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Although it is vital that cells detect and respond to oxidative stress to allow adaptation and repair damage, the underlying sens-
ing and signaling mechanisms that control these responses are unclear. Protein ubiquitinylation plays an important role in con-
trolling many biological processes, including cell division. In Saccharomyces cerevisiae, ubiquitinylation involves a single E1
enzyme, Uba1, with multiple E2s and E3s providing substrate specificity. For instance, the conserved E2 Cdc34 ubiquitinylates
many substrates, including the cyclin-dependent kinase inhibitor Sic1, targeting it for degradation to allow cell cycle progres-
sion. Here we reveal that, in contrast to other ubiquitin pathway E2 enzymes, Cdc34 is particularly sensitive to oxidative inacti-
vation, through sequestration of the catalytic cysteine in a disulfide complex with Uba1, by levels of oxidant that do not reduce
global ubiquitinylation of proteins. This Cdc34 oxidation is associated with (i) reduced levels of Cdc34-ubiquitin thioester
forms, (ii) increased stability of at least one Cdc34 substrate, Sic1, and (iii) Sic1-dependent delay in cell cycle progression. To-
gether, these data reveal that the differential sensitivity of a ubiquitin pathway E2 enzyme to oxidation is utilized as a stress-sens-
ing mechanism to respond to oxidative stress.

Reactive oxygen species (ROS), such as H2O2, arise as a by-
product of aerobic metabolism and, also, from the exposure of

cells to environmental oxidizing agents (15). Oxidative stress oc-
curs when cells are exposed to increased levels of ROS, causing
oxidative damage to components such as DNA, proteins, and lip-
ids. This damage has been linked with diseases, including cancer,
diabetes, and cardiovascular and neurodegenerative diseases, and
also with ageing (2, 4, 15). Dividing cells respond to oxidative
stress by inhibiting cell cycle progression and by inducing the ex-
pression of genes involved in repair and restoring redox balance.
However, the mechanisms by which these responses to increased
levels of ROS are coordinated and regulated are not clear.

In eukaryotes, the covalent modification of proteins by ubiq-
uitinylation plays an important role in regulating the activity of a
multitude of proteins or targeting them for degradation (for re-
views, see references 17, 18, and 21). Consequently, ubiquitinyla-
tion regulates many fundamental processes, such as cell cycle pro-
gression. For example, the ubiquitinylation of key regulatory
proteins, including cyclins and cyclin-dependent kinase (CDK)
inhibitors, such as Sic1 in the yeast Saccharomyces cerevisiae, de-
termines the timing of their degradation in the cell division cycle
(29, 39, 40). The conjugation of ubiquitin to a substrate requires
sequential transfer of ubiquitin from the catalytic cysteine residue
of the E1 activating enzyme to the catalytic cysteine residue of the
E2 conjugating enzyme and then, finally, to the target substrate
through the action of E3 enzymes (ligases) (Fig. 1) (17, 18, 21). A
single E1, Uba1, is responsible for ubiquitinylation in S. cerevisiae,
but multiple E2s and E3s confer substrate specificity on ubiquiti-
nylation (Fig. 1) (18).

A key to understanding the effects of ROS on cells is the iden-
tification and characterization of signaling pathways that detect
ROS and subsequently initiate the appropriate response (for re-
views, see references 8 and 38). Several eukaryotic signaling path-
ways respond to ROS via reversible oxidation of cysteine-thiols in
signaling proteins. For example, reversible oxidation of a catalytic
cysteine residue in some tyrosine phosphatases regulates their ac-
tivity (for reviews, see references 6 and 37). E1 and E2 enzymes in

ubiquitin and ubiquitin-like (Ubl) modification pathways also
utilize catalytic cysteine residues, providing a potential route by
which they could be regulated by oxidation (17, 18, 21). Indeed, in
response to H2O2, an intermolecular disulfide forms between the
catalytic cysteine residue of the E1 and E2 enzymes in the sumoy-
lation pathway, inhibiting global sumoylation in mammalian cells
(5). The absence of any global reductions in protein ubiquitinyla-
tion under the same conditions suggested that H2O2-induced for-
mation of E1/E2-containing disulfide complexes did not involve
ubiquitin pathway enzymes (5). However, in contrast to the su-
moylation pathway, which involves only one E2 enzyme, many
E2s are utilized for ubiquitinylation, each targeting specific sub-
strates (18). Thus, if only a few ubiquitin pathway E2 enzymes are
more sensitive to oxidation, it is possible that the effects of inhi-
bition of these enzymes on global ubiquitinylation would be
masked by the influence of the majority of less-sensitive E2 en-
zymes.

Here, we have utilized the tractability of the model eukaryote S.
cerevisiae to investigate the sensitivity of ubiquitin pathway en-
zymes to oxidation in response to H2O2 and a drug that oxidizes
the antioxidant glutathione. Significantly, our data indicate that
the differential sensitivity of ubiquitin pathway E2 enzymes to
such oxidation is utilized to allow specific inhibition of an essen-
tial E2, Cdc34. Furthermore, our results suggest that the specific
sensitivity of Cdc34 to nonlethal levels of oxidative stress leads to
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the stabilization of at least one Cdc34 substrate, the CDK inhibitor
Sic1, and moreover, that this stabilization is associated with a tran-
sient delay in cell cycle progression. Together, these data suggest
that oxidation of ubiquitin pathway enzymes is utilized to regulate
cellular processes, such as the cell division cycle, in response to
oxidative stress.

MATERIALS AND METHODS
Yeast strains and growth conditions. The yeast strains used were de-
rived either from W303-1a (MATa ade2-1 can1-100 his3-11 leu2-3,112
trp1-1 ura3) (36) or from BY4741 (MATa his3�1 leu2�0 met15�0
ura3�0) (TAP-tagged strains) (11). The W303-1a strains constructed
were KD6 (MATa sic1::HIS3), KD79 (MATa CDC34-13Myc kanR),
KD102 (MATa UBA1-3HA kanR), KD103 (MATa CDC34-13Myc kanR

UBA1-3HA kanR), KD119 (MATa SIC1-13Myc kanR CDC34-13Myc
kanR), and KD130 (MATa UBC1-13Myc kanR). Strains were normally
grown at 30°C using yeast extract-peptone-dextrose (YPD) medium
(35). For Gsh1 inhibition, cells were grown in synthetic dextrose (SD)
medium with buthionine sulfoximine (BSO; Sigma) (14) added to a
final concentration of 5 mM.

Yeast sensitivity tests. Sensitivities to oxidative stress conditions were
tested by using a 48-pronged replica plater instrument (Sigma) to spot
10-fold serial dilutions of exponentially growing cells onto YPD plates
containing oxidizing agents as indicated in the figures.

Yeast strain construction. Cdc34, Sic1, Uba1, and Ubc1 expressed
from their normal chromosomal locus were epitope tagged at the C ter-
minus by integration of a PCR-amplified cassette obtained using primer
pair Cdc34tagF/Cdc34tagR, Sic1tagF/Sic1tagR, Uba1TagF/Uba1TagR, or
Ubc1TagF/Ubc1TagR, respectively, with either pFA6a-13Myc-kanMX6
or pFA6a-3HA-kanMX6 as the template (24). Correct integration was
confirmed by PCR using primers flanking the region of interest. The
SIC1 gene was replaced by HIS3 by introduction of a PCR cassette
obtained using the primer pair Sic1KOF/Sic1KOR, with the YDp-H
plasmid as the template (3). Gene deletion was confirmed by PCR. The
sequences of the oligonucleotide primers are listed in Table S1 in the
supplemental material.

Plasmid construction. pUba1-3HA was constructed by ligating an
EcoRI-digested PCR product containing UBA1-3HA, generated using
primers Uba1EcoRIF and Adh1tEcoRIR and KD102 genomic DNA as the
template, into YEplac112 (12) digested with EcoRI. pUba1C600S-3HA was
constructed by first producing two PCR products by using primer pairs
Uba1EcoRIF/Uba1MutCR and Uba1MutCF/Adh1tEcoRIR with KD102
genomic DNA as the template. Overlapping PCR with these two PCR
products created a cassette which was then digested with EcoRI and li-
gated into YEplac112 digested with EcoRI. The plasmid pHA-Ubiquitin
was constructed by ligating a BamHI-digested PCR product, containing
the sequence encoding 3 hemagglutinin (HA) epitope tags, 6 His residues,
and ubiquitin and generated using primers BamH13HA6HISF and
BamH1UbR with the plasmid pREP-6His-Ubiquitin as the template (gift
from Caroline Wilkinson), into p416-MET25 (28) digested with BamHI.

The sequences of the oligonucleotide primers are listed in Table S1 in the
supplemental material.

Cell synchronization and cell cycle analyses. Exponentially growing
cells were blocked in G1 phase by adding 15 �g/ml �-factor for 1 h and
then a further 5 �g/ml � factor for 1 h. Cells were released from the block
by washing with prewarmed YPD medium. For DNA content analysis,
4 � 106 to 6 � 106 cells/ml were stained with propidium iodide (7) and
a FACScan flow cytometer (Becton, Dickinson) was used to measure
DNA content.

Hog1 phosphorylation assay. Cells were lysed in ice-cold protein lysis
solution (20 mM HEPES, pH 7.3, 350 mM NaCl, 10% glycerol, 0.1%
Tween 20, 0.097 trypsin inhibitor unit/ml aprotinin, 2 �g/ml leupeptin,
10 mM �-mercaptoethanol, 2 �g/ml pepstatin A, 1 mM NaF, 2 mM
Na3VO4) with ice-cold glass beads using a Mini-Beadbeater (Biospec
Products). Protein concentrations were measured using the Bradford as-
say (Pierce). For Western blotting, proteins were separated by SDS-PAGE
(see below) and transferred to Protan nitrocellulose membrane using a
Bio-Rad mini-transfer apparatus, and the membrane was incubated with
either anti-Skn7 antibody (27) or anti-phospho-p38 antibody (New Eng-
land BioLabs). After incubation with secondary anti-rabbit horseradish
peroxidase (HRP)-conjugated antibody (Sigma), proteins were visualized
using the chemiluminescence detection system (Amersham Pharmacia
Biotech).

Protein extraction, immunoprecipitation, and Western blotting.
Cells were lysed in nonreducing conditions (10% trichloroacetic acid)
with ice-cold glass beads using a Mini-Beadbeater (Biospec Products),
and the insoluble protein pellet washed with ice-cold acetone. Proteins
were solubilized in resuspension buffer (100 mM Tris-HCl, pH 8, 1%
SDS, 1 mM EDTA) and concentrations measured using the bicin-
choninic acid (BCA) protein assay kit (Thermo Scientific). For the
analysis of ubiquitin conjugates and for immunoprecipitation exper-
iments, cells were lysed in ice-cold lysis solution (20 mM HEPES, pH
7.3, 350 mM NaCl, 10% glycerol, 0.1% Tween 20, 0.097 trypsin inhib-
itor unit/ml aprotinin, 2 �g/ml leupeptin, 2 �g/ml pepstatin A, 1 mM
NaF, 2 mM Na3VO4) with ice-cold glass beads using a Mini-Bead-
beater (Biospec Products). Protein concentrations were measured us-
ing the Bradford assay (Pierce). Proteins were immunoprecipitated by
incubating extracts for 1 h at 4°C with agarose beads coupled with
either anti-HA or anti-Myc antibody.

For Western blotting, proteins were separated by SDS-PAGE; typi-
cally, 10% SDS–PAGE gels were used to analyze low-molecular-weight
(LMW) proteins and 6% SDS–PAGE gels to resolve high-molecular-
weight (HMW) proteins/complexes. Prestained Fermentas standard pro-
tein markers (for LMW proteins) and Invitrogen’s HiMark HMW protein
standard (for HMW proteins/complexes) were included as appropriate to
allow estimation of molecular weights. Following separation, proteins
were transferred to Protan nitrocellulose membrane using a Bio-Rad
mini-transfer apparatus and the membrane incubated with the appropri-
ate primary antibody: anti-myc 9E10 (Sigma), anti-HA (Sigma), anti-
CBP (Source BioScience LifeSciences), anti-Hog1 (Santa Cruz Biotech-

FIG 1 The ubiquitin pathway. The transfer of ubiquitin to the target protein requires the sequential formation of an E1� and an E2�ubiquitin thioester
involving the catalytic cysteine residue of each enzyme. With the subsequent function of a specific E3, ubiquitin is finally transferred to the target protein. In S.
cerevisiae, a single E1, Uba1, transfers ubiquitin to proteins via 11 E2 enzymes and multiple E3 enzymes, which provide target specificity.
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nology), or anti-Skn7 (27) antibody. After incubation with the relevant
secondary antibody (either anti-mouse HRP-conjugated antibody
[Sigma] or anti-rabbit HRP-conjugated antibody [Sigma]), proteins were
visualized using the chemiluminescence detection system (Amersham
Pharmacia Biotech).

RESULTS
Oxidative stress stimulates oxidation of specific ubiquitin path-
way enzymes. In yeast, a single E1 enzyme, Uba1, transfers ubiq-
uitin to multiple E2 enzymes which, together with E3s, conjugate
ubiquitin to specific target proteins (Fig. 1) (17, 18, 21). It has
previously been shown that the catalytic cysteine residues of the E1
and E2 enzymes in the sumoylation pathway, Uba2 and Ubc9,
respectively, are sensitive to oxidation in mammalian cells by a
concentration of H2O2 that causes no reduction in overall levels of
general protein ubiquitinylation (5). However, it was possible that
only a subset of the many E2 enzymes in the ubiquitin pathway
might be sensitive to oxidation. To test this hypothesis, we first
examined whether Uba1 becomes oxidized in response to H2O2 by
using yeast cells expressing HA epitope-tagged Uba1 (Uba1-HA)
from the normal chromosomal locus (Fig. 2A). Although only a
relatively small proportion of Uba1-HA was oxidized by H2O2,

significantly, Western blot analysis revealed an HMW Uba1-con-
taining complex when cells were exposed to increasing concentra-
tions of H2O2 for 20 min (Fig. 2A, asterisk). The �-mercaptoeth-
anol sensitivity of this complex is consistent with it containing a
disulfide (Fig. 2C). The previous study in mammalian cells sug-
gested that glutathione is involved in the reduction of the oxidized
E1-E2 mixed disulfide in the sumoylation pathway (5). Hence, we
also examined the effects of a drug that oxidizes glutathione, the
thiol-oxidizing agent diamide (22), on Uba1 oxidation. Similar to
H2O2, a relatively small proportion of Uba1 was detected in an
HMW disulfide complex after treatment with diamide for 30 min
(Fig. 2B and C, asterisk). Taken together, the stimulation of a
predominant, HMW, Uba1-containing disulfide complex by
H2O2 and diamide suggested that perhaps one specific ubiquitin
pathway E2 enzyme is more sensitive to oxidation.

Previous studies have shown that there are many E2 enzymes in
the ubiquitin pathway in S. cerevisiae (Fig. 1), and 10 of these have
been tagged with a tandem affinity purification (TAP) tag and
expressed from their normal chromosomal locus (11). Several of
these E2 enzymes are at very low abundance within cells (11), but
we were able to detect the more-abundant tagged Ubc1, Ubc2/

FIG 2 Uba1 and Cdc34 form HMW complexes in response to oxidative stress conditions which do not decrease global levels of protein ubiquitinylation. (A to
C) Western blot analyses detected an HMW Uba1-containing disulfide complex (*) formed in response to diamide or H2O2. Extracts were prepared under
nonreducing conditions from cells (KD102) expressing 3HA epitope-tagged Uba1 (Uba1-HA) from the normal chromosomal locus that were either untreated
or treated with the indicated concentrations of H2O2 or diamide (A and B) or 5 mM diamide or 2 mM H2O2 (C). In the experiment whose results are shown in
panel C, samples were prepared with or without �-mercaptoethanol treatment (�m) prior to loading. (D) Western blot analyses indicated that Cdc34 but not
other abundant ubiquitin pathway E2 enzymes forms a predominant HMW complex (*) after diamide treatment. Extracts were prepared under nonreducing
conditions from BY4741-derived cells expressing TAP-tagged Ubc1, Ubc2/Rad6, Ubc3/Cdc34, Ubc4, Ubc6, or Ubc13 from their normal chromosomal locus; the
cells were untreated or treated with 5 mM diamide. The mobility of each individual TAP-tagged E2 enzyme is indicated by an arrow and the labeling at the top
of each panel. (E to G) Western blot analyses revealed that the levels of global protein ubiquitinylation are not decreased by treatment of cells with diamide or
H2O2. (E) Protein-ubiquitin conjugates in cells expressing HA epitope-tagged ubiquitin were detected as a large collection of HMW bands. Extracts were
prepared from wild-type (W303-1a) cells containing either p416-MET25 (vector) or pHA-Ubiquitin, expressing ubiquitin tagged with 3HA epitopes. (F and G)
Extracts were prepared from wild-type (W303-1a) cells containing pHA-Ubiquitin treated with the indicated concentrations of H2O2 (F) or diamide (G). (E to
G) Protein-ubiquitin conjugates and a band of the approximate size of epitope-tagged ubiquitin (HA-Ubi) are indicated. An example of ubiquitinylated protein
whose levels were observed to decrease following exposure to oxidative stress (a) is indicated. (A to D, F, and G) Cells were treated with either diamide for 30 min
or H2O2 for 20 min. (A to G) Western blots were probed with anti-HA (A to C and E to G), anti-CBP (D), and anti-Skn7 (loading control) (F and G) antibodies.
Molecular masses (in kilodaltons) are shown to the left of panels.
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Rad6, Ubc3/Cdc34, Ubc4, Ubc6, and Ubc13 by Western blot
analyses (Fig. 2D). Hence, to investigate whether any of these
ubiquitin pathway E2 enzymes form an HMW complex in re-
sponse to oxidative stress, cells expressing these individually
TAP-tagged E2s were treated with 5 mM diamide, a concentra-
tion of diamide that stimulates formation of the Uba1 HMW
disulfide complex (Fig. 2B). Excitingly, consistent with our hy-
pothesis that a specific E2(s) is susceptible to oxidation, an
HMW band was detected only in the lane containing Cdc34
after diamide treatment (Fig. 2D).

Consistent with the observation that only one ubiquitin path-
way E2 enzyme formed an HMW complex, together with the find-
ing that only a small proportion of Uba1 is oxidized, treatment of
cells expressing HA epitope-tagged ubiquitin (Fig. 2E) with levels
of H2O2 and diamide which lead to the formation of HMW Uba1
and Cdc34 complexes was not associated with a general decrease
in the overall levels of ubiquitinylated proteins (Fig. 2F and G).
Indeed, the general overall level of ubiquitinylation detected ap-
peared to increase with oxidative stress. However, interestingly, a
reduction in some specific protein ubiquitinylation was detected
at higher levels of oxidative stress (Fig. 2F).

Cdc34 is more sensitive to diamide- and H2O2-induced oxi-
dation than other E2 enzymes. The data presented above sug-

gested that Cdc34, but not other ubiquitin pathway E2 enzymes,
forms a disulfide complex with Uba1. To explore this hypothesis
further and to rule out any potential effect of the strain back-
ground (the Uba1-HA strain was derived from W303, while the
Cdc34-TAP strain was derived from BY4741), Cdc34 and another
ubiquitin pathway E2 enzyme, Ubc1, which has a similar abun-
dance in cells and which did not show any evidence of oxidation
when TAP tagged (11) (Fig. 2D), were tagged with 13Myc epitopes
(Cdc34-Myc and Ubc1-Myc) and expressed from their normal
chromosomal locus in the W303 strain background. Significantly,
consistent with our analyses of the TAP-tagged strains, Western
blot analysis of extracts from cells expressing Cdc34-Myc revealed
an HMW Cdc34-containing band after cells were treated with
either diamide or H2O2 (Fig. 3A and B, asterisk). Moreover, as
predicted by our analysis of TAP-tagged Ubc1, analysis of extracts
from cells expressing Ubc1-Myc revealed that HMW Ubc1-con-
taining bands were barely detectable even at the highest levels of
diamide or H2O2 (Fig. 3A and B). The sensitivity of the HMW
Cdc34-containing band (asterisk) to the reducing agents �-mer-
captoethanol and Tris(2-carboxyethyl)phosphine (TCEP) indi-
cated that it was a disulfide-containing complex (Fig. 3C and D).
Hence, taken together, these data indicate that Cdc34 is more
susceptible to oxidation than Ubc1 at lower levels of oxidative

FIG 3 Cdc34 is more sensitive than Ubc1 to oxidation by oxidative stress. (A to F) Western blot analyses demonstrated that Cdc34 is more sensitive to oxidation
than another abundant E2, Ubc1, forming a predominant HMW disulfide complex (*) after H2O2 and diamide treatment. (A and B) Western blot analyses of
extracts prepared from cells expressing either Cdc34-Myc (KD79) or Ubc1-Myc (KD130) from their normal chromosomal locus; cells were treated with the
indicated concentrations of either diamide for 30 min (A) or H2O2 for 20 min (B). HMW Cdc34-containing complexes (*) and HMW Ubc1-containing
complexes formed under these stress conditions (* and **) are indicated. (C to E) Western blot analyses of samples not treated or treated prior to loading with
either �-mercaptoethanol (�m) or TCEP revealed that the stress-induced HMW form of Cdc34 (*) is a disulfide complex and identified the E2�ubiquitin
thioester forms of Cdc34 (Cdc34-MycUb) and Ubc1 (Ubc1-MycUb). Extracts were prepared from cells expressing Cdc34-Myc (KD79) that were either not
treated or treated with 5 mM diamide for 30 min (C) or 2 mM H2O2 for 20 min (C and D) or from untreated cells expressing Ubc1-Myc (KD130) (E). (F) Western
blot analysis indicated that Cdc34�ubiquitin thioester forms start to decrease with a timing similar to that of the formation of the HMW Cdc34-containing
disulfide complex (*). Extracts were prepared from cells expressing Cdc34-Myc (KD79) that were treated with 2 mM H2O2 for the indicated times. (A to F) All
extracts were prepared under nonreducing conditions, and proteins were separated by SDS-PAGE and analyzed by Western blotting with anti-Myc antibodies.
Molecular masses (in kilodaltons) are shown to the left of panels. (A, B, and F) Lighter exposures are shown (bottom panels) to demonstrate the effects of diamide
and H2O2 on the E2�ubiquitin thioester forms.
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stress, forming an HMW complex in different strain backgrounds
and using different tags.

E2�ubiquitin thioester forms are an active intermediate in the
transfer of ubiquitin to substrates (Fig. 1). We next examined
whether oxidative stress affected the formation of these Cdc34�
and Ubc1�ubiquitin thioester forms (1, 34). In extracts from un-
stressed cells in the absence of �-mercaptoethanol, Cdc34-Myc
and Ubc1-Myc were present in two bands and were also found to
have a much slower mobility than expected (Fig. 3A and B). Con-
sistent with the prediction that the upper of these two bands rep-
resents the Cdc34� and Ubc1�ubiquitin thioester forms (1, 34),
both upper bands were sensitive to �-mercaptoethanol, which can
reduce thioester bonds, but not to TCEP, which can reduce disul-
fide but not thioester bonds (Fig. 3D [compare first and second
lanes with fifth and sixth lanes] and E). Although the basis for the
slower-than-expected mobilities of the reduced Cdc34-Myc and
Ubc1-Myc proteins is unclear, the epitope tagging did not affect
either the growth under normal conditions of cells expressing ei-
ther of the epitope-tagged proteins or the sensitivity of the cells to
stress conditions (see Fig. S1 in the supplemental material). Inter-
estingly, although there was some decrease in the levels of
Ubc1�ubiquitin thioester forms at the highest concentration of
H2O2 tested, a marked decrease in the levels of Cdc34�ubiquitin
thioester forms was observed at concentrations of both H2O2 and
diamide (Fig. 3A to C) where no effect on Ubc1�ubiquitin thio-
ester forms was detected (Fig. 3A and B). Moreover, consistent
with formation of the Cdc34-containing disulfide complex caus-
ing the H2O2-induced decrease in Cdc34�ubiquitin thioester
forms, both events occurred with similar timing (Fig. 3F, compare
darker- and lighter-exposure panels). Collectively, these data sug-
gest that Cdc34 is sensitive to oxidation, lowering the levels of
active Cdc34�ubiquitin thioester intermediates, at concentra-
tions of diamide and H2O2 which do not inhibit Ubc1.

Uba1 and Cdc34 form an oxidative stress-induced disulfide
complex. H2O2 induces the formation of an intermolecular disul-

fide bond between the catalytic cysteines of the sumoylation path-
way E1 and E2 enzymes in mammalian cells (5). Hence, we next
determined whether the oxidized forms of Uba1 and Cdc34 were
also E1-E2 disulfides and, if so, whether this involved their cata-
lytic cysteines. To facilitate this, cells expressing different combi-
nations of untagged and epitope-tagged Uba1 and Cdc34 from
their normal chromosomal locus were exposed to either diamide
or H2O2 and the resulting disulfide complexes analyzed. The de-
creased mobility of the HMW Uba1-HA-containing complex in
cells expressing Cdc34-Myc instead of untagged Cdc34 suggested
that these HMW complexes did indeed contain both proteins (Fig.
4A and B, compare lanes 2 and 3 in panel A with panel B). Fur-
thermore, using either anti-HA or anti-Myc antibodies, an HMW
complex with the same mobility was detected in cells expressing
both Uba1-HA and Cdc34-Myc (Fig. 4A, compare lanes 3 and 4).
However, importantly, these conclusions were confirmed by
Western blot analyses of extracts from H2O2-treated cells express-
ing both Uba1-HA and Cdc34-Myc, which revealed that stress-
induced HMW Uba1-HA-containing complexes were enriched
by immunoprecipitation with anti-Myc antibodies (Fig. 4C, right-
most lane) and, similarly, HMW Cdc34-Myc-containing com-
plexes were enriched by immunoprecipitation with anti-HA anti-
bodies (Fig. 4D, rightmost lane). Collectively, these data are
consistent with the formation of oxidative stress-induced mixed
disulfide complexes between Uba1 and Cdc34.

Having established that both Uba1 and Cdc34 are present in
this HMW disulfide complex, we next investigated the role of the
catalytic cysteines in the formation of this complex. The activities
of Cdc34 and Uba1 are essential, which prevented the construc-
tion of viable strains expressing mutant versions lacking their cat-
alytic cysteine residues, Cys600 of Uba1 (16, 25) and Cys95 of
Cdc34 (13). However, Cdc34 contains a single cysteine residue
and, hence, the HMW Cdc34/Uba1 disulfide complex must in-
volve this catalytic cysteine. Uba1 contains nine cysteine residues
(and one cysteine residue in the 3HA epitopes) in addition to the

FIG 4 Uba1 forms a disulfide complex with Cdc34. (A to D) Western blot analyses revealed that Uba1 and Cdc34 are components of the HMW disulfide complex
induced by H2O2 and diamide. Extracts were prepared from cells expressing either Cdc34-Myc (KD79), Uba1-HA (KD102), or both Cdc34-Myc and Uba1-HA
(KD103) from their normal chromosomal locus as indicated; cells were either not treated (C and D) or treated with 5 mM diamide for 30 min (A) or 2 mM H2O2

for 20 min (B to D). (B) Immunoprecipitated proteins were analyzed. (C and D) Whole-cell lysate (WCL) and immunopreciptiated were analyzed. (A to D)
Proteins were prepared as described in Materials and Methods and separated by nonreducing SDS-PAGE. Antibodies used for immunoprecipitation (IP) or
Western blotting (WB) were either anti-Myc or anti-HA antibodies as indicated. Cdc34-Myc, Uba1-HA, and HMW complexes containing both Cdc34 and Uba1
are indicated (arrows). Molecular masses (in kilodaltons) are shown to the left of panels. (C and D) For comparison, WCL equivalent to 7% (C) and 12% (D) of
the lysates used for IP were analyzed.
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catalytic Cys600. To determine whether Cys600 of Uba1 was in-
volved in disulfide formation with Cdc34, we tested the ability of
plasmid-expressed, HA epitope-tagged, wild-type Uba1-HA and
the mutant Uba1C600S-HA (where Cys600 replaced with serine did
not affect the stability of Uba1) (Fig. 5A) to compete with chro-
mosomally expressed untagged wild-type Uba1 for disulfide com-
plex formation with chromosomally expressed Cdc34-Myc. Im-
portantly, Western blot analysis of extracts from H2O2-treated
cells revealed that stress-induced HMW Cdc34-Myc-containing
complexes were enriched by immunoprecipitation with anti-HA
antibodies from cells expressing wild-type Uba1-HA but not from
cells expressing mutant Uba1C600S-HA (Fig. 5B). Similarly, HMW
complexes containing plasmid-expressed, wild-type Uba1-HA
but not mutant Uba1C600S-HA were enriched by immunoprecipi-
tation with anti-Myc antibodies (Fig. 5C). Thus, these data indi-
cate that these oxidative stress conditions stimulate the formation
of an HMW disulfide complex between the catalytic cysteine res-
idues of Uba1 and Cdc34.

Oxidative stress-induced cell cycle delay is associated with
reversible oxidation of Cdc34. The specificity of the ubiquitin
pathway E2 enzyme Cdc34 to oxidation in response to oxidative
stress (Fig. 2D and 3A and B) suggested that this may be important
for the cellular response to this stress. Protein ubiquitinylation
influences many fundamental cellular processes, including cell cy-
cle progression. Furthermore, Cdc34 regulates the stability of
many proteins via multiple E3s which determine substrate speci-
ficity (40). For example, the levels of one such Cdc34 substrate, the
CDK inhibitor Sic1, vary during the cell cycle, peaking in early G1

phase where it inhibits Cdc28-Clb CDK complexes (9, 26, 33).
Interestingly, exposure of an asynchronous culture of wild-type
cells to diamide results in an accumulation of cells with a 1C (G1

phase) content of DNA (Fig. 6A). Different environmental stress
conditions have been found to inhibit cell cycle progression. For
example, recent work demonstrated that phosphorylation of Sic1
by the Hog1 stress-activated protein kinase, related to the mam-
malian Jun N-terminal protein kinase (JNK)/p38 stress kinases, is
associated with increased stability of Sic1 and arrest in G1 phase of
the cell cycle in response to osmotic stress (10). Hence, it was
possible that Sic1 might play a role in the accumulation of cells in
G1 phase in response to diamide. Indeed, in contrast to SIC1 wild-
type cells, diamide-treated sic1� cells did not accumulate with a
G1 phase content of DNA (Fig. 6A). Furthermore, consistent with
an important role for Sic1 in maintaining viability under these
conditions, sic1� cells were found to be more sensitive than SIC1
wild-type cells to diamide (Fig. 6B). However, in contrast to os-
motic stress, we can find no evidence that diamide activates Hog1,
suggesting that this Sic1 role is independent of regulation by Hog1
(Fig. 6C). To further examine the role of Sic1 in the response of
cells to diamide, G1-phase-synchronized SIC1 and sic1� cells were
treated with 2 mM diamide. Diamide-treated synchronized SIC1
wild-type cells were found to delay exit from G1 phase (Fig. 6D,
compare first and second columns). However, in contrast, di-
amide induced a much shorter delay in cell cycle progression of
sic1� cells than of SIC1 wild-type cells (Fig. 6D, compare first and
second columns with third and fourth columns), further support-
ing a role for Sic1 in the response of cells to this oxidizing agent.
These data suggested that Sic1 may be stabilized under different
oxidative stress conditions. To examine this possibility, the stabil-
ity of Myc epitope-tagged Sic1 (Sic1-Myc) expressed from the
normal chromosomal locus was examined in G1-phase-synchro-

FIG 5 The catalytic cysteine residue of Uba1 is essential for disulfide com-
plex formation with Cdc34. (A to C) Western blot analyses revealed that
plasmid-expressed wild-type Uba1-HA but not Uba1C600S-HA can com-
pete with chromosomally expressed untagged Uba1 for HMW complex
formation with chromosomally expressed Cdc34-Myc. (A) Western blot
analysis of extracts from wild-type (W303-1a) cells containing either YE-
plac112 (vector), pUba1-3HA, or pUba1C600S-3HA that were treated with 5
mM diamide for 0 (�) or 30 (�) min revealed that mutation of the catalytic
cysteine residue, Cys600, of Uba1 did not decrease protein stability. Ex-
tracts were prepared under nonreducing conditions, and proteins were
separated by nonreducing SDS-PAGE and analyzed with either anti-HA or
anti-Skn7 (loading control) antibodies. (B and C) Immunoprecipitation
(IP) and Western blot (WB) analyses of proteins extracted from cells
(KD79) expressing Cdc34-Myc and untagged Uba1 from their normal
chromosomal locus and containing either pUba1-3HA or pUba1C600S-
3HA; cells were treated with 2 mM H2O2 for 0 (�) or 20 (�) min, and the
results demonstrate that the catalytic cysteine residue of Uba1 (Cys600) is
essential for HMW complex formation with Cdc34. Whole-cell lysate
(WCL) and immunoprecipitated proteins, prepared as described in Mate-
rials and Methods, were separated by nonreducing SDS-PAGE and ana-
lyzed by Western blotting. Extracts from cells (KD102) expressing
Uba1-HA and untagged Cdc34 from their normal chromosomal locus that
were treated with 2 mM H2O2 for 20 min were included as a negative
control (lane 1). The antibodies used for IP or WB were either anti-Myc or
anti-HA antibody as indicated. (B) Two nonspecific bands (*) present in all
IP lanes, including lane 1, which contains no Myc epitope-tagged proteins,
are indicated. (A to C) Cdc34-Myc, Uba1-HA, Skn7, and HMW complexes
containing both Cdc34-Myc and Uba1-HA are indicated (arrows). For
comparison, WCL equivalent to 11% of the lysates used for IP were ana-
lyzed. Molecular masses (in kilodaltons) are shown to the left of panels.
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nized cells in the presence or absence of 2 mM diamide. As ex-
pected, the levels of Sic1-Myc decreased rapidly as untreated syn-
chronized cells progressed from G1 phase (Fig. 6E, left, compare
the 20- and 40-min time points with the DNA content analyses
below). However, Sic1-Myc persisted much longer in diamide-
treated cells and, moreover, this is associated with the timing of
the diamide-induced cell cycle delay (Fig. 6E, right, compare the
time points with the DNA content analyses below). G1-phase-
synchronized cells expressing Sic1-Myc were also treated with 0.5
mM H2O2 and, similar to diamide treatment, this was also found
to delay exit from G1 phase compared with that of untreated cells
(Fig. 6F, DNA content analyses). Moreover, Sic1-Myc persisted
much longer in the H2O2-treated cells and was associated with the
timing of the cell cycle delay (Fig. 6F). The levels of diamide (2
mM) and H2O2 (0.5 mM) used here that affect the levels of Sic1-
Myc also oxidize Cdc34 (Fig. 3A and B) but do not decrease global
ubiquitinylation (Fig. 2F and G). Hence, it was possible that the
timing of the formation of the Uba1-Cdc34 disulfide complex
may be linked to this oxidative stress-induced inhibition of cell
cycle progression by influencing the ubiquitinylation/stability of
downstream substrates, such as Sic1. Indeed, consistent with this
model, we observed oxidation of Cdc34 at the first time point after
the treatment of G1-phase-synchronized cells with diamide or
H2O2 and, moreover, the timing of the disappearance of this
Cdc34 oxidation is associated with the persistence of Sic1 and with
the diamide- and H2O2-induced cell cycle delay (Fig. 6E and F,
right, compare the time points with the DNA content analyses
below). Although we cannot rule out the potential role of other
mechanisms of regulation of Sic1 and/or of the potential role of
regulation of other Cdc34 substrates in the cell cycle delay, the
results are consistent with a model whereby the oxidation of
Cdc34 influences the oxidant-induced cell cycle delay and adap-
tation to specific oxidative stress.

FIG 6 Oxidation of Cdc34 is associated with delays of cell cycle progression
and stabilization of the Cdc34 substrate Sic1. (A to D) Sic1 is required for the
response of cells to diamide. (A) DNA content analyses of asynchronous

cultures of SIC1 wild-type (W303-1a) and sic1� (KD6) cells not treated or
treated with 5 mM diamide for 2 h revealed that Sic1 is required for the accu-
mulation of cells in G1 phase in response to diamide. (B) Cells lacking Sic1
display increased sensitivity to diamide. Tenfold serial dilutions of SIC1 wild-
type (wt) cells (W303-1a) and cells lacking Sic1 (sic1�) (KD6) were spotted
onto either YPD medium or YPD medium containing 1.75 mM diamide.
Plates were incubated at 30°C for 2 days. (C) The Hog1 pathway is not acti-
vated by diamide-induced oxidative stress. Western blot analysis of protein
extracts prepared from wild-type (W303-1a) cells treated with either 0.4 M
NaCl or 1 mM diamide for the indicated times revealed that, in contrast to
NaCl treatment, diamide treatment does not stimulate phosphorylation of
Hog1. Anti-phospho-p38 antibodies were used to detect phosphorylation of
Hog1 (Hog1-P), and anti-Skn7 (Skn7) antibodies were used to confirm load-
ing. (D) Sic1 is essential for delay in G1 phase in response to diamide. DNA
content analyses of SIC1 wild-type (W303-1a) and sic1� (KD6) cells synchro-
nized in G1 phase with �-factor and then released into medium with or with-
out 2 mM diamide is shown. (E and F) Western blot and DNA content analyses
of cells expressing Cdc34-Myc and Sic1-Myc from their normal chromosomal
locus that were synchronized in G1 phase with �-factor and then released into
medium either with or without 2 mM diamide (E) or with or without 0.5 mM
H2O2 (F) revealed diamide- and H2O2-induced formation of the HMW
Cdc34-Myc-containing complex, delay of destabilization of Sic1-Myc, and
transient delay of cell cycle progression. Bands with the expected mobilities of
Cdc34-Myc, Sic1-Myc, and the Cdc34-Myc- and Uba1-containing HMW di-
sulfide complex are indicated (arrows). Anti-Hog1 (Hog1) and anti-Skn7
(Skn7) antibodies confirmed loading. DNA content analyses performed at the
indicated times on the cells used in the Western blot analyses revealed a di-
amide- and H2O2-induced delay in cell cycle progression that corresponded
with the formation of the HMW Cdc34-Myc-containing complex and the
persistence of Sic1-Myc. (C, E, and F) Molecular masses (in kilodaltons) are
shown to the left of panels.
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DISCUSSION

Here, we show that different E2 enzymes in the ubiquitin pathway
are differentially sensitive to inactivation by oxidative stress.
Moreover, our data suggest that the increased sensitivity of the E2
Cdc34 to inhibition by reversible oxidation is employed as a
mechanism to regulate cellular responses to oxidative stress. We
find that levels of diamide and H2O2 which do not decrease global
levels of protein ubiquitinylation or affect the oxidation of many
ubiquitin pathway E2 enzymes stimulate disulfide bond forma-
tion between the catalytic cysteines of the E2 enzyme Cdc34 and
the E1 enzyme Uba1. Furthermore, oxidation of Cdc34 is associ-
ated with decreased levels of Cdc34�ubiquitin thioester forms,
delayed destabilization of at least one Cdc34 substrate, the CDK
inhibitor Sic1, and a transient Sic1-dependent cell cycle delay.

Previous work in mammalian cells revealed that H2O2 induced
the formation of a disulfide complex involving the catalytic cys-
teine residues of the E1 and E2 enzymes in the sumoylation path-
way and, moreover, that this was associated with reduced levels of
global sumoylation but not ubiquitinylation (5). Here, in agree-
ment with the previous study, H2O2 treatment did not reduce
global levels of ubiquitinylated proteins in S. cerevisiae (5) (Fig.
2F). However, we found that Cdc34 oxidation is associated with
reduced levels of Cdc34�ubiquitin thioesters and increased sta-
bility of Sic1, a Cdc34 substrate. Indeed, consistent with this effect,
Uba1 displays specificity in the formation of disulfide complexes
with one E2 enzyme, Cdc34, and, moreover, Cdc34 is more sen-
sitive to oxidation than other ubiquitin pathway E2 enzymes, in-
cluding those which have a cellular abundance similar to (Ubc1
and Ubc13) or higher than (Ubc4) that of Cdc34 (11) (Fig. 2D and
3A and B). The basis for the increased sensitivity of Cdc34 to
oxidation is unknown. It seems unlikely that the relative sensitiv-
ity of each E2 enzyme to oxidation is linked to its cellular location.
Indeed, Cdc34 appears to have a cellular distribution similar to
that of many of the other E2 enzymes which do not display in-
creased sensitivity (19). However, one possibility is that the cata-
lytic cysteine residue of Cdc34 is inherently more sensitive to ox-
idation than those of the other E2 enzymes. The E1-E2 disulfide
complex in the sumoylation pathway is also influenced by gluta-
thione (5). Similarly, we find that both diamide, a thiol-oxidizing
agent which oxidizes glutathione, and buthionine sulfoximine
(BSO) (14), an inhibitor of gamma glutamylcysteine synthetase,
the first enzyme in the glutathione synthesis pathway (encoded by
GSH1 in S. cerevisiae), induce the formation of the Uba1-Cdc34
disulfide complex (Fig. 2 to 4 and 7). Moreover, the addition of
reduced glutathione reverses the effects of BSO on Uba1-Cdc34
oxidation (Fig. 7, compare lanes 5 and 7). Thus, collectively, these
results suggest that glutathione influences the formation of the
Uba1-Cdc34 disulfide complex and the ubiquitinylation of down-
stream substrates of Cdc34.

Cdc34 is evolutionarily conserved between yeast and mammals
(31) and is a potential oncogene in humans (32). In S. cerevisiae,
Cdc34 regulates cell cycle progression through the ubiquitinyla-
tion of proteins such as the CDK inhibitor Sic1 (40) (Fig. 6). Sic1
is regulated by multiple mechanisms in the cell division cycle and
in response to stress (10, 29, 39, 40). Here, we demonstrate that
Sic1 is essential for viability when cells are exposed to diamide
(Fig. 6B) and, moreover, that diamide induces a delay in early cell
cycle progression by a Sic1-dependent mechanism (Fig. 6A and
D). However, in contrast to osmotic stress, we find no evidence

that diamide activates the Hog1 stress-activated protein kinase,
suggesting that these diamide-induced cell cycle inhibitory mech-
anisms are Hog1 independent (Fig. 6C). Instead, our results sug-
gest that Cdc34 oxidation contributes to the increased stabiliza-
tion of Sic1 (Fig. 6E), which is at least one Cdc34 target that is
important for the response of cells to diamide. We also find that
Sic1 is stabilized in response to H2O2 and, significantly, that this
corresponds to the timing of H2O2-induced cell cycle delay and
Cdc34 oxidation (Fig. 6F). Although we cannot rule out the influ-
ence of other diamide- and/or H2O2-induced regulatory mecha-
nisms on Sic1 stability or of the effects of the oxidation of Cdc34
on the ubiquitinylation of other substrates, our data suggest that
the regulation of Sic1 by diamide and H2O2 is linked to Cdc34
oxidation-dependent inhibition of ubiquitinylation and, hence,
degradation of Sic1 (Fig. 6). Interestingly, our analysis of sic1�
cells also suggests the existence of an additional Sic1-independent
mechanism(s) for oxidant-induced cell cycle delay (Fig. 6D), in
which it is possible that other targets of Cdc34-directed ubiquiti-
nylation could be involved. In our model, the cellular response to
specific oxidative stresses involves the induced oxidation of one
specific ubiquitin pathway E2 enzyme, Cdc34, blocking the cata-
lytic cysteine residue, which as a consequence contributes to the
inhibition of ubiquitinylation of a subset of proteins important for
adaptation to the conditions (Fig. 8).

In addition to our studies in yeast and the study of the sumoy-
lation pathway in mammalian cells (5), there is some evidence of
disulfide complex formation in the ubiquitinylation (involving E1
enzyme) and neddylation (involving E2 enzyme) pathways in
mammalian cells, although it is not clear in either case whether
these disulfides are in fact E1-E2 disulfides (23, 30). Nevertheless,
taken together, our work and that of others suggests that a key
element in the regulation of specific cellular responses to ROS
involves the oxidation of enzymes of several ubiquitin and Ubl
modification pathways. Ubiquitin and Ubl modification play key
roles in regulating diverse, fundamental cellular pathways. How-
ever, in contrast to other Ubl pathways, the ubiquitin pathway

FIG 7 Inhibition of Gsh1 by BSO stimulates formation of the Uba1-Cdc34
disulfide complex. Western blot analysis of extracts prepared under nonreduc-
ing conditions from cells (KD79) expressing Cdc34-Myc revealed that treat-
ment with 5 mM buthionine sulfoximine (BSO), an inhibitor of gamma glu-
tamylcysteine synthetase (Gsh1 in S. cerevisiae), for 0, 2 and 4 h stimulated the
formation of the Cdc34-Myc- and Uba1-containing HMW disulfide com-
plexes (lanes 1 to 6). Lanes 7 and 8 contain extracts from cells that were ex-
posed to BSO for 4 h (equivalent to lanes 5 and 6), except that 1 mM reduced
glutathione (�GSH) was added 2 h after the addition of BSO. Thus, compar-
ison of lanes 5 and 7 indicates that reduced GSH inhibits the formation of the
disulfide complex. Proteins were separated by SDS-PAGE (with or without
�-mercaptoethanol [�m] treatment prior to loading) and analyzed with anti-
Myc antibodies. Cdc34-Myc and the Cdc34-Myc- and Uba1-containing
HMW disulfide complexes are indicated (arrows). Molecular masses (in kilo-
daltons) are shown to the left.
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utilizes many E2 and E3 enzymes to determine target protein spec-
ificity (Fig. 1). The regulation of ubiquitinylation involves several
mechanisms, including phosphorylation of individual substrates
and/or enzymes in the ubiquitin pathway (20). Here, we have
identified a mechanism by which the ubiquitinylation of specific
substrates can be regulated by ROS that involves the relative sen-
sitivities of ubiquitin pathway E2 enzymes to oxidation and inhi-
bition.

ROS are generated as signaling effector molecules to regulate a
multitude of processes in mammals and plants. The sensitivity of
particular phosphotyrosine protein phosphatases to reversible in-
hibition by H2O2-induced oxidation has become established as a
key mechanism mediating H2O2 signal transduction through
changes in protein phosphorylation. Our data suggest that oxida-
tive stress regulates cell cycle progression in yeast by directly in-
hibiting the activity of a specific ubiquitin pathway E2 enzyme
and, thus, the ubiquitinylation of specific substrate(s). This raises
the possibility that the relative sensitivities of ubiquitin pathway
E2 enzymes to oxidation may also be important in mediating
specific ROS signal transduction to regulate other cellular re-
sponses. For instance, it is possible that the inhibition of one E2
enzyme may also drive ubiquitin through other E2 enzyme(s).
Indeed, our analysis of global ubiquitinylation suggests that
certain proteins become increasingly ubiquitinylated in re-
sponse to increasing concentrations of H2O2 (Fig. 2F). Deter-
mining the relative sensitivities to oxidation of particular ubiq-
uitin pathway E2 enzymes in eukaryotes will be key to
understanding the significance of redox-regulatory mecha-
nisms in the control of protein ubiquitinylation.
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