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The timing of cytokinesis relative to other mitotic events in the fission yeast
Schizosaccharomyces pombe is controlled by the septation initiation network
(SIN). During a mitotic checkpoint, the SIN is inhibited by the E3 ubiquitin
ligase Dmal to prevent chromosome mis-segregation. Dmal dynamically
localizes to spindle pole bodies (SPBs) and the contractile ring (CR) during
mitosis, though its role at the CR is unknown. Here, we examined whether
Dmal phosphorylation affects its localization or function. We found that pre-
venting Dmal phosphorylation by substituting the six phosphosites with alani-
nes diminished its CR localization but did not affect its mitotic checkpoint
function. These studies reinforce the conclusion that Dmal localization to the
SPB is key to its role in the mitotic checkpoint.
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The accurate division of a cell into two daughter
cells with identical complements of genomic material
is essential, as failure to do so can result in ancu-
ploidy or cell death. In the fission yeast Schizosac-
charomyces pombe, the proper coordination of mitotic
exit with cytokinesis is determined by the septation
initiation network (SIN), a protein kinase cascade
that normally initiates cytokinesis only after chromo-
some segregation is complete (for reviews see [1-3]).
When the mitotic spindle cannot form, the SIN is
inhibited to prevent cytokinesis from occurring before

Abbreviations

chromosomes have safely segregated [4,5]. SIN inhibi-
tion during a mitotic error relies on the dimeric E3
ubiquitin ligase Dmal [5-8], a member of the
forkhead-associated (FHA) and RING finger (RF)
family [9].

Dmal has a very complex localization pattern dur-
ing the cell cycle. It dynamically localizes to spindle
pole bodies (SPB) during mitosis [5,10] and ubiquiti-
nates the SIN scaffold protein Sid4 that is detected
exclusively at SPBs [6,11]. Dmal binding and ubiquiti-
nation of Sid4 requires casein kinase 1 (CK1)-

5-FOA, 5-Fluoroorotic Acid; CK1, casein kinase 1; CR, contractile ring or cytokinetic ring; DTT, dithiothreitol; FHA, forkhead-associated; HBH,
hexahistidine biotin hexahistidine; HU, hydroxyurea; LC-MS, liquid chromatography mass spectrometry; MBP, maltose-binding protein; mNG,
mNeonGreen; NP-40, Nonidet P40; ORF, open reading frame; PMP, protein metallophosphatase; PVDF, polyvinylidene difluoride; RF, ring
finger; RING, really interesting new gene; ROI, region of interest; S. pombe, Schizosaccharomyces pombe; SEM, standard error of the mean;
SIN, septation initiation network; SPB, spindle pole body; TAP, tandem-affinity purification; YE, yeast extract.
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Phosphorylation of E3 ligase Dma1

mediated Sid4 phosphorylation, which provides a
docking site for Dmal’s FHA domain [12]. Sid4 ubiq-
uitination then antagonizes the SPB localization of the
Polo-like kinase Plol [5,6], the major SIN activator
[13—15] so that SIN signaling is inhibited and cytokine-
sis is delayed. Dmal also localizes to the site of cell
division through an unknown mechanism and for an
unknown purpose, first in precursor nodes that eventu-
ally form the cytokinetic ring (CR) [16], then to the
CR; Dmal leaves the site of division transiently during
late anaphase, only to return prior to cell division [10].
Dmal overproduction or tethering Dmal to SPBs
blocks SIN activity and results in cell death [5,10,17],
indicating its levels, localization, and activity must be
properly regulated.

We previously determined that Dmal auto-
ubiquitination influences its SPB localization and func-
tion in the mitotic checkpoint. Specifically, Dmal
auto-ubiquitination prevents its binding to Sid4 and
therefore Dmal auto-ubiquitination is implicated in
checkpoint silencing [10]. Here, we investigated poten-
tial regulation of Dmal by phosphorylation. We found
that Dmal is phosphorylated in vivo throughout the
cell cycle, and we identified six phosphorylated resi-
dues scattered throughout the protein. Four of the six
sites can be targeted by a combination of three master
kinases invitro—Cdkl, Plol, and CK2, but we
obtained no evidence that they control Dmal phos-
phorylation invivo. Strikingly, neither phospho-
ablating nor phospho-mimicking mutations at any or
all of the six sites abolished Dmal catalytic activity
toward itself in vitro or its checkpoint substrate Sid4,
as demonstrated by Sid4’s continued ubiquitination in
phosphomutant strains. While we found that loss of
phosphorylation altered Dmal’s localization to the CR
in early mitosis, we did not detect an impact of phos-
phorylation on Dmal localization to SPBs or its func-
tion in delaying cytokinesis during a mitotic arrest.
Our results reinforce the conclusion that Dmal’s func-
tion in the mitotic checkpoint depends solely on its
SPB localization.

Materials and methods

Yeast methods

Yeast strains were grown in yeast extract (YE) with appropri-
ate supplements [18]. Genes were tagged endogenously at the
3" end of their open reading frame (ORF) with FLAG;:kan®,
GFP:kan®, HA 3T AP:kan®, mNeonGreen:kan®, mCherry:-
nat®, or HBH:kan® using pFAG cassettes as previously
described [19,20]. For dmal gene replacements, dmal::ura4+
was transformed with the appropriate pIRT2-dmal mutant.
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Stable integrants were selected by resistance to 1.5mg-mL™"
5-FOA. Mutants were identified by colony PCR with primers
inside and outside of the 3’-flanking regions, and validated
through DNA sequencing of the entire ORF.

For blocking nda3-KM311 strains in prometaphase, cul-
tures were grown at the permissive temperature (32 °C) and
then shifted to the restrictive temperature (18 °C) for 5.5 or
6h. For quantitative imaging, cells were fixed for 10 min
with 70% ethanol and washed with PBS. For blocking
cdcl0-V50, cdc25-22, and mts3-1 strains, cultures were
grown at the permissive temperature (25°C) and then
shifted to the restrictive temperature (36 °C) for 3.5h. For
blocking strains with hydroxyurea (HU) in Fig. 1, cultures
were grown at 25°C, treated with a final concentration of
12mm HU for 3h and then dosed again with a final con-
centration of 6 mm HU for an additional 2 h.

Molecular biology methods

Plasmids were generated by standard molecular biology
techniques. dmal mutations were made either in the context
of a gene fragment in the pIRT2 vector that included 500
bp upstream and downstream of the ORF or in the context
of the ORF in pMAL2-c (New England Biolabs, Ipswich,
MA, USA) or pET-His6-MBP preScission LIC cloning vec-
tor (HMPKS; Addgene plasmid # 29721) using a Quik-
Change site-directed mutagenesis kit (Agilent Technologies,
Santa Clara, CA, USA). In dmal-6A4, the mutations are:
S4A, TI8A, S20A, S166A, S251A, and S266A; in dmal-6D/
E, the mutations are: S4D, T18E, S20D, S166D, S251D,
and S266D.

S. pombe protein methods

Cell pellets were washed once in NP-40 buffer (10 mm
sodium phosphate pH 7.0, 1% Nonidet P40, 150 mm NaCl,
2mm EDTA) with inhibitors (1.3 mmM benzamidine, 1 mm
PMSF, and 1 Complete Protease Inhibitor Cocktail Tablet,
EDTA-free per S0 mL) and lysed by bead disruption. For
denaturing lysis, 500 uL. SDS lysis buffer (10 mm sodium
phosphate pH 7.0, 1% SDS, 1 mm DTT, 1 mm EDTA, 50
mmM NaF, 100 um sodium orthovanadate, 1 mm PMSF, and
4pgmL™" leupeptin) was added and samples were incu-
bated at 95°C for 2 min, lysate was extracted with 800 uL
NP-40 buffer and transferred to a fresh eppendorf tube.
For native lysis, the lysate was extracted with 500 pL NP-
40 buffer and again with 800 puL, then transferred to a fresh
eppendorf tube. Extractions were followed by a 10min
clearing spin.

Proteins were immunoprecipitated from protein lysates
using an excess of antibody (listed below) and rotating at
4°C for 1h, followed by addition of Protein A or G
Sepharose beads (GE Healthcare, Boston, MA, USA), as
appropriate, and mixing at 4 °C for 30 min. Samples were
washed four times with NP-40 buffer. Antibodies: 4 pL of
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Fig. 1. Dma1 is phosphorylated through the cell cycle. (A-B) Immunoblot analysis of Dma1-FLAG immunoprecipitates, treated (+) or not (—)
with lambda phosphatase, from asynchronously growing cells (A) or cells arrested at a variety of cell cycle stages (G1 phase, cdc10-V50; S
phase, HU; G2 phase, cdc25-22; metaphase, mts3-1; and prometaphase, nda3-KM31717) (B). (C) Autoradiography and immunoblot analysis of
Dmal-FLAG immunoprecipitates from the indicated strains that were labeled invivo with 32P-orthophosphate. (D) Phosphoamino acid
analysis of wild-type Dma1 from C. The positions of phosphoserine, phosphothreonine, and phosphotyrosine standards are indicated with
dotted circles. (E) Schematic of Dmal with phosphorylation sites identified by LC-MS/MS indicated. FHA, Forkhead-associated domain; RF,
Ring Finger domain. (F) Immunoblot analysis of Dma1-FLAG immunoprecipitates from the indicated strains resolved on a PhosTag gel. (G)
Immunoblot analysis of Dmal-FLAG immunoprecipitates from the indicated strains resolved on a PhosTag gel. “Treatment” denotes
shifting cells from 25 °C to 36 °C for 1.5 h followed by adding 10 um 1-NMPP1 and 30 um 3-BrBPP1 for 15 min.

1 ug-puL~" anti-GFP (IC9H4, a mouse monoclonal antibody
produced in the Vanderbilt antibody and protein resource
core), 2uL of 1uguL™" anti-FLAG (Sigma-Aldrich, St.
Louis, MO, USA), or 3uL rabbit anti-Sid4 antiserum
(VU364) [12]. For phosphatase treatment, immunoprecipi-
tated protein was washed twice with 25 mmM HEPES-NaOH
(pH 7.4) and 150 mm NaCl, then treated with lambda phos-
phatase (New England Biolabs) in 1x NEBuffer for protein
metallophosphatase (PMP) and 1 mm MnCl, and incubated
at 30 °C for 30-60 min with agitation.

Proteins were resolved by PAGE (see below), transferred
by electroblotting to a polyvinylidene difluoride (PVDF)
membrane (Immobilon FL; Millipore, Bedford, MA, USA),
blocked with Odyssey Blocking Buffer (LI-COR Biosciences,
Lincoln, NE, USA), and incubated with primary antibodies
at the following concentrations/dilutions: 1: 10 000 anti-Cdc2
(anti-PSTAIR, Sigma-Aldrich), 0.4pugmL~! anti-GFP
(Roche, Basel, Switzerland), 1 ug-mL ™" anti-FLAG (Sigma-
Aldrich), 1:2000 anti-Sid4 serum, or 1:5000 anti-Dmal
serum (VU377) [10] overnight at 4°C. Primary antibodies
were detected with secondary antibodies coupled to
IRDye680 or IRDye800 (LI-COR Biosciences, Lincoln, NE,
USA) and visualized using an Odyssey Infrared Imaging Sys-
tem (LI-COR Biosciences). Resolving gels: 3%—-8% Tris-
acetate PAGE used for Dmal-FLAG blotting except for a

10% SDS/PAGE containing 25um PhosTag in Fig. 1F,G;
4%-12% NuPAGE used for Sid4 and Dmal ubiquitination
assay blotting, 12% Tris-glycine PAGE used for Cdc2 blot-
ting, 10% Tris-glycine PAGE used for MBP-Dmal blotting.

Protein expression and purification

For phosphorylation of Dmal variants shown in Fig. S2A,
the variant cDNAs were cloned into pMAL-2¢ and then
transformed into Escherichia coli Rosetta2(DE3)pLysS cells.
Maltose-binding protein (MBP)-Dmal fusions were induced
by addition of 0.8 mm IPTG and overnight incubation at
18 °C. Bacterial cells were lysed by incubating with 300
pg-mL~! lysozyme for 20 min followed by sonication. Pro-
teins were affinity purified on amylose resin (NEB E8021) in
MBP column buffer (100 mm NaCl, 20 mm Tris-HCI, 1 mm
EDTA, 1 mm DTT, and 1% Nonidet P40). Resin was washed
with MBP column buffer and protein was eluted with MBP
column buffer containing 10 mm maltose.

For all other experiments, dmal variants were cloned
into pET-His¢. MBP preScission LIC cloning vector. Pro-
teins were induced in E.coli Rosetta2(DE3)pLysS cells by
addition of 0.4mm IPTG and overnight incubation at
18 °C. Cells were lysed using 300 pg-mL ™" lysozyme for 20
min followed by sonication. Proteins were affinity purified
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on pre-washed amylose resin (New England Biolabs) in
MBP column buffer (100 mm NaCl, 20mm Tris-HCl pH
7.4mm EDTA, 1mm DTT, and 1% Nonidet P40). Dmal
was cleaved from MBP by adding 1 pL (2 units) of PreScis-
sion protease to ~500 pg MBP-Dmal on amylose beads (in
200 pL MBP column buffer) and incubating at 4 °C over-
night. The supernatant containing cleaved Dmal was
retrieved and the concentration of Dmal was determined
by SDS/PAGE using BSA as standard.

In vitro ubiquitination assay

Ubiquitination reactions included 0.2pug recombinant
Dmal cleaved from MBP, 175nm El (recombinant human
His6-UBE1, R&D Systems), 0.19um E2 (recombinant
human UbcH50/UBE2D1, R&D Systems, Minneapolis,
MN, USA), 100 pg-mL~! methylated ubiquitin, 5mm ATP,
and 1x ubiquitination buffer (50 mm Tris-HCI pH 7.5, 2.5
mm MgCl,, 0.5mm DTT). These 20 uL reactions were incu-
bated with agitation at 30°C for 120 min before adding
SDS sample buffer. Ubiquitination products and Dmal
were detected by immunoblotting with a 1:15000 dilution
of anti-Dmal serum [10].

For ubiquitination assays of immunoprecipitated Dmal-
GFP, the mock or A-phosphatase-treated immunoprecipitates
were washed twice with ubiquitylation buffer before being
combined in 20 pLL ubiquitylation reactions as above. Reac-
tions were incubated with agitation at 30 °C for 90 min before
adding SDS sample buffer to quench the reaction. To assess
the extent of Dmal’s ubiquitin modification, proteins were
separated by SDS/PAGE and detected by immunoblotting
with anti-GFP antibody and/or anti-Dmal serum.

To determine abundances of Dmal in immunoblotting
experiments, signal intensities within identical squares or
rectangles drawn around single or multiple bands were
quantified using an Odyssey instrument. Experiments were
performed twice.

Protein purification and mass spectrometry

Endogenously tagged versions of Dmal (Dmal-TAP and
Dmal-HBH) were purified as previously described [21-23]
and analyzed by 2D-LC-MS/MS as previously described
[24,25]. RAW files were processed using two pipelines: (a)
using Myrimatch (v 2.1.132) [26] and IDPicker (v 2.6.271.0)
[27] as previously described [28] and (b) using TurboSE-
QUEST, Scaffold (v 4.4.7) and Scaffold PTM (v 3.0.0) as
previously described [29].

In vivo radio-labeling

Ten milliliters of S. pombe cells were grown in reduced (20 mm
NaH,PO,) phosphate minimal media supplemented with the
appropriate amino acids to mid-log phase. Cells were labeled

J.-S. Chen et al.

with 5 mCi **P-orthophosphate for 4 h at 36 °C. Denatured cell
lysates were prepared and Dmal-FLAG was immunoprecipi-
tated with anti-FLAG. Immunoprecipitates were resolved on a
6%-20% gradient SDS polyacrylamide gel, transferred to a
PVDF membrane and phosphorylated proteins were detected
by autoradiography for 4 days at —80°C with intensifying
screen. The membrane was then immunoblotted for anti-
FLAG. **-P-labeled Dmal was subjected to partial acid
hydrolysis while bound to the PVDF membrane [30], and the
phosphoamino acids were separated in two dimensions by
thin-layer electrophoresis at pH 1.9 and 3.5 [31].

In vitro kinase assays

Kinase reactions were performed in protein kinase buffer
(10mm Tris, pH 7.4, 10mm MgCl,, and 1mm DTT- or
NEB-supplied buffer) with 5pum cold ATP, 3puCi of y-*
P-ATP, and recombinant CK2 (New England Biolabs),
insect cell-produced Cdc2-Cdcl3 or insect cell-produced
Plol at 30°C for 30 min. Reactions were quenched by the
addition of SDS sample buffer. Proteins were separated by
SDS-PAGE and detected by Coomassie Blue (Sigma)
staining or transferred to polyvinylidene fluoride (PVDF)
membrane for detection by autoradiography.

Microscopy methods

Images of S. pombe cells were acquired using a Personal Del-
taVision microscope system (Cytiva Life Sciences, Marlbor-
ough, MA, USA), which includes an Olympus IX71
microscope, 60xNA 1.42 Plan Apochromat and 100xNA
1.40 U Plan S Apochromat objectives, live-cell and standard
filter wheel sets, a pco.edge 4.2 sSCMOS camera, and SOFT-
WoRXx imaging software (Applied Precision, Inc., Issaquah,
WA, USA). Images were acquired at 25°C. All images were
deconvolved with 10 iterations except for the images used for
fluorescence quantification. Time-lapse imaging was per-
formed using a Cell ASIC ONIX microfluidics perfusion sys-
tem (Millipore Sigma, Burlington, MA, USA). Cells were
loaded into Y04C plates for 5s at 8 psi, and YE liquid med-
ium flowed into the chamber at 5 psi throughout imaging.
For all images, Z-series optical sections were taken at 0.5 um
spacing and images were acquired every 2 min. All images for
quantification were sum projected. Images in figures were
deconvolved and max projected.

In Fig. S3, the events were defined as follows: “Arrival at
division site” was the first frame in which Dmal-mNG was
detected at division site. “Ring formation” was the first
frame where a coherent ring was visible. “SPB blinks” was
the first frame where Dmal-mNG leaves or dims at one or
both SPBs. “Anaphase B begins” was the first frame where
the SPBs move toward the cell poles as the spindle elon-
gates. “Disappearance from division site” was the frame
where Dmal-mNG no longer detected at the division site.
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“Spindle full length” was the frame where the SPBs are fur-
thest apart during mitosis. “Re-appearance at division site”
was the first frame in which Dmal-mNG returns to the
division site.

Fluorescence intensity measurements were made with
ImaGEJ software (National Institutes of Health, Bethesda,
MD, USA). All intensity measurements were corrected for
background. In each image used, background measure-
ments were taken from an area without any cells. The
intensity of the background was divided by the area to give
the average intensity per pixel of the background. This was
then multiplied by the area of the region of interest (ROI)
used to measure fluorescence intensity and subtracted from
that ROI's raw intensity measurement to get the final inten-
sity measurement corrected for background. For whole cell
fluorescence measurements, the corrected intensity measure-
ments were divided by the area of the ROI. For SPB inten-
sity measurements, both Dmal-mNG and Sadl-mCherry
SPBs were corrected for background. Additionally, Dmal-
mNG SPB intensity was divided by the Sadl-mCherry
measurement of the same SPB. In Fig.3D, constricted
rlcI-mCherry was used to indicate cells with a septum for
quantification. In Fig. 3E, sadl-mCherry and ricl-mCherry
were used to indicate cells at the end of anaphase B for
quantification. For Fig. 3F, unconstricted ricl-mCherry was
used to indicate early mitotic CRs for quantification.

Checkpoint assay

Log phase cells growing in YE at 32 °C were synchronized
in S-phase by the addition of 12mm hydroxyurea (Sigma)
for 3h. The arrested cells were then filtered, washed with
YE media to remove hydroxyurea while on the filter, and
immediately incubated in pre-cooled YE media at 19 °C.
Septation indices were measured periodically (every 30 min
or 1h) for up to 12h by counting live cells under a phase
contrast microscope.

Quantification and statistical analysis

Calculations of mean, standard error of the mean (SEM),
and statistical significances were performed with Prism 8.0
(GrarPHPAD Software, San Diego, CA, USA). Significance
was defined by a P value <0.05. One-way ANOVA was
used with Tukey’s post hoc test for multiple comparisons.

Results

Dma1 is phosphorylated throughout the cell
cycle

Dmal SPB localization and Dmal-mediated ubiquiti-
nation of Sid4 are cell cycle dependent [6,10], leading
us to explore the molecular mechanisms that regulate

Phosphorylation of E3 ligase Dma1

Dmal activity. Because phosphorylation provides a
rapid and reversible means of regulating protein func-
tion often coupled to ubiquitination [32-34], we exam-
ined whether Dmal is phosphorylated invivo. Using
immunoblot analysis of Dmal immunoprecipitates,
treated with or without A phosphatase, we detected
Dmal phosphorylation in asynchronous cells that
could be observed by slower migration in SDS/PAGE
(Fig. 1A). Further examination of Dmal in various cell
cycle arrests showed that Dmal phosphorylation
occurs throughout the cell cycle (Fig. 1B). In vivo label-
ing with *?P-orthophosphate followed by immunopre-
cipitation and phosphoamino acid analysis showed
that the majority of Dmal phosphorylation occurred
on serine residues (Fig. 1C,D).

Identification of Dma1 phosphorylation sites

To determine the sites of Dmal phosphorylation, we
performed liquid chromatography mass spectrometry
(LC-MS)/MS analysis on Dmal purified from S.
pombe cells using a variety of epitope tags, lysis proce-
dures, and cell cycle blocks. In all, six sites were identi-
fied: 1 threonine and 5 serines (Figs 1E and S1). Four
of these sites (S4, T18, S251, S266) were also identified
in global phosphoproteomic screens [35-37]. To inves-
tigate if this cohort of six was the full complement of
Dmal phosphorylation sites, we replaced dmal® with
a mutant version in which all six sites were replaced
with alanines. While multiple species of Dmal were
detected on a PhosTag-containing gel, Dmal-6A co-
migrated with the fastest migrating band (Fig. 1F),
indicating the absence of phosphorylation.

Dma1 is phosphorylated in vitro by several
master kinases

Examination of the linear sequences surrounding the
six identified phosphosites showed that four fit known
kinase consensus sequences; S166 fits the Cdk1 consen-
sus [38,39], S251 fits the Plol consensus [40], and T18
and S20 fit the CK2 consensus [41,42]. To determine if
Cdkl1, Plol, and CK2 were indeed capable of phos-
phorylating Dmal, invitro kinase assays were per-
formed with recombinant Dmal and commercially
available or insect cell-produced kinases (Fig.S2).
Cdkl phosphorylation of MBP-Dmal-S166A was
diminished relative to MBP-Dmal (Fig. S2A). Simi-
larly, Plol could not phosphorylate MBP-Dmal-
S251A (Fig. S2B). It is notable that S251 but not S166
was found to be specifically present during mitosis in
two phosphoproteomic screens [35,36]. Lastly, CK2
phosphorylation of MBP-Dmal was diminished with
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the MBP-Dmal-T18A S20A mutant and lost with the
MBP-Dmal-TI8A S20A S266A mutant (Fig.S2C),
indicating that CK2 phosphorylation can occur not
only at the predicted T18 and S20 sites but also at the
previously unassigned S266 site. The S4 phosphoryla-
tion site does not fit a known kinase consensus
sequence and it is not phosphorylated in vitro by
Cdkl1, Plol, or CK2.

To determine whether these three kinases were
involved in Dmal phosphorylation in vivo, we combined
analog-sensitive (cdc2-as, orb5-as) and temperature-
sensitive (plol-1) alleles. Despite these kinases targeting
Dmal in vitro, we found no evidence that inhibiting any
of them singly (not shown) or together (Fig. 1G) chan-
ged Dmal phosphostatus as monitored by SDS/PAGE
mobility suggesting that these kinases are not responsible
for regulating Dmal phosphostatus in cells.

Dma1 phosphostate does not significantly
influence its ubiquitination activity

We next investigated whether phosphorylation modu-
lates Dmal ubiquitination activity in vivo and in vitro.
We constructed phospho-ablating and potentially
phospho-mimetic dmal mutations by replacing the six
phosphorylated serine and threonine residues with ala-
nines (dmal-6A4), or aspartates for serines and gluta-
mate for threonine (dmal-6D/E), respectively. These
mutant constructs (dmal-6A and dmal-6D/E) were
each integrated at the endogenous dmal locus, and
we then examined ubiquitination of Dmal’s known
target, Sid4, in either asynchronously growing or
pro-metaphase arrested cells. To distinguish Sid4 ubiq-
uitination from Sid4 phosphorylation, Sid4 immuno-
precipitates were treated with A-phosphatase prior to
immunoblotting [12,43]. Although this assay is not
quantitative, we found that Sid4 was ubiquitinated to
similar levels as in wild-type in both dmal-64 and
dmal-6D/E but was not ubiquitinated in dmalA (Fig.
2A). This result indicates that the Dmal phosphomu-
tants are catalytically active toward substrate.

We next examined if phosphorylation affected the
ability of Dmal to auto-ubiquitinate in vitro. Full-
length Dmal, which lacks phosphorylation, Dmal-6D/
E, and two Dmal loss-of-function mutants were purified
from bacteria as MBP fusions and the MBP moiety was
removed prior to auto-ubiquitination assays, which used
methylated Ub to prevent chain elongation. The Dmal-
1194A mutant that is predicted based on structural mod-
eling to abrogate interaction with cognate E2 enzyme(s)
[44] has much reduced E3 activity relative to wild-type
in vivo and in vitro [6,10] (Fig. 2B). Dmal-F233 is a sec-
ond amino acid within the predicted hydrophobic groove

J.-S. Chen et al.

also likely to interact with E2 enzyme(s). As expected,
the double mutant Dmal-1194A F233A had even lower
levels of auto-ubiquitination activity compared with
wild-type (Fig.2B). Dmal-6D/E auto-ubiquitination
was modestly but reproducibly reduced relative to wild-
type (Fig.2B). Specifically, while 82% of wild-type
Dmal became ubiquitinated on at least one site, 71% of
Dmal-6D/E did. We also examined the effect of phos-
phorylation on Dmal ubiquitination activity by
immunoprecipitating Dmal-GFP from prometaphase-
arrested cells and then treating the immunoprecipitates
with lambda phosphatase or only vehicle prior to an
in vitro auto-ubiquitination assay. We found that
phosphatase-treated Dmal-GFP auto-ubiquitinated
similarly to phosphorylated Dmal-GFP (Fig.2C). By
measuring the amount of ubiquitinated species relative
to unmodified Dmal in each case, we found that there
was no significant difference. Taken together, our data
suggest that phosphorylation does not play an important
role in regulating Dmal E3 ubiquitin ligase activity.

A Dma1 phosphomutant has altered intracellular
localization

We next tested if Dmal phosphostatus affected its
intracellular localization. Dmal, Dmal-6A and Dmal-
6D/E were tagged with mNeonGreen (mNG). The
overall levels of the phosphomutants were indistin-
guishable from wild-type as determined by measuring
total fluorescent intensities (Fig.S3A). By live cell
imaging, the kinetics of mitotic progression were found
to be similar in all three strains (Fig. S3B) and all
Dmal proteins were found to have similar kinetics of
cortex, SPB, and CR localization (Figs3A—C and
S3B). Also, all Dmal variants localized to the site of
division and SPBs with similar intensity after spindle
breakdown, marked by SPBs starting to move toward
each other (Fig.3D-E). However, we observed that
Dmal-6A was significantly more difficult to detect at
the first instance of CR localization early in mitosis
than either Dmal or Dmal-6D/E (Fig.3A-C). We
therefore quantified the CR intensities of Dmal pro-
teins relative to a CR marker, Rlcl-mCherry. We
found that indeed, Dmal-6A had significantly reduced
CR localization in early mitosis relative to Dmal and
Dmal-6D/E (Fig. 3F).

Dma1 phosphorylation does not affect its mitotic
checkpoint function

Although immunoblotting showed that Sid4 was ubiq-
uitinated in mitotically arrested cells producing any of
the Dmal phosphomutants (Fig.2A) and Dmal

2786 FEBS Letters 595 (2021) 2781-2792 © 2021 Federation of European Biochemical Societies

85U8017 SUOWIWIOD BAEa.D 8|qeol|dde au Aq peusenob ae saolle YO @S JO 3| 10} Aeiqi8Ul|UO A8]IAA UO (SUORIPUOD-PUB-SWLBI W0 A8 | IM AleIq U1 UO//:SANY) SUORIPUOD Pue SWwie 1 8y} 89S *[£202/0/20] U A%id18uluo A8]IM BuIyOBURIY00D AQ TTZHT 89YE-EL8T/200T OT/I0pA0D A8 Alelq1jeul|UO'SGR//:SANY Woly papeoumod ‘2z ‘TZ0Z ‘89vEE.8T



J.-S. Chen et al.

Phosphorylation of E3 ligase Dma‘1

(A) Asynchronous Spindle stress (nda3 block)
A-PPase A-PPase
N N
AD - ax a0l A A AD AT
of? g® g g A A AT
S o < = a
ko) e — — — D
n 5 @ ) ;
5 I 5| .. E -] 3
@ ‘ . - _ w
F|g. ?..Ro!e of phggphorylatlon in Dma’ < Sid4 <Sid4
ubiquitination activities. (A) Immunoblot
analysis of Sid4 immunoprecipitates
treated with phosphatase from (B) +E1/E2/mUb —E1/E2/mUb
asynchronous (left) or nda3-arrested (right) 03.
cells of the indicated dma7 genotype. One Q‘Z’
representative of two separate b,‘é‘ {0
experiments is shown. (B) Immunoblot § @

analysis of the indicated recombinantly
purified and MBP tag-cleaved Dma’l
proteins that were incubated with E1
activating enzyme, E2 conjugating
enzyme, ATP, and methylated ubiquitin.
The Dma1 input prior to the ubiquitination
assay is shown (right panel). The
percentage of Dma1 auto-ubiquitination
was determined by subtracting the
amount of unmodified Dma1 (left panels)
from the total Dma1 that was added to
the reactions (right panels) as determined
by quantification on an Odyssey
instrument and then dividing ubiquitinated (©)
by the total. (C) Immunoblot analysis of

the indicated Dma1-GFP

immunoprecipitates from prometaphase-

arrested cells (nda3-KM311 cells shifted to

19°C for 6 h) that were treated with A~

phosphatase or mock-treated followed by IP: GFP
incubation with E1 activating enzyme,
ATP, methylated ubiquitin, and with (+) or

» I(— Dma1-GFP

without (—) E2 conjugating enzyme. The
ubiquitinated Dma1 species were

guantified on an Odyssey instrument and &
divided by the total amount of Dma1 to ©)

determine the percentage of modified

= -— -
Dmal. ° 51'|!l.!'...".t E;rgar:éanFyPchain

phosphomutants appeared to localize normally to
SPBs (Fig.3E), we examined whether the Dmal-
dependent checkpoint was fully functional in the
dmal-6A4 and dmal-6D/E mutants. dmal’, dmal-6A,
dmal-6D/E, and dmalA cells that also contained the
cold-sensitive nda3-km311 B-tubulin mutant and wild-
type cells were synchronized in S phase by treatment
with hydroxyurea, shifted to 19°C to induce

microtubule depolymerization, and septation kinetics
were monitored. We observed that nda3-km311, dmal-
6A nda3-km311, and dmal-6D/E nda3-km311 cells
delayed septation relative to wild-type cells and that
dmalA cells did not (Fig. 4A). These data indicate that
Dmal phosphostate does not significantly influence its
function in delaying septation during a mitotic arrest.
Consistent with this, we found during a mitotic
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Fig. 3. Dmal phosphomutant localization during cell division. (A-C) Representative montages of live-cell time-lapse imaging of the indicated
strains. Images were acquired every 2 min. Time 0 = SPB separation and numbers indicate min from SPB separation. Scale bars, 2 um. (D-F)
Live cell imaging of dmal-mNG, dmal-6A-mNG, or dmal-6D/E-mNG with rlc1-mCherry and sad1-mCherry and quantification of (D)
fluorescence intensity along the septum (when the CR marked by Rlc1-mCherry is fully constricted and a septum is present), (E) SPB
intensity at the end of mitosis when two SPBs marked by Sad1-mCherry are well separated and next to the cell tips, or (F) CR
fluorescence intensity when a fully formed and unconstricted CR is present. n>26 cells. Error bars represent SEM. One-way ANOVA.
*** < P=0.001. (septum dmal-mNG vs. dmal-6A-mNG P=0.15, dmal-mNG vs. dmal-6D/E-mNG P=0.33) (SPB dmal-mNG vs. dmal-
6A-mNG P=0.48, dmal-mNG vs. dmal-6D/E-mNG P=0.25; CR dmal-mNG vs. dmal1-6D/E-mNG P=0.95).
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checkpoint arrest, the intensities of Dmal and Dmal
phosphomutants at the SPB relative to the SPB mar-
ker, Sad1-mCherry, were very similar (Fig. 4B).

Discussion

Dmal signaling must be properly regulated to ensure
that its checkpoint activity is quickly activated in the
event of a mitotic spindle error and is also reversed
when the error is resolved. Here, we tested whether
Dmal phosphostate influences it signaling potential
in the mitotic checkpoint that delays cytokinesis until
chromosome segregation is complete. We found no
evidence that phosphorylation influences Dmal
localization to SPBs, its ability to ubiquitinate itself
or its substrate Sid4, or its mitotic checkpoint func-
tion.

Surprisingly, we found that preventing phosphoryla-
tion impacted the ability of Dmal to localize normally
to the CR. Though the binding partner(s) of Dmal at
the CR and its potential function there are unknown,
our data suggest Dmal phosphorylation modulates its
interaction with the CR during early mitosis. The
dmal-6A4 allele may serve as a useful separation of
function allele for any future studies addressing this
question. It is interesting that Dmal returns to the
division site upon mitotic exit at increased levels com-
pared with early mitosis, and this latter division site
localization does not depend on phosphorylation. This
suggests that there are two different mechanisms local-
izing Dmal to the division site differentially regulated
by phosphorylation.

We determined that Dmal is phosphorylated in vivo
throughout the cell cycle and that this phosphorylation
occurs on six sites. Some of these phosphosites were

also identified in global phosphoproteomics screens
designed to identify mitotic-specific phosphorylation
and two mitotic kinases, Cdkl and Plol, phosphory-
late Dmal in vitro. It was therefore surprising that we
did not detect a significant increase in Dmal phospho-
rylation during mitosis nor an effect of eliminating
Cdk1 or Plol kinase activity on Dmal phosphostate.
While other kinases may act redundantly, considering
our data indicates the role of Dmal phosphorylation
is to target it to the CR, we speculate that the kinases
responsible for phosphorylating Dmal in vivo may be
one of many kinases localized at the cell cortex rather
than the SPB.

Phosphorylation of other E3 ubiquitin ligases has
been reported to inhibit their E3 ligase activity or
switch their substrate preference. As example, IkB
kinase phosphorylates the HECT E3 ligase ITCH to
inhibit its E3 ligase activity [45] by impairing E2-E3
complex formation [46]. Protein kinase A-dependent
phosphorylation of the E3 ligase Smad Ubiquitin
Regulatory Factor 1 (Smurfl) changed its affinity for
substrates, leading to reduced degradation of one
substrate and increased degradation of another
substrate [47]. Although our study suggests that
dephosphorylation has little effect on Dmal E3 ubiq-
uitin ligase activity towards its currently known sub-
strates in mitosis, Sid4 and itself, it does not rule
out the possibility that Dmal phosphorylation is
important for ubiquitination of its meiotic substrates
[48,49] or influence its choice of E2 enzyme partner.
Finally, a caveat to our study is that mutations
designed to mimic phosphorylation in dmal-6D/E
may not have done so [50], and thus the effect of
constitutive Dmal phosphorylation may not have
been revealed.
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Supporting information

Additional supporting information may be found
online in the Supporting Information section at the end
of the article.

Fig. S1. Dmal phosphospectra. Representative mass
spectra of phosphopeptides from Dmal TAPs or HBH
purifications are shown. Images were extracted from

J.-S. Chen et al.

Scaffold PTM; matched b and y ions are highlighted
in red and blue, respectively. Ions resulting from neu-
tral losses are highlighted in green. When available,
both MS2 and MS3 (spectrum resulting from further
fragmentation of the neutral loss (NL) of the phos-
phate from the parent ion during MS2 scan) spectra of
the same site are shown. Sp/Tp: phosphorylated ser-
ine/threonine; Sd/Td: dehydrated serine/threonine (due
to neutral loss of phosphate).

Fig. S2. Identification of the kinases that phosphory-
late Dmal in vitro. (A—C) Recombinant MBP-purified
Dmal proteins were incubated in vitro with Cdkl
complex (Cdc2-Cdcl3) (A), Plol (B), or CK2 (CO),
resolved by SDS-PAGE, and visualized by Coomassie
blue (CB) staining (bottom panels). Labeled proteins
were detected by autoradiography (top panels).

Fig. S3. (A) Quantification of live whole-cell fluores-
cence intensity from the indicated strains. n > 41 non-
septated cells. Error bars represent SEM. One-way
ANOVA (dmal vs. dmal-64 p = 0.10; WT vs. dmal-
6D/E p = 0.59). (B) Quantification of time-lapse imag-
ing of mitotic and cytokinetic events of strains from
Fig. 3A-C. See methods for definition of events. n =
11 cells. Error bars represent SEM.
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