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Abstract: RWD domains mediate protein–protein interactions in a variety of pathways in eukaryotes. In
budding yeast, the RWD domain protein Csm1 is particularly versatile, assembling key complexes in
the nucleolus and at meiotic kinetochores through multiple protein interaction surfaces. Here, we
reveal a third functional context for Csm1 by identifying a new Csm1-interacting protein, Dse3. We
show that Dse3 interacts with Csm1 in a structurally equivalent manner to its known binding partners
Mam1 and Ulp2, despite these three proteins’ lack of overall sequence homology. We theorize that the
unique “clamp” structure of Csm1 and the loose sequence requirements for Csm1 binding have led to
its incorporation into at least three different structural/signaling pathways in budding yeast.

Keywords: RWD domain; monopolin complex; S. cerevisiae; X-ray crystallography; protein–protein
interactions

Introduction
In eukaryotes, the conserved RWD domain plays key
roles in assembly and function of the kinetochore, a
megadalton-scale complex that links chromosomes to
spindle microtubules in both mitosis and meiosis.
This ~100 amino acid domain adopts a simple α + β
sandwich structure, and usually forms homo- or het-
erodimers through a coiled-coil domain situated N-
terminal to the RWD domain.1,2 Despite the overall
structural similarity between different RWD proteins
and their conserved ability to scaffold protein assem-
blies by binding short peptide motifs, RWD proteins

generally utilize distinct protein–protein interaction
surfaces that are not shared with other family
members.3–5

RWD domains are found in the inner-kinetochore
proteins Ctf19/CENP-P and Mcm21/CENP-O,6 the
outer-kinetochore proteins Spc24 and Spc25,7 and the
kinetochore-associated checkpoint signaling protein
Mad1.1 Fungi possess another RWD protein, Csm1/
Pcs1, that plays a key cross-linking role in the kineto-
chore. Csm1/Pcs1 forms a “V”-shaped complex with
its binding partner Lrs4/Mde4, with two Csm1/Pcs1
dimers bridged at their coiled-coil N-termini by a
dimer of Lrs4/Mde4.2 In Schizosaccharomyces pombe,
the Pcs1:Mde4 complex binds kinetochores in mitosis
and suppresses merotelic kinetochore-microtubule
attachments, likely by cross-linking and co-orienting
the multiple microtubule-binding elements within a
single kinetochore.8–10.

Saccharomyces cerevisiae and its close relatives
possess “point centromeres” whose kinetochores bind
a single microtubule.11–13 In these fungi, Csm1:Lrs4
forms the structural core of the “monopolin” complex,
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which mediates the co-orientation of sister kineto-
chores in Meiosis I to enable the bi-orientation and
segregation of homologs.2,14–18 Csm1 is thought to
directly cross-link sister kinetochores, and binds the
outer-kinetochore protein Dsn1 through a conserved
surface on its RWD domain.2,18 Csm1 binds another
monopolin complex subunit, Mam1, through a second
conserved surface on its RWD domain.19 Mam1 in
turn binds and recruits the CK1-family kinase Hrr25,
which mediates the specificity of sister kinetochore
crosslinking through an unknown mechanism.16,20

Uniquely among known RWD proteins,
S. cerevisiae Csm1 and its binding partner Lrs4 func-
tion in a second context as part of a completely distinct
protein network. In interphase, the Csm1:Lrs4 com-
plex localizes to the nucleolus, where it stabilizes ribo-
somal DNA (rDNA) repeats against illegitimate
recombination and also mediates rDNA transcrip-
tional silencing. As in the kinetochore, Csm1 forms a
protein interaction hub in the nucleolus, binding the
rDNA-associated protein Tof2 and (likely through
Lrs4) the inner-nuclear membrane proteins Nur1 and
Heh1/Src1.2,21,22 More recently, we showed that Csm1
binds a SUMO peptidase, Ulp2, and recruits this pro-
tein to the nucleolus to de-SUMOylate and thereby
stabilize Tof2.23 Csm1 uses the same protein–protein
interaction surfaces in both of its functional contexts:
one surface binds both Dsn1 (kinetochore) and Tof2
(nucleolus), and a second surface binds Mam1 (kineto-
chore) and Ulp2 (nucleolus).19,23

Here, we use a combined bioinformatic, biochemi-
cal, and structural approach to identify and character-
ize a novel Csm1-binding protein, Dse3. We show that
despite little to no sequence homology with known
Csm1-binding proteins, Dse3 binds Csm1 in a manner
equivalent to Mam1 and Ulp2. Thus, our data identify
a third major functional context for budding yeast
Csm1 and further demonstrate its functional plasticity.

Results

Bioinformatic identification of Dse3 as a
Csm1-binding protein
Existing high-throughput and targeted studies of
protein–protein interactions (collated by theSaccharomy-
cesGenomeDatabase: http://yeastgenome.org) have iden-
tified 70 proteins that show a physical interaction with
Csm1, either by yeast two-hybrid binding assays, affinity-
capture mass spectrometry, in vitro reconstitution, or
crystal structures. We sorted these interactors, and iden-
tified three categories of Csm1 binding partners that have
been detected in at least two separate studies [Fig. 1(A)].
The first category comprises proteins that localize to the
meiosis I kinetochore, which mostly function with Csm1
as part of the monopolin complex: Lrs4,2,15,16,21,22,24–30

Mam1,2,16,19,26–29 Hrr25,16,17 and Dsn1.2,17,18,29 The sec-
ond category comprises proteins that localize to the nucle-
olus, functioning with Csm1 to organize ribosomal DNA.

These include Tof2,2,21,22,28,29,31 Cdc14,22,29,32

Nur1,21,22,26,31 Heh1(Src1),21,22 Ulp2,23,31,33 and
Spo12.24,29 The third category comprises three proteins—
Dse3,24,26,28,29 Smc4,31,34 and Plp226,31—that do not local-
ize to either the nucleolus or the meiotic kinetochore.
Both Plp2 (Phosducin-like protein 2)35 and Smc4, a
member of the conserved condensin complex, possess
coiled-coil regions that may promiscuously interact with
Csm1, though there is evidence of a functional link
between the monopolin complex and condensin.34,36–39

Here, we focused on the uncharacterized protein Dse3,
which was identified in four high-throughput yeast two-
hybrid screens as aCsm1-interacting protein.24,26,28,29

DSE3 (Daughter Specific Expression 3) was first
identified as a gene whose expression is induced spe-
cifically in the daughter cell after S. cerevisiae bud-
ding.40 A later high-throughput localization study
showed that the Dse3 protein localizes to the bud
neck, and relocalizes to the cytoplasm upon treat-
ment with MMS or HU, two drugs that generate
DNA replication stress.41 Protein sequence align-
ments of fungal Dse3 orthologs reveal a protein with
a high degree of predicted disorder, with five short
conserved regions that could constitute protein–
protein interaction motifs [Fig. 1(B)]. Of these motifs,
#1 and #2 are the most highly conserved [Fig. 1(C)].
To test for direct Csm1 binding, we co-expressed
His6-SUMO-tagged Dse3 Motif #1 (Residues 2–33) or
Motif #2 (Residues 55–80 or 60–80) with an untagged
Csm1 construct (Residues 69–181) missing this pro-
tein’s N-terminal coiled-coil and C-terminal disor-
dered tail regions.2 Both Dse3 Motif #2 constructs
robustly pulled down Csm169–181 onto Ni-NTA affin-
ity resin, while Motif #1 did not (not shown). We over-
expressed and purified milligram quantities of a
stoichiometric Dse360–80:Csm169–181 complex for bio-
chemical and structural studies [Fig. 1(D)].

Structure of the Csm1–Dse3 complex
We identified crystallization conditions for the
Dse360–80:Csm169–181 complex and determined its
structure by X-ray crystallography to 1.7 Å resolution
by molecular replacement, using our prior structure of
Csm12 as a search model (Table S1). The asymmetric
unit contained two copies of Csm169–181, assembled as
a canonical Csm1 dimer, and two copies of Dse360–80

(Fig. S1). One Dse3 protomer (chain D) is bound
entirely to a single Csm1 dimer, while the second
Dse3 protomer (chain C) bridges two Csm1 dimers
related by crystallographic symmetry (Fig. S1). We
assembled a consensus Csm1-Dse3 model from the
common regions of both Dse3 protomers [Fig. 2
(A) and (B)].

Unique among structurally characterized RWD
domain proteins, Csm1 possesses two distinct
protein–protein interaction surfaces (a third interac-
tion surface on the Csm1 coiled-coil region mediates
oligomerization with Lsr4).2,19,23 On the Csm1
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globular domain, a conserved concave hydrophobic
surface (Surface 1) mediates interactions with the
kinetochore protein Dsn1 and the rDNA-associated
protein Tof2.2,23 While Surface 1 is on the “bottom” of
the Csm1 dimer, directly opposed to the N-terminal
coiled-coil domain, Surface 2 forms a “belt” around
the Csm1 dimer that binds Mam1 and Ulp2.19,23

While Mam1 and Ulp2 share little overall sequence
homology, their Csm1-binding regions share several
hallmarks, including conserved hydrophobic residues
and a conserved arginine that together form specific
interactions with Csm1.23

When we compared the structure of Dse360–80:
Csm169–181 to prior Csm1 complex structures, we
found that Dse3 binds to Csm1 surface 2 [Fig. 2
(A) and (B)]. The Dse3–Csm1 interface is very similar
to the Mam1–Csm1 and Ulp2–Csm1 interfaces, with
all three proteins sharing several hydrophobic resi-
dues and one arginine residue that makes specific
hydrogen bonds with Csm1 residue D117 [Fig. 2(C–
F)]. Dse3 also shares a structurally equivalent lysine
residue with Ulp2 (Dse3 K67, Ulp2 K833) that in
both cases hydrogen-bonds Csm1 residue E72.
Despite the overall similarity of the three interfaces,
however, the three Csm1-binding proteins show sig-
nificant variability in their main-chain conformation,
with Dse3 showing the highest variation of the three
[Fig. 2(G) and (H)]. Thus, while Mam1, Ulp2, and
Dse3 share little overall sequence similarity, their

Csm1-binding motifs share key sequence features
and the three proteins bind Csm1 Surface 2 in a
structurally equivalent manner.

Discussion
The RWD domain is a conserved, yet promiscuous
protein–protein interaction domain. Of known RWD
domain proteins, budding-yeast Csm1 is exceptional
in its variety of known binding partners and biologi-
cal functions. In interphase cells, Csm1 and its obli-
gate binding partner Lrs4 scaffold a nucleolar protein
complex with key roles in rDNA maintenance, includ-
ing the suppression of rDNA recombination and
rDNA silencing.2,21,22 Moreover, Csm1 directly
recruits a SUMO peptidase, Ulp2, to this complex to
stabilize it against SUMOylation-mediated degrada-
tion.23 In the meiotic kinetochore, Csm1 scaffolds a
large complex to mediate monopolar attachment of
sister kinetochores.2,14–16,19,20 In both of these con-
texts, Csm1 uses two conserved protein interaction
surfaces to scaffold larger protein complexes.

Here, using bioinformatic and structural assays,
we identify a new Csm1 interacting protein, Dse3,
and show that Dse3 binds Csm1 in a structurally
equivalent manner to the nucleolar binding partner
Ulp2 and the kinetochore binding partner Mam1.
While the biological function of the Csm1–Dse3 inter-
action is unknown, this finding indicates that Csm1
serves as a protein interaction hub in at least three
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Figure 1. Identification of Dse3 as a Csm1-binding protein. (A) Schematic of known Csm1-interacting proteins from biochemical
and structural information. Nucleolar proteins are shown in violet, meiotic kinetochore proteins in yellow, and others in white.
Dashed and solid lines indicate that the given interaction has been detected by either two (dashed) or three or more (solid)
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Interface 2, and the uncharacterized protein Dse3. In each case, conserved domains are shaded grey, and Csm1-interacting
regions (putative in the case of Dse3) are shaded green. (C) Sequence alignment of conserved Motif #2 in budding-yeast Dse3
proteins. Green outline shows the region of S. cerevisiae Dse3 used for reconstitution with Csm1 (Panel D). (D) SDS-PAGE
analysis of the purified His6-SUMO-Dse360–80:Csm169–181 complex. The His6-SUMO tag was removed prior to crystallization.
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different functional contexts in S. cerevisiae. Given
the relatively loose sequence requirements for Csm1
binding, it seems likely that most Csm1-interacting
proteins have evolved convergently, rather than des-
cending from a single common ancestor. Thus, the
unique architecture of the Csm1:Lrs4 complex, as a
“V” shaped clamp with at least 8 protein-binding sur-
faces in total (four each for Surfaces 1 and 2) has
been repurposed by evolution multiple times in a sin-
gle organism. Future studies with other putative

Csm1-binding proteins, including Smc4 and Plp2,
may reveal yet more roles for this multi-functional
complex.

Materials and Methods

Cloning and protein purification
For purification of the Dse360–80:Csm169–181 complex,
coding sequences for both proteins were amplified by
PCR and cloned into a polycistronic expression vector
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Figure 2. Structure of the Dse3–Csm1 complex. (A) Structure of Dse360–80 (green) bound to a Csm169–181 dimer (blue). The Dse3
chain shown is a composite comprising Residues 60–66 of one Dse3 protomer (chain C) and Residues 67–79 of the second Dse3
protomer (chain D). See Figure S1 for additional structural details. (B) Closeup view of the Dse3–Csm1 interaction. (C),(D) Views
equivalent to (A) and (B) showing Csm1 (blue) binding Mam1 (yellow). (E) and (F) Views equivalent to (A) and (B) showing Csm1
(blue) binding Ulp2 (violet). (G) Structure-based sequence alignment of three Csm1 Interface #2 binding regions from Ulp2, Mam1,
and Dse3 (ClustalX coloring). (H) Superposition of Dse3 (green), Mam1 (yellow), and Ulp2 (violet) on Csm1, showing key
Csm1-interacting residues shared between the three proteins.
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to yield Dse360–80 (sequence: FGGTLKLKKRLESV-
PELFLHD) tagged at its N-terminus with a TEV
protease-cleavable His6-SUMO tag, and Csm169–181

untagged. This vector was transformed into Escheri-
chia coli Rosetta2 (DE3) pLysS cells (EMD Millipore),
and cultures were grown at 37�C to an absorbance at
600 nm of ~0.8. The cultures were shifted to 20�C
and protein expression was induced by the addition
of 0.25 mM IPTG, and cells were grown ~16 h before
harvesting by centrifugation.

For protein purification, cells were resuspended
in protein buffer (20 mM Tris–HCl pH 7.5, 5% glyc-
erol, 2 mM β-mercaptoethanol) plus 300 mM
NaCl/10 mM imidazole, lysed by sonication, and cen-
trifuged 30 min at 17,000 RPM to remove cell debris.
The supernatant was loaded onto a 5 mL Histrap HP
column (GE Life Sciences), washed with protein
buffer plus 300 mM NaCl/20 mM imidazole, then
with protein buffer plus 100 mM NaCl/20 mM Imid-
azole. Protein was eluted with protein buffer plus
100 mM NaCl/250 mM imidazole. Protein was then
loaded onto a 5 mL Hitrap Q HP column (GE Life Sci-
ences), washed with protein buffer plus 100 mM
NaCl, then eluted with a gradient to 600 mM NaCl.
Peak fractions were pooled, and TEV protease42 was
added to cleave His6-SUMO tags, and the mixture
was incubated 16 h at 4�C. After cleavage, the mix-
ture was passed over Histrap HP and the flow-
through collected, concentrated by ultrafiltration
(Amicon Ultra, EMD Millipore), then passed over a
HiLoad Superdex 200 size exclusion column (GE Life
Sciences) in protein buffer plus 300 mM NaCl (with
1 mM dithiothreitol substituting for β-mercaptoetha-
nol) for final purification. Protein was concentrated to
~20 mg/mL and stored at 4�C.

Crystallization and structure determination
For crystallization, purified Dse360–80:Csm169–181 at
20 mg/mL in crystallization buffer (20 mM Tris–HCl
pH 7.5, 100 mM NaCl, 1 mM dithiothreitol) was
mixed 1:1 in hanging-drop format with crystallization
buffer containing 100 mM HEPES pH 7.5, 100 mM
sodium acetate, and 22% polyethylene glycol (PEG)
4000. Crystals were cryoprotected by the addition of
an additional 22% PEG 400, and flash-frozen in liquid
nitrogen.

Diffraction data were collected on Beamline 9–2
at the Stanford Synchrotron Radiation Lightsource
(SSRL; see support statement below). Data were pro-
cessed with the SSRL autoxds script, which uses
XDS43 for data indexing and reduction, AIMLESS44

for scaling, and TRUNCATE45 for conversion to struc-
ture factors (Table S1). The structure was determined
by molecular replacement with PHASER,46 using a
Csm1 globular-domain dimer structure (PDB ID
3N4S, Ref. 2) as a search model. Molecular models
were manually rebuilt in COOT47 and refined in phe-
nix.refine48 using positional, individual B-factor, and

TLS refinement (Table S1). Final refined coordinates
have been deposited with the Protein Data Bank with
PDB ID 6DEI.
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