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Summary

Failure to accurately partition genetic material during cell division causes aneuploidy and drives

tumorigenesis [1]. Cell cycle checkpoints safeguard cells from such catastrophes by impeding cell

cycle progression when mistakes arise. FHA-RING E3 ligases, including human RNF8 [2] and

CHFR [3] and fission yeast Dma1 [4], relay checkpoint signals by binding phosphorylated

proteins via their FHA domains and promoting ubiquitination of downstream targets [5]. Upon

mitotic checkpoint activation, S. pombe Dma1 concentrates at spindle pole bodies (SPBs) in an

FHA-dependent manner and ubiquitinates Sid4, a scaffold of Polo kinase, to suspend cytokinesis

[6]. However, the kinase(s) that phospho-prime Sid4 for Dma1-mediated ubiquitination are

unknown. Here, we report that the highly conserved protein kinase CK1 transmits the signal

necessary to stall cytokinesis by phospho-priming Sid4 for Dma1-mediated ubiquitination. Like

Dma1, CK1 accumulates at SPBs during a mitotic arrest and associates stably with SPB

components, including Sid4. Our results establish CK1 as an integral component of a mitotic,

ubiquitin-mediated checkpoint pathway.

Results and Discussion

Sid4 phosphorylation on T275 recruits Dma1 via its FHA domain

Dma1 executes its checkpoint function by inhibiting the septation initiation network (SIN)

[7], a hippo related signaling pathway that triggers cytokinesis after mitosis [8]. The SIN

pathway resides at SPBs and is activated by the Polo kinase Plo1 [9, 10], which is recruited

to the SIN via interaction with Sid4 [11]. We showed previously that Dma1-mediated

ubiquitination of Sid4 obstructs Plo1’s SPB localization, in a degradation independent

mechanism, and thereby prevents Plo1 activation of the SIN [6, 7]. However, the upstream

signals that control Dma1 function at SPBs are undefined.

Many checkpoint proteins harbor a phospho-dependent protein-protein interaction domain

coupled to a catalytic domain, affording them the ability to modify substrates in a stimulus-

dependent manner [12]. Because S. pombe Dma1 requires its phospho-threonine binding
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FHA domain to localize to SPBs and the cell division site [7], we surmised that Dma1-Sid4

interaction depends on the phospho-status of Sid4. Thus, we examined the SDS-PAGE

mobility of Sid4 in checkpoint-activated cells using the cold-sensitive β-tubulin mutant

nda3-KM311 [13]. In dma1+ cells, many slower migrating Sid4 isoforms were detected,

which collapsed into a discrete ladder upon phosphatase treatment (Figure 1A, lanes 1 and

2). These bands are ubiquitinated isoforms because they collapse into a single band in the

absence of dma1+ (Figure 1A, lane 4) and Dma1 is required for Sid4 ubiquitination [6]. In

dma1Δ cells, a single slower migrating form of Sid4 was detected, which was collapsed by

phosphatase treatment, indicating that Sid4 is phosphorylated in vivo (Figure 1A, lanes 3

and 4). In vivo radiolabeling experiments validated Sid4 as a phospho-protein and revealed

that Sid4 is phosphorylated on serines and threonines (Figure S1A–C). The constitutive

presence of an unmodified Sid4 isoform indicates that only a subpopulation of Sid4 is

modified (Figure 1A). Collectively, these data indicate that Sid4 is ubiquitinated and

phosphorylated in vivo.

Sid4 was hyper-phosphorylated in cells arrested in mitosis with an active spindle checkpoint

(nda3-KM311) compared to all other cell cycle arrests (Figure 1B). Notably, Sid4 was not

hyper-phosphorylated to the same extent in mts3-1 mutants [14], which arrest in metaphase

do to a proteasome defect (Figure 1B), suggesting that some Sid4 phosphorylation is

specific to spindle checkpoint activity. To identify Sid4 phospho-site(s) required for Dma1

interaction, we employed a targeted mutagenesis approach. Because Dma1 interacts with the

N-terminus of Sid4 (aa1-300) [7] and Dma1’s FHA domain is predicted to bind

phosphorylated threonines, we performed alanine scanning of the 15 threonines in Sid4’s N-

terminus, substituting sid4 mutant alleles for the endogenous gene at its native locus (Figure

S1D). T275, a site that is conserved in other Schizosaccharomyces species (Figure 1C), was

the only threonine required for Sid4 ubiquitination (Figure 1D and S1E).

FHA domain binding studies indicate that residues in the pT+3 position contribute to FHA

binding specificity [15]. Although mutating S278 to alanine abolished Sid4 ubiquitination

(Figure 1D), mutating S278 to a glutamate did not affect Sid4 ubiquitination (Figure 1D).

This indicates that a negative charge in the pT+3 position is required to stabilize Dma1

interaction with T275-phosphorylated Sid4 and thus S278 must also be phosphorylated.

Mutating residues immediately adjacent to T275 and S278 did not affect Sid4 ubiquitination,

implying that T275 and S278 are the only residues critical for this event (Figure 1E).

Although Dma1-GFP still localized to SPBs in sid4(T275A) mutant cells (Figure S1F),

combining sid4(T275A) with a mutation in the second SIN scaffold, cdc11-123, eliminated

Dma1-GFP SPB localization, though each individual mutant did not affect its localization

(Figure S1F–G). These data indicate that Dma1 has at least two binding partners at SPBs

and that mutation of T275 on Sid4 specifically abrogates Dma1-Sid4 interaction.

Because T275 and S278 are necessary for Sid4 ubiquitination, we examined whether

phosphorylation of these two sites was sufficient to foster binding to Dma1’s FHA domain.

Sid4 phospho-peptides spanning the putative Dma1-binding region (aa271-282) were

incubated with a recombinant Dma1 fragment containing the FHA domain (aa 1-143; His-

FHA) and tested for their ability to interact. While the unphosphorylated peptide, or peptides

phosphorylated on either T275 or S278 alone, did not support His-FHA binding, a peptide
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with both T275 and S278 phosphorylated (pT275, pS278) bound the His-FHA fragment

(Figure 1F). This interaction requires a functional FHA domain because a mutation in the

FHA domain (R64A) predicted to disrupt interaction with the phosphorylated target site

abolished the association (Figure 1F). A phospho-mimetic peptide (T275E, S278E) did not

bind the FHA domain, indicating that negatively charged amino acids do not effectively

mimic phosphorylation in this context (Figure S1H). This is consistent with our finding that

Sid4(T275E) mutants are not ubiquitinated in vivo (Figure S1E). Thus, phosphorylation on

both T275 and S278 is necessary and sufficient to support binding of the Dma1 FHA

domain to Sid4 and Sid4 ubiquitination.

Sid4 phosphorylation on T275 and S278 is required for the Dma1-dependent checkpoint

Given that phosphorylation of T275 and S278 recruits Dma1 to Sid4 for subsequent Sid4

ubiquitination, we examined whether phosphorylation of these sites was stimulated in

response to spindle checkpoint activation. To detect phosphorylation of T275 and S278 in

vivo, we generated a phospho-specific antibody to these two phospho-sites (pT275, S278)

(Figure 2A). Indeed, phosphorylation of these sites was detected at increased levels in

checkpoint-stimulated cells (nda3-KM311) compared to cells growing asynchronously or

cells arrested in mitosis in the absence of a spindle checkpoint (mts3-1) (Figure 2B). Thus,

Sid4 phosphorylation on T275 and S278 is stimulated in response to a mitotic checkpoint.

To examine whether the checkpoint was negatively affected in sid4(T275A) mutants as we

would predict, nda3-KM311 cells were synchronized in S-phase with hydroxyurea

treatment, released to 19°C to activate the mitotic checkpoint and monitored for their ability

to maintain the arrest. nda3-KM311 cells held a checkpoint arrest for 6-7 hrs, whereas nda3-

KM311 sid4(T275A) cells bypassed the arrest after 5 hrs (Figure 2C). This is comparable to

nda3-KM311 dma1Δ cells, which also evaded the arrest after 5 hrs. Importantly, nda3-

KM311 sid4(T275A) dma1Δ cells did not exhibit additive defects, indicating that both

mutations function in the same pathway (Figure 2C). These data indicate that mutating T275

eliminates Dma1-dependent checkpoint signaling.

In corroboration of these findings, sid4(T275A) mutants were refractory to dma1 over-

expression lethality (Figure 2D). Furthermore, sid4(T275A) mutants were synthetically sick

with mutation of another SIN inhibitor cdc16-116 and suppressed the temperature-sensitive

lethality of positive SIN regulator mutants spg1-106, sid2-250, cdc11-136, plo1-1 and

plo1-24c (Figure S2). These genetic data imply that eliminating T275 phosphorylation

produces a hypermorphic sid4 allele due to loss of cytokinesis inhibition by Dma1-mediated

ubiquitination.

Dma1 functions upstream of the SIN inhibitor Cdc16, whose S. cerevisiae homolog Bub2

functions in a mitotic checkpoint independently of the kinetochore-based proteins: Mad1-3,

Bub1 and Bub3 [16–19]. Over-expression of the kinetochore-based SAC activator, mph1,

does not drive Dma1 to SPBs (data not shown), implying that Dma1 similarly functions in a

mitotic checkpoint pathway independent of Mad1-3, Bub1 and Bub3. To test this, we

compared the checkpoint defects of sid4(T275A) and dma1Δ mutants to mad2Δ mutants.

mad2Δ cells bypassed the checkpoint arrest with similar kinetics as both dma1Δ and

sid4(T275A) and a double dma1Δ mad2Δ mutant displayed an additive checkpoint defect
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phenotype (Figure 2C). Thus, similar to S. cerevisiae, a mitotic checkpoint exists in S.

pombe, which is dependent on dma1, but independent of Mad1-3, Bub1 and Bub3.

CK1 is required for Sid4 ubiquitination and associates with the SIN pathway during a
mitotic checkpoint

To identify the protein kinase(s) directing Dma1-Sid4 interaction, we screened a

comprehensive non-essential protein kinase deletion collection [20] for loss of Sid4

ubiquitination and found that deleting any single kinase did not abolish Sid4 ubiquitination

(Figure S3A). Similarly, we screened all available essential temperature-sensitive or analog-

sensitive kinase mutants and did not identify any that eliminated Sid4 ubiquitination (Figure

S3B). Finally, we screened several multi-kinase deletions based on sequence homology

within their kinase domains [20], as these should have similar phosphorylation consensus

sites (Figure S3C). The results of this screen indicated that only S. pombe CK1 homologs,

hhp1 and hhp2, are required for Sid4 ubiquitination (Figure 3A).

CK1 is a conserved kinase important for many cellular processes including cell proliferation

and chromosome segregation [21]. Human CK1δ/ε, which are most related to Hhp1/2,

localize to centrosomes and inhibition of these two isoforms results in aberrant mitoses [22].

In cells growing asynchronously, both Hhp1-GFP and Hhp2-GFP localized to the nucleus,

SPBs, and the cell division site, although Hhp2-GFP was more prominent at the division site

compared to Hhp1-GFP (Figure 3B). Hhp1-GFP localization varied in different cell cycle

arrests (Figure S3D), implying that Hhp1-GFP localization is dynamic. When the checkpoint

was activated, Hhp1-GFP and Hhp2-GFP localized predominantly to SPBs (Figure 3C), a

pattern that mirrors Dma1 localization [7].

Consistent with the localization analyses, Hhp1-HA3-TAP and Hhp2-HA3-TAP co-purified

several SPB proteins from checkpoint-activated cells, including many SIN proteins (Figure

3D). When purified from nda3-KM311 hhp1Δ cells, Hhp2-HA3-TAP co-purified more SPB

proteins compared to nda3-KM311 hhp1+ cells (Figure 3D), suggesting that Hhp1 is the

dominant kinase at SPBs, but Hhp2 may compensate if Hhp1 is absent. Hhp1-GFP

localization at SPBs is Sid4 independent (Figure S3E), but requires Ppc89, a protein that

tethers Sid4 at SPBs (Figure S3F). Interestingly, human CK1δ/ε is tethered to centrosomes

by the scaffold protein CG-NAP [23], which forms a complex with another centrosomal

scaffold protein Kendrin [24], a putative Sid4 homolog. Thus, CK1’s centrosomal tethering

mechanism may be conserved.

Since CK1 localizes in the nucleus and SPBs, it is in a prime position to transmit signals

from the nucleus to SPBs. Accordingly, Hhp1-GFP became less pronounced at SPBs and re-

accumulated in the nucleus as nda3-KM311 cells released from a checkpoint block (Figure

3E). This prompted us to examine whether Hhp1’s strong mitotic SPB localization depended

on spindle checkpoint activation. Indeed, compared to mitotic cells with no checkpoint

activation, Hhp1-GFP intensity at SPBs was significantly higher when a mitotic checkpoint

was activated (Figure 3F–G). These data indicate that Hhp1/2 display dynamic localization

patterns and accumulate at SPBs in response to spindle checkpoint activation.
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CK1 phospho-primes Sid4 for Dma1-mediated ubiquitination

The canonical CK1 consensus sequence is p(S/T)X1-2(S/T) and a negatively charged amino

acid can sometimes substitute for the N-terminal phospho-amino acid [21]. However, CK1

does not always require N-terminally phosphorylated or acidic amino acids [25–27].

Because CK1 is required for Sid4 phosphorylation on T275 and S278 in vivo (Figure 4A),

we examined whether CK1 directly phosphorylates these sites in vitro. Full length Sid4-

myc6 was produced through an in vitro transcription/translation system and phosphorylated

by recombinant CK1δ, which we found to have the same specificity toward Sid4 as Hhp1/2

(data not shown). CK1 phosphorylation of Sid4-myc6 was detected with the phospho-T275,

S278 antibody, indicating that CK1δ directly phosphorylates one or both sites (Figure 4B).

As expected, Sid4(T275A, S278A)-myc6 incubated with CK1δ was not detected by the

phospho-T275, S278 antibody (Figure 4B). Sid4(T275A)-myc6 and Sid4(S278A)-myc6

single mutants incubated with CK1δ were detected by the phospho-antibody, albeit to a

lesser extent, indicating that CK1 phosphorylates both sites in vitro (Figure 4B).

Surprisingly, we found that whereas CK1 phosphorylated Sid4 on T275 and S278 in the

context of the full-length protein, it did not phosphorylate these sites when the C-terminus

was removed (Figure S4A–C). Accordingly, a Sid4N-Ppc89C fusion that lacks Sid4’s

endogenous C-terminus and was not ubiquitinated in vivo [6] is also not phosphorylated on

T275 or S278 (Figure S4D). Thus, the Sid4 C-terminus is required for N-terminal CK1-

mediated phosphorylation. Although atypical, a tertiary structural requirement for CK1-

mediated phosphorylation was previously described [25]. Specifically, CK1ε phosphorylates

full-length SV40 large T-antigen on two sites in the N-terminus of T-antigen, but does not

phosphorylate a C-terminally truncated mutant even though it retains these sites [26, 27].

Thus, similar to CK1ε phosphorylation of T-antigen, CK1 recognizes its target sites on Sid4

through an unconventional mechanism requiring non-linear elements of the protein’s

structure.

Because CK1 phosphorylates Sid4 on T275 and S278 directly, we next examined whether

CK1 was required for the Dma1-dependent checkpoint. Because hhp1-as hhp2 mutants

exhibit a significant delay in G2 due to unrelated cell cycle defects, we were precluded from

examining their mitotic checkpoint competency directly. However, hhp1-as hhp2 cells were

refractory to dma1 over-expression (Figure 4C), suggesting that CK1 is required for Dma1-

dependent signaling. Furthermore, Dma1-GFP localization at SPBs in checkpoint-activated

cells is dependent on hhp1/2(Figure 4D). Collectively, these data establish CK1 as the major

proximal upstream signaling component that recruits Dma1 to Sid4 during a mitotic

checkpoint.

Conclusions

We have discovered a novel function of the highly conserved protein kinase CK1 in the

Dma1 signaling pathway that delays cytokinesis when cells encounter mitotic stress. Our

data support a model (Figure 4E) wherein S. pombe CK1-mediated phosphorylation of Sid4

generates a binding motif (pTXXpS) that recruits Dma1 via its phospho-threonine binding

FHA domain. Subsequently, Dma1 ubiquitinates Sid4 to antagonize Plo1 recruitment and

consequently prevents Plo1 from activating the SIN and cytokinesis [6, 7].
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In the DNA damage response pathway, ATM and ATR are the major sensors for DNA

damage and phosphorylation of their targets recruit downstream checkpoint proteins and

repair factors that amplify the checkpoint response [28]. Similarly, several protein kinases

including Mps1, Bub1 and Aurora B have been implicated in sensing microtubule-

kinetochore attachments and recruiting spindle checkpoint proteins to kinetochores to inhibit

the anaphase promoting complex/cyclosome (APC/C) [29]. Our identification of CK1 as an

upstream activator of the Dma1-dependent checkpoint pathway is the first insight into a

mitotic molecular sensor for the FHA-RING E3 ligase family. It was recently discovered

that CK1δ phospho-primes a viral E3 ligase, which binds and hijacks RNF8 away from its

cellular target MDC1 [30]. Taken together, these studies might represent a paradigm for

CK1 phosphoregulation of FHA-RING E3 ligase targeting.

We have also established CK1 and Dma1 as components of a mitotic checkpoint that

operates in parallel to Mad1-3, Bub1 and Bub3. In contrast to these kinetochore-based SAC

components that monitor successful MT-chromosome attachments, it has been proposed that

the Bub2/Cdc16-dependent checkpoint, which is based at SPBs, monitors chromosome

segregation by sensing MT-SPB tension or kinetochore-SPB interactions [16–19]. CK1 is

ideally situated in the nucleus and at SPBs to detect MT-SPB attachments/tension and

transmit signals to SPBs, where Dma1 executes its checkpoint function. Because human

CK1δ/ε also localizes in the nucleus and at centrosomes [31], our identification of CK1 as a

prospective sensor of the Bub2/Cdc16-dependent checkpoint pathway could help to reveal

the mechanical and/or biochemical signals that trigger a centrosome-based SAC pathway in

multiple organisms.

Experimental procedures

Yeast methods

Yeast strains (Table S2) were grown in yeast extract media supplemented with appropriate

amino acids [25]. For over-expression studies, cells harboring the pREP41 plasmid were

first grown in minimal media containing thiamine and then in minimal media lacking

thiamine to induce expression.

S. pombe protein methods

Immunoprecipitation experiments were performed as previously described [7], except that

cells were lysed using a Fastprep© cell homogenizer (MP biomedicals). The Sid4 anti-

serum was raised against recombinant GST-Sid4(1-300) (Cocalico). GFP antibody was

purchased from Roche and fluorescently labeled streptavidin and all secondary antibodies

were from Licor. Lambda phosphatase (New England Biolabs) treatment of

immunoprecipitated proteins was performed in 25 mM HEPES-NaOH pH 7.4, 150 mM

NaCl, and 1 mM MnCl2 for 45 minutes at 30°C.

In vitro binding assay

5 μm of synthetic biotinylated phospho-peptides (Genscript) were conjugated to streptavidin

beads. Recombinant His-FHA was produced in bacteria and purified on Ni2+-charged His-

bind resin (Novagen) using the manufacturer’s recommendation. Proteins were eluted and
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0.5 μg was used in each binding reaction. Binding was performed in column buffer (20mM

Tris, 200mM NaCl, 1mM EDTA, 1mM DTT, 0.1% NP-40, pH 7.4) for 1hr at 4°C, washed

3× with column buffer and bound proteins were detected on an immunoblot.

In vitro kinase assays

Sid4-myc6 (pCS2FA2R-Sid4-myc6) was produced using a TNT® quick coupled in vitro

transcription/translation reticulocyte system (Promega) and immunoprecipitated with a myc

antibody (9E10). Immunoprecipitated proteins were left on beads and washed in CK1

reaction buffer (50 mM Tris pH 7.5, 10 mM MgCl2, and 5 mM DTT). Washed beads were

incubated with 10uM ATP and recombinant CK1δ (New England Biolabs) in CK1 kinase

buffer (50 mM Tris pH 7.5, 10 mM MgCl2, and 5 mM DTT) at 30°C for 30 min. Peptides

were separated on a 4–12% polyacrylamide gel and visualized by immunoblot.

Microscopy methods

Live cell imaging was conducted as previously described [7] using a spinning disk confocal

microscope (Ultraview LCI; PerkinElmer). Fluorescence quantiation was performed using

ImageJ software available at http://rsbweb.nih.gov/ij/as previously discussed [7]. For DAPI

and methyl blue staining, cells were fixed in 70% ethanol before staining and imaged on a

personal DeltaVision System equipped with an Olympus IX71 microscope using a 100x NA

1.40 UPlansApo oil immersion objective.

Checkpoint assay

Cells were synchronized in S-phase using hydroxyurea (Sigma) at a final concentration of

12 mM for 3–3.5 hrs at 32°C. After the arrest, cells were filtered and immediately incubated

at 19°C to activated the spindle checkpoint. Septation indices were measured periodically

for 9 hrs by methyl blue staining, which stains the septa.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Dma1’s FHA domain binds to a pTXXpS phospho-motif on Sid4

• CK1 is required for Dma1-dependent Sid4 ubiquitination

• CK1 phosphorylation of Sid4 is required for the Dma1-dependent mitotic

checkpoint

• CK1 concentrates at SPBs and phospho-primes Sid4 for Dma1-mediated

ubiquitination
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Figure 1. Sid4 phosphorylation on T275 and S278 recruit Dma1 via its FHA domain
A. Sid4 was immunoprecipitated in the presence and absence of dma1+ and lambda

phosphatase treatment and detected by immunoblot. B. Sid4 was immunoprecipitated from

the indicated strains and detected by immunoblot. C. Schematic diagram of Sid4 with the

relative position of the Dma1 binding site. ClustalW alignment of the Dma1 binding

sequence from S. pombe, S. cryophilis and S. octosporus. Black regions represent the

predicted coil-coil regions. D. Sid4 from the indicated strains was immunoprecipitated from

denatured cell lysates, treated with phosphatase and visualized by immunoblotting. E. In

vivo ubiquitination status of Sid4 mutants. Circled amino acids indicate T275 and S278

residues that are required for Sid4 ubiquitination. F. Synthetic peptides conjugated to

streptavidin beads were incubated with recombinant His-FHA or His-FHA(R64A) proteins

and bound proteins were detected by immunoblotting. See also Figure S1.
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Figure 2. Sid4 phosphorylation on T275 is required for the Dma1-dependent checkpoint
A–B. Sid4 was immunoprecipitated under denatured conditions with a Sid4 antibody and

detected via immunoblot using a phospho-T275, S278 or Sid4 antibody. C. Spindle

checkpoint assay. For each strain indicated, cells were synchronized in S-phase with

hydroxyurea, shifted to 19°C to activate the spindle checkpoint and septation indices were

measured periodically for 9 hrs. D. Over-expression of dma1 in sid4+ or sid4(T275A)

mutant cells. Growth of the transformants was observed on agar plates (left) after de-

repression of the nmt41 promoter and their phenotypes were analyzed by DAPI (DNA) and

methyl blue (septa) staining (right). Inverted grayscale images are shown, scale bar, 5 μm.

See also Figure S2.
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Figure 3. CK1 is required for Sid4 ubiquitination and associates with the SIN pathway during a
mitotic checkpoint
A. Sid4 was immunoprecipitated from the indicated strains, treated with phosphatase and

visualized by immunoblotting. B. Hhp1-GFP and Hhp2-GFP localization in cells growing

asynchronously. Inverted grayscale images are shown, scale bar 5 μm. C. Hhp1-GFP co-

imaged with Sid4-RFP in checkpoint-stimulated cells. Inverted grayscale images are shown

for GFP and RFP, scale bar, 5 μm. D. Hhp1-HA3-TAP or Hhp2-HA3-TAP was purified

from checkpoint-activated cells and interacting proteins were identified by 2D-LC/MS.

TSC=total spectral counts, %=percent sequence coverage. For a complete list of co-

purifying proteins, see Table S1. E. Hhp1-GFP imaged in cells released from a pro-

metaphase arrest. Inverted grayscale images are shown, scale bar, 5 μm. F. Hhp1-GFP

imaged in checkpoint-activated and asynchronously growing mitotic cells. Inverted

grayscale images are shown for GFP and RFP, scale bar, 5 μm. G. Quantitation of Hhp1-

GFP at SPBs in the strains used in 3F. Values are represented as GFP/RFP ratios. n=20

cells, *p<0.001 compared to “checkpoint off” cells. See also Figure S3.
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Figure 4. CK1 phospho-primes Sid4 for Dma1-mediated ubiquitination
A. Sid4 was immunoprecipitated under denatured conditions with a Sid4 antibody and

detected via immunoblot using a phospho-T275, S278 or Sid4 antibody. B. Sid4-myc6

proteins were produced via a coupled in vitro transcription/translation reaction, immuno-

precipitated with a myc antibody and phosphorylated with CK1. Phosphorylated proteins

were detected by immunoblot analyses using myc or phospho-T275, S278 antibodies. C.

Over-expression of dma1 in hhp1-as hhp2Δ cells. Growth of transformants was observed on

agar plates in the presence or absence of the ATP analog 1NMPP1. D. Dma1-GFP co-

imaged with Sid4-RFP in hhp1-as hhp2Δ cells in the presence of DMSO or the ATP analog

1NMPP1. E. Model for CK1 activation of the Dma1-dependent checkpoint pathway. Upon
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checkpoint activation, CK1 concentrates at SPBs and phosphorylates the SIN scaffold Sid4

on T275 and S278. CK1 mediated phosphorylation of Sid4 recruits Dma1 via its FHA

domain, which subsequently ubiquitinates Sid4. Sid4 ubiquitination impedes Plo1

localization to SPBs, restricting Plo1’s ability to promote cytokinesis. See also Figure S4.
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