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The budding yeast proteins Dmal and Dma2 are members of the unique FHA-RING domain protein family and are linked
to mitotic regulation and septin organization by ill-defined mechanisms. We show that Dma2 has ubiquitin ligase activity,
and that septins Shs1 and Cdc11 are likely direct in vivo targets. We further propose that human RNF8, rather than Chfr,
is the mammalian Dma homolog. As in yeast, RNF8 localizes to the centrosomes and cell division sites and promotes
ubiquitylation of the septin SEPT7, whose depletion increases cell division anomalies. Together, these findings reveal
evolutionary and functional conservation of Dma proteins, and suggest that RNF8 maintains genome stability through
independent, yet analogous, nuclear and cytoplasmic ubiquitylation activities.

Introduction

Schizosaccharomyces pombe Dmal protein possesses FHA and
RING finger domains that are, respectively, known to mediate
phosphothreonine-dependent protein-protein interactions and
E3 ubiquitin ligase activity.! Dmal acts in the spindle assembly
checkpoint, and its FHA domain targets Dmal to the spindle
pole body (SPB), where it blocks recruitment of the polo-like
kinase (Plol)—most likely through Sid4 ubiquitylation’—
when spindle function is compromised.> Dmal also localizes in
an FHA-dependent manner to the site of cell division, but the
functional relevance of this is unknown.® Saccharomyces cerevi-
stae possesses two redundant paralogs, Dmal and Dma2, shar-
ing the same domain organization as S. pombe Dmal. Although
S. cerevisiae Dmal and Dma2 are not required for the spindle
checkpoint, they control mitotic exit and also control proper
organization of septins (see below) by an unknown mechanism.?
Mammalian cells contain two orthologous Dma paralogs named
Chfr and RNF8. The former was originally shown to control
>¢ while RNF8 controls DNA-damage responses
through histone ubiquitylation (Jackson and Durocher, in press).

mitotic entry,

Although RNEFS8 is implicated in regulating mitotic exit and
mitotic arrest following nocodazole treatment,”® direct evolu-
tionarily conserved targets for Dma/RNF8 ubiquitylation activ-
ity during mitosis are unknown.

Septins are conserved GTP binding proteins that assemble
into filaments.” Notably, S. cerevisiae septins first assemble at the

incipient bud site. When buds emerge (G,/S), they reorganize to
form a ring structure that eventually splits into two rings at cyto-
kinesis."” Rings then disassemble and the septin-assembly cycle
starts again in G,. Yeast septins are implicated in bud-site selec-
tion, the control of bud growth, spindle positioning and cytoki-
nesis."! The filaments formed by septins serve as scaffolds that
recruit other proteins, including myosin (Myol) and the septa-
tion protein Hof1.">!3 During cytokinesis, the split septin rings
act as a barrier to compartmentalize the cortex around the cell
cleavage site.” Analogously, human septins localize to each side of
the cell-cleavage site and are important for cytokinesis,”* yet the
mechanisms regulating septin activities remain obscure.

Here, we present evidence that Dma/RNF8—rather than
Chfr—can ubiquitylate septins in vivo in an evolutionarily con-
served manner. We also show that the Dma/RNF8 FHA domain
is important for recruiting such proteins to sites of cell division,
and that the RING domain mediates ubiquitylation needed for
septin organization and function.

Results

Dma?2 is an E3 ubiquitin ligase that colocalizes with septins
during mitosis. The existence of RING finger domains in S. cere-
visiaze Dmal and Dma2 suggested that they might be E3 ubiq-
uitin ligases. By yeast two-hybrid analysis, we found that Dma2
interacted well with the ubiquitin E2 ligase Ubc5 and also with
Ubcl13 but not with the E2s Ubc7, Mms2 or Rad6 (Fig. S1A).
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Figure 1. Effects of Dma on septin proteins. (A) Cells expressing endogenous-tagged Shs1-CFP and YFP-Dma2*' were grown to mid-log, fixed and
analyzed. Unsplit septin ring (top) and split septin ring (bottom) are presented (scale bar is 5 um). (B) WT and dmalA dma2A cells expressing Shs1-HA
and overexpressing Ub or His-Ub were purified and blotted with anti-HA. Protein markers (kDa) are on the left. (C) WT and dmalA dma2A cells express-
ing Shs1-HA were purified and blotted with anti-Ub (left); the blot was stripped and reprobed with anti-HA (right). (D) WT cells expressing GAL-Dmaz2,
Shs1-HA and overexpressing Ub or His-Ub were analyzed as in (B). (E) Shs1-TAP was purified from yeast extracts and resuspended in 10 wl of ubiqui-
tylation buffer containing E1 and E2 enzymes, ubiquitin, ATP and recombinant Dma2 or Dma2“*'* was added or omitted, as indicated. Samples were
analyzed by blotting with anti-TAP antibody. (F) WT and dmalA dma2A cells expressing Cdc11-HA and overexpressing Ub or His-Ub were analyzed as
in (B). (G) WT cells expressing GAL-Dma2, Cdc11-HA and overexpressing Ub or His-Ub were analyzed as in (D).

Furthermore, we purified a glutathione-S-transferase (GST)- revealed the generation of ubiquitylated, higher molecular weight
Dma?2 fusion and tested it for auto-ubiquitylation. Western forms of GST-Dma2 when it was incubated with an El, the E2
blot analysis with anti-GST and anti-ubiquitin (Ub) antibodies ~ Ubch5, ubiquitin and ATP (Fig. S1B, lane 6). A Dma2 RING
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point mutant (Dma2“®'%) lacked such activity (Fig. S1B, lane 7).
In agreement with previous findings," these data established that
Dma2 can serve as a RING-dependent E3 enzyme.

Overexpression of Dma2, or deletion of Dma2 and Dmal,
interferes with septin organization and function,* and Dma pro-
teins control septin ring deposition and maintenance.'® Whether
Dma proteins and septins physically associate in vivo, however,
is unknown. Using a strain expressing endogenously tagged
septin Shsl-CFP (cyan-fluorescent protein) transformed with a
2-w plasmid encoding Dma2-YFP (yellow fluorescent protein),
we observed little or no colocalization of Shsl and Dma2. Since
Dma2 and Shsl association might be transient, we speculated
that it might be stabilized by inactivating Dma2 catalytic func-
tion. Indeed, we observed two distinct localization patterns for
the Dma2®®"*-YFP protein. For small- and large-budded cells
with an unsplit septin ring, the bulk (-86%) of the Dma2¢*'A-
YFEP signal localized at the growing bud tip (Fig. 1A). In stark
contrast, for cells where the septin hourglass structure had
split into two defined rings, in the majority of cases (-95%),
Dma2“®'"AYFP localized at the mother-bud neck, where the
septin rings are located (Fig. 1A). These data indicated that a
catalytically functional RING domain is not required for local-
ization of Dma2 at the bud neck, and, during the late stage of
mitosis, Dma2 has the right localization to potentially interact
with and ubiquitylate septins.

Dmal and Dma2 modulate ubiquitylation of septins Shsl
and Cdcll in vivo. We expressed tagged Shsl (Shsl-HA) in a
(wild-type) WT strain and in a strain deleted for both DMAI
and DMA2 (to avoid redundancies?). The strains used were cop-
per-inducible for either ubiquitin (Ub) or hexa-histidine-tagged
ubiquitin (His-Ub). At mid-log phase, ubiquitin or His-Ub
was induced, ubiquitylated proteins were purified, and bound
materials were analyzed by blotting with an Shsl-HA antibody.
Modified Shsl was readily detectable from WT strains express-
ing His-Ub, clearly representing ubiquitylated forms of Shsl
(Fig. 1B, compare lanes 1 and 2). In these analyses, we routinely
detected two closely migrating modified bands and believe that
the lower migrating species represents monoubiquitylated Shsl,
while the upper band could either be a diubiquitylated form or
Shsl with additional modification(s). Notably, Shsl is phosphor-
ylated and sumoylated in vivo,” yet mutating the established Shsl
sumoylation sites, lysines 426 and 437, into arginine essentially
abolished sumoylated Shsl derivatives (Fig. S1C, left) but main-
tained ubiquitylated Shsl (Fig. S1C, right). These data there-
fore suggested that Shsl sumoylation and ubiquitylation occur
on different lysine residues. Notably, the levels of ubiquitylated
Shsl were reduced in dmalA dma2A cells (Fig. 1B). In line with
these findings, immunoprecipitation of Shsl-HA followed by
western analysis with an anti-Ub antibody indicated that DMAI
and DMA?2 inactivation led to lower levels of ubiquitylated Shsl
(Fig. 1C). This phenotype is unlikely to be due to a defective
cell cycle progression, because dmalA dma2A cells have a com-
parable cell cycle distribution profile to WT cells (Fig. S1D).
Collectively, these data indicated that Dmal and Dma2 control
Shsl ubiquitylation, and suggested that they might directly tar-
get Shsl in vivo.

1002

Cell Cycle

If Shsl wasadirect target of Dmal and Dma2, then overexpres-
sion of these ubiquitin ligases might increase Shsl ubiquitylation.
We therefore engineered strains expressing copper-inducible Ub
or His-Ub to permit the controlled overexpression of Dma2 from
a galactose-inducible promoter. After purification and western
blotting, extracts prepared from cells overexpressing Dma2 con-
tained markedly increased levels of ubiquitylated Shsl (Fig. 1D,
lane 4), suggesting that Shsl could be a direct substrate of Dma2.
Indeed, we found that recombinant WT Dma2 but not the RING
mutant Dma2®'* could ubiquitylate purified TAP-tagged Shsl
in the presence of Ubch5, ubiquitin and ATP (Fig. 1E). We thus
conclude that the septin Shsl is likely to be a direct substrate of
Dmal and Dma?2.

Using the above assay, we checked if other septins might be
ubiquitylated in a Dma2-dependent manner. We were unable
to detect ubiquitylated Cdc10-HA (data not shown), but found
that the septin Cdcll-HA was modified by ubiquitin in vivo
(Fig. 1F, lane 2; like Shsl, Cdcll was probably monoubiquity-
lated at more than one site). The fact that deletion of DMAI
and DMA2 decreased the intensity of these ubiquitylated species
(Fig. 1F, lane 4), and that their levels were increased by Dma2
overexpression (Fig. 1G) indicated that Cdcll also likely serves
as an in vivo substrate for Dmal and Dma2. Accordingly, a non-
biased screen for dosage compensation of temperature-sensitive
(ts) alleles of lethal yeast deletions'® showed that Cdcll-ts is res-
cued by septin proteins (Cdc3, Cdcl0 and Cdcl1) but also by the
expression of the ubiquitin gene Ubi4 or Dmal (Fig. S1E).

Septin organization requires the Dma2 RING and FHA
domains. For viability, cells lacking Dmal and Dma2 require
Cla4,"'¢ a protein kinase required for correct septin ring assem-
bly."! Consequently, dmalA dma2A mutants expressing a ts CLA4
allele, cla4-75, are inviable at 37°C, presumably due to severe
septin organization defects caused by the combined loss of Dma
and Cla4 activities.*'® We therefore took a dmalA dma2A cla4A
mutant strain expressing the c/a4-75 allele from a plasmid and
transformed it with empty vector or with constructs encoding
WT Dma2 (pDma2-Myc), FHA mutant Dmal (pDma2R*A-
Myc) or RING mutant Dmal (pDma2¢®'4-Myc). Interestingly,
incubation of these strains at 25 or 37°C (the restrictive tempera-
ture) revealed that cells expressing the FHA or RING mutants
remained temperature-sensitive, while expression of WT Dma2
rescued the thermo-sensitivity phenotype of the dmalA dma2A
cla4-75 strain (Fig. 2A, left panels). This indicates that these
domains are required for Dma?2 activity, where viability is likely
to reflect septin function. Western blot analysis indicated that
the Dma2®®'*-Myc mutant expressed at levels similar to WT,
but expression of the Dma2****-Myc mutant was slightly lower
(Fig. 2A, right panel). However, even when overexpressed from
a high copy-number 2 p-based plasmid, the Dma2**A-Myc
mutant failed to rescue the temperature sensitivity of the dmalA
dma2l cla4-75 strain. Collectively, these results suggested that
both the Dma2 FHA and RING domains contribute to normal
septin function.

We next tested the importance of the Dma2 FHA and RING
domains for septin positioning and organization. Thus, dmalA

dma2 cla4-75 cells expressing septin Cdc3-GFP from a plasmid
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Figure 2. Dma2 ubiquitin ligase activity is required for viability of c/a4 mutants and for normal septin organization. (A) A dmalA dma2A cla4A mutant
strain (cla4-75 allele) was transformed with an empty vector or with a plasmid encoding pDma2"", pDma2**' or pDma2"***A. Dma2 proteins were
Myc-tagged while Dma2#?** was expressed from a low- (CEN) or high- (2 ) copy plasmid. Cells were incubated at 25°C or 37°C for 3 d (left). Extracts
from (A) were analyzed by sequential blotting with anti-Myc (right) then anti-Pgk1 as loading control. (B) dmalA dma2A mutants transformed as in
(A) were transformed with a plasmid expressing GFP-Cdc3. Cells were grown at 25°C, shifted to 37°C for 3 h, and percentages of budded cells showing
abnormal septin ring morphology or position were scored by microscopy (left; n = 200). Examples of cells scored as having abnormal septin rings are

shown on the right. Scale bar is 5 pm.

were transformed with control, pDma2-Myc, pDma2**?A-Myc
or pDma2*'"*-Myc plasmids. After growth at 25°C followed by
a shift to 37°C for 3 h, cells were fixed and visualized by micros-
copy. As described previously,” we found a high incidence of
mis-positioned septin rings in dmalA dma2A cla4-75 mutants
(Fig. 2B). In addition, we observed a high number of cells with
disorganized septin filaments. Importantly, while this phenotype
was rescued by reintroducing WT Dma?2, cells expressing the
Dma2 FHA or RING mutants showed septin positioning and
organization defects comparable to dmalA dma2A cells trans-
formed with empty vector (Fig. 2B). These results therefore indi-
cated that the Dma2 FHA and RING domains are required for
efficient septin positioning and organization.

Human RNF8, not Chfr, colocalizes with septins in an
FHA-dependent manner. Akin to S. cerevisiae Dmal and
Dma2, human RNF8 and Chfr contain both FHA and RING
domains. Notably, however, sequence analyses have suggested
that Chfr and RNF8 diverged in a vertebrate genome dupli-
cation event independent of the budding yeast duplication.!
Furthermore, our phylogenetic analyses indicated that RNF8
homologs cluster together with Dma proteins, while Chfr
homologs appear to be vertebrate-specific (Fig. S2). Perhaps
the main molecular distinction is that Chfr family members
possess a poly-cysteine rich region at their C terminus,’ while
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RNF8/Dma proteins are devoid of this but, instead, possess
a predicted coiled-coil region between the FHA and RING
domains. During interphase, RNF8 and Chfr localize to the
nucleus and are involved in the DNA damage response.””** Chfr
participates in a cell cycle checkpoint response that acts at the
end of interphase to delay entry into mitosis when cells suffer
microtubule damage.>® Notably, during mitosis and until reas-
sembly of the nuclear membrane, RNF8 and Chfr may diffuse in
the cytoplasm and could thus function independently from their
roles in interphase. Due to its domain organization and links to
mitotic events, it has been assumed that Chfr, not RNF8, is the
Dma functional counterpart.®* Since both S. pombe Dmal® and
S. cerevisiae Dma2 (Fig. 1C) localize to the site of cell division,
we sought to determine whether RNf8 and/or Chfr adopt a simi-
lar localization. To examine and simultaneously compare their
subcellular localizations, we microinjected a synchronized popu-
lation of HeLa cells, 10 h after release, with equal amounts of
two plasmids: YFP-Chfr and CFP-RNF8, and analyzed mitotic
progression. We found that while the most pronounced accumu-
lation of CFP-RNF8 was at the midbody, a transient structure
that marks the site of cell abscission at the end of cytokinesis,
YEP-Chfr never localized to such sites but instead accumulated
in daughter cells at the time that the cell cleavage furrow had
fully ingressed (Fig. 3A; Movie 1). A closer analysis of RNF8
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localization also indicated that it associates with centrosomes in
mid-mitosis (Fig. 3B; Movie 2). Thus, of the two proteins, the
localization pattern of RNF8 is most similar to that of the yeast
Dma proteins, suggesting that Chfr has possibly evolved to per-
form alternative mitotic functions.

To determine which domains of RNF8 were important for the
observed localization pattern, we injected HeLa cells with plas-
mids expressing WT or mutant GFP-RNF8. While WT RNF8
localized to both the midbody and centrosomes, these associa-
tions were abolished by mutating a FHA domain residue that
is predicted to be important for phospho-protein binding activ-
ity (GFP-RNF8®*, Fig. 3B; Movie 3). By contrast, the GFP-
RNE84S protein, a mutation that abrogates RNF8 ubiquitin
ligase activity,” had a localization pattern similar to the WT
protein (Fig. 3B; Movie 4). These data therefore revealed that
the FHA domain but not an intact RING is required for the
correct subcellular localization pattern of human RNFS, a situa-
tion strikingly analogous to that of Dma proteins of both fission
yeast® and budding yeast (Fig. 1A).

RNF8 regulates septin ubiquitylation and physiology in
human cells. Having shown that S. cerevisiae Dma2 is an E3
ubiquitin ligase affecting septin Shsl and Cdcl1 ubiquitylation,
and since RNF8 possesses ubiquitin ligase activity in vitro*
and in vivo,” we wondered whether RNF8 might also target
septins. Sequence comparisons indicated that SEPT7 is the clos-
est human homolog of yeast Shsl (data not shown). While it is
not clear if these two proteins are indeed functional homologs,"
such sequence similarity prompted us to test whether SEPT7
colocalizes with and is ubiquitylated by RNF8. Using HeLa cells
microinjected with YFP-RNF8 and CFP-SEPT7 plasmids fol-
lowed by time-lapse microscopy, we established that RNF8 and
SEPT?7 simultaneously localized to the midbody and that the
distribution of RNF8 appeared to considerably overlap with that
of SEPT?7 at this structure (Fig. 3C; Movie 5) in a manner com-
parable to the localization of the Resl protein that has been sug-
gested to regulate Shsl phosphorylation status at the bud neck.”

To test whether RNF8 can ubiquitylate SEPT7, a construct
encoding Myc-tagged SEPT7 was co-transfected into human
293 cells with either a vector expressing GFP-RNF8 or a cata-
lytically inactive RNF8 RING mutant (GFP-RNF8%%%), We
then prepared cell lysates, performed immunoprecipitations with
an anti-Myc antibody and analyzed samples by western blot-
ting. Strikingly, upon Myc-SEPT7 expression, two bands were
detected by the anti-Ub antibody, thereby indicating that SEPT7
is ubiquitylated in cells (Fig. 4A, lane 4). Since these two bands
are sharp and discrete, we inferred that SEPT?7 is not polyubiq-
uitylated but is probably monoubiquitylated at one or more sites,
or perhaps monubiquitylated or diubiquitylated at a single site.
Moreover, while expression of GFP-RNF8 did not alter levels
of ubiquitylated SEPT7 (Fig. 4A, lanes 4 and 5), expression of
the RNF8 RING mutant considerably decreased the intensity of
both ubiquitylated species (Fig. 4A, lanes 4 and 6). The most
likely explanation for this is that overexpressed GFP-RNF8<4%3
acts as a dominant-negative mutant by competing with the WT,
endogenously expressed RNFS8, for targeting SEPT7. In support
of this idea, we detected the GFP-RNF8“*S protein (and also
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Figure 3. RNF8 localizes to the midbody and centrosomes in an FHA-
dependent manner. (A) G,/S synchronized Hela cells were released for
10 h, injected with equimolar YFP-Chfr and CFP-RNF8 plasmids. Cells
entering mitosis were identified by DIC microscopy and then moni-
tored by time-lapse microscopy. (B) HeLa cells were synchronized as in
(A), injected with pGFP-RNF8, GFP-RNF87*** or GFP-RNF8%* (C). As in
(B), but cells were co-injected with YFP-RNF8 and CFP-SEPT7. Scale bar
is 5 um. Arrowheads indicate the midbody. Experiments were repeated
multiple times, and a representative movie for each is shown in Supple-
mental data as Movies 1-5.
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Figure 4. RNF8 controls septin SEPT7 ubiquitylation. (A) 293 cells were co-transfected with GFP-RNF8 or GFP-RNF8%%5 and Myc-SEPT7, as indicated.
Cells were lysed 48 h later and immunoprecipitated with anti-Myc (anti-Myc IP). Samples were analyzed by blotting with anti-Ub or anti-GFP. (B)

293 cells were siRNA treated and 48 h later were transfected with a plasmid encoding Myc-SEPT7 and grown for a further 48 h. Immunoprecipitates
were prepared as in (A) then blotted with indicated antibodies (C). As (A) but instead of Myc-SEPT7, cells were co-transfected with empty plasmid or
FLAG-tagged SEPT2, 4, 8 or 11. (D) Quantification of cellular anomalies in RNF8 depleted cells or in cells treated with two independent siRNAs targeting
SEPT7. All experiments were independently repeated multiple times; unpaired t-test (**p < 0.01; ***p < 0.001).

the analogous WT protein at lower levels) in SEPT7 immuno-
precipitates (Fig. 4A, bottom).

As a complementary approach to investigate the impact
of RNF8 on SEPT7 ubiquitylation, we treated 293 cells with
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short-interfering RNAs (siRNAs) targeting RNF8 or with a con-
trol siRNA (targeting firefly luciferase) and then transfected the
cells with a plasmid encoding Myc-SEPT7. We then prepared cell
lysates, immunoprecipitated Myc-SEPT7 and analyzed samples
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by western immunoblotting with an anti-Ub antibody. Although
the siRNA treatment caused only partial RNF8 depletion, this
considerably decreased the levels of ubiquitylated SEPT7 as com-
pared with cells treated with control siRNA (Fig. 4B, lanes 3
and 4). To explore whether the effect on SEPT7 was specific and
did not reflect an artifact generally affecting septins, we con-
ducted the same experiment shown in Figure 4A but with Flag-
tagged septins: SEPT2, SEPT8, SEPT9 or SEPT11 (tested by
Nagata et al.?®). This analysis showed that the RNF8-dependent
ubiquitylation of septins is directed toward SEPT7 and possibly
SEPT8 but not the other septins we tested (Fig. 4C). This effect
therefore bears strong similarity to the ubiquitylation of Shsl and
Cdcl1 by yeast Dma proteins.

Finally, we postulated that because RNF8 ubiquitylates
SEPT?7 in vivo, the loss of either should manifest comparable
cellular anomalies. To test this idea, we depleted RNEFS8 or
SEPT7 from human U20S cells and analyzed these cells by
immunofluorescence microscopy (Fig. S3). Thus, we observed
that RNFS8 or SEPT7 depletion produced similar phenotypes in
terms of increased inter-cellular bridges (IB) and multi-nucleated
(MN) cells, both of which can result from aberrant cytokinesis
and cell abscission (Fig. 4D). These observations are supported
by similar findings for depletion of other septin proteins,”*!**
thereby reinforcing the idea that adequate cell abscission depends
on septin ubiquitylation. Our results therefore established that
RNF8 affects SEPT7 ubiquitylation and infer that interference
with this process had deleterious effects during cellular abscission
by affecting the equal distribution of the genome into the two
daughter cells.

Discussion

Dma2 interacts with ubiquitin E2 enzymes and has robust E3
ubiquitin ligase activity in vitro, and prior work has indicated
that dmalA dma2A mutants have septin organization defects.*
Our data suggest that this reflects a direct effect of Dma proteins
on septins, as we have found that septins Shsl and Cdcll are
direct targets of Dmal and Dma2 ubiquitin ligase activity. This
conclusion is based on the observations that deletion of DMAI
and DMA2 decreases the abundance of the ubiquitylated forms
of Shsl and Cdcl1 present in the cell and that Dma2 overexpres-
sion has the opposite effect. Furthermore, we have established
that Shsl can be ubiquitylated by Dma2 in vitro. Notably, these
effects appear to be specific to certain members of the septin fam-
ily, because we were unable to detect ubiquitylation of Cdcl0 in
vivo. Although Chfr has been considered as the ortholog of .
pombe Dmal and S. cerevisize Dmal and Dma2,** this idea was
not supported by our analyses of Chfr subcellular localization.
Instead, our results indicate that RNF8 is likely to be the genuine
mammalian ortholog of the yeast Dma proteins. Thus, we have
found that RNF8 localizes to centrosomes and to the cell divi-
sion site, and it promotes the ubiquitylation of specific members
of the septin family (SEPT7 and possibly SEPT8 but not SEPT2,
4 and 11), two key characteristics shared with the yeast Dma
proteins. Furthermore, as has been shown for S. pombe Dmal,?
we have established that the FHA domain of RNEFS8 controls
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its subcellular localization. A phylogenetic analysis of available
protein sequences having an FHA followed by a RING finger
domain indicates that these molecules belong to two distinct
families: one containing Chfr, the other containing RNF8 and
the yeast Dma proteins (Fig. S2). A distinctive feature of Chfr
family members is that they possess a poly-cysteine rich region at
their C terminus,’ while the Dma/RNEF8 proteins are devoid of
this bu, instead, possess a predicted coiled-coil region between
the FHA and the RING finger domains. The phylogenetic analy-
sis also suggests that the Chfr family of proteins arose during
vertebrate evolution, possibly adopting mitotic functions distinct
from those of RNF8 (Fig. S2).

Cells lacking Dmal and Dma2 require the protein kinase
Cla4 for viability, presumably because of the severe septin orga-
nization defect caused by the combined loss of Dma and Cla4
activities.* We have shown that this lethality cannot be comple-
mented by the catalytically inactive Dma2“®'* RING-finger
mutant, a result strongly suggesting that septin ubiquitylation by
Dmal and Dma2 is important for the viability of Cla4-defective
cells. Furthermore, we have established that the ubiquitin ligase
activity of Dmal and Dma2 is important for the correct position-
ing and organization of the septin ring in dmalA dma2A cla4-75
cells grown at 37°C, a result reinforcing the importance of septin
ubiquitylation. Although it is not yet clear how ubiquitylation
of septins might affect their functions, it is unlikely to promote
their proteasomal degradation, as we found no evidence for poly-
ubiquitylation of Shsl or Cdcll. Furthermore, levels of Cdcll
are constant during the cell cycle,” and we have not observed
accumulation of septins in cells where Dmal/2 activity was
altered (Fig. 2). Because Dma2 colocalizes with septins late dur-
ing mitosis, this suggests that septin ubiquitylation could happen
at the site of cell division during cytokinesis. Although this time
marks the beginning of septin ring disassembly, we did not find
dmalA dma2A mutants to be defective in this process, and, as
such, we cannot rule out the possibility that septin ubiquitylation
occurs during interphase.

In budding yeast, the Cla4 kinase is required for septin ring
formation at the time of bud emergence (G /S). The genetic
interaction between DMAI/2 and CLA4 reported here and by
Fraschini et al.* is consistent with septins becoming ubiquitylated
at, or before, bud emergence, with this modification facilitating
septin ring assembly. Although deletion of DMAI and DMA2
markedly reduced levels of ubiquitylated Shsl and Cdcll, we
still detected residual ubiquitylation of these proteins. This sug-
gested that an additional ubiquitin ligase(s) might compensate
for the lack of Dmal and Dma2, and raised the possibility that
a complete lack of septin ubiquitylation would cause a more
severe phenotype than that observed in dmalA dma2A mutants.
Identification and mutation of the ubiquitylated residues on
septins will be required to address this possibility.

Our observations that RNF8 localizes at the midbody in
a manner that overlaps with and is concurrent with SEPT7
localization—and akin to the localization of the Rtsl protein
with respect to yeast Shs1®—suggests that it might play a key
role in regulating cytokinesis. Consistent with this, we have
observed a modest but significant increase in the occurrence of
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multi-nucleated cells and cells with inter-cellular bridges when
RNF8 or SEPT7 are depleted (Fig. 4), findings that are in
agreement with other studies.”®'*?” Since septins are required
for cytokinesis,'"#*# it is possible that the cytokinesis defects
we observed are caused by loss of septin ubiquitylation. This
could be addressed by analyzing cells in which the ubiquity-
lation sites of SEPT7, and potentially of other mammalian
septins, are mutated. However, drawing upon the established
role of RNFS8 in histone modification, it is possible that there are
parallels between the ubiquitylation activities of RNF8 in the
cytoplasm and in the nucleus. First, the recruitment of RNF8
seems to depend on its FHA domain, while the RING domain
appears to be dispensable for this recruitment but essential for
subsequent RNF8 E3 ubiquitin ligase activity. Moreover, we
note that septins and nucleosomes form vaguely similar higher-
order octameric structures.’® Together, this suggests that RNF8
could promote independent but analogous ubiquitylation activi-
ties in the cytoplasm and in the nucleus at different phases of
the cell cycle to maintain both cellular and genomic integrity.
Finally, it is tempting to speculate that septin ubiquitylation by
Dma/RNEFS8 is not only needed to bring about effective cell divi-
sion and genome stability but also provides opportunities for
the cell to sense mitotic progression and perhaps modulate it in
response to environmental cues. Further analyses of Dma/RNF8
should shed light on such intriguing possibilities.

Materials and Methods

Yeast strains and methods. Genotypes of strains are listed in
Table S1. All strains were S288 derivatives except ySP3018 (W303
background). Standard methods were used throughout and gene
deletions and epitope tagging were PCR-mediated.

Plasmids. The DMA2 ORF plus 270 bp of upstream and 250
bp of downstream sequences was amplified by PCR with EcoRI
and Xhol sites appended to the upstream and downstream prim-
ers respectively. This PCR product was cloned in pRS413 (HIS3
CENG6 ARS4) cut at the same sites to generate pPDMA2. A 13x
Myc epitope tag was added to Dma2 by the following procedure:
the stop codon of DMA2 in pPDMA?2 was mutated to an Agel site
using the QuikChange site directed mutagenesis kit (Stratagene)
and a PCR product encoding 13 Myc epitopes, generated with
upstream and downstream primers having, respectively, Age/
and Xhol restriction sites appended, was cloned in pPDMA?2 cut
at the same sites to generate pPDMA2-Myc. The pDMA2¢%1A-
Myc plasmid was generated by changing the nucleotides encoding
Cys-451 of the RING to an Ala codon using the QuikChange
site directed mutagenesis kit (Stratagene). To generate plas-
mids pGST-DMA2 and pGST-DMA2®'A, full-length DMA2
ORF (without the Myc tag) was amplified from pDMA2-Myc
and pDMA2“®'"A-Myc plasmids, respectively, and the gener-
ated PCR products (engineered to have EcoRI sites at both
ends) were cloned in pGEX-4T-3 (Amersham Biosciences) at
the same site. Plasmid pDma2“*'*-YFP was created by replacing
the 13xMyc module of pDma2“*'*-Myc with a PCR-amplified
YFP sequence. The DMA2-YFP sequence was then subcloned in
pRS426 (2 w, URA3). Yeast two-hybrid plasmids were created
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by cloning the complete coding sequences of Ubc5 or Ubc7 in
pGBKT?7 (Clontech) or the complete coding sequence of Dma2
in pGADT?7 (Clontech). Two-hybrid plasmids encoding fusions
of Ubcl3, Mms2 or Rad6 with the GAL DNA binding domain
were a kind gift from Dr Stefan Jentsch and are described else-
where.?! Plasmids permitting copper-inducible expression of ubiq-
uitin or His-Ub (respectively, pUb175 and pUb221) were kind
gifts from Dr Daniel Finley. The pCdc3-GFP plasmid was kindly
provided by Dr Simonetta Piatti. Full-length RNF8 was PCR-
amplified from a human thymus ¢cDNA library and cloned in
vectors peGFP and peCFP (Clontech) to create GFP-RNF8 and
CFP-RNF8 respectively. RNF8 point mutants were generated
with the QuikChange site directed mutagenesis Kit (Stratagene).
The Myc-SEPT7 construct was kindly provided by Dr Koh-ichi
Nagata and is described elsewhere.?

Cell culture and synchronization. For Hela cell G,/S syn-
chronization, the day after seeding, cells were blocked with thy-
midine (2.5 mM, Sigma) for 24 h, released for 12 h and then
blocked with aphidicolin (5 mg/ml, Sigma) for 24 h before release
into fresh medium.

Transfections and siRNA treatments. Transfections of
plasmids and siRNAs were with Metafectene (Cambio) and
Oligofectamine (Invitrogen), respectively. siRNAs were from
Dharmacon and their sequences are described in Supplemental
data.

Detection of septin-ubiquitin conjugates. For experiments
involving Ub-His expression, cells were grown in selective
medium containing 2% glucose to early log phase. Ubiquitin
expression was induced by addition of 250 uM CuSO, for 3 h.
For experiments involving Dma2 overexpression, cells were grown
in selective medium containing 2% raffinose to early log-phase.
Copper sulfate was added to cultures for 1 h, then 2% galac-
tose was added and cells grown for an additional 3 h. Cells were
washed in water, resuspended in lysis buffer (6 M guanidium-
HCl, 50 mM sodium phosphate buffer pH 8, 10 mM TRIS-HCI
pH 8, 300 mM NaCl, 5 mM N-ethymaleimide, 10 mM imid-
azole) equal to the cell pellet volume, and extracts were prepared
with a One Shot cell disruptor (Constant Systems) at a pressure of
30 kPSI. Purification of ubiquitylated proteins was performed as
previously described.?? Bound proteins were eluted by addition of
25 wl of 2x SDS loading buffer and analyzed by western blotting
with an anti-HA antibody. For Figure 2A, cells were lysed in a
buffer containing 8 M urea, 50 mM sodium phosphate pH 8, 10
mM TRIS-HCI pH 8, 300 mM NaCl, 5 mM N-ethymaleimide
and 10 mM imidazole; the urea concentration was then diluted
10-fold and Shsl-HA was immunoprecipitated from 4.5 mg of
protein extracts with 1 pg of anti-HA antibody. Human 293 cells
transfected with Myc-SEPT7, Flag-SEPT2, Flag-SEPTS, Flag-
SEPT9 or Flag-SEPT11% were collected 48 h after transfection
and washed with cold PBS. Cells were then lysed in a buffer con-
taining 8 M urea, 100 mM NaH,PO,, 10 mM Tris pH 8 and
0.2% Triton-X supplemented with 10 mM B-mercaptoethanol
and 20 mM N-ethylmaleimide. One mg of protein extract was
diluted ten times in buffer-T [10 mM Tris pH 8, 1% (v/v) Tween-
20, 10 mM B-mercaptoethanol, 20 mM N-ethylmaleimide], and
Myc-SEPT7 was immunoprecipitated with anti-Myc antibody.
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Other septins were immunoprecipitated with anti-Flag (M2)
antibody.

Microinjection and time-lapse imaging and analysis. For
microinjection and during microscopy observation, cells were
grown in a 35-mm diameter glass-bottomed dish (WillCo
Wells). Medium was replaced by Leibovitz’s L-15 medium (Gibco
BRL) with 10% serum and antibiotics. Plasmids were microin-
jected at 3 ng/ml in G, cells with a semiautomatic microinjec-
tor (Eppendorf) on a Leica DMIRBE microscope. Images were
captured every 3 min with a DeltaVision Spectris deconvolution
microscope (Applied Biosystems) with a 60x lens. Further details
are in Supplemental data. A modified version of Image] software
(NIH) was used for movies.

Yeast microscopy. Cells were fixed for 15 min in 3.7% form-
aldehyde, washed twice in PBS, sonicated briefly and visualized
on an integrated DeltaVision system (Applied Precision) with a
100x (numerical aperture, 1.4) objective. Captured images were
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