 2008; Wan et al., 2008; Randell et al., 2010). Our se-
quence analysis identified seven potential DDK target amino acid
residues within Cse4 in which four were consensus target sequences
(5148, T149, T166, and S190) and three were priming-dependent
residues (S9, S10, and S14) previously shown to be phosphorylated
by pololike kinase Cdc5 (Mishra and Basrai, 2019; Mishra et al.,
2019). The four direct target residues occur in the histone-fold do-
main, whereas three priming-dependent residues are located within
the N-terminus of Cse4. All of these seven residues of Cse4 are
evolutionarily conserved among different fungi with point centro-
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Cse4 in faithful chromosome segregation.

To determine the effects of constitutive
phosphorylation of Cse4 by Cdc7, we con-
structed the phospho-mimetic cse4 mutant,
in which all four DDK target phosphorylated
residues were changed to aspartic acid
(cse4-4D). We examined the ability of cse4-
4D to complement the growth of a cse4A
strain after loss of CSE4/URA3 plasmid by
counterselection on medium containing
5’-fluoro-orotic acid (5-FOA). Strains with Cse4 grew robustly on
plates containing 5-FOA, whereas strains carrying cse4-4D did not
exhibit growth on 5-FOA plates (Figure 7D). The lethality of cse4-4D
precluded further analysis of this mutant.

DISCUSSION

Cdc7 kinase associates with CEN and modulates the timely replica-
tion of CEN DNA and loading of the cohesin components (Natsume
et al., 2013; Hinshaw et al., 2017). Studies to date have identified
Ctf19 as the only kinetochore substrate for Cdc7 (Hinshaw et al.,
2017). In this study, we uncovered that evolutionarily conserved
CEN-specific histone H3 variant, Cse4 is a bonafide substrate of
Cdc7. Our results showed that Cdc7 phosphorylates Cse4 in vitro
and interacts with Cse4 in vivo in a cell cycle-regulated manner with
maximum interaction in the S-phase and to some extent in G2/M
but not in G1. Previous studies have shown reduced DDK activity in
G1 cells (Oshiro et al., 1999). Consistent with previous results (Nat-
sume et al., 2013; Hinshaw et al., 2017), ChIP experiments showed
that CEN association of Cdc7 is not cell cycle regulated. The Cdc7-
dependent phosphorylation of Cse4 is physiologically important
because constitutive association of a kinase-dead variant (cdc7-kd)
with Cse4 results in growth defects. Errors in chromosome segrega-
tion and reduction in CEN-associated Cse4 were observed in a cata-
lytically inactive cdc7-7 strain. Moreover, a phosphomimetic mutant
(cse4-4D) that did not rescue the growth of a cse4A strain implies
that constitutive phosphorylation of Cse4 is also detrimental to cell
growth. Taken together, these results suggest that the cell cycle-
mediated, dynamic phosphorylation of Cse4 by Cdc7 is important
for the maintenance of cell viability, proper kinetochore function,
and faithful chromosome segregation.

Our studies have now uncovered at least three protein kinases
(i.e., Cdc7, Cdc5, and Ipl1) that are involved in phosphorylation of
Cse4 (Boeckmann et al.,, 2013; Mishra and Basrai, 2019; Mishra
et al., 2019). Unlike Cse4 which interacts with Cdc7 primarily in the
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FIGURE 7: Cdc7-mediated phosphorylation of Cse4 contributes to faithful chromosome segregation. (A) In silico
analysis identified Cse4 amino acids that are potential phosphorylation targets for Cdc7 (shown in shaded color with an
asterisk). Clustal-W alignment showed that predictive Cdc7 target amino acid residues of Cse4 are evolutionarily
conserved in yeasts with point CEN and related species. Scer, Saccharomyces cerevisiae; Skud, Saccharomyces
kudriavzevii; Spar, Saccharomyces paradoxus; Spas, S. pastorianus; and Sarb, Schefflera arboricola. (B) Protein
expression of Cse4 and its variant (cse4-4A and cse4-7A) as determined by Western blotting. Tub2 used as a loading
control. (C) Errors in chromosome segregation are increased in phospho-deficient mutants of Cse4. Frequency of CF
loss in wild-type (YMB11474), cse4-4A (YMB11475), and cse4-7A (YMB11476) strains was determined using a colony
color assay as described in Materials and Methods. About 1200 colonies from three independent transformants were
counted and average from three biological experiments + SE is shown. *p value < 0.05, Student’s t test. (D) Phospho-
mimetic Cse4 mutant (cse4-4D) is unable to complement the growth defect of cse4A strain. Wild-type strain with
CSE4::URA3 (pRB199) was transformed with vector:LEU2 (YMB11627), CSE4::LEU2 (YMB11626), or cse4-4D::LEU2
(YMB11625). Strains were plated on synthetic medium without or with counterselection for URA3 by 5-FOA and

incubated for ~3 d at 25°C.

S-phase, an interaction of Cse4 with Cdc5 is observed in G2/M cells
(Mishra et al., 2019). Cdc5-mediated phosphorylation of Cse4 main-
tains kinetochore integrity and chromosome transmission fidelity
(Mishra and Basrai, 2019; Mishra et al., 2019). Ipl1-mediated phos-
phorylation of Cse4 leads to destabilization of defective kineto-
chores to promote proper kinetochore biorientation (Boeckmann
et al., 2013; Mishra and Basrai, 2019). Our results of Cdc7-Cse4 in-
teraction in the S-phase and its consequences on CIN and growth
suggest a temporal regulation of Cse4 phosphorylation to maintain
chromosomal stability. Although one protein kinase may be suffi-
cient to phosphorylate its substrate, multiple protein kinases have
increasingly been found to be involved in modulating a substrate in
response to physiological changes during the cell cycle. For exam-
ple, cyclin-dependent kinase (Cdk) and Cdc7 kinase function syner-
gistically in phosphorylation of Mcm2 for regulation of DNA replica-
tion in human cells (Cho et al., 2006). Similarly, Cdc28 and Cdc5
work together for the phosphorylation of Swe1 and the condensin
complex in budding yeast (Asano et al., 2005; St-Pierre et al., 2009;
Robellet et al., 2015). Furthermore, Cdk, meiosis-specific kinase
(Ime2), and Cdc5 phosphorylate several components of helicase-
loaders and an essential helicase-activation protein Sld2 in order to
block DNA replication between two meiotic cell divisions (Phizicky
et al., 2018). The involvement of multiple protein kinases in phos-
phorylation of Cse4 may allow for temporal and stringent control of
kinetochore structure and function during the cell cycle. It is possi-
ble that these kinases may create a phosphorylation gradient at the
kinetochores as proposed previously (Fuller et al., 2008; Lampson
and Cheeseman, 2011) in order to ensure the ordered assembly of
kinetochore components, establish the correct kinetochore biorien-
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tation, and monitor the architectural fidelity of kinetochores during
mitosis that are prerequisite for high-fidelity chromosome segrega-
tion. However, it is unclear how these protein kinases specifically
recognize Cse4 and how they coordinate with the other compo-
nents involved in Cse4 phosphorylation and dephosphorylation
pathway(s), which need to be further investigated.

Our in silico analysis revealed seven putative sites for Cdc7 phos-
phorylation in Cse4. Four of these sites are consensus target resi-
dues (5148, T149, T166, and S190) located in the evolutionarily con-
served C-terminus histone fold domain (HFD) of Cse4 (Meluh et al.,
1998; Keith et al., 1999), whereas three sites are priming-dependent
residues (S9, S10, and S14) clustered in the N-terminus of Cse4
(Ortiz et al., 1999). Remarkably, Cse4 target sites phosphorylated by
Cdc5 and Ipl1 are clustered within the N-terminus of Cse4
(Boeckmann et al., 2013; Mishra and Basrai, 2019; Mishra et al.,
2019), while all four Cdc7 consensus target sites are located within
the C-terminus HFD of Cse4, a domain that is essential for localiza-
tion and maintenance of Cse4 at the CEN chromatin (Meluh et al.,
1998; Keith et al., 1999). In agreement with the defined role of Cse4
HFD in kinetochore assembly (Meluh et al., 1998; Keith et al., 1999),
we found that Cdc7-mediated phosphorylation of Cse4 is important
for the maintenance of Cse4 levels at the kinetochores. Reduced
levels of Cse4 at the CEN chromatin in G2/M cells and a faster ex-
change of Cse4 at the metaphase kinetochores were observed in a
catalytically inactive cdc7-7 strain or when a catalytically inactive ver-
sion of Cdc7 was constitutively recruited to Cse4. Moreover, defects
in Cdc7-mediated Cse4 phosphorylation causes increased errors in
chromosome segregation (cse4-4A and cse4-7A), suggesting
that Cse4 phosphorylation is important for the maintenance of
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kinetochore integrity during mitosis. Interestingly, HFD of Cse4 in-
teracts with histone H4 in the CEN nucleosome (Smith et al., 1996;
Glowczewski et al., 2000) and the HFD mutants of Cse4 (cse4-1 and
cse4-111) exhibit a weakened interaction with histone H4 and de-
fects in chromosome segregation (Stoler et al., 1995; Smith et al.,
1996; Glowczewski et al., 2000). Future studies should help us un-
derstand how the interaction of Cse4 with H4 affects the phosphory-
lation of Cse4 and modulates kinetochore assembly and faithful
chromosome segregation.

In summary, we have shown that Cdc7 phosphorylates in vitro
and interacts in vivo with Cse4 in a cell cycle-dependent manner for
maintenance of Cse4 at mitotic kinetochores. We provide the first
evidence for a functional role for Cdc7-mediated phosphorylation of
Cse4 in cell viability and faithful chromosome segregation. It is no-
table that Cdc7/Dbf4 associates with the CEN (Wu et al., 2016);
however, it remains unexplored whether CENP-A is a direct sub-
strate for Cdc7 in human cells. Results from our SPI screen provide
an additional opportunity to investigate the physiological role for
the interaction of Cdc7 with other kinetochore substrates, most of
which are evolutionarily conserved. Identification and characteriza-
tion of additional Cdc7 substrates at yeast and human kinetochores
will allow us to better understand the role of phosphorylation of ki-
netochore proteins in the assembly of a functional kinetochore for
faithful chromosome segregation and how errors in these pathways
contribute to CIN observed in many cancers.

MATERIALS AND METHODS

Media, yeast strains, and plasmids

Yeast strains were grown in yeast peptone dextrose (YPD) medium
(1% yeast extract, 2% Bacto-peptone, 2% glucose) or in supple-
mented minimal medium with 2% glucose, with amino acid dropout
depending on the selection needed for the plasmids being used.
For complementation assay, strains were plated on synthetic me-
dium without or with counterselection for URA3 by 5-FOA. A list of
yeast strains, plasmids, and PCR primers used in this study are
shown in Tables 1 and 2.

In vitro kinase assay

In vitro kinase assay was carried out using Cse4 produced in E. coli
and purified by Sephacryl-5200 chromatography as described pre-
viously (Luger et al., 1997; Boeckmann et al., 2013). Cse4 was phos-
phorylated in vitro using purified DDK (Cdc7 and Dbf4) (Weinreich
and Stillman, 1999) in 20-pl reaction volume containing 1 ug Cse4,
20 ng DDK, 25 mM Tris-HCI, pH 7.5, 2 mM dithiothreitol, 10 mM
MgClI2, 0.5 mM EDTA, 100 pM ATP, and 1 pCi of [y-3?P]ATP. Reac-
tions were incubated at 30°C for 15 and 30 min, stopped with 5 p
of 4x NuPAGE LDS loading buffer (Life Technologies, Grand Island,
NY), and heated at 95°C for 5 min. Assay containing all the reagents
except the DDK (no kinase) was used as control. The samples were
separated on 4-12% Bis-Tris SDS-polyacrylamide gels (Invitrogen),
stained with Coomassie blue, and radiolabeled proteins were de-
tected using a Storm Detector Model 860 (Molecular Dynamics,
USA).

Cell cycle synchronization, IP, and Western blotting

Strains were grown in YPD to early logarithmic phase at 25°C,
treated for 2 h with 0.2 M hydroxyurea (HU, H8627, Sigma) to arrest
cells in the S-phase, 20 pg/ml nocodazole (M1404, Sigma) to arrest
cells in G2/M, and 75 min after release from G2/M arrest to capture
cells in G1. FACS analysis was performed to confirm the cell cycle
arrest using a BD FACSort flow cytometer and Cell Quest software
(BD Biosciences, Boston, MA), and cell cycle stages were deter-
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mined based on nuclear position and cell morphology examination
of propidium iodide-stained cells using the Zeiss Axioskop 2 micro-
scope (Carl Zeiss, USA) following the methodologies as described
previously (Calvert and Lannigan, 2010). IP experiments were per-
formed with whole cell extracts using methodologies as described
previously (Mishra et al., 2011; Mishra et al., 2018). IP experiments
were performed using o-Flag agarose (A2220, Sigma Aldrich), and
o-HA agarose (A2095, Sigma Aldrich) and immunoprecipitates were
eluted with Flag-peptides (F3290, Sigma Aldrich) and HA-peptides
(12149, Sigma Aldrich), respectively. Total Protein extracts were pre-
pared with the trichloroacetic acid protein precipitation method
(Kastenmayer et al., 2005), and protein levels were quantified using
Bio-Rad DC protein quantitation assay (Bio-Rad Laboratories, Her-
cules, CA). Protein samples were separated by SDS-PAGE on 4-12%
Bis-Tris SDS-polyacrylamide gels and transferred to nitrocellulose
membrane, and Western blotting was performed as described pre-
viously (Boeckmann et al., 2013). Primary antibodies used for West-
ern blotting were a-HA (H6908, Sigma Aldrich), o-Flag (F3165,
Sigma Aldrich), o-HA (12CA5, Roche), and o-Tub2 (custommade by
the Basrai laboratory). Secondary antibodies used were HRP—conju-
gated sheep o-rabbit IgG (NA934V) and HRP—conjugated sheep a-
mouse 1gG (NA931V) from Amersham Biosciences (UK).

ChIP and gPCR experiments

ChlP experiments were done in three biological replications using
the protocol and reagents as described previously (Mishra et al.,
2007, Mishra et al., 2011). Strains for Cdc7 ChlIP were grown in YPD
at 25°C and synchronized in G1, S, and G2/M stages of the cell cycle
as described for the IP experiments. Strains for Cse4 ChIP were
grown in YPD at 25°C to early logarithmic phase. In this culture, we
added HU (0.2 M) to synchronize cells in the S-phase or nocodazole
(20 pg/ml) to synchronize cells in G2/M stages of the cell cycle, and
cultures were incubated at permissive (25°C) and nonpermissive
(37°C) temperatures for 2 h. Protein-DNA complexes were captured
using o-Flag agarose (A2220, Sigma Aldrich) and o-HA agarose
(A2095, Sigma Aldrich), washed, and processed as described previ-
ously (Mishra et al., 2007; Mishra et al., 2011). ChIP-gqPCR was per-
formed using Fast SYBR Green Master Mix in a 7500 Fast Real Time
PCR System (Applied Biosystems, Foster City, CA) with amplification
conditions as follows: 95°C for 20 s, followed by 40 cycles of 95°C
for 3 s and 60°C for 30 s. The enrichment shown as percent input
was calculated from three biological replicates of ChIP-qPCR experi-
ments using the y,pCt method (Livak and Schmittgen, 2001).

FRAP experiments

GFP-Cse4 FRAP experiments were performed using cells grown to
logarithmic phase of growth at room temperature and shifted to
37°C for 2 h. Imaging of metaphase cells was done as described
previously (Chen et al., 2000; Maddox et al., 2000). The positions of
kinetochores (GFP-Cse4) and spindle pole bodies (Spc29-RFP) were
used as live cell markers for the cell cycle stage to identify cells in
metaphase. One cluster of GFP-Cse4 fluorescence was photo-
bleached with a short 35-ms exposure of focused 488-nm laser light
in metaphase cells. A seven-plane fluorescence Z series (0.3-pm
steps) was obtained immediately after laser exposure to measure
the fluorescence photobleaching and recovery as previously de-
scribed (Pearson et al., 2004). GFP-Cse4 fluorescence intensities
were determined by collecting the mean intensity by finding the
mean pixel value of a region that fully encompassed the localized
fluorescence. The size of this region varied from 4 x 5 pixels to 13 x
13 pixels. The total GFP-Cse4 fluorescence intensity was deter-
mined by subtracting the intracellular background levels.
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(A) S. cerevisiae strains

Strain Genotype Reference

RSY299 MATo his3 leu2 trp1 ura3 R. Sclafani

YMB9337 MATe his3 leu2 trp1 ura3 cse4A::6His-3HA-CSE4::mx4NAT This study

YMB9338 MATe leu2 trp1 his3 ura3 cdc7-7 csedA::6His-3HA-CSE4:mx4NAT This study

YMB9509 MATa his3-4200 HIS::pCu-lac1-GFP leu2-3,112::lacO::LEU2 ura3-52:: OsTIR1- Basrai lab
9myc::URA3 CDC7-FLAG-AID::HYG

YMB9539 MATea his3 leu2 trp1 ura3 cse4A::6His-3HA-CSE4:mx4NAT CDC7-AID-6FLAF::Hyg Basrai lab

YMB11463  MATa ura3-52 trp1A463 leu2A1 lys2-801 his34200 473A Spc29RFP:Hb cse4A::6His-GFP-  This study
CSE4:mx4NAT CDC7:G418

YMB11464  MATa ura3-52 trp1463 leu2A1 lys2-801 his34200 473A Spc29RFP:Hb cse4A::6His-GFP-  This study
CSE4::mx4NAT cdc7-7:G418

YMB11474  MATa ura3-52 lys2-801 ade2-101 trp1463 his34200 leu2A1 CFIll (CEN3L.YPH278) HIS3 ~ This study
SUP11 3HA-CSE4::NAT

YMB11475  MATa ura3-52 lys2-801 ade2-101 trp1463 his34200 leu2A1 CFlIl (CEN3L.YPH278) HIS3  Phil Hieter
SUP11 3HA-cse4-4A::NAT

YMB11476 ~ MATo ura3-52 lys2-801 ade2-101 trp 1463 his34200 leu2A1 CFIll (CEN3L.YPH278) HIS3  This study
SUP11 3HA-cse4-7A::NAT

YMB11621  MATa leu2 trp1 his3 1 ura3 cdc7-7 CEN Vector::LEUZ2 (pRS415) This study

YMB11622  MATa leu2 trp1 his3 1 ura3 cdc7-7 mem5-P83L (mem5-bob1-2) CEN Vector::LEUZ2 This study
(pRS415)

YMB11623  MATa his3 leu2 trp1 ura3 CEN Vector::LEU2 (pRS415) This study

YMB11624  MATa ura3 leu2 trp1 his3 bob1-2 (mecm5-P83L) CEN Vector::LEUZ2 (pRS415) This study

YMB11625  MATa his3A1 leu2A0 met15A0 ura340 csedA::Km pRS416-3HA-CSE4 (pRB199) pRS415-  This study
cse4-4D (pMB2001)

YMB11626  MATa his3A1 leu2A0 met15A0 ura340 cse4A::Km pRS416-3HA-CSE4 (pRB199) pRS415-  This study
CSE4 (oMB1725)

YMB11627  MATea his341 leu240 met15A0 ura340 cse4A::Km pRS416-3HA-CSE4 (pRB199) CEN This study
Vector::LEUZ (pRS415)

W8164-2B  MAToa CEN1-16::GAL-KI-URA3 (Reid et al., 2011)

GFP strains  MATa his3A1 leu2A0 met1540 ura340 ORF-GFP::HIS3MXé (Huh et al., 2003)

(B) List of plasmids

Plasmid Description Reference

pRS415 CEN Vector::LEU2 (Sikorski and Hieter, 1989)
pRB199 CEN 3HA-CSE4::URA3 R. Baker

pMB1725 CEN CSE4::LEU2 Basrai lab

pMB2001 CEN cse4-4D::LEU2 This study

pHT835 pCUP1 Cdc7 LEUZ2 This study

pHT836 pCUP1 Cdc7-GBP LEUZ2 This study

pHT837 pCUP1 cdc7KD-GBP LEUZ2 This study

pHT4 pCUP1 GBP LEUZ (Olafsson and Thorpe, 2015)

TABLE 1: List of strains and plasmids used in this investigation.

CEN plasmid retention and chromosome segregation assays
The plasmid retention assays were carried out following the proce-
dures as described previously (Au et al., 2020). Briefly, strains were
transformed with a CEN plasmid (pRS415 LEU2) and transformants
were grown selectively in 1x SC-Leu with 2% glucose at the permis-
sive temperature of 23°C. Cells were plated on 1x SC-Leu with 2%
glucose and YPD plates (0 generation, used as a control). Cells were
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then inoculated into YPD medium and allowed to grow nonselec-
tively for 10 generations at 23°C. Cells after 10 generations of
growth were plated on 1x SC-Leu with 2% glucose and YPD plates
as above (10 generations). Plasmid retention represents the ratio of
the number of colonies grown on SC-Leu over YPD after 10 genera-
tions of nonselective growth. The ratio from 10 generations was di-
vided by the ratio from O generation (control) and normalized to a
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Locus Primer F (5'-3) Primer R (5-3") Reference
CEN1 CTCGATTTGCATAAGTGTGCC GTGCTTAAGAGTTCTGTACCAC (Choy et al., 2011)
CEN3 GATCAGCGCCAAACAATATGG AACTTCCACCAGTAAACGTTTC (Choy et al., 2011)
CEN5 AAGAACTATGAATCTGTAAATGACT- CTTGCACTAAACAAGACTTTATACTAC-  P. Megee
GATTCAAT GTTTAG

ACT1 AATGGCGTGAGGTAGAGAGAAACC ACAACGAATTGAGAGTTGCCCCAG (Au et al., 2008)
CON ACTTTGCCTACTGCAGCACA AAGCCGTTGCAATTCTTCAG Basrai lab

CSE4 AACAACAATGGGTTAGTTCTGC TTTCACTAGCCTTGCAAATGG (Haase et al., 2013)
Cdc7 fAAdapt T AATTCCAGCTGACCACCATGACAAGCAAAACGAAGAATAT This study

Cdc7 rw stop B Adapt T GATCCCCGGGAATTGCCATGCTATTCAGATATTAGGAGAACATCCT This study

Cdc7 rno stop GBP T ACCAGCTGCACATCGGCCATTGATCCAGAACCTGATCCAGAACCTTCA- This study

GATATTAGGAGAACATCCTTATC

TABLE 2: List of PCR primers used in this investigation.

value of 100 for the wild-type strain. The frequency of chromosome
segregation was determined by a colony color assay as described
previously (Spencer et al., 1990), in which the loss of a reporter CF
results in red-colored sectors instead of a white-colored colony.
Strains containing CF were grown to the logarithmic phase in me-
dium selecting for the CF and plated on synthetic complete me-
dium with limiting adenine at 25°C. About 1200 colonies were ex-
amined for each strain. The frequency of CF loss was calculated by
counting the red-sectored colonies normalized to the total number
of colonies and is shown as % chromosome loss.

In silico identification of Cdc7 target sites in Cse4 and
mutagenesis

We performed sequence analysis to identify the predictive target
sites of Cdc7 in Cse4 based on the DDK consensus target amino
acid sequences as defined in previous studies (Cho et al., 2006;
Montagnoli et al., 2006; Charych et al., 2008; Sasanuma et al., 2008;
Wan et al.,, 2008; Randell et al., 2010; Hiraga et al., 2014). We
searched for consensus sites (S/T-D/E), which are defined by an
acidic residue at the +1 position (Cho et al., 2006; Montagnoli et al.,
2006; Charych et al., 2008; Randell et al., 2010; Hiraga et al., 2014),
as well as sites containing a negative charge at the +1 position cre-
ated by a phosphoserine or phosphothreonine modified by another
kinase (Sasanuma et al., 2008; Wan et al., 2008; Randell et al., 2010).
Mutant alleles of Cse4 were constructed synthetically by changing
the predicted sites to alanine (A) or aspartic acid (D) by GeneScript
(GeneScript). These synthetic mutant constructs were either inte-
grated at the endogenous locus replacing the wild-type Cse4 with
the mutant copy expressed from its native promoter (cse4-4A and
cse4-7A) or cloned into LEU2+ ARS4/CENé vector (pRS415, cse4-
4D) to use in the complementation assay. The resultant constructs,
namely, vector::LEU2 (PRS415), CSE4::LEUZ (pMB1725), and cse4-
4D::LEU2 (pMB2001) were then transformed into the cse4A strain
carrying CSE4::URA3 on a CEN plasmid (pRB199) to test for CSE4
function by a plasmid shuffle assay.

SPI and microscopy

SPI screens were performed as previously described (Olafsson
and Thorpe, 2015, 2018), which makes use of both the GFP-bind-
ing protein (Rothbauer et al., 2008; Fridy et al., 2014) and the
GFP collection (Howson et al., 2005). SPA is used to introduce
plasmids into arrays of query yeast strains (Reid et al., 2011). The
resulting colonies were scanned with a desktop flatbed scanner
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(Epson V750 Pro, Seiko Epson Corporation, Japan). Colony sizes
were determined and analyzed using ScreenMill and ScreenGar-
den software, which calculate log growth ratios (LGRs), a measure
of the strength of the growth defect (Dittmar et al., 2010; Klemm
etal., 2020). LGR values greater than 0.4 were considered to rep-
resent a growth defect in the screen, which represents at least a
45% drop in the number of yeast on the experimental condition
versus the control. The cells were imaged with a Zeiss Axioim-
ager Z2 microscope using a 63x 1.4 NA oil immersion lens, illu-
minated with a Zeiss Colibri LED light source (GFP =470 nm, RFP
=590 nm). Bright-field contrast was enhanced using differential
interference contrast prisms. Images were captured using a Flash
4.0 LT CMOS camera with 6.5 um pixels binned 2 x 2 (Hama-
matsu photonics, Japan). Images were processed with ImageJ
and lcy softwares.

RNA extraction and reverse transcription (RT)-qPCR

Total RNA from the yeast cells was extracted using the Qiagen
RNeasy kit and treated with DNase as per the manufacturer’s in-
structions (Cat# 74106; Qiagen). DNase-treated RNA was reverse
transcribed with the Access RT-PCR System (Promega Corpora-
tion, Madison, WI) in a 10-pl reaction using the primers for CSE4
and ACT1 (Table 2), and transcription levels were determined by
real-time gqPCR using 7500 Fast SYBR Green Master Mix (Applied
Biosystems). RNA samples subjected to the RT step without
reverse transcriptase enzyme were used as negative controls. The
Cr values, representing the number of amplification cycles needed
to cross the threshold fluorescence in the exponential region of
amplification curve, were determined and used for the relative
measurement of gene transcription.
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