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The synaptonemal complex (SC) is a proteinaceous complex that apparently mediates synapsis between
homologous chromosomes during meiotic prophase. In Saccharomyces cerevisiae, the Zipl protein is the
integral component of the SC. In the absence of a DNA double-strand break or the SC initiation protein Zip3,
Zip1 proteins aggregate to form a polycomplex (PC). In addition, Zip1 is also responsible for DSB-independent
nonhomologous centromere coupling at early meiotic prophase. We report here that Zip3 is a SUMO (small
ubiquitin-related modifier) E3 ligase and that Zip1 is a binding protein for SUMO-conjugated products. Our
results also suggest that at early meiotic prophase, Zip1 interacts with Zip3-independent Smt3 conjugates
(e.g., Top2) to promote nonhomologous centromere coupling. At and after mid-prophase, the Zip1 protein
begins to associate with Zip3-dependent Smt3 conjugates (e.g., Red1) along meiotic chromosomes in the
wild-type cell to form SCs and with Smt3 polymeric chains in the zip3 mutant to form PCs.
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Meiosis (or sporulation) in Saccharomyces cerevisiae is a
process of cellular differentiation that is initiated in dip-
loid a/a cells in response to nutrient limitation to gen-
erate gametes. Following a single round of DNA replica-
tion, two successive rounds of chromosomal segregation
reduce the diploid chromosome complement by half.
Segregation of chromosomes at the reductional division
depends on a series of interactions between homologous
chromosomes, including pairing, assembly of the synap-
tonemal complex (SC), genetic recombination, and for-
mation of chiasmata.

SCs consist of paired lateral elements (LEs) perpen-
dicularly connected by transverse filaments (TFs). In ad-
dition, a central element (CE) appears as an electron-
dense, linear structure running down the center of the
SC. In S. cerevisiae, the Zipl protein is the integral com-
ponent of the SC and is found throughout the entire
length of the SC (Sym et al. 1993). Zipl is the only
known yeast SC component that behaves this way and is
believed to be the ortholog of SCP1 in nematodes and
mammals (Zickler and Kleckner 1999). Zipl forms two
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large, central a-helical coiled-coil domains flanked by N-
and C-terminal globular domains (Sym et al. 1993). Zip1
proteins are thought to form a head-to-head dimer or
tetramer connected by interaction between the central
coiled-coil domains, while the Zipl C-terminal globular
domain connects the TFs to chromosomes or LEs (Tung
and Roeder 1998; Dong and Roeder 2000). Several S. cer-
evisiae proteins on LEs have been implicated in SC as-
sembly, including Red1, Mek1, Hopl, Top2, Pds5, cohes-
ins (e.g., Rec8), and condensins (e.g., Ycs4) (Page and
Hawley 2004). The SC-initiating protein Zip3 was pre-
sumed to mark crossover-designated recombination sites
and recruit Zip2 and Zipl to form the central region of
the SC (Chua and Roeder 1998; Agarwal and Roeder
2000; Borner et al. 2004; Fung et al. 2004; Henderson and
Keeney 2004). Two additional proteins, Spo22/Zip4
(Perry et al. 2005) and Spo16 (A. Shinohara, pers. comm.),
are also required for SC assembly. Zipl also mediates
centromere coupling between nonhomologous chromo-
somes during early prophase (Tsubouchi and Roeder
2005); however, whether or not this phenomenon is re-
lated to SC assembly remains controversial (Henderson
and Keeney 2005).

In many organisms, including S. cerevisiae, aggregates
of SC-related material (i.e., polycomplexes, PCs) have
been observed either before or during regular SC devel-
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opment. PCs are highly accumulated in yeast mutants
where chromosome morphogenesis is aberrant because
of a lack of a structural or recombinational component
(e.g., spoll, zip2, zip3, redl, hopl) as well as in mutants
exhibiting a prophase block (e.g., cIb5 clb6). Like the SC,
Zipl is the main structural component of PCs. PCs have
morphological characteristics in common with SCs;
however, PCs exhibit many different morphologies that
indicate that they clearly are not simply stacks of regular
SCs discarded from the bivalents (Zickler and Kleckner
1999). The molecular mechanism underlying the forma-
tion of SCs and PCs is still unknown. Here we report
that SUMO (small ubiquitin-related modifier) modifica-
tion plays a key role in both processes.

SUMOylation—the covalent linking of SUMO to ly-
sine residues—is a reversible post-translational modifi-
cation controlled by an enzymatic pathway analogous to
the ubiquitin pathway. The addition of SUMO to target
proteins has been implicated in cellular functions by a
number of mechanisms (Johnson 2004; Potts and Yu
2005; Zhao and Blobel 2005). In S. cerevisiae, a single
essential gene, SMT3, encodes the SUMO precursor
product. The Smt3 protein is activated by the formation
of a thioester bond with a cysteine residue on the El
activating enzyme (i.e., the Aos1-Uba2 complex). Smt3
is then passed to an E2 conjugation enzyme (Ubc9), with
which it also forms a thioester bond with a cysteine resi-
due. Smt3 E3 ligases act as “adapters” to interact with
both Ubc9 and substrates and promote transfer of Smt3
from E2 to specific substrates (for reviews, see Gill 2004;
Johnson 2004; Muller et al. 2004).

Three Smt3 E3 ligases have been identified in S. cer-
eviseae: Sizl, Siz2/Nfil, and Mms21/Nse2. Siz1 and Siz2
are not essential proteins, whereas Mms21 is a part of
the octameric complex that is essential for vegetative
growth and DNA repair (Potts and Yu 2005; Zhao and
Blobel 2005). These three E3 enzymes are members of
the PIAS (protein inhibitor of activated STAT) family, all
of which contain a SP-RING (Siz/PIAS RING) domain.
The SP-RING domains interact with Ubc9 and are re-
sponsible for their E3 catalytic activities. Structurally,
SP-RING domains are similar to the RING domains
found in many ubiquitin E3 ligases. Smt3 is often, but
not always, attached to most substrates at the lysine in a
consensus sequence, WKXE, where V¥ is a large hydro-
phobic amino acid and X can be any amino acid. Re-
moval of Smt3 from substrates is mediated by two yeast
Smt3 deconjugating enzymes, Ulpl and Ulp2, respec-
tively. The S. cerevisiae SMT3, AOS1, UBA2, UBC9,
and ULP1 genes are all essential for vegetative growth
(for reviews, see Gill 2004; Johnson 2004; Muller et al.
2004). Unlike ULP1, ULP2 is dispensable for vegetative
growth. On the other hand, the ulp2-null mutant exhib-
its a cell cycle arrest phenotype at meiotic prophase (Li
and Hochstrasser 2000), indicating that Smt3 modifica-
tion or removal is likely to have specific meiotic func-
tions.

A special feature of the SUMO system in yeast is that
in the absence of E3 ligase, E1 and E2 can catalyze Smt3
polymeric chains or even the Smt3-conjugated E1 and E2

2068 GENES & DEVELOPMENT

in vitro in an ATP-dependent manner (Bencsath et al.
2002; Takahashi et al. 2003). The reaction rate of Smt3
chain formation is further accelerated upon addition of
E3 ligase because Smt3 itself is also a SUMO target and
E3 acts an adapter to facilitate transferring additional
Smt3 from E2 to the Smt3 chain. Several known Smt3
E3s have been shown to exhibit such activity (Johnson
and Gupta 2001; Bencsath et al. 2002; Taylor et al. 2002;
Bylebyl et al. 2003; Zhao and Blobel 2005). The Smt3
polymeric chain will not form in a reaction containing a
Smt3 mutant lacking either Lys 11, Lys 15, and Lys 19
(i.e., smt3-11, smt3-15, smt3-19R) or all nine lysines (i.e.,
smt3-allR) (Bylebyl et al. 2003; Takahashi et al. 2003).

Here we used multiple approaches to examine the
roles of SUMO modification in yeast meiosis. We show
that global Smt3 modifications along meiotic chromo-
somes are regulated by Zip3 protein at the time SCs
form, and Zipl proteins are colocalized with chromo-
somal Smt3 conjugates along SCs. Importantly, the zip3
mutant not only exhibits only a few Smt3 modifications
along the meiotic chromosome but also accumulates a
high level of Smt3 polymeric chains. These Smt3 poly-
meric chains aggregate with Zipl proteins at the PC.
Subsequent biochemical analysis indicated that Zip3 is
an Smt3 E3 ligase and Zipl is a binding protein for Smt3
conjugated products. These observations have led to a
proposed molecular model for the assembly of SCs and
PCs.

Results

Zip1 proteins were localized with the immunostaining
signals of Smt3 conjugates

To investigate the roles of Smt3 modifications during
meiosis, we constructed SK1 yeast strains that express
either the V5-epitope-tagged Smt3 protein (V5-Smt3)
and/or the Myc-tagged Ubi4 protein (3Myc-Ubi4). The
UBI4 gene encodes a five head-to-tail fusion of ubiquit-
ins and is responsible for polyubiquitination in S. cerevi-
siae (Finley et al. 1987). The coding sequence of triple
Myec tags was added to the 5" end of the UBI4 gene.
Western blotting analysis indicated that both the Myec-
tagged Ubi4 monomer and polyubiquitinated products
were expressed in mitotic and meiotic yeast cells. Addi-
tion of a V5 epitope to Smt3 or triple Myc epitopes to
Ubi4 did not result in any apparent defect in vegetative
growth, sporulation efficiency, or spore viability (data
not shown). Immunostaining of meiotic nuclear spreads
revealed that most V5-Smt3 conjugates were colocalized
with Zipl at the pachytene chromosomes (or SCs) of the
wild-type cells. On the other hand, in the spo11 or zip3
mutants, the V5-Smt3 conjugates were colocalized with
Zipl at PCs instead of meiotic chromosomes after mid-
prophase. Intriguingly, the intensity of the V5-Smt3 sig-
nals at PCs was much greater in zip3 than in spo11 (Fig.
1A).

Mutant analysis indicated that Zip3 could promote
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Colocalization of Smt3 conjugates but not ubiquitin conjugates with Zip1 at SCs and PCs. Representative images of surface

nuclei spreads of various sporulating cells stained with DAPI (in blue), anti-Zip1, anti-V5, anti-Myc, or anti-Top2 antibodies, respec-

tively. All white bars represent 5 pm.

chromosomal Smt3 modifications at and after mid-pro-
phase. In the zip1 single mutants, V5-Smt3 signals ap-
peared as foci during early prophase in a ZIP3-indepen-
dent manner, and then spread all over chromosomes af-
ter mid-prophase in a ZIP3-dependent manner. In the
zip2 mutant, both V5-Smt3 and Zipl signals exhibited
patterns similar to those of V5-Smt3 in the zipl mutant
(Fig. 1B). Disappearance of early Smt3 foci and appear-
ance of ZIP3-dependent Smt3 signals along meiotic chro-
mosomes (or SCs) were also observed at mid-prophase of
the wild-type cell (Fig. 2; Supplementary Fig. S1).
Ubiquitin or ubiquitin-conjugated products were not
detected at PCs in zip3 either by anti-Myc antibody (for
3Myc-Ubi4) (Fig. 1C) or by two additional polyclonal
anti-ubiquitin antibodies (data not shown). The latter
were used to detect all four yeast ubiquitins, Ubil-4
(Finley et al. 1987). We had confirmed by Western blot-
ting and whole-cell immunostaining analysis (Supple-
mentary Fig. S2) that these antibodies can detect ubiq-
uitins or ubiquitinated products. However, these three
antibodies exhibited very weak staining signals along
meiotic chromosomes of the wild-type cell and at PCs of

the zip3 mutant (Fig. 1C). We conclude that Smt3 con-
jugates, like Zipl, are specific components of SCs and
PCs.

Smt3-conjugated products may recruit Zip1 onto
meiotic chromosomes

As described above, most Zipl form foci together with
V5-Smt3 conjugates on meiotic chromosomes of wild-
type (Fig. 2), spo11 (Fig. 1D), and zip2 and zip3 (data not
shown) cells during early meiotic prophase (~3-h time
point). Recently, these early Zipl foci have been impli-
cated in centromere coupling between nonhomologous
chromosomes in a Spoll-independent manner (Tsubou-
chi and Roeder 2005). At mid-prophase, these early chro-
mosomal Zipl foci began to disappear in the wild-type
cell (Fig. 2) and zip3 mutant (Fig. 1A) but were retained in
the ulp2 zip3 mutants (Figs. 1E, 2). Because Ulp2 is an
Smt3 deconjugating enzyme, such a ULP2-dependent
clearance of Smt3/Zip1 foci from chromosomes suggests
that Smt3 conjugates may be involved in recruiting Zip1
to chromosomes (see below). Intriguingly, we also found
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Figure 2. Time-course analysis of the Smt3 modification along
meiotic chromosomes. Surface spreads of the sporulating wild-
type and ulp2 zip3 cells were stained with anti-V5 (for V5-
Smt3). Percentages of surface spreads showing positive V5-Smt3
signals along meiotic chromosomes were determined. Repre-
sentative images of the wild-type surface nuclei spreads are pro-
vided in Supplementary Figure S1. In the wild-type cell, loss of
early Smt3 foci and appearance of extensive chromosomal Smt3
signals occur between 5 and 6 h after the cells were transferred
into sporulating medium. The majority of the wild-type cells
(>40%) began to exhibit the first nuclear divisions after 8 h of
incubation in the sporulating time point. Our results revealed
that Smt3 foci gradually accumulated in the ulp2 zip3 mutant at
early prophase and were sustained to at least 12 h. No SC-like
structure (i.e., extensive line of Smt3 signal) was observed along
meiotic chromosomes in the ulp2 zip3 mutant.

that the early Smt3 foci were colocalized not only with
Zip1 but also with Topoisomerase II (Top2). Top2 stain-
ing signals were not uniformly distributed on the chro-
mosomes, and there were clearly several strongly stained
Top2 foci or spots (Fig. 1E). This result was consistent
with a previous report that Top2 was Smt3 modified and
highly accumulated at the centromere (Bachant et al.
2002). Like zip3, the ulp2 zip3 mutant failed to form SCs,
indicating that these early Smt3/Zip1 foci were not suf-
ficient for SC assembly. On the other hand, a significant
portion of the ulp2 cells (>25%) could form Zip1 lines or
SCs along meiotic chromosomes after mid-prophase (Fig.
1F). We conclude that Zip3-dependent SUMO modifica-
tions are required for SC formation.

Accumulation of Smt3 polymeric chains in the zip3
mutant after mid-prophase

Western time-course analysis was also carried out to ex-
amine the global Smt3 conjugation profiles. We found
that the wild-type cell exhibited a dynamic global Smt3
modification profile with several Smt3-conjugated prod-
ucts showing different temporal expression patterns. On
the contrary, the majority of Smt3-conjugated products
accumulated in the ulp2 mutant (Supplementary Fig.
S3). This result is consistent with the role of Ulp2 as an
Smt3 deconjugating enzyme in meiosis (Li and Hoch-
strasser 2000). We next examined the genetic require-
ments for normal Smt3 profiles, including meiotic cell
cycle regulators (i.e., CDC28/CLB5, CLB6), genes in-
volved in DSB formation and repair (i.e., SPO11, DMC1)
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and genes involved in SC formation (ZIP1-4, SPO16). In
all cases, the intensity of V5-Smt3 signals was used as an
internal reference for Western analysis. Compared with
those in the wild-type cell, the Smt3 conjugation profiles
of cIb5 clIb6, spoll, dmcl (data not shown), zip1, or zip2
mutants did not display dramatic changes (Supplemen-
tary Fig. S4).

On the other hand, the zip3 mutant exhibited a unique
Smt3 modification profile. At 4-6 h (i.e., mid-prophase),
it began to accumulate a ladder of V5-Smt3-conjugated
products that were not clearly observed either in the
wild type or in any other mutants examined here (Fig.
3A; Supplementary Fig. S4). These V5-Smt3-conjugated
ladders were not polyubiquitinated products of V5-Smt3,
as revealed by the results of immunocytological analysis
(Fig. 1C) and Western time-course analysis (Supplemen-
tary Fig. S2). Because the differences between their ap-
parent molecular weights are close to the molecular
weight of the V5-Smt3 monomer (15,000-20,000), it is
likely that these ladders are Smt3 polymeric chains. To
examine this hypothesis, we constructed a zip3 strain
expressing both V5-Smt3 and His,-Myc-Smt3. Total cel-
lular proteins after mid-prophase were collected by tri-
chloroacetic acid (TCA) precipitation, solubilized in a
denaturing buffer containing 8 M urea, and subjected to
purification with Ni**-chelating resins that selectively
retained the His4-tagged polypeptides. Upon examina-
tion by Western blots using either anti-V5 or anti-Myc
antibody, the eluates contained both V5-Smt3 and His,-
Myc-Smt3 (Fig. 3B). This result indicated that V5-Smt3
and His6-Myc-Smt3 were covalently linked to one an-
other. A zip3 cell expressing only the V5-Smt3 protein
was used here as a negative control for the copurification
experiment. In this case, the V5-Smt3-conjugated prod-
uct was not isolated by Ni**-chelating resins (Fig. 3B).

We also constructed ZIP3 and zip3 strains expressing
only the V5-tagged smt3-allR mutant protein. The smt3-
allR mutant protein conceivably could not form Smt3
polymeric chains because all nine of its lysine residues
were mutated into arginine residues. Because SMT3 is an
essential gene and the smt3-allR yeast strain is still vi-
able, the V5-smt3-allR mutant protein is at least par-
tially functional for SUMO modification (Bylebyl et al.
2003). Western time-course analysis revealed that Smt3
ladders or polymeric chains were significantly dimin-
ished in the zip3 V5-smt3-allR cell (Fig. 3C); however, a
mysterious Smt3 conjugate product with an apparent
molecular weight of ~100,000 also accumulated in this
mutant. The apparent molecular weight of this mysteri-
ous Smt3 conjugate product indicates that it may be the
Smt3-modified product of Uba2, one of the two subunits
of the SUMO El enzyme. The predicted molecular
weight of the Uba2 protein is 71,258. Immunostaining of
nuclear surface spreads further revealed that the ZIP3
V5-smt3-allR cell could form Zipl foci and short lines
along meiotic chromosomes but could hardly form nor-
mal SCs (Fig. 3D). Moreover, the ZIP3 V5-smt3-allR
cells (<5%) hardly form spores. These results suggest
that SUMO conjugations with only the Smt3 monomers
along meiotic chromosomes are not sufficient for normal
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Figure 3. Massive accumulation of Smt3 polymeric chains in zip3 during and after mid-prophase. (A) Western time-course analysis
of wild-type and zip3 mutant expressing the V5-tagged Smt3 protein. Total cell lysates were prepared by TCA precipitation, and the
proteins were separated either by a 6% or 15% SDS-PAGE as indicated. (B) V5-Smt3 covalently links with His,-Myc-Smt3 in the zip3
mutant. Two different zip3 mutants expressing either both V5-Smt3 and His,-Myc-Smt3 (a) or only the V5-Smt3 protein (b) were
constructed. Sporulating cells were harvested at the 8-h time point, TCA-precipitated, and dissolved in a denaturing buffer containing
8 M urea. The His,-tagged polypeptides were purified by the Ni>* chelating resin. Western analysis of total cell extracts (lanes 1,3) and
the purified Hisg-tagged polypeptides (lanes 2,4) was performed using anti-V5 and anti-Myc antibody as indicated. (C) Western
time-course analysis of yeast strains expressing the V5-tagged smt3-allR protein. The smt3-allR mutant protein does not form a
polymeric chain. Total cell lysates of zip3 mutant expressing the V5-tagged wild-type Smt3 protein were used here as a positive control
for showing the Smt3 polymeric chains (the first lane from the left). Zip1 protein was used to monitor progression of the meiotic cell
cycle. (D) Immunostaining of Zip1 in the nuclear surface spreads of yeast strains expressing the V5-tagged smt3-allR protein. All white
bars represent 5 um. The ZIP3 V5-smt3allR cell forms aberrant SCs (i.e., Zip]1 foci or short lines), and the zip3 V5-smt3allR cell only
forms PCs. These PCs were much smaller in size than those observed in the zip3 V5-smt3allR cells (Fig. 1A).

SC assembly. Additionally, the zip3 V5-smt3-allR mu-
tant still could form PCs; however, these PCs exhibited
much weaker or smaller Zipl staining signals (Fig. 3D)
than those in the zip3 V5-SMT3 mutant (Fig. 1A). Taken
together, the results indicate that the zip3 mutant accu-
mulates Smt3 polymeric chains after mid-prophase and
that these Smt3 polymeric chains aggregate together
with Zipl proteins to form bigger PCs. Moreover, our
data also reveal that SUMO conjugations by Smt3 poly-
meric chains along meiotic chromosomes may play es-
sential roles in promoting formation of extensive SCs.

Zip3 is an Smt3 E3 ligase

It had been reported previously that in the absence of
SUMO E3 ligase, Smt3 together with Aos1-Uba2, Ubc9,
and ATP could modify itself into Smt3 polymeric chains
(Bencsath et al. 2002; Takahashi et al. 2003). The finding
that Smt3 polymeric chains accumulate in the zip3 mu-
tant (Fig. 3) leads to the hypothesis that Zip3 may be an
Smt3 E3 ligase. Several different lines of evidence pro-

vided here support this view. First of all, our cytological
results have indicated that ZIP3-dependent chromo-
somal Smt3 modifications are required for SC formation
(Fig. 1A). Consistent with a previous report that Zip3
acts prior to Zip2 and Zipl in SC assembly (Agarwal and
Roeder 2000), we also showed that Zip3 could promote
chromosomal Smt3 modifications in the absence of Zip1
or Zip2 after mid-prophase (Fig. 1B). Second, it was
shown that Ubc9 remained covalently attached to Smt3
in the absence of E3 (Bylebyl et al. 2003; Takahashi et al.
2003). We confirmed by Western time-course analysis
that the Ubc9-Smt3 conjugates accumulate in the zip3
mutant. In addition, the results of immunocytological
experiments revealed that Ubc9 or Ubc9-Smt3 conju-
gates are located at PCs, but not along meiotic chromo-
somes in the zip3 mutant (Supplementary Fig. S5).
Therefore, Zip3 may have a role in recruiting Ubc9 onto
meiotic chromosomes.

Third, a recent bioinformatics study suggests that
Zip3 is a ubiquitin E3 ligase (Perry et al. 2005). This
hypothesis was not favored by current findings: Western
time-course analysis results in the current study re-
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vealed that the global ubiquitin conjugation pattern of
the zip3 cell did not significantly differ from that of the
wild-type cell at the 4-6-h sporulating time point—in
other words, at the time when the Zip3 protein was ex-
pected to carry out its meiotic function (Supplementary
Fig. S3). Here, we independently found that the Zip3 pro-
tein contained a SP-RING domain (residues 52-93)
(Johnson and Gupta 2001) and a noncovalent Smt3-bind-
ing motif (SBM; residues 96-99, I-S-I-I). The latter was a
consensus amino acid sequence (V-X-W-¥| identified
from several known Smt3-binding proteins or
SUMOylating enzymes; ¥ represents I, V, or other large,
hydrophobic residues; X could be any amino acid residue
(Song et al. 2004). The SP-RING domain contains a con-
served C3H2C3 RING-finger motif (RFM), in which C
and H represent cysteine and histidine, respectively.
C3H2C3 RFMs were also found in Sizl and Siz2, except
that a cysteine residue of Sizl is replaced by tyrosine.
These RFMs are responsible for the E3 catalytic activi-
ties of Sizl and Siz2 (Johnson and Gupta 2001). Similar
but slightly different RFMs (i.e., C3HC4) were found in
several ubiquitin E3 ligases, including Rad18 and Radl6

A c

(Fig. 4A,B). Intriguingly, both RIM and SBM are evolu-
tionarily conserved among Zip3 homologous proteins
found in other organisms, including ZHP-3 of Cae-
norhabditis elegans and the C331053 protein of Dro-
sophila melanogaster (Fig. 4C; Jantsch et al. 2004). We
showed by mutant analysis that both RFM (zip3™7#4 and
zip3t89A) and SBM (zip3™¢* and zip3¥°5™°S) were im-
portant for Zip3’s function in sporulation efficiency and
SC assembly (Fig. 4D-F).

A fourth line of evidence shows that Zip3, as a puta-
tive Smt3 E3, exhibited two-hybrid interactions with
Smt3 and Ubc9 but not with two ubiquitin E2s—that is,
Ubc2/Rad6 and Ubc4 (Table 1). Moreover, mutations or
deletions in either SBM (i.e., zip3¥¥, zip3@6S19%%) or
RFM (i.e., zip37744, zip3™8°4 or zip3-ARFM) signifi-
cantly reduced both Zip3-Smt3 and Zip3-Ubc9 interac-
tions (Table 2).

Fifth, Zip3 exhibits Smt3 E3 activity in vitro. We
showed here that a purified MBP-Zip3N recombinant
protein from Escherichia coli could promote the forma-
tion of Smt3 polymeric chains in a condition containing
relatively low concentrations of purified Smt3, E1, and

c CH C B c c _, C3H2C3
Zip3 52 VYCGV-CHRRTSHGDPLRLTSCAHILCSQ ----KVCPICRS 93
Siz1  LQCPISYTRMKY- - - PSKSINCKELQCFDALWFLHSQLQI - - - - - - -PTWQCPVCQI sUMO E3
siz2 LQCPISCTRMKY- - - PSKTDQCKHLQCFDALWFLESQLQV - - - - - - -PTWQCPVCQH |
Figure 4. Zip3 is a putative Smt3 E3 li- c ¢ CH C c c c c3m1c4
. . . Brel  VYCSL-CSK---NWKNMAIKTCGHVFCEN----- CCRERLAAR--- - - MRKCPTCNK
gase. (A) Amino acid sequence alignments Pex10  RKCIL-CLM---NNSDPSCAPCGHLFCWS----- CLMSWCKER------ PECPLCRQ
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spreads with anti-Zipl antibody. (E) The P Anti-Myc o zip3 His6-MYC-SMT3
zip3 HIS,-MYC-SMT3 diploid cell was AnitMye  Anii-zZip1 4 diploid transformed w/

transformed with either the V5-tagged
wild-type Zip3 or zip3™®°* mutant pro-
tein. Representative images of surface nu-
clei spreads of sporulating cells at the 7-h
time point stained with DAPI, anti-Zipl
(in green), and anti-Myec (in red), respec-
tively. (F) Western blot analysis revealed
that the V5-tagged wild-type Zip3 and
zip3™89A mutant proteins were properly
expressed in the sporulating cells in E.
Zipl protein was used as a sample loading
control.
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Table 1. Zip3 protein specifically interacts with Ubc9 and
Smt3

B-Galactosidase Assay
LexA-bait Gal4AD-prey activity condition
Zip3 Ubc9 62.00 = 1.63 Meiosis
Zip3 — 0.03 +0.01 Meiosis
Zip3 Ubc9 51.68 + 7.64 Mitosis
Zip3 Smt3 4.64 +0.06 Mitosis
Zip3 — 0.08 £ 0.01 Mitosis
Zip3 Radé6 0.03 +0.01 Meiosis
Zip3 Rad6 0.70 £ 0.01 Mitosis
Zip3 Ubc4 0.04 £ 0.01 Meiosis
Zip3 Ubc4 0.84 = 0.02 Mitosis
Radl8 Rad6 33.03 £0.75 Mitosis
Rad18 — 0.19 =+ 0.07 Mitosis
Apcll Ubc4 93.61 £ 2.78 Mitosis
Apcll — 63.86 +0.40 Mitosis

Protein—protein interactions determined by quantitative two-
hybrid assays were carried out according to a standard protocol
(Clontech) using either mitotic or meiotic reporter host cells.
One unit of B-galactosidase hydrolyzes 1 umol of o-nitrophenyl
B-D-galactopyranoside per minute per ODgg, unit. Rad18 and
Apcl1 were used as positive controls for ubiquitin E2 enzymes,
Rad6, and Ubc4, respectively.

E2. MBP-Zip3N is a fusion protein of maltose-binding
protein (MBP) and Zip3N. The latter contains the N-
terminal portion of the yeast Zipl protein (amino acid
residues 1-209) and includes both RFEM and SBM. The
MBP-lacZa fusion protein was used here as a negative
control for the E3 ligase assay (Fig. 5D). Several other
known Smt3 E3s had been shown to exhibit such an
activity in promoting formation of Smt3 polymeric
chains (Johnson and Gupta 2001; Bencsath et al. 2002;
Taylor et al. 2002; Zhao and Blobel 2005). Additionally,
we have overexpressed and immunoaffinity-purified the
V5-tagged wild-type Zip3 protein (i.e., Zip3-V5) and the
zip3-ARS-V5 mutant protein from a protease-deficient
yeast strain, JEL1 (Worland and Wang 1989). The zip3-
ARS-V5 is an internal deletion mutant lacking both RFM
and SBM (amino acid residues 52-99). We showed that
only Zip3-V5 but not zip3-ARS-V5 could promote forma-
tion of the Smt3 polymeric chain in vitro (Fig. 5E).

These results clearly suggest that RFM and SBM are
responsible for Zip3’s E3 ligase activity. Taking all of
these results together, we conclude that Zip3 is an E3
ligase and that Zip3 mediates Smt3 modifications along
meiotic chromosomes at mid-prophase that are required
for SC assembly.

Post-translational modifications of Zip3 protein are
modulated by Cdc28/CIb5, CIb6 kinase activity, and
meiotic DNA recombination

SC assembly depends on the meiotic cell cycle program
and DNA double-strand breaks (DSBs) (Agarwal and
Roeder 2000; Smith et al. 2001; Henderson and Keeney
2004). Because Zip3 plays an essential role in initiating
SC assembly, we examined whether or not Zip3 levels or

Roles of SUMOylation in yeast meiosis

post-translational modification are modulated by the
meiotic cell cycle program and DSB. Western time-
course analysis of a wild-type sporulating cell revealed
that Zip3-13myc proteins first appeared as a faster mi-
grating form in SDS-PAGE at early prophase (~2 h). At
mid-prophase (~4 h), a portion of Zip3-13myc proteins
began to migrate more slowly and appeared either as two
discrete bands or as a smear, respectively (Fig. 6A, top
panel). Dephosphorylation analysis using calf intestinal
alkinase phosphatase (CIAP) and its inhibitor, B-glycer-
olphosphate, indicated that the smear represented the
phosphorylated Zip3 and that the two discrete bands
were likely to be the Zip3-Smt3 conjugates, respectively
(Supplementary Fig. S6). Intriguingly, both modifications
not only greatly diminished in the clb5 clb6 and spol1
mutants but also were slightly reduced in the dmcl,
redl, and mekI mutants (Fig. 6B).

These results are consistent with the notion that SC
assembly mediated by Zip3 depends on initiation of
DSBs (Agarwal and Roeder 2000; Henderson and Keeney
2004) and Cdc28 kinase activity (Smith et al. 2001). Two
additional lines of evidence further support the notion
that Zip3’s functions and/or chromosome localization
are controlled by these post-translational modifications:
(1) The timing of Zip3 modifications (~4 h) in the wild-
type cell correlates very well with that of Smt3 poly-
meric chain formation (4-6 h) in the zip3 mutant (Fig.
3A); and (2) Zip3 failed to localize on meiotic chromo-
somes in the spoll or clb5 clb6 mutants (data not
shown) (Agarwal and Roeder 2000; Henderson and Kee-

Table 2. The RFM and SBM of Zip3 are required for its
interactions with Ubc9 and Smt3

B-Galactosidase Assay
LexA-bait Gal4AD-prey activity condition
Zip3 Ubc9 51.68 + 7.64 Mitosis
Zip3 Smt3 4.64 = 0.06 Mitosis
Zip3 — 0.08 £ 0.01 Mitosis
zip3H74A Ubc9 0.05 £ 0.01 Mitosis
zip3H74A Smt3 0.02 + 0.01 Mitosis
zip3H74A — 0.02 £ 0.01 Mitosis
zip3HeoA Ubc9 6.65 +0.14 Mitosis
zip3Hsoa Smt3 0.36 + 0.01 Mitosis
zip3HsoA — 0.02 £ 0.01 Mitosis
zip3™eK Ubc9 6.51 = 0.06 Mitosis
zip31PeK Smt3 1.18 £ 0.01 Mitosis
zip3oK — 0.03 = 0.01 Mitosis
zip31es1998 Ubc9 11.58 £ 0.08 Mitosis
zip310es1998 Smt3 1.02 £ 0.04 Mitosis
zip3Pes:1998 — 0.04 + 0.01 Mitosis
zip3ARFM Ubc9 5.03 £ 0.04 Mitosis
zip3ARFM Smt3 0.71 +0.01 Mitosis
zip3ARFM — 0.01 £0.01 Mitosis

The zip3 mutants carrying a mutation or deletion either in
C3H2C3-REM  (zip3'7#A zip3HS0A  or zip3SRFM) or SBM
(zip3¥¢K  zip36S1998) exhibited much weaker interaction with
both Ubc9 and Smt3, respectively. These residual interactions
between these zip3 mutant proteins to Ubc9 and Smt3 may
account for the aberrant SC assembly phenotypes of the corre-
sponding mutants (Fig. 4D).
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Figure 5. Zip3 exhibits SUMO E3 ligase activity in vitro. Purified SUMOylating His6-Myc-Smt3(A), E1 and E2 (B), and MBP-Zip3N
and MBP-lacZa (C) from E. coli were separated by SDS-PAGE and then visualized by Coomassie blue staining. MBP-Zip3N is a fusion
protein (molecular weight 73,830) of MBP and the N-terminal portion of yeast Zip3 protein (amino acid residues 1-209). The latter
contains both RFM and SBM. (D) Zip3N exhibits SUMO E3 ligase activity in vitro. Purified MBP-Zip3N or MBP-lacZ«a (1.0 ng/mL)
was mixed with SUMOylating His6-Myc-Smt3, E1, and E2 in the presence of ATP (5 mM). The reaction mixtures were taken out at
the indicated time points, separated by SDS-PAGE, and visualized by Western blot using anti-Myc antibody. A MBP-lacZa fusion
protein (molecular weight 50,840) was used here as a negative control. (E) RFM and SBM are essential for Zip3’s Smt3 E3 ligase activity.
The wild-type and mutant Zip3 proteins were separately expressed in a JELI yeast strain transformed using either pYC2-P. 4, ;-Zip3-
V5 or pYC2-P. 4, ,-Zip3-ARS-V5 expression vector, respectively. The Zip3-ARS-V5, lacking both RFM and SBM (amino acid resides
52-99), is an internal deletion mutant. Both proteins were immunoaffinity-purified using anti-V5-antibody-conjugated agarose (Sigma).
A yeast cell harboring only the pYC2 vector was used as a negative control for immunoaffinity purification. The purified V5-tagged
proteins were mixed with SUMOylating His6-Myc-Smt3, E1, and E2 (total 10 ng) in the presence of ATP (5 mM). The reaction products
were separated by SDS-PAGE and then visualized by Western blot analysis using anti-Myc antibody. The purified V5-tagged proteins
were also examined by Western analysis using anti-V5 and anti-Ubc9 antibodies. A portion of Zip3 proteins migrated slower in
SDS-PAGE, and these proteins were shown to be phosphorylated by dephosphorylation assay using calf intestinal alkaline phosphatase
(data not shown). The wild-type Zip3 protein itself could not carry out autonomous Smt3 modification because no Smt3-conjugated
Zip3-V5 product was detected by anti-V5 antibody. Purified E2 or Ubc9 protein (~5 ng) was loaded in a separate lane (as indicated) to
be used as a positive control for anti-Ubc9 Western blot analysis. No Ubc9 protein was detected in all three immunoaffinity-purified
products. Because the Smt3 chain formation reactions were carried out in the presence of 5.0 ng of recombinant Ubc9 protein, it is
unlikely that the E3 ligase activity of purified Zip3-V5 protein is due to copurification of Ubc9 or other E3 enzymes from host cells.

ney 2004). Because the purified Zip3 protein could not absence of Smt3 polymeric chains in the wild-type cell
carry out autonomous Smt3 modification in vitro (Fig. or in the zip3 mutant during early prophase is consistent
5E), other E3 ligases may be involved in Smt3 modifica- with the following observations: (1) Zip3’s function in
tion of the Zip3 protein in vivo (see Discussion). SC formation (Fig. 1) and Zip3’s post-translational modi-

fications (Fig. 6A) were only up-regulated at and after
mid-prophase. (2) Zip3-independent E3 ligases (i.e., Sizl,
Siz2, or Mms21) ought to function at early prophase, and
their functions or protein levels will be down-regulated
Smt3 polymeric chains massively accumulated only at at the time SCs begin to form (mid-prophase). Indeed, we
and after mid-prophase in a zip3 mutant (Fig. 3A). The found by Western time-course analysis that the levels of

Differential regulation of Zip3 and other SUMO
enzymes during meiosis
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Figure 6. Zip3 and Ulp2 are differentially
regulated at and after meiotic mid-pro-
phase. (A) Western time-course analysis of
Zip3-13myc, Ulp2-13myc, Mms21-3HA,
Ubc9-YFP, Rad51, and Zipl proteins. (B)
Post-translational modifications of Zip3
are regulated by Cdc28/Clb5, Clb5 kinase
activity, and Spoll protein (or formation
of DSBs in DNA). Western analysis of the
total cell lysates from wild-type and vari-
ous mutants at the 6-h sporulation time
point. The unmodified, Smt3-modified,

|smt3 modified Zip3

]Phosphorylaled Zip3

—Zip3
and phosphorylated Zip3 proteins were
marked on the right, respectively. Rad51
_Rad51 and tubulin were both used here as protein

SE————— | W

Sizl and Siz2 proteins began to decrease at mid-prophase
(Supplementary Fig. S7). These Zip3-independent E3 ac-
tivities likely are responsible for the Smt3/Zip1 foci dur-
ing early prophase for nonhomologous centromere clus-
tering (Tsubouchi and Roeder 2005) as well as for Smt3
modification of the Zip3 protein (see Discussion). (3) The
deSUMOylating enzymes, Ulpl (Supplementary Fig. S7)
and Ulp2 (Fig. 6A), both were expressed in premeiotic
cells (t = 0 h), sustained throughout early prophase (3 h),
and also began to decrease at mid-prophase (t = 4 h). Mu-
tant analysis indicated that Ulp2 degradation was medi-
ated by two ubiquitin E3 ligases—that is, Ubrl and ana-
phase-promoting complex (Y.-H. Lo and T.-F. Wang, un-
publ.).

In conclusion, opposite regulation of Zip3 and other
Smt3 enzymes (i.e., Sizl, Siz2, Ulpl, and Ulp2) at and
after mid-prophase in the wild-type cells likely sets up
the meiotic chromosomes for global Smt3 modifications
and subsequently promotes SC assembly. The same
mechanism may also result in a massive accumulation
of Smt3 polymeric chains in the zip3 mutant after mid-
prophase because Ulp2 is responsible for degradation of
Smt3 polymeric chains in vivo (Bylebyl et al. 2003).

Zip1 is a binding protein for Smt3 conjugated
products

We next investigated whether or not formation or stabil-
ity of Smt3 polymeric chains in zip3 was dependent on
other SC-initiating proteins (e.g., Zipl, Zip2, Zip4, and
Spol6). Smt3 polymeric chains not only formed (Supple-
mentary Fig. S8) but also were colocalized with Zip1 at
PCs in zip3 zip2 (Fig. 1B), zip3 zip4, and zip3 spo16 (data
not shown), respectively. Therefore, Zip2, Zip4, and
Spol6 act after Zip3 in promoting SC formation. On the
other hand, few or no Smt3 polymeric chains were de-
tected in the zip3 zip1 mutant either by Western blotting
analysis (Fig. 7A) or by immunostaining surface spreads
of zip3 zipl meiotic nuclei (Fig. 1B). One possibility is
that Zip1 may directly interact with the Smt3 polymeric
chain and subsequently promote the latter’s stability.
This hypothesis was supported by the results with the
yeast two-hybrid assay. Zipl exhibited a strong interac-

loading controls.

tion with Smt3. No significant interaction was detected
between Smt3 and other SC-initiating proteins (Zip2,
Spol6, or Zip4) under identical conditions (Fig. 7C). Zipl
itself is not Smt3 modified during meiosis because the
apparent molecular weight (~100,000) of Zip1 in a sporu-
lating ulp2 cell (Supplementary Fig. S2, right panel) is
close to that of the predicted molecular weight (100,034).
Zipl-Smt3 association likely is mediated by noncova-
lent interactions.

It was reported previously that the C-terminal domain
of Zip1 is responsible for its localization to meiotic chro-
mosomes or to LEs of SCs (Tung and Roeder 1998; Dong
and Roeder 2000). We found that a short stretch of amino
acid sequence in Zipl (residues 853-863; KKLLLVED-
EDQ) was closely similar to a new SBM identified by
Hannich et al. (2005). This SBM contains a consensus
sequence of “K-X; ;-h-h-h-X;-n-n-n”; h represents I, V,
and L; n represents D, E, Q, or N; and X can be any amino
acid residue (Fig. 7B; Hannich et al. 2005). We then car-
ried out yeast two-hybrid analysis in conjunction with
mutant analysis to examine if the C-terminal domain
(residues 846-875) of Zip1 (denoted “ZipC”) could asso-
ciate with Smt3 monomers or Smt3-conjugated prod-
ucts. The results indicate that Zip1C indeed interacts
with the wild-type Smt3 protein (Fig. 7C). The Zip1C-
Smt3 interaction was greatly diminished if the three
conserved “L” or “N” residues (i.e., 3L or 3N) of Zip1C
were mutated into three contiguous arginine residues
(i.e., 3R). The corresponding ZiplC mutants were re-
ferred to here as Zip1C(3L-3R) and Zipl C(3N-3R), re-
spectively. We also carried out yeast mutant analysis to
show that the zip13/-3R or zip13N=3R mutant failed to
complement the meiotic defects in SC formation of the
zipl mutant (Fig. 7E). These results confirmed that the
SBM of the Zipl protein is indeed crucial for Zip1’s func-
tion in meiosis.

To determine if Zip1 recognizes the Smt3 monomer or
its conjugated products, we then construct a conjuga-
tion-incompetent Smt3 mutant, smt3AGG. This
smt3AGG mutant lacks the terminal pair of glycines of
the wild-type Smt3 protein. These two glycines are in-
dispensable for E1-mediated activation of Smt3 from its
precursor (for review, see Johnson 2004). The results of
two-hybrid analysis here reveal that ZiplC exhibits a
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Figure 7. Zipl is a binding protein for Smt3-conjugated products. (A) Protection of polymeric Smt3 chains by Zipl. Western time-
course analysis of the V5-Smt3 conjugates in the zipI zip3 mutant. The Smt3 monomer (apparent molecular weight ~20,000) and its
conjugated products were detected by anti-V5 antibody. Meiotic cell cycle progression was monitored by induction of the meiosis-
specific Dmcl protein. (B) Zipl contains an SBM. Sequence comparison of the C-terminal of Zipl protein with a consensus SBM was
recently performed (Hannich et al. 2005). The conserved amino acid residues are indicated. (C) Zip1 interacts with Smt3 and Redl. A
quantitative yeast two-hybrid analysis was carried out as described in Table 1. (D) The C-terminal portion of Zipl preferentially
interacts with Smt3-conjugated products but not the Smt3 monomer. ZiplC contains the amino acid residues 846-875 of Zipl. A
conjugation-incompetent Smt3 mutant, smt3AGG, lacks the terminal pair of glycines of the wild-type Smt3 protein. Zipl1C(3L-3R)
and Zip1C(3N-3R) are constructed by mutating the 3L or 3N into three arginines. (E) The zip1 V5-SMT3 diploid cell was transformed
with either the wild-type ZIP1 or the zip1®N-°R mutant gene. Representative images of surface nuclei spreads of sporulating cells at
the 7-h time point stained with DAPI, anti-Zip1 (in green), and anti-V5 (in red), respectively. Wild-type Zip1 proteins colocalized with
staining signals of V5-Smt3 along meiotic chromosomes. In contrast, the zip1*N=3® mutant proteins aggregate together to form PC-like
structures. The V5-Smt3 signals were detected along meiotic chromosomes but not with these PC-like structures. (F) In vitro binding
analysis of Zip1C with Smt3 polymeric chains. Smt3 polymeric chains were synthesized in vitro using purified His6-Myc-Smt3, E1,
and E2 in the presence of ATP. The reaction mixtures were mixed either with a MBP-lacZa or MBP-Zip1C fusion protein in the
presence of the amylose resins that specifically recognize MBP. The amylose-resin-bound proteins were separated by SDS-PAGE.
MBP-lacZa and MBP-Zipl1C were visualized by Coomassie blue staining. Smt3 monomers and polymeric chains were detected
by Western blots using the anti-Myc antibody.

much lower binding affinity for smt3AGG than for wild- ucts but not with the Smt3 monomer. This conclusion
type Smt3 protein (Fig. 7D). Therefore, the Zip1l protein was further supported here by the results of the in vitro
preferentially interacts with the Smt3-conjugated prod- binding assay. MBP-Zip1C (molecular weight 46,656), a
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fusion protein of MBP and ZiplC, was expressed and
purified from E. coli. MBP-lacZa fusion protein (molecu-
lar weight 50,840) was used here as a negative control for
the binding assay. Smt3 polymeric chains were synthe-
sized in vitro by incubating SUMOylating His6-Myec-
Smt3 with E1 and E2 in the presence of ATP and Mg>*.
The resulting products, containing both Smt3 monomers
and Smt3 polymeric chains, were mixed together with
MBP-ZipC or MBP-lacZa in the presence of amylose
resins that specifically recognize MBP. The results indi-
cated that MBP-Zip1C exhibits stronger affinity to Smt3
polymeric chains than to Smt3 monomers. This interac-
tion is specific because MBP-lacZa pulled down hardly
any Smt3 polymeric chains or Smt3 monomers (Fig. 7F).
We have also carried out a binding assay using MBP-
ZiplC(3N-3R) and MBP-Zip1C(3L-3R). These results
reveal that these two mutant proteins, unlike MBP-
ZiplC, exhibit much lower binding affinity to Smt3
polymeric chains (data not shown).

Taken together, we conclude that the C-terminal do-
main of Zipl mediates Zipl’s interaction with the Smt3-
conjugated products but not Smt3 monomers. This in-
teraction appears to be important for Zip1’s functions in
meiosis. Additional two-hybrid analysis revealed that
Zipl can interact with Red1 (Fig. 7C, last row), an essen-
tial component of LEs and SCs (Smith and Roeder 1997
Rockmill and Roeder 1998). We also found that Redl
protein is Smt3 modified during meiosis and colocalizes
with Smt3 immunostaining signals along meiotic chro-
mosomes at and after mid-prophase (Supplementary Fig.
S9). Therefore, SC assembly likely is mediated by pro-
tein—protein interaction between Zipl and Smt3-modi-
fied proteins (e.g., Redl) along LE (see below).

Discussion
SUMO modifications and Zipl functions in meiosis

Zipl, as a head-to-head dimeric or tetrameric protein
(Sym et al. 1993) and a binding protein for Smt3 conju-
gates (this study), has at least three different functions in
meiosis. During early prophase, Zipl-dependent centro-
mere coupling between nonhomologous chromosomes
likely is positively mediated by Zip3-independent E3 li-
gases (e.g., Sizl and Siz2; see below) and negatively regu-
lated by Ulp2 (Fig. 1D). At and after mid-prophase in the
wild-type cell, Zipl associates with Zip3-dependent
chromosomal Smt3 conjugates to form SCs between ho-
mologous chromosomes. Because Zip1 is unlikely to be
the only Smt3-binding protein in vivo, it is reasonable to
find that Zip1 staining signals are colocalized with most
but not all Smt3 conjugates on meiotic chromosomes of
the wild-type cell (Fig. 1A). In the zip3 mutant, Zipl
protein noncovalently cross-links the Smt3 polymeric
chains to form larger PCs. The spo11 and cIb5 clb6 mu-
tants conceivably produce fewer and shorter Smt3 con-
jugates (i.e., Smt3 chains, Smt3-El, or Smt3-E2); these
two strains formed only smaller PCs (Fig. 1A).

Several chromosomal proteins have been shown to be
Smt3 modified, including Top2 (Bachant et al. 2002),
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Pds5 (Stead et al. 2003), condensin Ycs4 (Yu and Kosh-
land 2003; D’Amours et al. 2004), and Red1 (Supplemen-
tary Fig. S9). These proteins are all located at the axial
core of yeast chromosomes (Bachant et al. 2002; Blat et
al. 2002; Stead et al. 2003; Yu and Koshland 2003) and
have been implicated in SC assembly (Rockmill and
Roeder 1988; Klein et al. 1992; van Heemst et al. 2001;
Yu and Koshland 2003). Intriguingly, Smt3 modifica-
tions of Top2 and Pds5, regulated by Siz1/Siz2 and Ulp2,
were important for proper cohesion resolution at centro-
meric regions (Bachant et al. 2002; Stead et al. 2003;
Aguilar et al. 2005). Immunostaining results in the re-
port indicated that most V5-Smt3 signals were colocal-
ized with strong staining spots of Top2 during early mei-
otic prophase (Fig. 1E). It is of interest to further examine
if Smt3-modified Top2 and Pds5 proteins directly asso-
ciate with Zipl for centromere coupling at early pro-
phase. Moreover, additional experiments need to be car-
ried out to further confirm whether the Smt3-modified
Red1 protein is indeed involved in SC formation at/after
mid-prophase.

A general problem in verifying the functions of Smt3-
modified proteins is that mutations of the consensus
Smt3 target sites (i.e., W-K-X-E/D) on each individual
protein often have little or no effect on their biological
functions. Therefore, Smt3 target sites might be flexible.
For example, we have constructed a yeast strain express-
ing only a red 1¥'*®K5OR mutant in which the two W-K-
X-E/D sites of the wild-type Red1 protein have been mu-
tated into W-R-X-E. This yeast strain exhibits no appar-
ent meiotic defects (data not shown). One possibility is
that Smt3 may be transferred to target sites other than
W-K-X-E/D sites in the red 1% *®K50R mutant. Therefore,
these novel Smt3 target sites need to be explored further.
Alternatively, different Smt3-modified proteins may
function redundantly in recruiting Zipl to form the SC,
and this activity may be independent of their original
function in maintaining chromosome structures (i.e.,
sister chromatid cohesion and chromosome condensa-
tion, etc.). The latter hypothesis may account for the fact
that only a small fraction (<5%) of each individual Smt3
target protein (e.g., Redl, Top2, or Pds5) was actually
Smt3 modified in vivo.

Possible roles of other SC-initiating proteins

Although the model proposed here could explain the in-
teractions between Zipl and Smt3-conjugated products,
it may be an oversimplification. The model does not ac-
count for the perpendicular alignment of Zipl to AEs.
For example, a zip2 mutant shows global Zipl and Smt3
immunostaining signals along meiotic chromosomes
but hardly forms any linear SC structure (Fig. 1B). We
suggest that chaperone-like machineries may facilitate
perpendicular alignment of Zip1 proteins to form SCs. A
recent report indicated that Zip2 and Zip4/Spo22 emerge
as a seven-blade WD-40-like repeat protein and a 22-unit
TPR repeat protein, respectively (Perry et al. 2005). Both
the WD-40 and TPR domains are known to be involved
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in protein—protein interaction. TPR repeat proteins (e.g.,
Hip, Hop, and CHIP) were originally identified as the
cochaperones of Hsp70 or Hsp90 (D’Andrea and Regan
2003). A proteomic analysis of Saccharomyces cerevi-
siae, using a tagged ORF to pull down multiple protein
complexes, has revealed 16 WD-40 seven-blade proteins
(e.g., Cdc20, Cdc55, Cdhl, Rad24, Rad28) that interact
with the GroEL-like chaperonin CCT (chaperonin-con-
taining TCP-1; also termed Tric). CCT also has been
shown to interact with Hsp70, either directly or through
interaction with Hop, the Hsp70/90 organizing protein
(Valpuesta et al. 2002). A mouse meiosis-specific Hsp70
protein (i.e., Hsp70-2) has been shown to associate with
the SC and plays an essential role in meiosis (Dix et al.
1997; Zhu et al. 1997). Intriguingly, the meiotic pheno-
types of zip1-4 mutants became more severe if sporula-
tion were carried out at a higher temperature (Borner et
al. 2004; Perry et al. 2005). This is consistent with the
fact that many mutants with defective chaperone func-
tions are sensitive to high temperature. Taken all to-
gether, we favor the notion that Zip2 and Zip4 likely act
as or together with chaperone molecules to promote SC
formation.

Epilog

In conclusion, we show that SUMO modifications play
important roles in mediating Zipl’s meiotic functions,
including centromere clustering at early prophase and
SC/PC assembly at/after mid-prophase. The SC was first
observed in 1956 by ultrastructural analysis (Fawcett
1956; Moses 1956). For 50 years, many researchers have
contributed their efforts to structure and function analy-
sis of the SC. At last, a molecular mechanism underlying
SC assembly begins to emerge. While we were preparing
this manuscript, we became aware of an independent
work on yeast Ubc9 by Gillian Hooker and Shirleen
Roeder. These investigators showed, by cytology and ge-
netic analysis, that a ubc9 mutant made aberrant SC and
that Zip3 was required to recruit Ubc9 onto meiotic
chromosomes (G. Hooker and S. Roeder, pers. comm.).
Zipl and Zip3, in collaboration with other ZMM pro-
teins (e.g., Zip2, Zip4, Spol6, Msh4, Msh5, and Mer3),
were presumed to act at the sites of crossover-desig-
nated, axis-associated recombinational interactions to
mediate crossover/chiasma formation (Borner et al.
2004; Fung et al. 2004; Perry et al. 2005). Msh4/5 is a
meiosis-specific MutS homolog that does not mediate
mismatch repair. Mer3d DNA helicase stabilizes the
Rad51-mediated nascent joint molecules via 3’-to-5’
DNA heteroduplex extension to permit capture of the
second processed end of a double-stranded DNA break, a
step that is required for crossover recombinant product
formation (Mazina et al. 2004). However, a direct func-
tional link between Zip3-mediated SUMO modifications
and crossover DNA recombination during meiosis has
not yet been established. Recent data have shown that
SUMO modification of PCNA functionally cooperates
with Srs2 (Pfander et al. 2005), a DNA helicase that
blocks recombinational repair by disrupting Rad51 nu-
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cleoprotein filaments (Krejci et al. 2003; Veaute et al.
2003). In this scenario, SUMO-modified PCNA serves to
recruit Srs2 as a guarding mechanism to prevent Rad51
filament formation, thereby avoiding unwanted recom-
bination during DNA replication. Genetic analysis also
revealed that Srs2 specifically promotes the synthesis-
dependent single-strand annealing pathway, subse-
quently preventing the channeling of recombination
substrates into pathways that produce crossovers (Aylon
et al. 2003; Ira et al. 2003). Because Zipl is also a binding
protein for Smt3-modified protein, it will be very inter-
esting to determine if Zipl functions by counteracting
Srs2 to promote crossovers during meiosis.

Materials and methods

Yeast strains, meiotic time courses, and spore viability

All strains and yeast vectors used in this study are derivates of
SK1 and are available upon request. Several proteins were tagged
at the C terminus with different epitopes at the original chro-
mosomal locus by one-step gene targeting (Longtine et al. 1998;
Knop et al. 1999). Sporulation frequency and spore viability
were comparable to the untagged parental strain. Gene deletion
was carried out using PCR-mediated gene replacement (Long-
tine et al. 1998; Knop et al. 1999). Gene deletion and tagging
were confirmed by PCR, Southern blot, and/or Western analy-
sis.

Pregrowth, synchronous meiosis, and DNA isolation were as
described previously (Bishop et al. 1992), except that yeast ex-
tract/peptone/acetate (YPA) medium used for overnight culture
preceding transfer to sporulation medium (SPM) was equili-
brated to 30°C prior to inoculation. SPM contained 0.4% potas-
sium acetate, 0.02% raffinose, and antiform 289 (0.01% Sigma).
Meiotic divisions were monitored by fluorescence microscopy
after staining with 0.2 pg/mL of DAPI. Sporulation frequency in
liquid cultures was determined microscopically. Spore viability
was determined by dissection of tetrads from SPM plates that
had been incubated for 3-4 d at 30°C.

Cytological analysis

Spread nucleoids were prepared and visualized as described
(Bishop 1994). Primary antibody staining was carried out using
goat anti-Zipl (Santa Cruz Biotechnology) at 1/250, mouse anti-
V5 (Invitrogen) at 1/500, rabbit anti-Myc (Upstate Biotechnol-
ogy) at 1/250, and anti-ubiquitin and anti-Top2 (Abcam and
Santa Cruz Biotechnology) at 1/200, respectively. For secondary
antibody staining, fluorochrome-labeled Alexa 488/594 anti-
mouse IgG, anti-rabbit IgG, or anti-goat IgG were used at 1/250,
respectively (Molecular Probes).

Two-hybrid analysis

The two-hybrid vectors (pBHA and pGADT7) and B-galactosi-
dase plate assay using 5-bromo-4-chloro-3-indolyl-B-galatoside
(X-gal) have been described for analysis in a haploid vegetative
growing L40 reporter cell (Wang et al. 1999). The diploid
ndt80Agstrain used for the meiotic two-hybrid assay was a gift
from Scott Keeney (Memorial Sloan-Kettering Cancer Center,
New York) (Arora et al. 2004). G1-synchronized ndt80Agcells
were cultured 6 h in sporulating medium at 30°C with good
aeration for the meiotic cell analysis. Quantitative two-hybrid
assays were carried out according to a standard protocol
(Clontech). One unit of B-galactosidase hydrolyzes rgpmol of
o-nitrophenyl B-D-galactopyranoside per min per ODyg, unit.



Preparation of total yeast extracts and Western blotting

Yeast total extracts were prepared according to a trichloroacetic
acid (TCA) precipitation method (Knop et al. 1999). Protein
separation on SDS-PAGE and Western blotting were performed
according to standard procedures. The epitope-tagged proteins
were detected by rabbit anti-Myc 9E10 antibody (1/500; Upstate
Biotechnology), mouse anti-V5 antibody (1/500; Invitrogen),
rabbit anti-GFP antibody (1/500; Invitrogen), goat anti-Zip1 an-
tibody (1/500; Santa Cruz Biotechnology), and rabbit anti-ubiq-
uitin antibodies (1/250; Abcam), respectively. Primary antibod-
ies were detected using the corresponding HRP-conjugated sec-
ondary antibodies. Final detection was performed using the ECL
plus or ECL advanced Western blotting detection system (Am-
ersham). The emitted chemiluminescent light was recorded by
X-ray film.

Dephosphorylation assay

Whole-cell extracts were prepared first by the TCA precipita-
tion method as described above. The protein pellet from 1.5 mL
or sporulating cell culture was dissolved in 75 pL of buffer A (50
mM Tris-HCI at pH 7.5, 1 mM MgCl,), and mixed with 4 pL of
2 M Tris-Base to adjust the pH value to 7.5. Dephosphorylation
reactions were carried out by mixing 25 puL of whole-cell ex-
tracts into 25 uL of protein phosphatase buffer (50 mM Tris-HCl
at pH 7.5, 1 mM MgCl,), 0.1 mM protease inhibitor TPCK, and
50 U of calf intestinal alkaline phosphatase (CIAP; New En-
gland Biolabs) at 37°C for 4 h. MG132 was purchased from Cal-
biochem. In some reactions, phosphatase inhibitor B-glycerol-
phosphate (20 uM; Sigma) was added to a final concentration of
16 mM. Phosphatase reactions were stopped by mixing an equal
volume of 3x Laemmli sample buffer (188 mM Tris-HCI at pH
6.8,3% SDS, 15% B-mercaptoethanol, 30% glycerol, 0.01% bro-
mophenol blue), and the mixtures were immediately incubated
at 95°C for 6 min. SDS-PAGE and Western blotting were carried
out as described above.

Purification of Smt3 polymeric chains

To detect Smt3 polymeric chains formed in the sporulating zip3
cells, Smt3 proteins were tagged with V5 or His,-Myc epitope at
the original chromosomal locus. Whole-cell extracts were pre-
pared by the TCA precipitation method described above and
then dissolved in a denaturing buffer X (8 M urea, 125 mM
NaCl, 5 mM imidazole, 0.1% Triton X-100, 50 mM Tris-HCI at
pH 8.0). The whole-cell extract of sporulating zip3A cells ex-
pressing only the V5-Smt3 was used here as a negative control
for purification. A tight-fitting Dounce homogenizer (10
strokes) was used to facilitate solubilization. The suspensions
were centrifuged at 100,000 x g for 30 min and then subjected to
purification on Ni’>*-chelating resin (Novagen) that specifically
retains the Hisq-tagged polypeptides. The Ni**-chelating resins
were washed with 80-fold resin volumes of buffer X three times,
followed by an additional wash with buffer Y (buffer X with 15
mM imidazole at pH 8.0, added). The His,-tagged polypeptides
were then eluted with buffer Z (buffer X with 250 mM imidaz-
ole at pH 8.0, added) and subsequently analyzed by Western
blotting using either anti-Myc or anti-V5 antibody, as described
above.

Purification of recombinant proteins and enzymatic assays

E. coli cells for overexpression of the Hiss-tagged yeast E1 and
E2 were described previously (Zhao and Blobel 2005). E. coli
expressing vectors were constructed for expressing the Hisg-
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Myc-Smt3 protein and the MBP-Zip3N protein. MBP-Zip3N is
a fusion protein of MBP and the N-terminal half of the yeast
Zip3 protein (amino acid residues 1-209). Both recombinant
proteins were purified either by the Ni**-chelating resin as de-
scribed previously (Johnson and Gupta 2001) or by the amylose
affinity resin as described by the manufacturer (New England
Biolabs). The in vitro sumoylation assay was also performed
following the protocol described previously (Johnson and Gupta
2001).

Zip3 protein was expressed in yeast modified from a proce-
dure described previously for yeast topoisomerase II (Worland
and Wang 1989). Briefly, low-copy-number yeast pYC2 vectors
were used for expressing V5-tagged wild-type Zip3 protein (de-
noted “Zip3-V5”) or V5-tagged zip3-ARS mutant protein (de-
noted “zip3-ARS-V5”) in a protease-deficient haploid host strain
JEL1 (Worland and Wang 1989). This vector contained both
CENG6/ARSH4 and an inducible promoter of the GALI gene. A
JEL yeast cell carrying the pYC2 vector was used as a negative
control. The cells harboring the pYC2-Zip3-V5, pYC2-ARS-V5,
or pYC2 vector were grown in medium lacking uracil and
supplemented with 2% glucose. At late log phase, the culture
was diluted 100-fold into the same medium with 2% raffinose.
Growth of cells resumed after an initial lag phase when the
culture reached an optical density of 0.8 at ODg,,,,,, measured
in a Beckman spectrophotometer; galactose was added to 2%
final concentration. Cells were harvested after 4 h, and washed
with ice-cold water and then with buffer A plus 25 mM sodium
fluoride and 1 mM sodium bissulfite. Buffer A contained 50 mM
Tris-HC (pH 7.5), 0.2% (w/v) Triton X-100, 50 mM phosphate
buffer (pH 7.5), 2 mM EGTA, 1 mM sodium vanadate, 0.1 mM
ZnCl,, 10% glycerol, and a mixture of freshly added protease
inhibitors (2 mM TPCK, 2 pg/ml of aprotinin, chymostatin,
leupeptin, and pepstatin). The washed cells were resuspended in
1 mL of wash buffer/gram of wet-packed cells, frozen dropwise
in liquid nitrogen, and then extracted at 4°C with a glass bead
beater with 1 vol glass bead and 1 vol of buffer A. Subsequent
steps were all carried out at 4°C. Cell debris were collected at
100,000 x g, and the resulting supernatant was bound in batch
for 3 h to anti-V5 agarose resins (Sigma). Anti-V5 agarose resins
were then extensively washed in batch with 50 vol of (1) buffer
A three times, (2) buffer B (50 mM Tris-HCl at pH 7.5, 150 mM
NaCl, 0.1 mM ZnCl,, 2% glycerol, 2 mM TPCK, 2 pg/mL of
aprotinin, chymostatin, leupeptin and pepstatin) three times,
and (3) buffer C (50 mM Tris-HCl at pH 7.5, 0.1 mM ZnCl,, 5%
glycerol, 2 mM TPCK, 2 ng/mL of aprotinin, chymostatin, leu-
peptin, and pepstatin). The bound V5-tagged protein complexes
were resuspended with 2 vol of buffer C and directly used for the
in vitro sumoylation assay.

Zip1C-binding assay

Smt3 chains were synthesized by mixing the sumoylating His-
Myc-Smt3 (40 pg/mL), E1 (11 pg/mL), and Ubc9 (20 pg/mL) in
the presence of 5 mM ATP and 10 mM Mg**. For the in vitro
binding assay, 40 pg/mL of MBP-lacZa or MBP-Zip1C fusion
protein were incubated with a mixture of Smt3 monomers and
Smt3 polymeric chains in the presence of amylose resins that
specifically recognize MBP. After binding, the amylose resins
were extensively washed three times with 20 resin volumes of
wash buffer (50 mM Tris-HCI at pH 7.0, 50 mM NaCl, 1 mM
EGTA, 10 mM B-mercaptoethanol). The amylose-resin-bound
proteins (or protein complexes) were separated by SDS-PAGE.
MBP-lacZa and MBP-Zip1C were visualized by Coomassie blue
staining. Smt3 monomers and polymeric chains were detected
by Western blots using the anti-Myc antibody.
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