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Abstract

Genetic studies in budding yeast have previously implicated SLX5 and SLX8 in the control of genome
stability and sumoylation. These genes encode RING-finger domain proteins that form a complex
of unknown function. Because RING-finger proteins comprise a large class of ubiquitin (Ub) ligases,
SIx5 and SIx8 were tested for this activity. Here we show that the SIx5-SIx8 complex, but not its
individual subunits, stimulates several human and yeast Ub conjugating enzymes, including Ubc1l,
4,5, and Ubc13-Mms2. The RING-finger domains of both subunits are genetically required for
suppression of sIx sgs1A synthetic-lethality, and point mutations that abolish Ub ligase activity in
vitro also eliminate in vivo complementation. Targets of the in vitro ubiquitination reaction include
the SIx5 and SIx8 subunits themselves, and the homologous recombination proteins Rad52 and
Rad57. We propose that the SIx5-SIx8 complex functions as a two-component Ub ligase in vivo and

that it controls genome stability and sumoylation via ubiquitination.
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INTRODUCTION

As an established technique to identify genetic interactions in the yeast S. cerevisiae, synthetic-
lethal screens have recently been used to characterize pathways imporant for genomic integrity.
1=3 A variety of such screens identified SLX5 and SLX8 as novel genes required for viability
in the absence of the SGS1 DNA helicase.*~® The DNA helicase-topoisomerase complex
encoded by SGS1, TOP3, and RMI1 has a well-documented role in maintaining genome
stability,’~10 and accumulating evidence indicates that SLX5 and SLX8 define its own DNA
integrity pathway.? In a separate genetic screen, mutations in these genes were isolated together
with multiple components of the SUMO pathway, as suppressors of the general transcription
factor Mot1.11 Genetic and yeast two-hybrid interactions between SLX5-SLX8 and SUMO
pathway genes suggest that they may regulate global sumoylation levels.11714 At present,
however, no enzymatic activity has been ascribed to SIx5 and SIx8.

On their own, null mutations in SLX5 and SLX8 produce nearly identical phenotypes. The
sIX5A and sIx8A mutants display slow growth, a reduced plating efficiency compared to wild
type (wt), and a heterogeneous colony morphology consisting of a mixture of large and small
colonies with rough edges.* 12: 14 |_ijke sgs1A mutants, sIX5A or sIx8A cells are sensitive to
the DNA synthesis inhibitor hydroxyurea (HU) and homozygous mutant cells display a reduced
sporulation frequency compared to wt.# Recent studies have shown that these mutants display
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elevated rates of gross chromosomal rearrangements (GCRs)1° and either elevated or reduced
levels of SUMO-conjugated proteins.11: 12: 14 Where examined, these mutants display genetic
epistasis such that the phenotype of the sIX5A sIX8A double mutant is no worse than that of
either single mutant.% 11, 15 Consistent with this epistasis, SIx5 and SIx8 proteins co-
immunoprecipitate when overproduced in yeast and have been purified as a heterodimeric
protein complex when expressed in recombinant form.4 12, 16

Both SIx5 and SIx8 contain a single C-terminal “RING-finger” domain which implicates them
in the process of ubiquitination.1”: 18 The covalent modification of proteins with Ub is carried
out through the sequential activity of a single activating (E1) enzyme, one of many conjugating
(E2) enzymes, and one an ever-growing number of Ub ligases (E3).1° There are two major
classes of Ub ligases and a large proportion of RING-domain proteins comprise one of these
classes. RING E3s facilitate the addition of either mono-Ub, or one of several types of
polyubiquitin chains, to a target protein. These chains are distinguished by their inter-Ub
linkage, which can occur at one of seven lysine residues,2? and can serve an assortment of
functions.?1: 22 The best characterized function is the stimulation of proteosomal protein
degradation by K48-linked chains. In contrast, K63-linked chains are known to promote
nonproteolytic processes such as DNA damage tolerance and protein trafficking.23-2°

In this study we set out to identify a biochemical activity associated with SIx5 and SIx8. In
vitro assays revealed that the SIx5-SIx8 complex stimulates Ub conjugation by a subset of
known Ubcs. The SIx5 and SIx8 subunits were auto-ubiquitinated in these assays whereas the
individual subunits were inactive. A variety of point- and truncation-mutants confirmed that
both RING-finger domains are essential for in vivo function. Moreover, using a set of purified
mutant complexes we find a strong correlation between ubiquitination activity in-vitro and in
vivo function. The data are consistent with the idea that SIx5-SIx8 controls genome stability
by acting as a heterodimeric Ub ligase.

MATERIALS AND METHODS

Yeast Strains and Plasmids

Standard methods and media were used for the propagation, transformation and culturing of
S. cerevisiae. 28 All strains are derivatives of W303-1a (MATa ade2-1 ura3-1 his3-11,15 trp1-1
leu2-3,112 can1-100 rad5-535).27 Mutant alleles of SLX5 and SLX8 were tested by functional
complementation of strains IMY1699 (MATa ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112
canl-100 rad5-535 sIx5-11::hph), IMY 1604 (MATa ade2-1 ura3-1 trpl-1 leu2-3,112
rad5-535 sIx8-10::KAN::loxP), IMY 1464 (MATa ade2 ade3::hisG ura3 his3-11,15 leu2
trp1-1 lys2 rad5-535 sIx5-10::TRP1 sgs1-20::hph can1-100 + pJM500 [SGS1/URA3/
ADE3]), or VCY1525 (MATa ade2-1 ade3::hisG ura3-1 his3-11,15 trp1-1 leu2-3,112 lys2
rad5-535 sIx8-10::KAN sgs1-20::hph + pJM500). Yeast complementation experiments were
carried out using pRS centromeric plasmids as vectors.28 Plasmids used to express recombinant
proteins were constructed by amplifying the necessary protein coding regions on Ndel/BamHI
fragments and ligating them into the T7 vectors pET11a or pET28a 2 as follows: pNJ6915
(His6-Mms2 + Ubc13) and pJM6996 (His6-Ubc5). The wt plasmids pJM6819 (His6-SIx5 +
SIx8), pJM6813 (His6-SIx8) and pJM6511 (His6-SIx5) have been described.16

Expression and purification of recombinant proteins

His6-tagged proteins were produced in E. coli BL21-RIL cells (Stratagene) using the T7
expression system of Studier.2? Typically, a 1L culture of transformed cells were grown at 30°
C until the ODggq Was equal to 0.5, and protein production was induced by the addition of
IPTG to 0.4 mM. Expression continued for 16 hours after which the cells were pelleted, washed,
and resuspended in 40 ml Buffer N [25 mM Tris-HCI (pH 8.1), 10% glycerol, 500 mM NacCl,
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0.01% NP40, 1 mM dithiothreitol (DTT) and 0.1 mM phenymethylsulfony! floride (PMSF)]
containing the following protease inhibitors: pepstatin, 10 ug/ml; leupeptin, 5 pg/ml;
benzamidine, 10 mM; and bacitracin, 100 pg/ml. The cells were then incubated with 0.1 mg/
ml lysozyme on ice for 15 min, sonicated three times for 1 min each, and centrifuged at 30,000
x g for 30 min. The soluble portion was collected, passed through a 0.45 mm cellulose acetate
filter, made 10 mM in imidazole, and applied to a 1 ml His-Trap column on an AKTA FPLC
(GE Healthcare). The affinity column was washed with 10 column volumes of Buffer N
containing 10 mM imidazole and eluted with a 6 ml linear gradient of Buffer N containing 10
to 500 mM imidazole. The peak fractions were identified by SDS-PAGE, pooled, and dialyzed
to buffer A [25 mM Tris-HCI (pH 7.5), 1 mM EDTA, 0.01% NP40, 1 mM DTT, 10% glycerol
and 0.1 mM PMSF] containing 100 mM NaCl and stored at —80°C. Ubal, human Ubc proteins,
anti-Ub, and wt and mutant Ubs were obtained from Boston Biochem. Yeast MORF proteins
were partially purified from 1.5 L yeast cultures as described and were typically 50% pure.30
Purification of SIx5-SIx8 complex has been described.16

In vitro ubiquitination assay

RESULTS

Ubiquitination was assayed under the following conditions: 20 mM HEPES (pH 7.5), 5 mM
MgCly, 2 mM ATP, 5 uM ZnSOy, and 0.1 mM DTT. Reactions were incubated at 30°C for 10
- 60 min and contained 13 - 27 nM E1, 21 - 400 nM E2, 2 - 240 nM E3, and 1 uM Ub ina 20
ul reaction. Reaction products were immunoblotted with anti-Ub (Sigma) followed by goat
anti-rabbit HRP as secondary Ab (GE Healthcare). Signals were detected using a
chemiluminescent substrate (Pierce) and an LAS-3000 chemiluminescence camera (Fujifilm).

SIx5-SIx8 is a heterodimeric Ub ligase

To determine their biochemical function we purified SIx5, SIx8, and a complex of the two
subunits.18 These proteins were then assayed for the ability to stimulate Ub chain formation
in the presence of the E1, E2, and ATP. Ub chain formation was detected by immunaoblotting
the reaction products with an antibody against Ub. In order to detect ubiquitin ligase activity,
we first screened a collection of ubiquitin conjugating enzymes (Ubc’s) for a functional
interaction with the SIx5-SIx8 complex. When the SIx5-SIx8 complex was incubated with a
variety of human Ubc proteins we detected a strong signal with UbcH6 and a weaker signal
with UbcH13-Uevla (Fig. 1A). This signal consisted of a diffuse ladder of bands from about
60 kDa to the top of the resolving gel. In addition, there was an intense band at about 105 kD
and a weaker band at 75 kD.

To confirm that this signal depended on SIx5-SIx8, we repeated the UbcH6 reaction in the
presence of increasing levels of SIx5-SIx8, or its individual subunits. Titrating the individual
subunits into reactions containing UbcH®6 revealed that they were unable to stimulate Ub
conjugation on their own. However, the complex (Fig. 1B, lanes 10-13), and to a lesser extent
a combination of SIx5 plus SIx8 (Fig. 1B, lanes 14-17), produced Ub chains that extended to
the top of the gel. At maximum input of SIx5-SIx8 there was substantial signal at the top of
the gel and consumption of all free Ub. The requirement for both subunits in this assay is
consistent with their genetic epistasis 4 11+ 15 and indicates that SIx5-SIx8 functions as a
heterodimer.

SIx5-SIx8 also stimulated Ub conjugation by UbcH13-Uevla (Fig. 2A, lanes 10-13). The
signal obtained with UbcH13-Uev1a was similar to that of UbcH® in that it consumed all free
Ub and smeared to the top of the gel, but more individual bands were distinct. As with UbcHS6,
the stimulation of UbcH13-Uevla by SIx5-SIx8 was dependent on the presence of both
subunits.
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The above reactions lack an obvious ubiquitination target, although Ub ligases are often
efficiently ubiquitinated in vitro.1” To test whether these subunits were modified by
ubiquitination we probed identical immunoblots with antisera that had been raised against SIx5
or SIx8.16 SIx5 (Fig. 2B, upper panel) and SIx8 (Fig. 2B, lower panel) were unmodified when
assayed alone. However, when present as a dimer anti-SIx5 signal appeared as a smear to the
well while anti-SIx8 signal appeared as a ladder of bands that ascended to the top of the gel.
The reconstituted activity showed weak anti-SIx5 signal at the top of the gel while only a few
bands larger than SIx8 were observed at the highest concentrations. Identical results were
obtained using UbcH6 as the E2 enzyme (data not shown). Thus, ubiquitination of both SIx5
and SIx8 can occur but only when they are present as a complex. We note that SIx5 appears to
be a better substrate for ubiquitination, perhaps because of its larger size. We conclude that
SIx5-SIx8 functions as a heterodimeric Ub ligase in vitro and that it stimulates its own
ubiquitination by UbcH6 and UbcH13-Uev1a.

We next tested the specificity of Ub chain linkages stimulated by SIx5-SIx8. In contrast to
K48-linked Ub chains that promote proteosomal degradation, UbcH13-Uevla is known to
conjugate K63-linked Ub chains like its yeast ortholog.3! Consistent with this, the UbcH13-
Uevla-conjugated chains that were stimulated by SIx5-SIx8 were dependent on Ub containing
K63 and they formed even in the presence of a K48R mutant version of Ub (Fig. 3A, lanes 7-
9). Moreover, a mutant Ub containing only one lysine at residue 63 (K630) was efficiently
conjugated by this E2 while the K480 variant was inactive (Fig. 3A, lanes 13-18). As expected,
blocking all lysine side chains via chemical methylation of Ub (Me Ub) completely inhibited
these reactions. We conclude that SIx5-SIx8 stimulates the known Ub-linkage specificity for
UbcH13-Uevla.

A similar analysis was conducted with UbcH6 which is known to form K48-linked chains.
Consistent with this, SIx5-SIx8 stimulated UbcH6 to conjugate Ub-K63R chains (Fig. 3B, lanes
4-6) and high molecular weight (MW) chain formation was partially inhibited when Ub-K48R
was provided as substrate (Fig. 3B, lanes 7-9). At high SIx5-SIx8 concentrations, Ub-K48R
polymerization was inhibited in favor of mono-ubiquitination of SIx5. Interestingly, Ub chains
formed using either Ub-K630 and Ub-K480 substrates. Thus, we conclude that the linkage
specificity of the ubiquitin conjugating enzymes is mostly retained, while UbcH6 can be
stimulated by SIx5-SIx8 to form chains with both K48 or K63 linkages. The ability of an E3
ligase to alter the specificity of certain Ubcs or to direct the synthesis of chains with mixed
linkages has previously been demonstrated. 20: 32, 33

Role of RING-finger domains in Ub E3 ligase activity

RING-domain Ub ligases are sensitive to mutation of zinc-coordinating residues.1’ To test the
role of these conserved cysteines and histidines in SIx5-SIx8, we expressed heterodimeric
complexes in which one of the two subunits contained point mutations in these residues. Three
complexes were purified that contained point mutations in SIxX5 (SIx5-8/SIx8) or SIx8 (SIx5/
SIx8-1, SIx5/SIx8-2) (Fig. 4A and Table 1). In all cases the proteins were well-expressed in
E. coli and heterodimeric complexes were purified via the N-terminal hexa-histidine tag on
SIx5 (Fig. 4A).

In order to completely eliminate RING function, we also expressed heterodimers in which the
C-terminal RING domains of either SIx5 (SIx5-9/SIx8) or SIx8 (SIx5/SIx8-6) had been deleted.
However, after purifying the N-terminally tagged SIx5 protein, we observed that SIx8-6
(ARING) protein failed to bind SIx5-wt (Fig. 4A, lane 7). Similarly, SIx5-9 (ARING) protein
failed to interact stably with SIx8-wt (Fig. 4A, lane 9). Immunoblotting for these proteins
revealed that all were well-expressed and that the untagged SIx8 proteins were present in the
Ni-column flow-through fractions. Thus, the RING domains of SIx5 and SIx8 are required for
these subunits to interact.
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We next assayed these mutant proteins in ubiquitination reactions. As shown in Fig. 4B,
complexes of SIx5-wt and an SIx8 subunit bearing a single point mutation in its RING domain
(SIx5/SIx8-1, SIx5/SIx8-2) were severely compromised in their ability to stimulate conjugation
by either UbcH6 or UbcH13-Uevla. A complex containing the triple point mutation in SIx5
(SIx5-8/SIx8) was essentially non-functional. The inability of the SIx5-9/SIx8 or SIxX5/SIx8-6
preparations to stimulate the reaction is likely due to the absence of the SIx8 subunit. We
conclude that SIx5-SIx8 complex formation requires the RING domains of both subunits and
that stimulation of Ub conjugation by the complex requires the zinc-coordinating residues in
both subunits.

The RING-domains of both SIx5 and SIx8 are required for in vivo function

To determine whether the RING-domain of SIx5 is important in vivo, a structure-function study
was performed. As shown in Table 1, conserved cysteine and histidine residues within the SIx5
RING domain were altered to produce single, double, and triple point mutants. These alleles
were then assayed for their ability to complement sgs1A sIx5A synthetic-lethality and sIx5A
HU sensitivity. The sIx5-6 allele, encoding a double point mutant (C494A C497A), was unable
to complement either of these defects (Fig. 5A and Table 1). This null phenotype was shared
with sIx5-9, which deletes the entire RING domain, and the triple point mutant sIx5-8 (Table
1). However, the single point mutant sIx5-7 showed complementation indicating that the loss
of one zinc-coordinating residue can be tolerated in vivo. A structure-function analysis of
SLX8 yielded similar results. SLX8 alleles that deleted the RING domain (sIx8-6) or carried
multiple RING domain mutations were unable to complement sIx8 HUA sensitivity or sgs1A
sIx8A synthetic-lethality. In contrast, the single point mutation encoded by sIx8-2 showed
partial complementation in both assays.16 The ability of sIx8-2 to complement HU sensitivity
is probably due to its partial activity and the low resolution of this assay. Taken together, we
conclude that both RING domains of SIx5 and SIx8 are critical for in vivo function.

Atrivial explanation for the above results, and for the similarity of sIX5A and sIX8A phenotypes,
is that inactivation of one subunit leads to the degradation of its partner protein. To test this
possibility, we immunoblotted for SIx5 and SIx8 in extracts of the two null strains. As shown
in Figure 5B, both subunits appeared to be stable as monomers as their abundance was not
significantly different than in wt extracts. Thus, SIx5 and SIx8 are important for an activity
other than simply stabilizing the other subunit.

Table 1 compares these RING-domain phenotypes to the ability of corresponding mutant
complexes to stimulate in vitro ubiquitination by yeast Ubc5 (Fig. S1). The data indicate that
the behavior of a given allele is fairly consistent across the three assays. In cases where the in
vivo complementing activity was reduced or eliminated, in vitro ubiquitination was similarly
affected. Taken together, these data suggest that the RING domains of SIx5 and SIx8 are
essential for their in vivo function because they are needed to stimulate ubiquitination.

SIx5-SIx8 stimulates multiple yeast Ubc enzymes

To identify yeast Ubcs that function together with SIx5-SIx8, an affinity purification technique
was used to isolate enriched fractions of each of the known Ubcs in yeast. We isolated 13
epitope-tagged Ubc proteins from yeast using the MORF expression system,30 together with
a TAP-tagged Ubc4 protein.34 Following proteolytic cleavage to liberate the Ubcs from the
IgG affinity beads, they were immunoblotted with anti-HA (or anti-CBP) to identify the
epitope-tagged proteins (Fig. 6A). These blots indicated that in all cases proteins of the expected
size were obtained, although yields of Ubc7, 10, and 13 were low. We separately purified
recombinant Ubc5 and Ubc13/Mms2 (Fig 6B).
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Using the assay described above, each Ubc was assayed for Ub chain formation in the presence
of SIx5-SIx8 dimer. As shown in Fig. 6C, Ub chain formation was observed using Ubcl, 3, 4,
5, and Ubc13-Mms2. As with the human Ubc’s, stimulation of Ubc13-Mms2 or Ubc5 (data
not shown) was dependent on the presence of the SIx5-SIx8 dimer since no Ub chain formation
was obtained in the presence of the individual subunits alone (Fig. 6D).

To determine whether formation of Ub chains depended on the RING domains of SIx5-SIx8,
these five yeast Ubcs were assayed in the presence of either wt SIx5-SIx8 complex or complexes
bearing point mutations in either SIX5 or SIx8. As shown in Fig. 7A, intact RING domains
were required for the formation of Ub chains by Ubcl, 4, 5, and Ubc13-Mms2. Although Ubc3
formed chains in the presence of SIx5-SIx8, they were not dependent on intact RING domains.
Itis likely that Ubc3/Cdc34 behaves anomalously in this assay because it normally functions
as part of larger SCF complexes. We suggest that Ubc3 uses SIx5-SIx8 as a target for
ubiquitination in vitro, but not as a stimulatory factor. In contrast, the Ubcs1, 4, 5, and Ubc13-
Mms2 appear to be specifically stimulated by SIx5-SIx8.

The specificity of the Ub chain linkage catalyzed by Ubc13-Mms2 was tested using Ub
mutants. As with UbcH13-Uev1a, stimulation of Ubc13-Mms2 by SIx5-SIx8 required Ub
substrates containing K63, and was unaffected by the K48R mutant (Fig. 7B). We conclude
that SIx5-SIx8 stimulates Ubc13-Mms2 without altering its known linkage specificity. Chain
formation by yeast Ubc5 was partially inhibited by Ub-K48R but not by Ub-K63R (Fig. 7C).
Although this is consistent with the known activity of Ubc5 stimulating K48-linked chains,
Ubc5 could be stimulated by SIx5-SIx8 to form Ub chains containing K63 only or K48 only.
This lack of Ub chain specificity is reminiscent of that observed with UbcH6 in the presence
of SIx5-SIx8 (Fig. 3B). Finally, this interaction is likely to be biologically relevant as Ubc5
was associated with both SIx5 and SIx8 in extracts of yeast overexpressing these proteins (Fig.
S2).

SIx5-SIx8 can ubiquitinate proteins involved in homologous recombination

We searched for potential targets of SIx5-SIx8-stimulated ubiquitination by testing proteins
that are known to play roles in the maintenance of genome stability. Five members of the
RAD52-epistasis group were purified from yeast on 1gG beads using the MORF expression
system and subjected to ubiquitination using recombinant yeast Ubc5. These candidate proteins
were first immunoblotted with peroxidase-conjugated anti-peroxidase (PAP) to detect the
Protein A-tagged target proteins. As shown in Fig. 8A, bands of the expected size were obtained
30 although Rad51 and Rad55 contained unidentified bands at 160 and 120 kD, respectively.
After subjecting these samples to ubiquitination reactions, the products were immunoblotted
as above. Rad52 and Rad57 gave rise to novel higher molecular-weight bands that were
dependent on SIx5-SIx8 (Fig. 8B). To confirm their dependence on SIx5-SIx8, titration
reactions were analyzed by higher-resolution immunoblotting. In both cases, an SIx5-SIx8-
dependent band was observed that migrated appromixately 10 kD larger than the original
substrate (Fig. 8C). We interpret these bands to represent mono-ubiquitinated Rad52 and
Rad57. At higher levels of SIx5-SIx8, a ladder of bands representing Ub-chains was apparent.
To confirm this conclusion, ubiquitination reactions were performed on Rad52-beads in the
presence of Ub or a larger GST-Ub fusion protein (30 kD). As shown in Figure 8D, the retarded
band is Ub-dependent and supershifted when ubiquitinated with GST-Ub. We conclude that
SIx5-SIx8 is capable of stimulating the ubiquitination of target proteins in vitro.

DISCUSSION

SLX5 and SLX8 were first identified in yeast as related genes required for viability in the
absence of the Bloom’s Syndrome homolog, Sgs1. An extensive analysis of such synthetic-
fitness interactions led to the notion that SLX5 and SLX8 define a common pathway required
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for genome maintenance, and this idea has recently been verified by the discovery of increased
recombination and gross chromosomal rearrangements in the two mutants.14 15 In the current
study we addressed the biochemical function of these proteins with a focus on identifying an
activity specific to the SIx5-SIx8 complex. Our major finding is that both subunits are required
for Ub ligase activity in vitro. Although there are at least 15 known RING-domain Ub ligases
in yeast, none of them function as heterodimers analogous to the two-component systems in
higher eukaryotes. These two-component systems comprise an important class of regulators
including BRCA1-BARD117: 35 36 and the p53 Ub ligase MDM2, which is synergistically
activated by the MDMX subunit.3’

So, what is the target of the SIx5-SIx8 Ub ligase? Although we have yet to identify an authentic
in vivo target, SIx5-SIx8 may act in multiple pathways based on the various Ubcs that it
stimulates. Ubc13-Mms2 promotes stable K63-linked Ub chains and at least one role is to act
downstream of Rad6/Ubc2 to modify PCNA in response to DNA damage.38 It is intriguing to
speculate that SIx5-SIx8 promotes K63-linked modfications in response to DNA damage,
however, there is no evidence that SLX5-SLX8 functions in the RADG6 post-replicative repair
pathway. And while it is likely that Ubc13-Mms2 acts independently of RADG6, where it could
interact with SIx5-SIx8 to promote K63-linked modifications, this pathway is unlikely to be
the one needed in the absence of SGS1 since ubc13A sgs1A double mutants are viable.

The other three E2s that were activated by SIx5-SIx8, Ubcl, Ubc4, and Ubc5, are known to
form a family with redundant functions.3 These enzymes mediate the destruction of short-
lived proteins and are needed in response to stress and during germination. Ubc4 and Ubc5 are
nearly identical (93% identity) and loss of any two of the three genes results in synthetic fitness
defects, while the triple mutant is inviable.3% Thus, SIx5-SIx8 may cooperate with these Ubcs
to degrade damaged or short-lived DNA repair proteins. Interestingly, ubc4A sIx8A double
mutants display a synthetic fitness defect,3 consistent with the idea that SIx5-SIx8 acts in the
Ubc1-Ubc4-Ubc5 pathway. Although we have no data on potential targets of these pathways
in vivo, our biochemical data suggest that the Rad52 and Rad57 recombination proteins may
be substrates. As a working model we propose that SIx5-SIx8 targets such DNA repair proteins
for destruction via Ubc4/Ubc5 when they are damaged or irreversibly modified. Failure to
degrade such proteins may lead to the observed growth defects including hyper-recombination
and sensitivity to HU.

One question we have yet to answer is why mutations in SLX5 and SLX8 are synthetically lethal
with sgs1A. Many of the mutations that are lethal in the absence of SGS1 occur in genes that
play roles in DNA repair, replication, or recombination (e.g., Rad27/FEN1, Mus81-Mms4,

Srs2, SIx1-4).5 6 The need for the SIx5-SIx8 Ub ligase to suppress hyper-recombination and
GCRs suggests that SGS1 may be required to resolve the increased number of recombination
intermediates that occur in sIX5A or sIx8A cells. Alternatively, protein modification by the

SIx5-SIx8 Ub ligase may become essential in the absence of the SGS1-TOP3-RMI1 pathway.

A second question that remains to be answered concerns the connection between SIx5-SIx8
and the SUMO pathway. In addition to interacting genetically with a variety of SUMO pathway
mutants, sIX5A or sIxX8A mutants display increased levels of global sumoylation!! and a
reduction in damage-induced SUMO-conjugation of some proteins.14 Given the link between
sumoylation and recombination, 4 40 41 our data suggest a simple explanation for two of these
phenotypes. First, the hyper-sumoylation phenotype might be explained if SIx5-SIx8 is
involved in the proteolytic turnover of sumoylated proteins. For example, multiply sumoylated
proteins, or proteins carrying poly-SUMO chains, might be targets for ubiquitination by SIx5-
SIx8. In this case, we would expect SIx5-SIx8 to stimulate Ubc 1, 4, or 5 to promote their
destruction. Second, it is possible that SIx5-SIx8 targets SUMO-modified repair proteins to
remove them from chromatin after they have done their job. Failure to eliminate these SUMO-
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modified proteins may lead to persistent lesions that stimulate recombination. Although de-
sumoylating enzymes such as Ulp1 or Ulp2 could theoretically carry out this function,42 43
there may be cases where proteolytic destruction is preferable to simply removing the
conjugated SUMO. The recent in-situ localization of SIx5-SIx8 to DNA replication centersl4
and its interaction with DNA1 are consistent with this idea. In addition, we have shown that
SIx5-SIx8 can bind SUMO and stimulate Ubc9-dependent SUMO chain formation in vitro.
12 Although we cannot rule out the possibility that SIx5-SIx8 catalyzes both Ub and SUMO
ligation in vivo, the fact that sumoylation does not depend on its RING domains or dimer
formation!? suggests that this is not the primary function of SIx5-SIx8. Perhaps the stimulation
of sumoylation by SIx5-SIx8 reflects its ability to bind multiple SUMO residues in a manner
that promotes their conjugation into chains by Ubc9. Such an interpretation is consistent with
the idea that the SIx5-SIx8 Ub ligase targets substrates that are poly-sumoylated.

While future studies should address these specific models, we are intrigued by several
similarities between SIx5-SIx8 and the human BRCA1-BARD1 complex.#4 Although larger
and significantly more complex than SIx5 and SIx8, BRCAL and BARD1 contain essential
RING domains at their N-termini that are required for subunit interaction.#>=47 Like SIx5-SIx8,
BRCA1-BARD1 appears to be an obligate heterodimeric Ub ligase.32: 36, 46 And SIx5-SIx8
binds DNA in vitro which is an activity shared with BRCA1.16: 48 Finally, BRCA1 is known
to associate with the Rad51 recombinase on mitotic and meiotic chromosomes*® and to control
genomic stability and homologous recombination.% 51 These findings suggest that the similar
phenotypes of BRCA1 ™~ and sIx5A-sIx8A cells may be more than just coincidence. Given the
importance of BRCAL in human health, it will be interesting to determine whether these Ub
ligases have common targets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The SIx5-SIx8 complex is a Ub E3 ligase. (A) Standard ubiquitination reactions were carried
out as described in the Materials and Methods. Reactions contained 27 nM E1, 140 nM SIx5-
SIx8, and 6 uM ubiquitin, in addition to the following E2s: Mock (lane 1), UbcH1 (40 nM),
UbcH2 (20 nM), UbcH3 (30 nM), UbcH5a (20 nM), UbcH5b (20 nM), UbcH5c¢ (20 nM),
UbcH6 (48 nM), UbcH7 (55 nM), UbcH8 (55 nM), Ubc9 (40 nM), UbcH10 (50 nM), UbcH12
(50 nM), or UbcH13-Uevla (24 nM). Following incubation (30°C, 10 min), the reaction
products were analyzed by SDS-PAGE and immunoblotting using antibody against ubiquitin.
(B) The SIx5-SIx8 subunit requirements were tested in ubiquitination reactions that contained
13nM E1, 140 nM UbcH6 as E2 and various amounts of either SIx5 (3.4, 10, 34, 69 nM), SIx8
(7.6, 23, 76, 150 nM), SIx5-SIx8 complex (4.8, 14, 48, 96 nM), or SIx5 (3.4, 10, 34, 69 nM)
plus SIx8 (7.6, 23, 76, or 150 nM) as indicated. Lane 1 contained no E3. Following incubation
(30°C, 60 min), the reaction products were analyzed as above.
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Figure 2.

SIx5-SIx8 stimulates UbcH13-Uevla to ubiquitinate both E3 subunits. (A) The SIx5-SIx8
subunit requirements were tested as in Figure 1B except that ubiquitination reactions contained
90 nM UbcH13-Uevla as E2. (B) Ubiquitination reactions were performed exactly as in (A)
above, but following incubation the reaction products were analyzed by SDS-PAGE and
immunoblotting using antibody against SIx5 (top) or SIx8 (bottom). Arrows indicate the
position of unmodified SIx5 (top) or SIx8 (bottom).
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Figure 3.

Analysis of Ub chain linkage by two human Ubc’s. (A) Ubiquitination reactions contained 13
nM E1, 71 nM UbcH13-Uevla as E2, the indicated concentration of SIx5-SIx8, and 1 uM of
the indicated wt or mutant ubiquitin. (B) Ubiquitination reactions were performed as above
but contained 140 nM UbcH6 as E2. Me Ub represents methylated ubiquitin; K630 represents
Ub in which all lysines except for K63 are mutated to arginine; and K480 represents Ub in
which all lysines except K48 are mutated to arginine. Following incubation (30°C, 60 min),
the reaction products were immunoblotted with anti-Ub antibody.
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Figure 4.

SIx5-SIx8 Ub ligase activity requires intact RING domains. (A) Recombinant heterodimers of
the indicated mutant versions of SIx5-SIx8 were purifed by affinity chromatography, resolved
by 15% SDS-PAGE, and detected by Coomassie blue staining. Complexes containing a mutant
subunit are indicated by the hyphenated allele name and a slash between the subunits. Note
that all hetero-dimers contain an SIx5 breakdown product that migrates just behind the SIx8
subunit by SDS-PAGE. (B) Ubiquitination reactions contained 13 nM E1, either UbcH13-
Uevla (71 nM; lanes 1-8) or UbcH6 (140 nM; lanes 9-16) as E2, and 48 nM of the indicated
wt or mutant SIx5-SIx8 heterodimer as E3. Following incubation (30°C, 60 min), the reaction
products were immunoblotted with anti-Ub antibody.
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Figure 5.

SIx5 and SIx8 require intact RING domains for in vivo function. (A) The sIx5-6 allele was
tested for in vivo function by complementation of sgs1A sIX5A synthetic lethality. IMY 1464
cells were transformed with pT16537 (sIx5-6), pJM6512 (SLX5-wt) or pRS405 (vector) that
had been linearized with BstEIl. Transformed JMY 1464 cells or W303-1a (WT, leu2) cells
were collected, adjusted to a constant cell density, and serially diluted in 10-fold steps before
spotting on the indicated media. (B) Extracts from the indicated yeast strains were resolved by
12.5% SDS-PAGE and immunoblotted using antibodies against either SIx5 (upper) or SIx8
(lower). A cross-reacting band (*) migrates just below SIx8.
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Figure 6.

SIx5-SIx8 stimulates specific yeast Ub conjugating enzymes. (A) The indicated Ubc proteins
were partially purified from yeast cells expressing HA (MORF) or CBP (TAP) epitope tagged
fusion proteins using 1gG affinity resin. Proteins were released from the beads by proteolytic
cleavage, and samples (180 ng total protein) were immunoblotted with antibodies against HA
or CBP. (B) Recombinant (His6)Ubc5 (2 pg) and (His6)Ubc13-Mms2 (4 nug) was purified by
Ni affinity chromatography, resolved by 17% SDS-PAGE, and detected by Coomassie blue
(CB) staining. (C) Stimulation of yeast Ubcs by SIx5-SIx8 was tested in ubiquitination reactions
that contained 13 nM Ubal, 140 nM SIx5-SIx8, 5 uM Ub, and either UbcH6 (100 nM), Ubc13-
Mms2 (400 nM), or 400 ng of the indicated partially-purified yeast Ubc. Following incubation
(30°C, 10 min), the reaction products were immunoblotted with anti-Ub antibody. (D) The
SIx5-SIx8 subunit requirements were tested as in Figure 1B except that ubiquitination reactions
contained 100 nM Ubc13-Mmsz2 as E2.
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Figure 7.
Characterization of SIx5-SIx8 Ub ligase with yeast Ubcs. (A) UbcH6 (100 nM), Ubc13-Mms2

(400 nM), or 400 ng of the indicated partially-purified Ubcs from yeast were tested for
sensitivity to mutant SIx5-SIx8 complex. Two control reactions lacking E2 are also shown.
Ubiquitination reactions contained 13 nM E1, 5 pM Ub, and 140 nM of the indicated wt or
mutant SIx5-SIx8 complex as E3. Following incubation (30°C, 10 min), the reaction products
were immunoblotted with anti-Ub antibody. (B) The specificity of Ub chain conjugation by
Ubc13-Mms2 was determined using mutant Ub proteins. Ubiquitination reactions contained
13 nM EL1, 140 nM Ubc13-Mms2 as E2, and the indicated concentration of SIx5-SIx8 as E3,
in addition to 1 uM of the indicated ubiquitin mutants. Following incubation (30°C, 60 min),
the reaction products were immunoblotted with anti-Ub antibody. (C) Ubiquitination reactions
were performed as in (B) except that Ubc5 (50 nM) was used as E2.
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Figure 8.

Ubc5-dependent ubiquitination of Rad52 and Rad57 is stimulated by SIx5-SIx8. (A) The
indicated Protein A epitope-tagged Rad proteins were expressed in yeast using the MORF
expression system and partially purified using 1gG affinity resin. Proteins were released from
the resin with SDS sample buffer and immunoblotted with peroxidase-conjugated anti-
peroxidase (PAP) to detect the Protein A tag. # indicates a non-specific cross-reacting band.
(B) 1gG beads containing no protein (Mock) or the indicated Protein A-tagged Rad protein
were used as substrates for ubiquitination assays in the absence () or presence (+) of 140 nM
SIx5-SIx8. Ubiquitination assays contained 27 nM E1, 230 nM recombinant yeast Ubc5 as E2,
and 6 uM Ub. Following incubation (30°C, 30 min), the reaction products were solubilized in
SDS sample buffer and immunoblotted with PAP. Asterisks indicate mono-ubiquitinated
bands. (C) IgG beads containing Rad52 or Rad57 were used as substrates for ubiquitination
assays as above, but contained 0, 2.4, 24, 120, or 240 nM SIx5-SIx8. Following incubation
(30°C, 20 min), the reaction products were treated as above. Brackets indicate poly-
ubiquitinated forms. (D) 1gG beads containing Rad52 were treated as in (C) except that
reactions contained either 0, 2, or 4 uM Ub, or GST-UD, as indicated. SIx5-SIx8 was present
at 100 nM and Ubc5 was present at 50 (+) or 100 nM (++).
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