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The Smc5-Smc6 holocomplex plays essential but largely enigmatic roles in chromosome segregation, and facilitates DNA
repair. The Smc5-Smc6 complex contains six conserved non-SMC subunits. One of these, Nse1, contains a RING-like
motif that often confers ubiquitin E3 ligase activity. We have functionally characterized the Nse1 RING-like motif, to
determine its contribution to the chromosome segregation and DNA repair roles of Smc5-Smc6. Strikingly, whereas a full
deletion of nse1 is lethal, the Nse1 RING-like motif is not essential for cellular viability. However, Nse1 RING mutant
cells are hypersensitive to a broad spectrum of genotoxic stresses, indicating that the Nse1 RING motif promotes DNA
repair functions of Smc5-Smc6. We tested the ability of both human and yeast Nse1 to mediate ubiquitin E3 ligase activity
in vitro and found no detectable activity associated with full-length Nse1 or the isolated RING domains. Interestingly,
however, the Nse1 RING-like domain is required for normal Nse1-Nse3-Nse4 trimer formation in vitro and for damage-
induced recruitment of Nse4 and Smc5 to subnuclear foci in vivo. Thus, we propose that the Nse1 RING-like motif is a
protein–protein interaction domain required for Smc5-Smc6 holocomplex integrity and recruitment to, or retention at,
DNA lesions.

INTRODUCTION

Structural maintenance of chromosomes complexes (SMCs)
are essential for genome integrity during the unchallenged
cell cycle and play key roles in DNA repair after genotoxic
stress (Losada and Hirano, 2005; Nasmyth and Haering,
2005). In eukaryotes, this evolutionary conserved family
consists of six members, pairs of which heterodimerize to
form the core of high-molecular-weight complexes: cohesin
(Smc1-Smc3), condensin (Smc2-Smc4), and Smc5-Smc6
(Losada and Hirano, 2005; Nasmyth and Haering, 2005).
Although cohesin and condensin are well characterized, the
mechanisms by which Smc5-Smc6 maintains chromosomal
integrity during vegetative growth and DNA repair remain
largely undefined (Losada and Hirano, 2005; Nasmyth and
Haering, 2005).

In yeast, the Smc5-Smc6 heterodimer associates with six
non-SMC elements (Nse1–6; Fousteri and Lehmann, 2000;
Hazbun et al., 2003; McDonald et al., 2003; Morikawa et al.,
2004; Pebernard et al., 2004; Sergeant et al., 2005; Zhao and
Blobel, 2005; Pebernard et al., 2006). In humans, Nse1 to Nse4
proteins are clearly conserved, whereas homologues of Nse5
and Nse6 remain unidentified (Hu et al., 2005; Potts and Yu,
2005; Taylor et al., 2008). Hypomorphic mutants of fission
yeast Smc6 and Nse1 to Nse4 display severe DNA segrega-
tion defects and a terminal elongated phenotype when

shifted to restrictive temperature (Fousteri and Lehmann,
2000; McDonald et al., 2003; Pebernard et al., 2004). Budding
yeast Smc5-Smc6 binds to repetitive genomic sequences
such as rDNA and promotes its faithful segregation at mi-
tosis (Torres-Rosell et al., 2005b). It also localizes to centro-
meres in a cell cycle–dependent manner, with peak binding
at G2/M phase, indicating a potential role in centromere and
kinetochore function (Lindroos et al., 2006).

Depending on the nature of the DNA lesion, Smc5-Smc6
appears to play both early and late roles in homologous
recombination repair (HRR). In response to ionizing radia-
tion (IR) or enzymatically generated site-specific DNA dou-
ble-strand breaks (DSBs), Smc5-Smc6 apparently promotes
intersister HRR of DSBs, perhaps through local recruitment
of the cohesin complex (e.g., Lindroos et al., 2006; Potts et al.,
2006). However, after replicative stress and UV-induced
DNA damage, Smc5-Smc6 is required either to suppress
HRR or to resolve late HRR intermediates that otherwise
cause chromosome missegregation at mitosis (Lehmann et
al., 1995; Ampatzidou et al., 2006; Miyabe et al., 2006; Peber-
nard et al., 2006).

The Nse1 and Nse2 subunits of the Smc5-Smc6 complex
contain RING finger-like motifs, indicating that these sub-
units might have catalytic activities (Fujioka et al., 2002;
McDonald et al., 2003). The RING finger is a small domain
containing eight conserved metal-binding residues (either
cysteines or histidines), which coordinate two zinc atoms in
a cross-brace conformation (Borden, 2000). Nse2 (Mms21)
contains a RING variant called an SP-RING (Hochstrasser,
2001) for which E3 SUMO ligase activity has been con-
firmed, both in vitro and in vivo (Andrews et al., 2005; Potts
and Yu, 2005; Zhao and Blobel, 2005). Although Nse2-de-
pendent E3 SUMO ligase activity is not essential for cellular

This article was published online ahead of print in MBC in Press
(http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E08–02–0226)
on July 30, 2008.

Address correspondence to: Michael N. Boddy (nboddy@
scripps.edu).

© 2008 by The American Society for Cell Biology 4099



viability, it promotes key DNA repair functions of Smc5-
Smc6 (Andrews et al., 2005; Potts and Yu, 2005; Zhao and
Blobel, 2005). Interestingly, Nse2-dependent sumoylation of
telomere factors positively modulates HRR at the telomeres
of cancer cells that lack telomerase and utilize the HRR-
dependent alternative lengthening of telomeres (ALT) path-
way (Potts and Yu, 2007).

Nse1 contains a C-terminal RING-like motif, indicating
that Nse1 could mediate ubiquitin E3 ligase activity (Mc-
Donald et al., 2003). Canonical RING motifs have been cat-
egorized as RING-HC and RING-H2 families according to
their cysteine/histidine content (C3HC4 and C3H2C3, respec-
tively), also taking into account conservation of spacing
between these residues (Saurin et al., 1996; Lorick et al.,
1999). Many RING variants with different cysteine/histidine
arrangements and spacing but retaining ubiquitin E3 ligase
activity have been described, e.g., vRING (C4HC3; Hewitt et
al., 2002), RING-C2 (C8, Albert et al., 2002; Aravind et al.,
2003; Dodd et al., 2004; Hassink et al., 2005; Stone et al., 2005).
Importantly, several proteins that contain RING-type motifs
do not support detectable ubiquitin E3 ligase activity. For
example, by itself the RING finger protein BMI-1 is not an E3
ligase (Wei et al., 2006). However, when bound to its het-
erodimeric RING-containing protein partner RING1b, the
complex displays robust ubiquitin ligase activity toward
histone H2A (Buchwald et al., 2006). Similarly, BRCA1 and
BARD1 form a heterodimeric RING-RING heterodimer,
whose ubiquitin ligase activity is far greater than the sum of
the individual activities (Hashizume et al., 2001). The re-
cently identified SUMO-targeted ubiquitin ligase (STUbL)
complexes of yeast are also heterodimeric RING-RING com-
plexes, in which only one subunit is active in ubiquitination
assays (Prudden et al., 2007; Perry et al., 2008). Thus, the
presence of a RING-like signature is not always predictive of
ubiquitin E3 ligase activity.

Here, we functionally characterize the fission yeast Nse1
RING-like motif, analyzing its role in the essential and DNA
repair functions of Smc5-Smc6. The Nse1 RING-like motif is
distinct from all previously described RING variants, and
forms an evolutionary subclass found in Nse1 homologues
across species (hereafter referred to as RING in Nse1 homo-
logues; NH-RING). Human and fission yeast Nse1 ex-
pressed in and purified from bacteria do not support ubiq-
uitin E3 ligase activity in vitro. To investigate the role of the
NH-RING in vivo, we generated a series of Nse1 mutants
and demonstrated that the NH-RING is not essential for
vegetative growth, but is critical for Smc5-Smc6 DNA repair
functions. In addition, we determined that the NH-RING
constitutes a protein–protein interaction motif required for
stable formation of the Nse1-Nse3-Nse4 heterotrimer. Fi-
nally, we find that the NH-RING is required for the forma-
tion of Nse4 subnuclear foci after DNA damage induced by
methyl methanesulfonate (MMS). Thus, the NH-RING con-
tributes to the DNA damage response structurally, via Nse1-
Nse3-Nse4 trimer stabilization and is likely required for
Smc5-Smc6 holocomplex recruitment/accumulation at sites
of DNA damage.

MATERIALS AND METHODS

Strains and Fission Yeast Methods
Standard fission yeast culture and genetics methods were used as described
previously (Moreno et al., 1991). All strains are ura4-D18 leu1-32 unless
otherwise stated: PR100, h�; PR109, h�; NBY1395, h� nse1C197A:flag:kanMx6;
NBY1262, h� nse1C199A:myc:kanMx6; NBY1265, h� nse1C197A/C199A:myc:
kanMx6; NBY1396, h� nse1C219A:flag:kanMx6; NBY1397, h� nse1�RING:flag:
kanMx6; NBY1512, gar1:mRFP:KanMx6 nse1-1:myc:KanMx6; NBY1513, gar1:
mRFP:KanMx6 nse1�RING:flag:KanMx6; NBY128, mus81::KanMx6, h�; NBY1941,

mus81::KanMx6 nse1�RING:flag:KanMx6; NBY202, rqh1::Ura4� h�; NBY527K, nse2-
1:myc:KanMx6 h�; NBY952, rhp51::Ura4�; NBY1421, rhp51::Ura4� nse1�RING:flag:
KanMx6; NBY1471, nse1wt:flag:KanMx6 nse4:GFP:KanMx6; NBY1472, nse1�RING:
flag:KanMx6 nse4:GFP:KanMx;NBY480, Smc5-GFP:KanMx6 h�; NBY1975, smc5-GFP:
KanMx6 nse1�RING:flag:KanMx6. For spot assays, cells were grown in YES medium
at 25°C until they reached exponential phase, before being spotted on YES plates
supplemented with the indicated drugs. Fivefold dilutions from a starting 200
cells/�l concentration were performed before spotting. Plates were incubated at the
indicated temperature for 2–3 d before scanning. In kill-curve assays, 500 cells of each
strain were plated on YES and irradiated with the indicated UV dose using a UV
Stratalinker-18000 (Stratagene, La Jolla, CA). Results are represented as the percent-
age of surviving colonies on UV-treated plates relative to the full amount of colonies
on nonirradiated plates. Each condition was tested in triplicate.

Homology Modeling
Searching with fission yeast Nse1 sequence (Uniprot ID: Q53EK2) for homo-
logues, using PSI-BLAST (Altschul et al., 1997) and SAM-T06 (Karplus et al.,
1998) revealed significant sequence similarity to the Homo sapiens Nse1 ho-
mologue, whose RING domain structure has been experimentally determined
by nuclear magnetic resonance in structural genomics studies (2CT0.pdb). For
comparative modeling, the sequence alignment of fission yeast Nse1 to its
structural homologue was optimized by iterative multiple sequence align-
ment methods (Burke et al., 1999), meta-server fold recognition (Kurowski
and Bujnicki, 2003; Wallner et al., 2007) and manual adjustment. These se-
quence alignments were performed using the BioEdit (Ibis Therapeutics,
Carlsbad, CA) and CLUSTALW alignment software. A fission yeast Nse1
comparative model was generated using Modeler 8v2 (Sali and Blundell,
1993). Model validation steps included the ADIT Validation Server at the
protein databank (http://www.rcsb.org/pdb/index.html).

Generation of Endogenous Nse1 NH-RING Mutants
The full Nse1:myc:kanMx6 cassette was amplified from its endogenous
genomic locus and cloned into a TOPO vector (Invitrogen, Carlsbad, CA) to
give pSPG-135. Mutations were generated within Nse1 open reading frame
(ORF) previously cloned into a TOPO vector by classical PCR or by site-
directed mutagenesis using the Quick-Change XLII kit (Stratagene). Primer
sequences used in these clonings are available upon request. The Nse1 ORF in
pSGP-135 was replaced by mutation-containing ORFs between PvuII and
XhoI sites, and resulting mutant Nse1:myc:kanMx6 cassettes were used for
gene replacement of endogenous Nse1 genomic locus after transformation of
wild-type Schizosaccharomyces pombe PR100 (h�) or PR109 (h�) cells according
to Bahler et al. (1998). Transformants were selected on YES�G418, and se-
quencing confirmed the mutations.

Expression of Recombinant S. pombe Proteins and
Interaction Assays in Insect Cells
Cloning and Sf9 expression techniques for Nse1, Nse3, and Nse4 were de-
scribed elsewhere (Pebernard et al., 2006). Nse1 point and deletion RING
mutant ORFs obtained as above were subcloned into the pSGP-75 vector
(pFASTBAC-GST-PreScission-Nse1) to give pSGP-124, 138–142, and 158
(pFASTBAC-GST-PreScission-Nse1C216A, C197A, C199A, C197A/C199A,
C219A, C216S/C219A, and �RING, respectively). Presence of mutations was
confirmed by sequencing, and baculoviruses expressing these recombinant
proteins were produced as previously described (Pebernard et al., 2006).
Depending on the experiment performed, the baculovirus combinations used
to coinfect Sf9 cells are described in the figure legends. Purification method
consisted of a glutathione S-transferase (GST) pulldown followed by elution
by PreScission protease cleavage (GE Healthcare, Waukesha, WI), and is
described in details in Pebernard et al. (2006).

In Vitro Ubiquitination Assays
Standard reaction mixture (20 �l) contained 50 mM Tris-HCl, pH 7.5, 4 mM
ATP, 10 mM MgCl2, 0.2 mM CaCl2, 1 mM DTT, 1–2 mM ubiquitin (bovine
erythrocytes, recombinant, Sigma-Aldrich, St. Louis, MO) or GST-ubiquitin,
100 nM E1 ubiquitin-activating enzyme (yeast, Boston Biochem, Cambridge,
MA), 1 �M of the indicated E2-conjugating enzyme (UbcH2, 6xHis-UbcH3,
UbcH5a, UbcH5b, UbcH5c, UbcH8, UbcH9, 6xHis-UbcH10, UbcH13/Uev1a,
human recombinant, Boston Biochem), and �1–2 �g bacteria- or SF9-pro-
duced complex containing the indicated proteins as ubiquitin E3 ligases.
Reactions were incubated for 30 min at 30°C, stopped by adding 20 �l 2� SDS
sample buffer, and subjected to SDS/PAGE followed by immunoblotting
using the indicated antibodies.

Immunoblotting
Proteins denatured in 2� SDS sample buffer (1% SDS, 5% glycerol, 0.1%
bromophenol blue, 40 mM Tris-HCl, pH 6.8, 1/10 [vol/vol] �-mercaptoetha-
nol) were resolved on 8–12% SDS/PAGE gels, except for in vitro ubiquitina-
tion assays where 4–20% Tris-glycine gels (Invitrogen) were used. Gels were
transferred on Immobilon-P membrane (Millipore, Billerica, MA), blocked in
5% milk in Tris-saline buffer with 0.3% Tween-20, and probed with mouse
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Figure 1. Structural analysis of the Nse1 RING-like motif. (A) A multiple sequence alignment between fission yeast Nse1 (SPCC550.05),
human NSMCE1 (NP_659547), mouse NSMCE1 (AAH49558), rat RGD1307760, bovine NSMCE1 (NP_001030483), Xenopus MGC68739
(AAH60339), Aspergillus Nse1 (XP_748562), and budding yeast YDR288W (NP_013107) is depicted. Conserved cysteines are shaded in
red. Alternate potential Zn2� ligands of fission yeast Nse1 NH-RING are shaded in pink. Other conserved residues of interest are
shaded in yellow and blue. Numbered circles indicate the eight predicted Zn2� ligand positions in the interspecies Nse1 NH-RING
consensus. The C4HC3 RING consensus, with expected spacing, is shown below this alignment, as well as the two loop positions. A
shaded box below indicates the positions of the ligands mutated in this study, as well as the region deleted in the �RING mutant. �,
conserved hydrophobic residue. (B) The fission yeast Nse1 homology model. Comparative modeling studies based on human Nse1
structure (2CT0.pdb) suggest that part of the fission yeast Nse1 sequence forms a RING-like structure, comprised of a central �-sheet
(two strands, in blue), a short �-helix (in green) and two binding sites for Zn2� ions (pink spheres). The positions of the central �-sheets
and �-helix are also represented on the alignment in A for better understanding. The Cysteine (Cys) residues and a Histidine (His)
residue that chelate Zn2� are highlighted with red line labels. Cys202, Cys208, and His210 (highlighted with black line labels) are
present in the structure, but sequence analysis and modeling studies indicate that they are not situated at the Zn2� coordination sites.
This model includes Nse1 residues Leu181 to Ile229.

Role of Nse1 NH-RING Domain in DNA Repair

Vol. 19, October 2008 4101



mAb raised against hemagglutinin (H; 12CA5; BABCo, Richmond, CA),
FLAG (anti-FLAG M2; Sigma-Aldrich, Saint Louis, MO), or myc (9E10;
BABCo) epitopes, or against full-length ubiquitin (UBI-1; Zymed, San Fran-
cisco, CA). The peroxidase antiperoxidase reagent (PAP; Sigma-Aldrich) was
used for detection of TAP-tagged proteins. After amplification by probing
with a secondary horseradish peroxidase–conjugated rabbit anti-mouse anti-
body, the protein signal was revealed using ECL reagent (Pierce, Rockford,
IL) on autoradiography films (Genesee, San Diego, CA). When indicated,
Western blots were stripped for reprobing using stripping buffer (0.2 M
glycine, pH 2.5, 1% SDS).

Yeast Two-Hybrid Assays
Yeast two-hybrid assays were performed as described previously (Prudden et
al., 2007). Briefly, the indicated cDNAs were amplified by PCR and cloned in
frame with the Gal4-activation domain (AD), in a yeast expression vector
(pAS404). Resulting vectors were integrated at the TRP locus to give stable
recombinant strains, which were then transformed with plasmids containing
either the Gal4-binding domain (DBD) alone or fused in frame with cDNAs as
indicated. Transformed strains were selected on dextrose minus Trp and Leu
(D-WL), grown at 32°C, and spotted at an OD � 0.6 onto the indicated media.
Specific interactions were exposed by spotting the strains on media without
His and complemented with 10–20 mM 3-amino-1,2,4-triazole (3-AT).

Microscopy
Cells were grown in liquid EMM medium (Qbiogene, Carlsbad, CA) supple-
mented with leucine, uracil, arginine, and histidine (LUAH) and sterilized by
filtration at 25 or 32°C for at least 36 h before treatment. For MMS treatment,
cells were then diluted to OD � 0.6, treated with 0.03% MMS (vol/vol), and
grown for 6h at 25°C (for optimal fluorescence). Cells were then pelleted and
kept on ice in the same medium for live cell imaging. Pictures were taken on
a Nikon Eclipse E800 microscope (Melville, NY) using a Photometrics Quantix
CDD camera (Woburn, MA) and processed with the IP lab spectrum P (BD
Biosciences, Rockville, MD) and Adobe Photoshop CS software (San Jose,
CA). A minimum of 300 cells were counted in two to three independent
experiments, but for figure purposes only one representative experiment is
shown.

RESULTS

Sequence Analysis and Comparative Modeling of Fission
Yeast Nse1 RING-like Domain
Nse1 is a nuclear �27-kDa protein conserved from yeast to
humans that contains a RING-like motif at its C-terminus,
which we call an NH-RING (McDonald et al., 2003). RING
motifs contain a series of eight cysteine or histidine residues,
with variable spacing, which act as ligands to chelate two
Zn2� ions in a cross-brace conformation (Borden, 2000).
Zn2� binding is essential for both folding and function of
RING domains (Borden, 2000). Conventional RING motifs
have a C3HC4 consensus, whereas the closely related PHD
motif (plant homology domain) contains a C4HC3 consensus
(Borden and Freemont, 1996). Interestingly, the Nse1 NH-
RING has a “PHD-like” consensus (C4HC3) but lacks some
key features of a bona fide PHD domain, including a con-
served aromatic residue in the second loop (Figure 1A;
Aravind et al., 2003). The solution structure of the human
Nse1 NH-RING domain has been determined, confirming
that the sequence adopts a RING-like cross-brace structure
(protein databank code: 2CT0.pdb). Mammalian Nse1 se-
quence homologues readily align to human Nse1 in our
structure-based sequence alignment (Figure 1A): RING do-
mains usually respect a C1(X2)C2(X9–39)C3(X1–3)H/C4(X2–
3)C5(X2)C6(X4–48)C7(X2)C8 consensus, and the two Zn2�

atoms are coordinated by two groups of ligands in positions
1, 2, 5, and 6 and in positions 3, 4, 7, 8, respectively. Ligand
spacing in the mammalian and Xenopus NH-RINGs, as well
as those in the human Nse1 structure, conform to this con-
sensus (Figure 1A). Interestingly, the budding yeast NH-
RING contains a much larger insertion between C4 and H5,
in addition to its general sequence divergence from mam-
malian sequences. The fission yeast NH-RING (184–219aa)
also shows sequence divergence from mammalian se-
quences and several additional cysteine and histidine resi-

dues occur in the sequence at Zn2� binding regions (Figure
1A, pink boxes). Therefore, we conducted comparative mod-
eling of the fission yeast NH-RING structure, using the
human NH-RING structure as a template, to aid model-
based mutagenesis studies. For example, in the fission yeast
NH-RING residues C197 and C199 or C202 are potential zinc
ligands. Comparative modeling strongly indicates that res-
idue C197 is the C3 and residue C199 the C4. This region
differs with a one residue spacer, rather than a two-amino
acid spacing observed in the mammalian homologues and in
most C4HC3 RING sequences (Aravind et al., 2003; Dodd et
al., 2004; Hassink et al., 2005), but still conforms to a more
general consensus sequence of C3(X1–3)H/C4. Moreover, a
model with C202 as the C4 chelating residue would disrupt
both the conserved central �-sheet of the human NH-RING
structure and the second Zn2� binding site. The fission yeast
NH-RING comparative model and its alignment to homo-
logues are depicted in Figure 1. Based on this model, muta-
tions of critical NH-RING cysteines and a full deletion of the
region between C1 and C8 (�RING) were introduced into
Nse1 for in vivo and in vitro analysis.

Nse1 NH-RING Mutations Uncouple the Essential and
DNA Repair Roles of Smc5-Smc6
Fission yeast lacking Nse1 (nse1�) form microcolonies that
cease growing and display extreme cell elongation after a
few divisions due to activation of the DNA damage check-
point (McDonald et al., 2003). As observed for other Smc5-
Smc6 subunits, cells hypomorphic for Nse1 display aberrant
chromosome segregation including “cut” phenotypes and
DNA stretched along the mitotic spindle axis (Lehmann et
al., 1995; Boddy et al., 2003; McDonald et al., 2003; Morikawa
et al., 2004; Pebernard et al., 2004; Sergeant et al., 2005). To
determine the contribution of the NH-RING to Smc5-Smc6
functions, we replaced the endogenous nse1� locus with an
nse1-myc:KanMx6 cassette that carried either point mutations
or a full deletion of the NH-RING. We generated and char-
acterized strains with NH-RING point mutations C197A,
C199A, C197A/C199A, and C219A, and an in-frame RING
deletion (�RING; Figure 1A). The �RING, C197A, C199A,
and C197A/C199A mutants were mildly temperature sensi-
tive but grew normally at 25°C (Figure 2A and data not
shown). At 32°C the NH-RING mutants grew with almost
wild-type kinetics but displayed noticeable heterogeneity in
cell length, indicating activation of the DNA damage check-
point (Figure 2A and data not shown). The C219A mutant
was not temperature sensitive (Figure 2A). Overall, this
analysis demonstrates that the NH-RING is not required for
the essential roles of the Smc5-Smc6 complex during the
unchallenged cell cycle.

In addition to its essential role(s) in chromosome segrega-
tion, Smc5-Smc6 plays key roles in the cellular response to
DNA damage (Lehmann et al., 1995; McDonald et al., 2003;
Pebernard et al., 2004, 2006; Andrews et al., 2005; Sergeant et
al., 2005). Therefore, we determined the contribution of the
NH-RING to cellular survival after exposure to DNA dam-
aging agents (Figure 2A). The Nse1 �RING mutant was
hypersensitive to low concentrations of MMS, HU, and high
doses of UV (Figure 2A). It was also mildly sensitive to high
concentrations of the topoisomerase I poison camptothecin
(CPT, Figure 2A). Cells with the Nse1 C199A point mutation
exhibited similar sensitivities to these genotoxic agents as
Nse1 �RING cells (Figure 2A). Although the C197A mutant
is temperature sensitive, it is only mildly sensitive to this
array of DNA damaging agents (Figure 2A). Finally, Nse1
C219A is neither temperature nor damage sensitive (Figure
2A). Although most nullifying mutations in RING motifs

S. Pebernard et al.

Molecular Biology of the Cell4102



Figure 2. The Nse1 NH-RING domain is required for DNA repair. (A) Spot assays showing temperature and genotoxic stress sensitivities
of the indicated Nse1 NH-RING mutants. Serial dilutions of the indicated strains were spotted onto rich media with or without the indicated
doses of DNA-damaging agents. Plates were grown at the indicated temperature for 3–5 d. (B) nse1�RING cells properly segregate their DNA.
Live cell microscopy showing the RFP-tagged nucleolar marker Gar1 segregation in nse1-1 and nse1�RING cells. Phase constrast (DIC or
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comprise simultaneous loss of two zinc ligands, we mutated
each ligand singly to rigorously test their individual contri-
butions to NH-RING function. Thus, observed variation in
phenotypic severity between the single NH-RING point mu-
tations is anticipated. Where other local nonzinc coordinat-
ing intradomain contacts exist, loss of these single zinc li-
gands will be better tolerated in the NH-RING structure.
Indeed, the RING-related SP-RING and U-box domains
adopt the RING fold, but lack one or all of the zinc coordi-
nating sites, respectively, which are replaced by hydrogen-
bonding networks (see Ohi et al., 2003 and protein databank
code: 2yu4.pdb). On the basis of these data, we propose that
the Nse1 NH-RING contributes to the DNA repair functions
of the Smc5-Smc6 holocomplex.

We also compared nucleolar segregation phenotypes of
the Nse1 �RING versus hypomorphic nse1-1 mutant cells at
32°C (McDonald et al., 2003). In nse1-1 mutant cells, aberrant
chromatin structures accumulate at elevated growth temper-
atures (McDonald et al., 2003). Following the red fluorescent
protein (RFP)-tagged nucleolar marker Gar1 by fluorescence
microscopy, we discovered that nse1-1 nucleoli segregated
aberrantly at 32°C (Figure 2B), which is reminiscent of the
rDNA segregation defects observed in Saccharomyces cerevi-
siae SMC5-SMC6 hypomorphic mutants (Torres-Rosell et al.,
2005a,b). Although heterogeneous in length (Figure 2B, left
panels), Nse1 �RING cells did not display nucleolar segre-
gation defects (Figure 2B, right panels). This result clearly
differentiates the Nse1 �RING mutant phenotype from other
hypomorphic mutations in Nse1 and further indicates DNA
repair-specific roles for the Nse1 NH-RING.

To further characterize the DNA repair pathways facili-
tated by the Nse1 NH-RING, we tested for genetic interac-
tions between Nse1 �RING and key DNA repair factors. The
Nse1 �RING mutation was synthetic lethal in combination
with a deletion of Rqh1 (human BLM) and synthetic sick
when combined with a deletion of the Holliday junction
endonuclease Mus81 (Figure 2, C and D). These genetic
interactions indicate a role for the Nse1 NH-RING in stabi-
lizing and/or processing stalled and damaged replication
forks, a function ascribed to the Smc5-Smc6 holocomplex
(Pebernard et al., 2004, 2006; Branzei et al., 2006; Lindroos et
al., 2006; Murray and Carr, 2008). Defects in Smc5-Smc6
function cause toxic DNA structures to accumulate after UV
irradiation in a manner dependent on the HRR machinery
(Branzei et al., 2006; Pebernard et al., 2006). To test whether
such structures contribute to the UV sensitivity of Nse1
�RING cells, we analyzed the genetic interaction between a
deletion of the HRR protein Rhp51 (RAD51) and Nse1
�RING (Figure 2E). UV sensitivities were comparable for
Nse1 �RING and rhp51� single mutant cells and Nse1

�RING mutant UV sensitivity was not additive with that of
rhp51�, indicating that Nse1 acts in an Rhp51-dependent
repair pathway (Figure 2E). Interestingly, the UV sensitivity
of cells lacking the Smc5-Smc6 subunit Nse6 (nse6�) is due
to pathological Rhp51-dependent recombination (Pebernard
et al., 2006).

Formation of MMS-induced Nse4 Foci Is Nse1
NH-RING-dependent
We observe that GFP-tagged subunits of the Smc5-Smc6
complex, including Nse1, Nse3, Nse4, and Smc5, form mul-
tiple subnuclear foci upon MMS treatment (Figure 3 and our
unpublished observations). Having determined that the
Nse1 NH-RING domain is crucial for the Smc5-Smc6–me-
diated response to DNA damage, we asked whether Nse1
�RING cells would be defective in MMS-induced Nse4-GFP
focus formation. On MMS treatment, Nse4-GFP localized to
multiple foci in wild-type but not Nse1 �RING cells (Figure
3). A similar effect on Smc5-GFP focus formation was ob-
served, although Smc5-GFP focus formation is more difficult
to visualize because of higher background fluorescence in
the nucleus (Supplementary Figure S1). Because Nse3
tagged with GFP is hypomorphic, it was not possible to
combine Nse3-GFP with the Nse1 �RING mutation (our
unpublished observations). Overall, these data indicate that
the Nse1 NH-RING promotes the localization or retention of
Nse4 and thus, likely the Smc5-Smc6 holocomplex, at DNA
damage sites upon genotoxic stress.

Assessment of the Nse1 NH-RING as an Ubiquitin
E3 Ligase
Based on the presence of a RING-like domain, close relatives
of which often catalyze ubiquitination, we proposed that
Nse1 might support ubiquitin E3 ligase activity (McDonald
et al., 2003). Therefore, we tested this possibility using in
vitro assays that are standard for demonstrating such activ-
ity. Recombinant full-length GST-Nse1 fusion proteins were
expressed in and purified from bacteria. A reaction using the
bona fide Slx8 ubiquitin E3 ligase (GST-Slx8) was used as a
positive control for our experimental conditions (Figure 4A;
Prudden et al., 2007). We assayed both fission yeast and
human Nse1, because the human NH-RING is more related
to a canonical RING domain (Figure 1). In addition to full-
length proteins, we assayed just the NH-RING domains of
both human and fission yeast Nse1, which often reveals
ubiquitin ligase activity in bona fide E3 proteins (Figure 4A).
The control reaction using GST-Slx8 as E3 ligase produced
polyubiquitin chains in a very efficient manner; however,
none of the GST-Nse1 fusions catalyzed polyubiquitin chain
formation under the same reaction conditions (Figure 4A).
This experiment was performed in the presence of the potent
and processive E2-conjugating enzyme UbcH5a, which
nonetheless might not be a cognate E2 for Nse1. Therefore,
we tested the E3 activity of human GST-Nse1 in the presence
of a broad panel of human E2-conjugating enzymes (Figure
4B). Again, Nse1 did not promote ubiquitination in the
presence of any E2 tested, indicating that Nse1 NH-RING
might not be an ubiquitin E3 ligase (see Discussion).

We considered that because Nse1 is normally in complex
with Nse3 and Nse4, these interactions might affect Nse1
ubiquitin E3 ligase activity. Using Nse1-Nse3 dimers or
Nse1-Nse3-Nse4 trimers purified form Sf9 insect cells, we
were able to detect weak ubiquitin E3 ligase activity associ-
ated with these complexes in vitro (Supplementary Figure
S2). This activity was detected using UbcH5 E2 proteins,
which had failed to promote ubiquitination with GST-Nse1
(Supplementary Figure 2C). Notably, the E3 activity de-

Figure 2 (cont). Nomarski) shows these mutants cell length when
grown at 32°C. (C) nse1�RING and mus81� are synthetically sick
mutations. Serial dilutions of the indicated strains were spotted as
in A. Combined nse1�RING and mus81� mutations show additive
growth defects and hypersensitivity to genotoxic stress when com-
pared with single mutants. (D) Genetic interactions for nse1�RING.
Top, tetrad dissections showing synthetic lethality of combined
nse1�RING and rqh1� or nse2-1 mutations. Genetic backgrounds of
resulting strains are represented by the various shapes circling each
colony. Bottom, summary of genetic interactions (synthetic sickness
or lethality) between nse1�RING and the indicated alleles. (E)
rhp51� and nse1�RING display similar sensitivities to UV and are
not additive. Kill curves showing the percentage of cell survival for
each indicated strain, which equals the number of colony forming
after exposure to increasing UV doses versus the number of colonies
forming on untreated plates.
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tected was independent of the Nse1 NH-RING domain, as a
dimer containing Nse3 and Nse1 �RING or Nse1 NH-RING
point mutants still catalyzed polyubiquitin chain formation
(Supplementary Figure 2D). Furthermore, no activity was
detected for Nse1-Nse3 dimers coexpressed in bacteria (Sup-
plementary Figure 2E). Hence, we conclude that the Nse1
NH-RING does not support in vitro ubiquitin E3 ligase
activity. The slight NH-RING-independent activity detected
using Sf9-produced complexes is likely due either to a con-
taminant activity pulled down with the complex or to the
presence of Nse3 (see Discussion). Future studies centered on
Nse3 will help clarify this issue.

The Nse1 NH-RING Domain Stabilizes the Nse1-Nse3
Interaction with Nse4
Nse1, Nse3, and Nse4 form a stable heterotrimer, of which
the Nse4 subunit bridges the Smc5 and Smc6 head domains
in the holocomplex (Sergeant et al., 2005; Palecek et al., 2006;
Pebernard et al., 2006). Nse1 and Nse3 stably dimerize,
whereas Nse1 and Nse4 do not interact directly (Figure 5A).
Thus, Nse3 contacts both Nse1 and Nse4 to form a stable
trimer (Figure 5A and Sergeant et al., 2005; Pebernard et al.,
2006). The Nse1-Nse3 interaction is not perturbed by dele-
tion of Nse1 NH-RING as tested by yeast two-hybrid assay,
which is consistent with a previous report (Figure 5B and
Sergeant et al., 2005). We hypothesized that the Nse1 NH-RING
might contribute to, or stabilize, contacts between the Nse1-
Nse3 dimer and Nse4. To test this, we assessed the capacity of
Nse1 NH-RING mutants to interact with Nse3 and Nse4 by
coprecipitating these proteins from coinfected Sf9 insect cell
extracts. This system was effectively used in our laboratory to
dissect contacts between subunits of the Smc5-Smc6 complex,
which is not possible in vivo (Pebernard et al., 2006). We first
used GST-PreScission-Nse1 fusions as baits to inquire whether
HA-Nse3 and Flag-Nse4 coprecipitated with Nse1 NH-RING
mutants (Figure 5C). After GST purification, Nse1 and copre-
cipitating proteins were eluted by cleavage with the PreScis-
sion protease (Figure 5C). All Nse1 NH-RING single-point
mutants interacted with Nse3 and Nse4, albeit to a lesser extent
than wild-type Nse1. Notably, the Nse1 �RING and double
zinc ligand mutants (C197, 199A and C216S, C219A) still
bound Nse3 but interacted very weakly or not at all with Nse4,
indicating that the Nse1 NH-RING is critical for Nse4 but not

Nse3 binding (Figure 5C). It is also noteworthy that there is
more wild-type Nse1 visible than any of the NH-RING mu-
tants after purification. Despite this, Nse1 NH-RING point
mutants coprecipitate equivalent amounts of Nse3 as wild-type
Nse1. This likely reflects the capacity of Nse1 to homodimerize,
which is a common feature of RING finger proteins that can
multimerize through RING-RING interactions (Kentsis et al.,
2002a,b).

The Nse3 MAGE Homology Domain Interacts with Nse4
Little is known about the involvement of Nse3 structural
domains in Nse1-Nse3-Nse4 trimer formation. The Nse3
structure has not been determined but sequence analysis
identified a conserved MAGE homology domain, which
covers around two thirds of the protein (Figure 5D; Peber-
nard et al., 2004). We used the yeast two-hybrid assay to map
Nse3 domains required for interaction with Nse1 and Nse4.
Constructs expressing the Gal4 AD fused to Nse3 full-
length, or various N- and C-terminal deletion mutants, were
introduced in a yeast two-hybrid strain and tested for their
interaction with full-length Nse1 and Nse4 proteins fused to
the Gal4 DNA-binding domain (Figure 5D, DBD). We estab-
lished that the minimal Nse3 region required for interaction
with Nse1 is a disordered N-terminal 108-amino acid region
(Figure 5D). On the contrary, the entire Nse3 MAGE domain
is necessary for proper interaction with Nse4 (Figure 5D).
Altogether, our analyses suggest that the Nse1 NH-RING
motif, specifically in context of the Nse1-Nse3 dimer, pro-
motes stable contact of Nse1-Nse3 with Nse4. Thus, Nse1
NH-RING mutations might lead to partial loss of conforma-
tion of the Nse1-Nse3-Nse4 trimer (e.g., Figure 5E), causing
the observed NH-RING mutant phenotypes, including mis-
localization of Nse4 upon DNA damage.

DISCUSSION

Nse1 and Nse2 are unique among the non-SMC subunits of
all SMC complexes, in that they contain motifs predictive of
catalytic functions in the ubiquitin and SUMO posttransla-
tional modifier pathways, respectively (Fujioka et al., 2002;
McDonald et al., 2003; Sergeant et al., 2005). Nse2 has been
confirmed as a SUMO E3 ligase, with critical roles in DNA
repair (Andrews et al., 2005; Potts and Yu, 2005; Zhao and

Figure 3. The Nse1 NH-RING domain is re-
quired for damage-induced Smc5-Smc6 local-
ization. Left, live cell microscopy monitoring
endogenously tagged Nse4-GFP localization in
untreated (�) or MMS-treated (�MMS) at
25°C, in wild-type or nse1�RING backgrounds.
Right, percentage of cells showing one or more
than one Nse4-GFP focus on the left panels
were scored.
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Blobel, 2005). We have now executed a detailed structure-
function analysis of the unique RING-like domain of Nse1
(NH-RING). Strikingly, despite the essential nature of Nse1,
the NH-RING motif is dispensable for cellular viability.
However, cells lacking a functional Nse1 NH-RING are
hypersensitive to genotoxic stress and temperature sensitive
for growth. Furthermore, NH-RING mutant cells are depen-
dent on the key DNA repair factors Rqh1 (human BLM) and
Mus81-Eme1 for viability. Given the replication-associated
roles of Rqh1 and Mus81-Eme1 (Boddy et al., 2000; Doe et al.,
2000; Roseaulin et al., 2008), these genetic interactions un-
derscore the intimate relationship between Smc5-Smc6 and
replication fork stabilization/processing (Ampatzidou et al.,
2006; Pebernard et al., 2006; Murray and Carr, 2008).

Because the Nse1 NH-RING is related to RING domains
of ubiquitin E3 ligases, we tested for such activity in vitro,
but did not detect E3 ligase activity associated with either
the human or the fission yeast NH-RING domain. We uti-
lized a large panel of E2-conjugating enzymes in conjunction
with the human Nse1 NH-RING, none of which yielded
detectable activity. Thus, under standard conditions used to
assay RING-dependent E3 ligase activity (e.g., Slx8, Figure

4), neither full-length Nse1 nor the NH-RING alone stimu-
lates detectable ubiquitination. Although our in vitro data
imply that Nse1 is not an ubiquitin E3 ligase, we do not
exclude the possibility that the Smc5-Smc6 complex contains
such activity in vivo. For example, it is possible that we have
not coupled Nse1 with its cognate E2-conjugating enzyme in
vitro. Alternatively, as for a number of RING-type E3 ubiq-
uitin ligases, Nse1 might require heterodimerization with
another RING-containing factor to be active (Hashizume et
al., 2001; Buchwald et al., 2006; Prudden et al., 2007). How-
ever, in our extensive purifications of the Smc5-Smc6 holo-
complex we have identified no candidates for such a cofac-
tor (McDonald et al., 2003; Pebernard et al., 2004, 2006).
Because Nse1 normally functions in a heterotrimeric sub-
complex of Smc5-Smc6 (Sergeant et al., 2005; Pebernard et al.,
2006), we also tested the possibility that Nse1 needs to be
complexed with Nse3 and Nse4 to be active. The Nse1-Nse3
dimer produced in insect cells displayed weak but repro-
ducible ubiquitin E3 ligase activity in our in vitro ubiquiti-
nation assays. Notably, this activity was independent of the
Nse1 NH-RING and thus might be due to contaminant
proteins copurifying from insect cells, as no activity was
detected for Nse1-Nse3 dimer produced in bacteria. How-
ever, it is conceivable that Nse3 may constitute a new class
of ubiquitin E3 ligase supported by its structurally unde-
fined melanoma antigen (MAGE) or necdin-like domain
(Barker and Salehi, 2002; Pebernard et al., 2004; Sergeant et
al., 2005). In this scenario, the MAGE domain could bind the
E2 and the Nse1 NH-RING could function in substrate rec-
ognition. Further studies centered on Nse3, including struc-
tural analyses, are required to distinguish between these
possibilities.

The Nse1 NH-RING does not conform to previous RING-
like signatures but shows features of several, including the
PHD domain, i.e., C4HC3 configuration (see above and
Bienz, 2006). PHD domains constitute protein interaction
interfaces for many nuclear and chromatin associated fac-
tors, including methylated histone H3 (Bienz, 2006). Inter-
estingly, we find that the Nse1 NH-RING domain is re-
quired for stable trimerization of the Nse1-Nse3-Nse4
subcomplex, of the Smc5-Smc6 holocomplex. Nse1 dimer-
izes with Nse3 (NH-RING independent), and this dimer
then binds avidly to Nse4 (Sergeant et al., 2005; Pebernard et
al., 2006). An Nse1-Nse3 dimer that lacks the NH-RING does
not bind as strongly to Nse4, making the Nse1-Nse3-Nse4
trimer labile. Thus, we propose that the Nse1 NH-RING
forms a “latch” for high-affinity Nse4 binding when Nse1 is
complexed with Nse3. It will be necessary to determine the
crystal structure of the Nse1-Nse3-Nse4 trimer to elucidate
how dimerization between Nse1 and Nse3 induces Nse4
binding by the NH-RING, which may involve an allosteric
effect.

Notably, we determined that the Nse1 NH-RING do-
main is required for the localization/enrichment of Nse4
and Smc5 in subnuclear foci after DNA damage. Because
there is no evidence for extensive pools of Nse4 and Smc5
that are not part of the octameric holocomplex (McDonald
et al., 2003; Andrews et al., 2005; Sergeant et al., 2005;
Pebernard et al., 2006), we propose this result applies to
the entire complex. A defect in accumulation of the Smc5-
Smc6 complex at DNA damage sites is an economical
explanation for the observed DNA damage hypersensitiv-
ities of NH-RING mutant cells. The Nse1 NH-RING do-
main, like some PHD domains, might have affinity for
histones with certain tail modifications, perhaps those
induced by DNA damage. Alternatively, in vivo Nse1
might promote monoubiquitination of a component in the

Figure 4. Human and fission yeast Nse1 proteins and their NH-
RINGs do not mediate ubiquitin E3 ligase activity in vitro. (A) In
vitro ubiquitination assay testing GST fusions of fission yeast or
human (h) Nse1 full-length, �RING, or RING-only constructs, as
putative ubiquitin E3 ligases. GST-Slx8 is used as a positive control
for E3-mediated polyubiquitin chain formation. WB, Western blot;
Ubi, ubiquitin. White arrows in the bottom panel show the position
of each GST fusion used. (B) Human Nse1 GST fusion was tested as
ubiquitin E3 ligase with a panel of E2-conjugating enzymes. A
reaction containing GST-Slx8 and the E2 enzyme UbcH5a was used
as a positive control.
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Smc5-Smc6 complex leading to focal accumulation of the
complex, similar to that seen after FANCD2-mediated
monoubiquitination in the Fanconi anemia DNA repair
complex (see Huang and D’Andrea, 2006 and references
therein).
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