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Telomeres are repetitive nucleoprotein structures that cap
the ends of chromosomes. Without telomerase, telomeres
shorten with replication and eventually signal cell cycle arrest
(cell senescence). Homologous recombination (HR)-based
mechanisms slow senescence, and distinct HR mechanisms
support the growth of the rare survivors of senescence. Here,
we report novel roles for the post-translational modification
of small ubiquitin-like modifier (SUMO) in regulating the
rate of senescence in Saccharomyces cerevisiae telomerase
mutants. We identify Mms21 as the relevant SUMO E3 ligase
and demonstrate that cells lacking Mms21-dependent sumoyla-
tion accumulate HR intermediates selectively at telomeres during
senescence. One target of Mms21-dependent sumoylation is the
cohesin- and condensin-related Smc5-Smc6 complex (Smc5/6).
‘We show that hypomorphic smc5 or smcé6 alleles exhibit pheno-
types similar to mms21 sumoylation-deficient mutants with regard
to senescence and the accumulation of unresolved HR intermedi-
ates. Further, we provide evidence that Mms21 and Smc5/6 pre-
vent aberrant recombination between sister telomeres and also
globally facilitate resolution of sister chromatid HR intermediates.

Telomeres comprise the repeated DNA sequences and asso-
ciated proteins that protect the ends of linear chromosomes.
Telomeres can be elongated via the ribonucleoprotein telo-
merase, which promotes de novo telomere addition and, by doing
so, allows cells to combat the loss of terminal sequences that
occur during telomere replication and processing. If telomerase
is down-regulated or genetically inactivated, telomere length
decreases with each cell division until a critical length is re-
ached that signals cell cycle arrest, termed replicative senes-
cence (1, 2). The yeast Saccharomyces cerevisiae expresses
telomerase constitutively, but the genetic inactivation of
telomerase (e.g. tlc1A mutants, which lack the telomerase RNA
template) causes telomere loss leading to senescence (3, 4).
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Homologous recombination (HR)?>-dependent mechanisms
slow senescence and also enable the emergence of rare telo-
merase-independent “survivors” of senescence (4-7). A mecha-
nism of telomere maintenance similar to that used by yeast
survivors is seen in a small but significant subset of human
cancers termed ALT (for alternative lengthening of telomeres)
(8 -10). Examination of ALT cells has revealed that the mam-
malian homologues of several of the proteins first identified as
important in S. cerevisiae telomerase-independent survivors
appear to function in the mammalian ALT mechanism, making
S. cerevisiae an attractive model for studying HR-based
telomere maintenance (5, 11-15). In yeast, although the HR
mechanisms that slow senescence and those that support sur-
vivor growth use shared factors (e.g. Rad52), the mechanisms
are nonetheless distinct. For example, survivors use a break-
induced replication mechanism that depends on Pol32 (a non-
essential subunit of DNA polymerase 8) and that involves inter-
telomere recombination, but pol32 deletion does not affect the
rate of senescence in telomerase mutants (16). The rate of
senescence instead appears to be modulated by HR mecha-
nisms that involve replication-associated template switch
events (5, 17, 18). Therefore, HR factors may affect telomere
maintenance differently in senescing cells and survivors.

Several years ago we identified a role for the Slx5 and SIx8
complex of proteins in slowing the senescence of yeast tlcIA
mutants in a fashion that appeared likely to depend on HR (19).
Subsequently, it has become clear that SIx5/8 regulate the level
of proteins that are modified by the SUMO (small ubiquitin-
like modifier) protein (20-22). In addition, several of the pro-
teins that are important in HR-based telomere maintenance are
posttranslationally modified by SUMO (23-25). These obser-
vations raised the possibility that SUMO regulates the pace of
senescence in tlc1A mutants.

The addition of SUMO to target proteins (sumoylation) is
essential for viability in S. cerevisiae and higher eukaryotes (26 —
28). In S. cerevisiae, there is a single SUMO protein, Smt3,
which is conjugated to protein targets in a manner similar to
that of ubiquitination. Activated SUMO is first conjugated to
the E1 heterodimer (Aosl/Uba2), which then transfers the
SUMO moiety to the E2 ligase, Ubc9, which in turn mediates

2 The abbreviations used are: HR, homologous recombination; ALT, alterna-
tive lengthening of telomeres; APB, ALT-associated promyelocytic leuke-
mia bodies; SMC, structural maintenance of chromosome; MMS, methyl
methanesulfonate; PD, population doubling.
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the specific conjugation of SUMO to target proteins, with or
without the assistance of an E3 ligase (Sizl1, Siz2, or Mms21)
(29-31). Sumoylation has been shown to have important roles
in protein localization, protein-protein interactions, enzyme
kinetics, and protein turnover (29). Although a large portion of
the yeast proteome (~5%) is modified by sumoylation, for most
of these proteins the functional consequences of sumoylation
remain unknown (32-35).

Recently, Potts and Yu (36) reported a role for the SMC5/6
complex in the maintenance of telomeres in human ALT cells.
They uncovered a role for the complex in sumoylating compo-
nents of the telomere shelterin complex, including TRF1,
TRF2, RAP1, and TIN1, and apparently thus facilitating telo-
mere recruitment or retention to ALT-associated promyelo-
cytic leukemia bodies (APBs), which are thought to be the sites
of HR-based telomere maintenance in ALT cells (36-38). Al-
though this report establishes a role for the SMC5/6 complex in
recruiting telomeres to promyelocytic leukemia bodies,
whether that is the only function the complex plays in recom-
bination based telomere maintenance is unknown.

The SMC5/6 complex is one of three structural maintenance
of chromosome (SMC) complexes within eukaryotic cells (39,
40). Although the SMC5/6 complex is conserved and essential
in eukaryotes, it is arguably the least well understood of the
SMC complexes and has been the recent subject of intensive
investigation. SMC5/6 promotes the HR-dependent repair of
DNA damage, including DNA replication lesions that arise
spontaneously or secondary to DNA damage caused by exoge-
nous compounds such as the alkylating agent methyl methane-
sulfonate (MMS) (41, 42). Cells with hypomorphic smc5 or
smc6 alleles fail to properly separate chromatids at mitosis,
leading to their fragmentation and missegregation, and this
defect is partially suppressed by inactivation of HR (e.g. via
rad51 or rad52 deletion in yeast) (41, 43—46). These observa-
tions are consistent with a role for the SMC5/6 complex in the
resolution of interchromatid HR intermediates, but this model
has not been tested directly. Increased levels of such apparent
intermediates have indeed been observed in hypomorphic smc6
mutants, although the precise character of the intermediates,
i.e. whether they are convergent replication forks, Holliday
junctions, or hemicatenane-related species, has not been exam-
ined (43, 45, 46). The SMC5/6 complex comprises eight sub-
units, including a SUMO E3 ligase (MMS21) whose activity is
likely assisted by the integrity of the complex (31; for review, see
Ref. 40). In S. cerevisiae, Mms21 has been shown to sumoylate
Smc5 along with several other targets, although the functional
significance of this sumoylation remains unclear (31, 47).

Here we utilize S. cerevisiae to determine the roles of sumoy-
lation in #lcIA mutants during senescence and demonstrate
that sumoylation-deficient telomerase-null cells senesce at an
elevated rate. We further show that Mms21 is the key E3 ligase
mediating the effect of sumoylation on senescence, and that
during senescence cells deficient in Mms21-dependent sumoy-
lation exhibit elevated levels of recombination intermediates
selectively at their telomere ends. Finally we provide evidence
that the Smc5/6 complex is a target of Mms21-dependent
sumoylation during DNA repair throughout the genome, in-
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cluding telomeres during senescence, and serves to ensure the
faithful completion of template switch recombination.

EXPERIMENTAL PROCEDURES

Yeast Strains—The BY4741/2 background was used for all
experiments. The smc5-6 and smc6-9 alleles were backcrossed
four times into the BY4741/2 background before being used in
experiments. Details of individual strains are provided in
supplemental Table 3.

Senescence Assays—All senescence assays except the tlcIA
UBA2 versus ticIA uba2-ts10 set (details provided in supple-
mental Materials and Methods) were performed by sporulating
diploid cells heterozygous for mutations of interest and then
selecting haploid strains with the desired genotype. This
ensures that all haploids inherit a similar starting telomere
length and are derived from the same epigenetic environment.
For all senescence assays shown, at least three and in most cases
four or more haploid spore products of each genotype were
senesced in liquid culture. Senescence assays were performed
as described previously (14).

X-structures—Preparation of DNA, probing for ARS304
and ARS305, branch migration, and mung bean nuclease
assays were performed as described (48). Analysis of rDNA
and telomere recombination structures were performed as
reported previously (17). Variability in X-structure levels
exists between two-dimensional agarose gel electrophoresis
experiments (likely due to differences in sample prepara-
tion). To control for this variability, quantitative compari-
sons between genotypes were made between samples grown
and prepared in parallel. For the mms21-sp GALI-MMS21
experiment, mms21-sp cells containing pRS413-based
GALI-MMS21 were arrested with nocodazole and released
into YPA + 2% raffinose medium containing 0.033% MMS
for 2.5 h before glucose or galactose were added to a final
concentration of 2%. Cells were then allowed to cycle for an
additional 3 h prior to harvest.

Statistical Analysis—Two-tailed unpaired t-tests were per-
formed for all comparisons.

RESULTS

Sumoylation Slows the Rate of Senescence—To begin probing
the role sumoylation might play in yeast lacking telomerase, we
examined bulk levels of sumoylated proteins after deletion of
TLCI. We observed a striking increase in the global levels of
sumoylated proteins within cells near peak senescence (70 pop-
ulation doublings (PD) after loss of telomerase), which returned
to base-line levels in survivors (Fig. 1A).

To determine the functional significance of the increased
sumoylation, we compared rates of senescence in tlcIA cells
with normal or reduced levels of sumoylation. Because sumoy-
lation is essential for viability, a temperature-sensitive mutant
of UBA2, a component of the E1 SUMO ligase, was utilized
(uba2-ts10). Consistent with previous findings, this allele con-
fers decreases in bulk sumoylation at the semipermissive tem-
perature of 30 °C (Fig. 1B) (49). Diploid TLC1/tlciA UBA2/
uba2A cells containing plasmid-based L/BA2 or a temperature-
sensitive uba2-ts10 allele were sporulated, and the haploid
tlcIA uba2A cells containing either plasmid-based UBA2 or
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FIGURE 1. Sumoylation deficiency increases senescence rate. A, global lev-
els of protein sumoylation in tic1A cells corresponding to early senescence
(PD40), peak senescence (PD70), and early survivor formation (PD110), left to
right. Proteins =60 kDa are shown. All lanes are from the same immunoblot
and were exposed for the same length of time. B, global levels of protein
sumoylation shown for UBA2 and uba2-ts10 cells grown at 30 °C. Proteins =26
kDa are shown. C, senescence assay performed at 30 °C comparing the rate of
senescence between ticTA UBA2 and tlcT1A uba2-ts10 cells. Each point shows
the mean = S.E. (error bars) of four independent spore products.

uba2-ts10 (tlc1A UBA2 and tic1A uba2-ts10, respectively) were
senesced via serial passaging in liquid culture at a semipermis-
sive temperature (30 °C). tlcIA uba2-ts10 mutants senesced
faster than the tlc1A UBA2 control, with peak senescence at
59.0 versus 66.2 PD, respectively (Fig. 1C and supplemental Fig.
1). We concluded that sumoylation slows senescence, although
the relevant sumoylated targets remained to be identified.

We wish to emphasize three aspects of our experimental
approach. First, because dysfunction within the sumoylation
pathway in S. cerevisiae has been shown to lead to clonal lethal-
ity through the up-regulation of 2-um plasmid levels, all exper-
iments involving alterations in the SUMO-conjugation path-
way were performed with strains cured of the plasmid (50, 51).
Second, senescence data were plotted as the extent of growth
versus PDs from spore germination, as we have done previously
(14, 17) and as is standard in senescence assays of human cul-
tured cells (52). PD rather than time is used as a metric because
telomere shortening mediated by the end replication problem
and other replication associated events is related to cell division
and not time, and furthermore using PD prevents mutations
that merely alter the rate of cell division (such as sumoylation
deficiency) from being mistakenly viewed as modulating the
senescence rate. Finally, we note that the absolute lifespan of a
strain of any given genotype varies slightly between experi-
ments. However, this variability does not affect our analyses
because all senescence experiments (except Fig. 1C; see “Exper-
imental Procedures”) involved cells of different genotypes that
were inherited from the same diploid parent and compared
within the same experiment. For this reason, we stress that
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FIGURE 2. Mms21 is the SUMO E3 ligase responsible for preventing rapid
senescence. A, comparisons of senescence rates among single SUMO E3
ligase mutants. B, comparisons of senescence rates among double SUMO E3
ligase mutants (the triple mutant is inviable). Data in A and B are from one
senescence experiment, with all genotypes derived from the same parental
diploid. The data are displayed in the two panels for clarity, but data for tic1A
mms21-sp mutants are presented in both panels to aid comparisons. Each
pointrepresents the mean = S.E. (error bars) of at least three and in most cases
four independent spore products of the indicated genotype.

reliable comparisons of senescence rates can only be made
within a given experiment and not between experiments.

Modulation of Senescence by Sumoylation Depends on the E3
Ligase Mms21—To confirm and further define a functional role
for sumoylation in slowing senescence, we investigated which,
ifany, of the SUMO E3 ligases that are active in vegetative cells,
Siz1 Siz2, or Mms21, prevents rapid senescence. Unlike SIZ1
and SIZ2, MMS21 is required for viability, but a sumoylation
defective allele of MMS21, mms21-sp, supports viability (this
allele encodes a protein containing two point mutations within
the RING domain, C200S and H2024; it is also referred to as
mms21-CH, and is distinct from the mms21-SP allele) (30, 53,
54). Upon loss of telomerase, only a single E3 ligase mutant,
mms21-sp, recapitulated the rapid senescence phenotype of
uba2-ts10 cells. Despite performing the bulk of sumoylation
within cells, Sizl and Siz2 had no apparent impact on senes-
cence rate, either alone or in combination (Fig. 2 and supple-
mental Figs. 2 and 3). Even when combined with the mms21-sp
allele, sizIA or siz2A deletion had only moderate effects on
senescence rates (Fig. 2B). These data suggest that Mms21 is
the E3 ligase through which sumoylation functions to modulate
the rate of senescence.
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dimensional agarose gel electro-
phoresis followed by Southern blot-
ting with probes directed against
telomere Y’ elements to visualize
replication and recombination
intermediates at telomeres. As con-
trols, we also examined genomic
regions near a non-telomeric origin
of replication (ARS304) or within
the rDNA. A brief explanation of
telomere two-dimensional South-
ern patterns is shown in Fig. 3, with
supplemental Fig. 5 providing a
more in-depth explanation; but suc-
cinctly stated, the rightmost replica-
tion arc corresponds to the terminal
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FIGURE 3. Mms21 regulates the level of telomere recombination intermediates during senescence.
A, example of the structure of a S. cerevisiae telomere showing Y'-Long elements and demonstrating the
difference in fragment length between internal and terminal Y’-Long elements. Because of the existence of
two distinct Y'-Long elements (internal and terminal), analysis of replication intermediates using the Y'-Long
probe leads two distinct replication arcs (RA) and X-spikes (XS) being visualized during two-dimensional gel
analysis. B, migration pattern of the RA and X-shaped molecules corresponding to the internal (/) and terminal
(T) Y'-Long elements within two-dimensional gels are shown. The location of a hybrid (H) X-spike present in
smc5/6 mutants is also indicated. C, representative two-dimensional gel analysis of replication intermediates
accumulated in tlcTA and tlcTA mms21-sp strains at the telomere visualized with a probe specific for Y'-Long
elements. D-F, comparisons of the ratio of X-shaped molecules to the replication arc within the telomere, near
ARS304, and the rDNA locus for tlcTA and tlc1A mms21-sp mutants at 55 PD after spore germination. The
respective p values are p < 0.05, p = 0.97,and p = 0.61 for differences between genotypes. Data represent the

mean = S.E. (error bars) of three to four independent samples/genotype.

Mms21 Prevents the Accumulation of Telomere Recombina-
tion Intermediates—Having determined that MAMS21 was the
key E3 ligase responsible for preventing rapid senescence, we
sought to uncover its mechanism of action. Previous data have
shown that mms21-sp mutants, similar to sgsIA mutants,
accumulate unresolved recombination intermediates when
replicating damaged templates (23). Recent work from our lab-
oratory suggests that Sgs1 prevents rapid senescence by resolv-
ing similar recombination intermediates that accumulate at
telomeres during senescence (17). Thus, we hypothesized that
Mms21, similar to Sgs1, would play a role in the resolution of
telomere recombination intermediates during senescence. We
do not believe that Mms21 functions via sumoylation of Sgs1
during senescence because Sgs1 sumoylation was reported to
be independent of Mms21, and we found that one key indicator
of Sgs1 function, the inhibition of growth in fop3A mutants, was
not affected by diminished sumoylation (supplemental Fig. 4)
(23, 55). Given these data, Mms21 probably functions in parallel
with Sgs1 during senescence.

To examine a possible role for Mms21 in the resolution
of telomere recombination intermediates, we used two-
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rDNA was observed (Fig. 3, E and F).
The role for Mms21 in preventing
accumulation of X-shaped mole-
cules in senescing cells was not
shared with Sizl or Siz2 because
ticIA sizlA siz2A mutants were
found to have levels of X-shaped
molecules equal to that of tlcIA
controls (supplemental Fig. 6). Ad-
ditional experiments also revealed
that the increase in X-shaped mole-
cules seen in tlcIA mms21-sp cells is dependent upon loss of
telomerase because telomerase-positive mms2I-sp mutants
displayed no change in the levels of X-structures at telomere
ends (supplemental Fig. 7). These data argue that the accumu-
lation of X-shaped intermediates caused by defects in sumoy-
lation may promote senescence, although this remains to be
formally tested. We have previously observed a similar specific
increase in X-shaped molecules at telomeres during senes-
cence, where it correlated with an elevated utilization of HR-
based repair at shortened telomeres (17).

Mms21 May Function through SmcS to Modulate Senescence
Rate—Our two-dimensional gel data suggested that Mms21
influences the rate of senescence by allowing for the efficient
resolution of telomere recombination intermediates which
might impede progression through the cell cycle or lead to non-
dysjunction events. To identify the protein target of Mms21-
mediated sumoylation that prevents the accumulation of
telomere X-structures during senescence, we performed a
screen of proteins with known roles in telomere biology or HR
to identify sumoylated candidates. Of the 17 proteins screened
(supplemental Table 1), four (Rad59, Rfal, Rfa2, and Rfa3) were
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Smc6, is sumoylated in an Mms21-
dependent fashion and Mms21
associates with Smc5/6 via a direct
interaction with Smc5 (44, 47, 61),
these data suggest that Smc5 might
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FIGURE 4. Mms21 may function through the sumoylation of Smc5 to prevent rapid senescence. A and B,
senescence assays performed at 30 °C comparing the senescence rate of ticTA smc5-6 and tlc1A smc6-9
mutants versus tlc1A controls. Each data point represents the mean = S.E. (error bars) of six independent spore
colonies. C and D, spot assay performed at 30 °C comparing the growth rates of uba2-ts10 and mms21-sp
mutants alone or in combination with smc5-6 and smc6-9 alleles. For spot assays, 100,000 cells, and 10-fold

serial dilutions, were grown on YPAD plates. WT, wild type.

found to be sumoylated (24). Of note, sumoylation of all four
proteins was dramatically elevated upon the addition of the
DNA -alkylating agent MMS, but sumoylation of these proteins
proved to be primarily dependent upon Siz2 and independent
of Mms21 (supplemental Table 2). Having no novel target of
Mms21-dependent sumoylation, we focused on to two previ-
ously identified targets, Yku70 and Smc5. Yku70 functions in
nonhomologous end joining and also at telomeres where it
facilitates capping and extension by telomerase (56). Epistasis
analysis, detailed in supplemental Fig. 8, did not reveal a role for
Mms21 in Yku70-dependent telomere biology.

We next turned our attention to Smc5, a member of the
essential Smc5/6 octameric protein complex, of which Mms21
is itself a member. Smc5/6 functions in the HR-based repair of
double-strand breaks and confers resistance to a variety of
genotoxic agents (41, 44, 57-59). Roles for the complex in rep-
lication fork stability and/or restart have also been suggested
recently, although its precise role in these pathways remains
unclear (43, 44, 59, 60). In addition, previous work has found
that mms21-sp mutants, similar to hypomorphic smc5-6 and
smc6-9 alleles, confer sensitivity to the genotoxic agents MMS
and hydroxyurea (supplemental Fig. 9) (39, 40, 46, 54). These
data prompted us to investigate whether other members of the
Smc5/6 complex function similarly to Mms21 to prevent rapid
senescence. Similar to tlc1A mms21-sp cells, tic1A smc5-6 and
tlcIA smc6-9 cells senesced more rapidly than corresponding
ticIA controls when grown at a semipermissive temperature,
30 °C (Fig. 4, A and B, and supplemental Fig. 10). Therefore,
Smc5/6 functions to slow senescence.

The similar effects of the smc5-6, smc6-9, and mms21-sp alle-
les suggested that sumoylation of the Smc5/6 complex might
explain the rapid senescence of mms2I-sp mutants. Alterna-
tively, because the full activity of Mms21 likely depends on the
integrity of the Smc5/6 complex, the smc5-6 and smc6-9 alleles
might affect Mms21 function (31). Given that Smc5, but not
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be a key target of Mms21. Proof of
this would require a smc5 allele
encoding a mutant form of Smc5
that cannot be sumoylated by
Mms21. No such allele yet exists,
despite significant effort to generate
one.? Although they do not consti-
tute definite proof, the following
observations nonetheless indicate
that Mms?21 is likely to exert impor-
tant effects via sumoylation of
Smc5. First, double mutants be-
tween wuba2-ts10 and smc5-6 or
smc6-9 were generated. Because
Smc5 and Smcé6 are essential pro-
teins, if their optimal function de-
pends on sumoylation, then double
mutants between uba2-ts10 and
these hypomorphic alleles of SMCS5 and SMC6 might show a
synergistic enhancement of temperature sensitivity. Interest-
ingly, although smc6-9 mutants are more severely compro-
mised for growth at 37 °C and in the presence of DNA damag-
ing agents than smc5-6 mutants (46), smc5-6 uba2-ts10 cells
showed a much stronger growth defect than smc6-9 uba2-ts10
cells at 30 °C (Fig. 4C). Second, double mutants between each of
the SUMO E3 ligases and smc5-6 or smc6-9 were generated.
Consistent with our senescence data and the smc5-6 uba2-ts10
result, only smc5-6 mms21-sp cells showed a synergistic growth
defect (Fig. 4D and supplemental Fig. 11). These epistasis anal-
yses argue that with regard to cell growth, sumoylation must
function partly through the Smc5/6 complex. If it instead func-
tioned largely in parallel to Smc5/6, then both smc5-6 and
smc6-9 mutants ought to have shown synthetic sickness when
combined with sumoylation mutants, contrary to what we
observe. Because the Mms21-sp protein has no SUMO ligase
activity, the findings also argue that the effect of the smc5-6
allele in this assay is not due to defects in Mms21-dependent
sumoylation of targets outside of the Smc5/6 complex. Third,
although smc5-6 and smc6-9 alleles contain mutations targeted
within the C-terminal Walker-B motif present on each protein,
it is possible that the observed synergistic growth defect
between mms21-sp and smc5-6 but not smc6-9 is due to the
hypomorphic smc6-9 allele already being defective for the bio-
chemical function provided by Mms21, whereas smc5-6 is not
(46). If this were in fact true, then one might expect to observe
additional differential sickness between smc5-6 and smc6-9
alleles when combined with mutations in genes involved in var-
ious DNA damage repair pathways. To address this possibility,
epistasis analyses between smc5-6 or smc6-9 and >30 genes
involved in DNA damage repair, including a hypomorphic

YPAD |

3 X. Zhao, unpublished data.
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allele of the Smc5/6 complex member NSE5 were performed.*
In all cases the mutations affected smc5-6 and smc6-9 mutants
equally, with none showing the preferential sickness observed
for the mms21-sp allele. We also point out that in all other cases
tested, the smc5-6 and smc6-9 alleles exhibit similar pheno-
types, with the smc6-9 allele consistently showing a stronger
phenotype (46, 62). Together, these new and previous observa-
tions suggest that sumoylation modulates Smc5/6 at least in
part by enhancing Smc5 activity or stability. Furthermore when
sumoylation of Smc5 was investigated, it was found to increase
during senescence, in an Mms21-dependent fashion (supple-
mental Fig. 12). As a whole, these data are consistent with Smc5
being a key SUMO target of Mms21 in senescing cells. How-
ever, even though the selective synthetic growth defect of
smc5-6 mms21-sp mutants argues that the smc5-6 mutation
affects functions contributing to growth rate that are distinct
from Mms21-dependent sumoylation, it is still possible that the
senescence-specific function of Smc5 is to support Mms21-de-
pendent sumoylation. Thus, until a nonsumoylatable allele of
SMCS can be tested, the model that Smc5 is the central target of
Mms21 during senescence remains speculative.

SmcS5/6 Prevents the Accumulation of Telomere Recombina-
tion Intermediates during Senescence—If Mms21 slows senes-
cence by stimulating the activity of the Smc5/6 complex and
thereby preventing the accumulation of telomere HR interme-
diates (X-structures), then mutants in Smc5 and Smc6 should
accumulate telomere X-structures during senescence. To test
this hypothesis, tlc1A and tlc1A smc6-9 mutants were senesced
at 30 °C and harvested at equivalent population doublings, and
recombination intermediates at telomeres and other loci were
examined via two-dimensional Southern analysis. Given that
the smc6-9 allele had a stronger phenotype than smc5-6 in the
senescence and DNA damage sensitivity assays, we used it to
observe more readily subtle alterations in the level of telomeric
X-structures caused by dysfunction within the Smc5/6 com-
plex. As predicted, tlcIA smc6-9 double mutants show an
increase (250%) in X-shaped molecules at telomere ends com-
pared with controls (Fig. 5, A and B). We were unable to detect
significant elevations in telomere X-structures in ticIA smc5-6
double mutants (data not shown), likely because of the weak
nature of the smc5-6 allele, but tlcIA mutants carrying the
stronger smc5-31 allele (63) senesced rapidly and accumulated
high levels of telomere X-structures (supplemental Fig. 13).
Similar to our tlc1A mms21-sp results, no significant increase in
X-structures at other genomic loci, such as the region near
ARS304 or the rDNA, was observed in tlcIA smc6-9 cells com-
pared with controls (Fig. 5, C and D), and no increase in
telomere X-spikes was observed in telomerase-positive smc6-9
mutants (supplemental Fig. 7). Of note, smc6-9 mutants have
been previously shown to accumulate X-structures in the
rDNA locus when grown at 37 °C in the presence of hydroxy-
urea or nocodazole (46, 62). Our experiments were conducted
at 30 °C where these mutants cycle at a near normal rate and do
not accumulate significant levels of rDNA X-structures.

In addition, tlcIA smc6-9 mutants also showed the appear-
ance of a third X-spike. We hypothesize that this new X-spike

4 A. Chavez and F. B. Johnson, unpublished data.
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FIGURE 5. Smc6 prevents the accumulation of X-structures during senes-
cence. A, representative two-dimensional gel analysis of replication interme-
diates accumulated in tic1A and tlcTA smc6-9 strains at the telomere visual-
ized with a Y’-Long-specific probe. | and T refer to X-spikes coming from
internal and terminal replicating telomere fragments, respectively; H refers to
an apparent hybrid X-spike. B-D, comparisons of the ratio of X-shaped mole-
cules to the replication arc within the telomere, near ARS304 and the rDNA
locus for tlc1A and tlc1A smc6-9 cells at 45 PD after spore germination. The
means * S.E. (error bars) from three independent samples/genotype are
shown. The respective p values are p < 0.0001, p = 0.15, and p = 0.38.

reflects recombination between regions of homology in the
same chromatid, between misaligned sister chromatid regions
or between telomere regions present on other chromosomes
(further explained under “Discussion” and illustrated in sup-
plemental Figs. 14 and 15). Careful examination revealed that
this third spike is also the most prominent seen in the tlcIA
mms21-sp and ticl smc5-31 samples (Fig. 3C, supplemental
Fig. 134, and data not shown).

The Smc5/6 Complex Functions in the Resolution of Recom-
bination Intermediates throughout the Genome—Given our
data demonstrating that Mms21 and the Smc5/6 complex pre-
vent the accumulation of telomere recombination intermedi-
ates during senescence, we sought to determine whether this
role for Smc5/6 in recombination resolution was specific to
telomeres or was indicative of a more general role for the com-
plex throughout the genome. Smc5/6 mutants were synchro-
nized with nocodazole and released into fresh medium contain-
ing MMS at the nonpermissive temperature, 37 °C. After 2.5 h
of growth, cells were harvested and subjected to two-dimen-
sional Southern analysis using probes specific to the nontelo-
meric regions ARS304 and ARS305. In agreement with previ-
ous analysis of mms21 alleles and data concerning smc6-9
published recently but after we had conducted our experiments
(23, 45), mms21-sp, smc5-6, and smc6-9 mutants showed a
robust increase in X-shaped molecules during replication in the
presence of MMS near ARS304 (Fig. 6, A and B); similar results
were obtained with a probe for ARS305 (data not shown). The
accumulation of these X-shaped molecules depends on HR
because rad52 deletion prevented their accumulation (sup-
plemental Fig. 16). Further characterization of the X-structures
revealed that mms21-sp, smc5-6, and smc6-9 mutants accumu-
late recombination intermediates with properties similar to
those observed previously in sgsIA and ubc9-1 cells (supple-
mental Fig. 17 summarizes the biochemical properties of differ-
ent X-shaped molecules) (23, 64). These include the ability to
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FIGURE 6. Defects in Smc5/6 lead to elevated levels of unresolved recom-
bination intermediates near the genomic ARS304 region after MMS
treatment. A, representative two-dimensional gel analysis of replication
intermediates at ARS304 (similar results were obtained at ARS305). WT, wild
type. B, quantification of the ratio of X-shaped molecules to structures run-
ning within the replication arc. Data represent the mean = S.E. (error bars) of
three or more independent samples per genotype. Comparisons between
wild type and mms21-sp, smc5-6, and smc6-9 values were all significant,
p < 0.002. C, replication intermediates from two-dimensional gel analysis
are shown, and the various species of interest are labeled. Branch migra-
tion assay shows control (nonbranch migrated), —Mg**, and +Mg*" (samples
migrated in the absence or presence of magnesium) reactions. D, expression of
Mms21 resolves X-spikes that have accumulated in mms217-sp mutants exposed
to MMS (for details, see “Experimental Procedures”).

+Galactose

branch migrate in the absence or presence of Mg ™ and sensi-
tivity to mung bean nuclease (Fig. 6C, and supplemental
Figs. 18 and 19, and data not shown). Therefore, the X-struc-
tures are neither hemicatenanes, convergent replication
forks, Holliday junctions nor regressed forks. Rather, they
appear to be so-called Rec-X-structures, which are thought to
arise from hemicatenane-facilitated template switching be-
tween sister chromatids at stalled replication forks, thus ena-
bling bypass of the stall-inducing lesion (18). After replicat-
ing past the lesion point, the replicating strand is thought to
return to its original parental template, and normal replication
resumes (model illustrated in supplemental Fig. 20). If not
resolved, the sister chromatids that remain linked are visualized
as X-structures by two-dimensional Southern analysis. Because
the X-structures that accumulate in smc5/6 and sgs1A mutants
are similar and because Sgs1 facilitates the resolution of recom-
bination intermediates at telomeric and nontelomeric loci, it is
likely that X-structures that accumulate in smc5/6 and
mms21-sp mutants are caused by their lack of resolution, rather
than by their increased formation. In support of this interpre-
tation, we found that X-structures disappeared rapidly in
MMS-treated mms21-sp cells after inducible expression of
Mms21 (Fig. 6D). Of note, a role for SMC proteins in template
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switch recombination appears to be specific for the Smc5/6
complex because mutants in the Smc1/3 cohesin or the Smc2/4
condensin complex did not accumulate similar levels of
X-structures when replicating through damaged DNA tem-
plates (data not shown).

Given our results showing that the X-shaped molecules
formed at genomic loci in smc5/6 mutants represent Rec-X
species we sought to determine whether the telomeric X-struc-
tures in senescing tlc1A smc6-9 cells were similar. The X-struc-
tures were able to branch migrate in the absence and presence
of Mg*?, indicating that they are indeed Rec-X species (sup-
plemental Fig. 21). Thus, the template switch recombination
pathway appears to be active throughout the genome and
dependent upon the Smc5/6 complex for its completion.

DISCUSSION

In this work we address the role of sumoylation and the
Smc5/6 complex in preventing the accumulation of HR-depen-
dent X-shaped molecules at telomeres and throughout the
genome. We propose that the unresolved telomeric X-struc-
tures, which accumulate in telomerase-null cells with hypo-
morphic alleles of the Smc5/6 complex members MMS21,
SMCS, and SMC6, explain the rapid senescence of these strains.
A previous report identified a role for the human SMC5/6 com-
plex (including MMS21) in the maintenance of telomere length
in a different setting, that of ALT cancer cells (36), and our
findings extend roles for Smc5/6 in telomere maintenance to
the setting of senescence. Potts and Yu (36) proposed that the
primary role of SMC5/6 SUMO ligase activity is to mediate the
efficient recruitment/retention of telomeres to APBs to prop-
erly engage recombination-based pathways of telomere main-
tenance. Our study suggests that the SMC5/6 complex does not
simply function to recruit telomeres to APBs because yeast
have no known APB-like structures and because even in the
human context APBs are only present in immortalized ALT
cells but not in primary cells undergoing senescence. Rather,
our findings suggest that Smc5/6 assists in the proper forma-
tion and resolution of recombination intermediates between
telomeres during senescence. Although the telomere shorten-
ing seen following depletion of the SMC5/6 complex in ALT
cells was argued to be due to a lack of recruitment of telomeres
to APBs, the possibility that the lack of SMC5/6 also directly
compromised telomere HR was left open, and our findings indi-
cate that this is indeed the case. The importance of properly
functioning HR mechanisms in telomere biology is clear when
considering the unidirectional replication of telomeres (39). In
contrast to internal genomic sites, where incomplete replica-
tion caused by a damaged fork can be rescued by convergent
replication from a neighboring fork, no such rescue can occur at
the telomere. Telomerase could elongate a shortened telomere
arising from the collapse and breakage of a fork within a
telomere, but in its absence cells become dependent upon HR
mechanisms of fork repair to prevent the loss of telomeric
sequence due to fork collapse.

Although mms21-sp mutants have previously been shown to
accumulate HR-based intermediates at genomic loci (23), the
relevant target of Mms21-dependent sumoylation was not
identified, and whether the accumulation of intermediates was
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Recently, Smc5/6 was shown
not only to function in resolution
of HR intermediates and the com-
pletion of DNA replication, but
also in the recruitment of Rad52 to
stably stalled forks (60, 62). Here,
we provide evidence for an addi-
tional function of Smc5/6 during
replication, which relates to the
existence of a third X-spike at
telomere ends in tlcIA Smc5/6
complex mutants that is not seen in
tlc1A cells. This X-spike has a size
that is intermediate to the X-spikes
arising from intersister telomere
recombination within terminal or
subtelomeric fragments. Smc5/6
mutants are deficient in both equal
and unequal sister recombination
events, but not in intrachromatid
HR (57, 65). Therefore, the simplest
explanation for the origin of the
third X-spike is from an intrachro-
matid recombination event, in
which a stalled terminal nascent
strand invades into an internal
homologous region to bypass the
stall-inducing lesion. This would
create a Rec-X linking a terminal
and an internal Y’ fragment, and we

aberrant events between sister chromatids or different chromosomes are also possible.

due to increased formation or decreased resolution was not
fully explored. Here, we attempted to identify the target of
Mms21-dependent sumoylation that impacts the accumulation
of recombination intermediates, and we provide direct evi-
dence that Mms21 facilitates their resolution.

Recently, Sollier et al. (45) reported that HR-dependent
X-structures accumulate at nontelomeric loci in S. cerevisiae
smc6-9 mutants and not in other Smc complex mutants after
damage with MMS, consistent with our findings. Importantly,
the biochemical nature of the X-shaped structures that accu-
mulated in smc5-6 and smc6-9 mutants has not been previously
performed. This information is essential for an understand-
ing of the Smc5/6 complex because the pathways involved in
the generation of different X-shaped molecules are distinct.
For example, Holliday junctions occur during the repair of
double-strand breaks, whereas Rec-Xs are believed to arise
due to template switching during replication to bypass a stall-
inducing lesion. Furthermore, a portion of the X-shaped mol-
ecules that accumulate in the rDNA in smc6 mutants under
more extreme conditions than those explored in our studies
(i.e. 37 °C) were interpreted to be a mixture of recombination
intermediates and convergent forks nearing the termination
of replication, which are at least in part different from the
RecXs that we observed (46, 62). Therefore, Smc5/6 may
perform related functions in different settings, and a full char-
acterization of these activities is required to understand the
roles of this enigmatic complex.
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therefore refer to it as a hybrid H
X-spike (Fig. 7 and supplemental Fig. 14). Alternatively, similar
aberrant recombination events between sister chromatids
(supplemental Fig. 15) or between different chromosomes
could form the hybrid species. We hypothesize that Smc5/6
prevents such abnormal events, either directly or indirectly, by
enhancing cohesion between sister telomeres. Such a mecha-
nism would allow the Smc5/6 complex to assist the HR machin-
ery in favoring the selection of nearby homologous sequences
on the sister chromatid and thus inhibiting inappropriate
recombination reactions.

Our new findings highlight important roles for Smc5/6 during
the replication of damaged DNA or of telomeres that have become
dysfunctional due to telomerase inactivation. These mechanistic
insights into the role of the Smc5/6 complex in DNA repair and
telomere maintenance thus may provide novel avenues by which
age-related diseases and cancer might be targeted for therapy.
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