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The ubiquitin (Ub)-conjugating enzymes Ubc4 and Ubc5 are
involved in a variety of ubiquitination pathways in yeast, includ-
ing Rsp5- and anaphase-promoting complex (APC)-mediated
pathways. We have found the double deletion of /BC4 and
UBCS genes in yeast to be lethal. To investigate the essential
pathway disrupted by the ubc4/ubc5 deletion, several point
mutations were inserted in Ubc4. The Ubc4 active site mutation
C86A and the E3-binding mutations A97D and F63A were both
unable to rescue the lethal phenotype, indicating that an active
E3/E2~Ub complex is required for the essential function of
Ubc4/Ubc5. A mutation that specifically eliminates RING
E3-catalyzed isopeptide formation but not HECT E3 transthio-
lation (N78S-Ubc4) rescued the lethal phenotype. Thus, the
essential redundant function performed by Ubc4 and Ubc5 in
yeast is with a HECT-type E3, likely the only essential HECT in
yeast, Rsp5. Our results also suggest that Ubcl can weakly
replace Ubc4 to transfer mono-Ub with APC, but Ubc4 cannot
replace Ubcl for poly-Ub chain extension on APC substrates.
Finally, the backside Ub-binding mutant S23R-Ubc4 has no
observable effect in yeast. Together, our results are consistent
with a model in which Ubc4 and Ubc5 are 1) the primary E2s for
Rsp5 in yeast and 2) act as monoubiquitinating E2s in RING
E3-catalyzed pathways, in contrast to the processive human
ortholog UbcH5.

Ubiquitination, the process by which proteins are covalently
modified by the small protein ubiquitin (Ub),? is a versatile method
of regulation used in all eukaryotes from yeast to humans. Many
cellular pathways utilize ubiquitination as a regulatory mecha-
nism, including DNA repair, endocytosis, transcription, protein
trafficking, and protein quality control (1). Ubiquitination involves
a multienzyme reaction cascade in which the C terminus of Ub is
first activated in an ATP-dependent reaction by the ubiquitin-ac-
tivating enzyme (E1) and then transferred to the active site cys-
teine of a ubiquitin-conjugating enzyme (E2) to form an E2~Ub
conjugate (Fig. 1A4). Ultimately, E2~UDb transfers the Ub to a lysine
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side chain of a substrate in concert with a ubiquitin ligase (E3) (2).
Additional Ub may be transferred to a lysine on the first Ub to form
poly-Ub chains on a substrate.

Protein modification by a single Ub signals different cel-
lular fates than modification by poly-Ub chains (1). How-
ever, the determining factors for whether a substrate will be
mono- or polyubiquitinated are not well understood. It is
becoming increasingly clear that the E2 enzyme itself can be
the determining factor for product formation catalyzed by
RING (really interesting new gene)-type E3 ligases (3). For
example, the human RING E3 BRCA1/BARDI1 can function
with 10 different E2s, and the identity of the E2 determines
whether mono- or polyubiquitination is observed (4). In con-
trast, it is the E3 that determines the nature of the product in
HECT (homologous to E6AP carboxyl-terminal ligase)
E3-catalyzed Ub transfer (5).

The Ubc4/UbcHS5 E2 enzymes compose the largest E2 sub-
family. Most species have more than one member: there are
four members of this subfamily in humans (Ube2D1-4), four in
nematodes, 10 in Arabidopsis thaliana, and two in yeast (Ubc4
and Ubc5) (6). Even between species, individual members of
this subfamily are highly related. For example, UbcH5 shares
80% sequence identity with yeast Ubc4 and Ubc5. Ubc4 and
Ubc5 in yeast are 94% identical and are thought to have pre-
dominantly redundant cellular functions (7). The Ubc4/UbcH5
E2sare active with many E3s and show robust Ub transfer activ-
ity in vitro, often making them the E2 of choice for in vitro
assays with known or putative E3 ligases (8 —11). However, the
identity of E3s with which these E2s function in vivo is largely
unknown. Yeast Ubc4 is reported to function with many E3s in
yeast, including Rsp5 (12), the anaphase-promoting complex
(APC) (13), Pex10 (14), SCF (Skpl/cullin/E-box) (15), and
Not4p (16). It is likely that the pathways in which both UbcH5
and Ubc4 participate are widespread and numerous in both
yeast and humans.

Structural and mechanistic studies of UbcH5c have revealed
that a noncovalent interaction between Ub and the 3-sheet sur-
face of UbcH5 (named the “backside” because of its location on
the opposite side from the active site) is necessary for poly-Ub
chain formation. A backside surface mutation, S22R, specifi-
cally disrupts the noncovalent interaction between UbcH5 and
Ub and eliminates polyubiquitination but maintains mono-Ub
transfer with RING-type E3 ligases (17). The same mutation has
no effect on the ability of UbcH5 to transfer Ub with HECT-
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FIGURE 1. A, structure of Ubc4 (Protein Data Bank code 1QCQ) (27). The active site is indicated in yellow, with the essential active site cysteine Cys-86 in yellow
stick representation and the conserved Asn-78 in green stick representation. The Ub interaction site, or backside, is indicated in magenta, with Ser-23 in
magenta stick representation. The E3-binding surface is indicated in blue, with E3-binding residues Ala-97 and Phe-63 shown in blue stick representa-
tions. B, >N two-dimensional TROSY-HSQC NMR. Left panel, '°N-labeled Ubc4 spectrum (black) overlaid with a '*N-labeled Ubc4 spectrum in the
presence of excess Ub (red). Middle panel, ">N-labeled UbcH5c spectrum (black) overlaid with a spectrum of '*N-labeled UbcH5c in the presence of
excess Ub (red). Right panel, ">N-labeled S23R-Ubc4 spectrum (black) overlaid with a '>N-labeled S23R-Ubc4 spectrum in the presence of Ub (red). All E2

concentrations were 250 um.

type E3s.% This property affords an opportunity to parse out the
important functional properties of the Ubc4/UbcH5 family in
vivo through exploration of the effects of disrupting the Ub
backside binding by Ubc4 in a genetically tractable system, Sac-
charomyces cerevisiae.

While investigating the specific functions of Ubc4 in vivo, we
found that double deletion of yeast UBC4 and UBCS is lethal,
contrary to previous reports (7). Upon further investigation of
the essential pathway requiring Ubc4/Ubc5, we found that the
ability of Ubc4 to form a productive E3/E2~Ub complex is
essential. Because the essential pathway catalyzed by Ubc4 and
Ubc5 requires the E2 activity, we were able to ask mechanistic
questions about Ubc4-mediated Ub transfer in both RING and

3 C. M. Pickart, P. S. Brzovic, and R. E. Klevit, unpublished data.
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HECT E3-catalyzed pathways. Here, we demonstrate that the
ability of Ubc4 to noncovalently bind Ub is not essential and
provide evidence that the role of Ubc4 is to transfer mono-Ub
with RING E3s. Furthermore, we have isolated the essential
Ubc4/Ubc5 function to be one catalyzed by a HECT E3, likely
the essential HECT E3, Rspb.

EXPERIMENTAL PROCEDURES

Strains Used in This Study—Yeast strains are listed in Table
1. The exact open reading frames in the L/BC4 and UBCS genes
were deleted in BSY9 (W303) yeast by PCR product-mediated
gene replacement and verified by PCR analysis. A haploid
MAT a ubc4A::hphMX4 strain was mated with a haploid MATa
ubc5A::kanMX6 strain to create the heterozygous double dele-
tion UBC4/ubc4A,ubc5A/UBCS strain. The diploid strain was
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TABLE 1
S. cerevisiae strains used in this study

All strains are derived from strain BSY9 with the following genotype: MATa/MAT «
ade2-loc/ade2-1oc ADE3/ade3A100 can1-100/canl-100 CYH2s/cyh2r his3-11,15/
his3-11,15 leu2-3, 112/leu2-3,112 trp1-1/trpl-1 ura3-1/ura3-1.

Strain Relevant genotype Source
KSY1-2C  MATo ubcd4A:hphMX4 This study
KSY7-1C  MATa ubcSA:kanMX6 This study
KSY12-6D  URA3:ubc4-S23R ubc4A:hphMX4 ubc5A::kanMX6 This study
KSY16-3B  URA3::UBC4 ubc4A::hphMX4 ubc5A:kanMX6 This study
KSY26-2D  URA3:: UBCHSc ubc4A:hphMX4 ubc5A::kanMX6 This study
KSY27-5A  URA3:ubcHS5c-S22R ubc4A:hphMX4 ubcSA:kanMX6  This study
KSY28-8D  URA3:ubc4-N78S ubc4A::hphMX4 ubc5A:kanMX6 This study

sporulated, and the ability of the meiotic products to grow was
assessed. ubc4 mutants S23R, C86A, N78S, and A97D/F63A
and the wild-type UBC#4 gene with its native promoter were
cloned into the integrating vector pRS306. The mutants were
integrated at URA3 in a ubc4A haploid by linearization at URA3
with restriction enzyme BstBI. The successful ubc4 transfor-
mants were mated with the ubc5A deletion strain to create a
new strain with the following genotype: UBC4/ubc4A ubc5A/
UBCS5 URA3::ubc4/ura3-1. The diploid strain was sporulated,
and the growth of the meiotic products was assessed.

Growth Assay—Starter cultures of freshly dissected haploid
URA3::ubc4-N78S ubc4A ubc5SA and URA3:UBC4 ubc4A
ubc5A were grown overnight in YPD at 30 °C. The cultures
were used to inoculate YPD cultures in duplicate to an initial
reading of ~20 Klett units. Cultures were incubated at 30 °C
with shaking, and readings were taken every 30 min until the
end of the exponential phase (~125 Klett units). The doubling
time was calculated.

Stress Conditions—Yeast were grown on synthetic minimal
medium plus dextrose with various chemical stressors or ele-
vated temperatures to test phenotypic differences between
wild-type and S23R-Ubc4 mutant yeast, including heat shock at
37 and 42 °C (7), treatment with 50 ug/ml proline analog azeti-
dine 2-carboxylate, or treatment with 50 um CdCl, (18). Yeast
cultures were serially diluted from 0 to 1:1000 to grow single
colonies sufficient for comparison between wild-type and S23R
mutant strains.

NMR Spectroscopy—All NMR samples were prepared in 25
mMm sodium phosphate and 150 mm NaCl (pH 7.0), and data
were collected at 25 °C with a Bruker 500-MHz magnet. To test
Ub binding, 250 um '°N-labeled wild-type F2s UbcH5 and
Ubc4 were observed in the absence and presence of >10 molar
eq of unlabeled Ub. The presence of chemical shift perturba-
tions indicative of a binding event was observed by two-dimen-
sional TROSY-HSQC NMR. To test Ub-binding disruption by
the point mutant S23R, two-dimensional TROSY-HSQC NMR
spectra of 250 uM *°N-labeled S23R-Ubc4 were collected in the
absence and presence of 1 molar eq of Ub.

RESULTS

Ubc4d and Ubcs Perform an Essential Redundant Function—
To investigate the role of noncovalent Ub binding in the
determination of product formation by the UbcH5 family of
E2s, we first deleted both L/BC4 and UBCS5 in yeast to make a
strain into which we could reintroduce E2 mutants. Each
single deletion was viable with only a minor growth pheno-
type in the case of ubc4A (haploid colonies originating from
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FIGURE 2. A, meiotic products produced from tetrad dissection of MAT«
URA3:ubc4-N78S ubc4A:hphMX4 mated with MATa ubc5A:kanMX6. The
ubc4Aubc5A deletion was lethal but rescued by the insertion of
URA3::ubc4-N78S. N78S-Ubc4 rescued the lethal phenotype, but the yeast
cells were severely slow growing as seen when comparing the size of the
colonies grown from single spores. B, wild-type Ubc4- and S23R-Ubc4-con-
taining yeast. Strains were spotted in 10-fold dilutions from left to right onto
synthetic minimal medium plus dextrose containing 50 um CdCl, or 50 ug/ml
azetidine 2-carboxylate (AZC) or on plates incubated at 37 °C for48 h and then
allowed to recover at 30 °C for 48 h.

a single spore were consistently smaller than the ubc5A col-
onies), but the double ubc4Aubc5A deletion is lethal (Fig.
2A). The deletions of UUBC4 and UBCS5 were confirmed by
PCR. Thus, Ubc4 and Ubc5 act redundantly and perform an
essential function in yeast.

Yeast Ubc4 Binds Ub Noncovalently—Although yeast Ubc4
and human UbcH5 are highly similar in both sequence and
structure, there are several amino acid differences within the
backside Ub-binding site defined in the structure of a complex
of UbcH5 and Ub (17). We therefore verified the ability of Ubc4
to bind Ub directly by two-dimensional NMR. 'H,"N TROSY
HSQC spectra of *°N-labeled Ubc4 collected in the absence and
presence of excess Ub (>10 molar eq) confirmed an interaction
as indicated by the chemical shift perturbations between the
two spectra (Fig. 1B, left panel). Furthermore, we confirmed
that the backside S23R-Ubc4 mutation fully disrupts the non-
covalent interaction between Ub and yeast Ubc4 (red and black
spectra overlay perfectly) as predicted based on its homology to
UbcHS5 (Fig. 1B, right panel).

S23R-Ubc4 Rescues the Lethal Phenotype of ubc4Aubc5A—
The lethal phenotype of the double deletion ubc4Aubc5A pro-
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TABLE 2
Phenotypes of S. cerevisiae strains
NA, not applicable.

Description Effect of mutation Phenotype
ubc4A NA Slight growth retardation
ubcSA NA Normal
ubcdAubc5A NA Inviable
URA3::UBC#4 ubc4AubcSA NA Normal
URA3:ubc4-S23R ubc4AubcSA Eliminate Ub noncovalent binding Normal
URA3::UBCHS5c¢ ubc4Aubc5A Human homolog Normal
URA3:UBCHS5¢-S22R ubc4AubcSA Eliminate Ub noncovalent binding of human homolog Normal
URA3:ubc4-C86A ubc4AubcSA Eliminate conjugation of Ub at active site Inviable
URA3::ubc4-A97D,F63A ubcdAubc5A Eliminate RING and HECT E3 binding Inviable

URA3:ubc4-N78S ubc4Aubc5A

Eliminate isopeptide formation

Growth retardation

vides a straightforward strategy to investigate the importance of
the specific properties of Ubc4 (Fig. 14 and Table 2). Reintro-
duction of wild-type UBC4 rescues lethality. Reintroduction of
the backside mutant S23R-Ubc4 rescues the lethal phenotype
as well. Therefore, the ability of Ubc4 to bind Ub noncovalently
at its backside surface is not essential in yeast.

Ubc4 and Ubc5 are reported to play a role in the yeast cellular
stress response (7). To further investigate possible effects of
eliminating Ub noncovalent binding to Ubc4 in vivo, we tested
ubc4Aubc5A yeast rescued with either wild-type Ubc4 or S23R-
Ubc4 under several cellular stress conditions. Stress tests
included heat shock at 37 and 42 °C (7), sensitivity to the proline
analog azetidine 2-carboxylate), and CdCl, sensitivity (18).
There were no significant differences under any condition,
indicating that the ability of yeast Ubc4 to bind Ub does not
contribute to the enzyme’s function under stress conditions at a
detectable level (Fig. 2B).

Human wild-type UbcH5c and S22R-UbcH5c¢ were intro-
duced into the double deletion strain under the control of the
UBC4 promoter. Both forms of UbcHS5 rescued the lethal phe-
notype, indicating functional complementarity between the E2
orthologs in yeast.

The Essential Function Requires an Active E3/E2~Ub
Complex—To further investigate the specific function of Ubc4/
Ubc5 that is essential for yeast viability, additional Ubc4 muta-
tions were reintroduced. Insertion of the active site mutant
C86A-Ubc4, which is unable to conjugate Ub at its active site,
did not rescue the lethal phenotype, indicating that the E2 enzy-
matic activity of Ubc4 is essential. The double mutant A97D/
F63A, which abrogates interactions with both RING and HECT
E3s (4, 19), did not rescue the lethal phenotype, indicating that
the essential function of Ubc4 involves formation of a produc-
tive E2-E3 complex.

The Essential Function of Ubc4 and Ubc5 Requires a HECT-
type E3—Ubc4 is active with several E3 ligases, including the
HECT E3 Rsp5 (5, 12, 20) and the RING E3 complex APC (13).
Although several RING E3s are essential in yeast, only one of
the five HECT E3s is essential, Rsp5 (21). To identify the class of
E3(s) involved in the essential function of Ubc4/Ubc5, we took
advantage of the mechanistic difference between the two. In a
RING E3-catalyzed reaction, the E2~Ub thioester bond is
directly attacked by the nucleophilic lysine of the substrate to
form an isopeptide bond. In a HECT-catalyzed reaction, the
E3/E2~Ub pair performs a transthiolation reaction in which
the Ub attached to the E2 transfers to the active site cysteine of
the HECT E3, which then catalyzes the formation of the isopep-
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tide bond to the lysine of a substrate. To distinguish between a
RING- or HECT-dependent essential Ubc4 pathway, we used a
mutation that abolishes activity with RING-type E3s but does
not affect the transfer of Ub between an E2 and HECT-type E3s.
Mutation of the highly conserved near-active site residue
Asn-77 (UbcH5 numbering) in all E2s tested eliminates RING-
catalyzed Ub transfer (22—24) but does not affect HECT-cata-
lyzed activity, providing a direct way to differentiate between
RING- and HECT-catalyzed reactions in vivo (22, 23).

Introduction of an N78S-Ubc4 insert rescued the lethal phe-
notype (Fig. 2A4), indicating that the essential function per-
formed by Ubc4/Ubc5 involves a HECT-type E3. Rsp5 is the
only essential HECT in yeast and is therefore the most likely E3
candidate for the essential Ubc4/Ubc5 pathway. Additionally,
the ability of S23R-Ubc4 to rescue lethality as reported above is
consistent with the essential function of Ubc4/Ubc5 being
HECT-mediated, as HECT-type E3s are not sensitive to the
S22R mutation in UbcH5.?

Rsp5 has been shown to be active with three E2s in vitro:
Ubc4, Ubc5, and Ubcl (5). The ability of N78S-Ubc4 to rescue
the lethal phenotype also reveals that Ubcl is not redundant
with Ubc4/Ubc5 for the essential Rsp5-mediated pathway in
vivo because the nonviable ubc4AubcSA strain contains endog-
enous Ubcl.

Nonessential Functions of Ubc4 with RING E3s Involve Trans-
fer of Mono-Ub but Not Poly-Ub Chain Elongation—Although
N78S-Ubc4 rescued the double deletion, it resulted in a severe
growth phenotype (haploid colonies originating from a single
spore were consistently much smaller than all other colonies)
(Fig. 2A). In liquid culture, yeast cells relying on N78S-Ubc4
grew half as fast as a strain relying on wild-type Ubc4 (doubling
time of 195 min compared with 104 min) (Fig. 3). Thus, resto-
ration of the essential Ubc4 function (with Rsp5) unmasks a
second critical but nonessential Ubc4 function, which must
involve a RING-type E3. APC has been shown to require both
Ubc4 and Ubcl for its function in yeast, and of the 13 yeast E2s,
only Ubc4, Ubc5, and Ubcl are active with the APC (13). Ubc4
serves as the “priming” E2 with APC, transferring mono-Ub to
substrates that are subsequently polyubiquitinated by APC and
another yeast E2, Ubcl (13). Therefore, the inability of N78S-
Ubc4 to perform the first priming Ub transfer to APC sub-
strates could result in slower growth rates, as shown in Figs. 24
and 3.

Ubcl was shown to be essential for APC function, and the
ubclA deletion is inviable (13, 25). This result, taken together
with the slow growth phenotype of N78S-Ubc4, indicates that

VOLUME 286+NUMBER 17+APRIL 29, 2011



Essential Ubc4/Ubc5 Function in Yeast Is HECT E3-dependent

5.5

y =0.0069x + 2.5879
5 A

Yy

S5 a
ﬁ -=WT
]
~ --N78S
- 35
- / y=0.0036x+2.9877

3

2.5 T T 1
0 200 400 600
Time (min)

FIGURE 3. Growth curves of wild-type Ubc4 and N78S-Ubc4 yeast demon-
strate a nearly 2-fold decrease in doubling time for the mutant. Natural
log Klett units were plotted against time. The slope of the data gives the
growth constant, k, which can be used to calculate the doubling time by g =
In 2/k. The Ubc4 yeast doubling time averaged over two replicates was 104
min. The N78S-Ubc4 yeast doubling time averaged over two replicates was
195 min.

although Ubc1 can weakly function in place of Ubc4, Ubc4 can-
not replace the role of Ubcl as a chain-elongating E2 in the
essential APC pathway. Finally, the lack of an S23R-Ubc4 phe-
notype is consistent with a model in which Ubc4 transfers only
mono-Ub with RING E3s, a function that does not require the
ability to bind Ub on the backside site of the E2.

DISCUSSION

Our initial investigation into the role of noncovalent Ub
binding by the UbcH5 family of E2s in determining product
formation in vivo led to several important findings concerning
the functionality of Ubc4 with both HECT and RING-type E3s
in yeast. First, the E2s Ubc4 and Ubc5 perform an essential
redundant function. In a previous study, deletion of both genes
in yeast was reported to yield only a heat sensitivity phenotype
(7), although another recent study found the double deletion to
be lethal (26). We cannot rule out the possibility that the lethal
phenotype is strain-specific. However, ubc4AubcSA lethality is
not surprising given that known Ubc4 pathways include the
essential HECT E3 Rsp5- and RING E3 APC-mediated
pathways.

Second, the essential Ubc4/Ubc5 pathway requires the ability
to form a productive E3/E2~Ub complex. Third, the use of a
mechanism-specific E2 mutation, N78S-Ubc4, allowed us to
determine that the required E3 belongs to the HECT class of E3
ligases. As the only essential HECT in yeast, Rsp5 is likely the
essential HECT E3 pathway catalyzed by Ubc4. Our results sug-
gest that the E2 Ubcl, which has reported activity with Rsp5 in
vitro (5), cannot rescue the lethal phenotype when the UBC4
and UBCS5 genes are deleted, indicating that endogenous Ubcl
is not able to participate in the essential Rsp5 pathway in vivo.

Fourth, the ability of S23R-Ubc4 to rescue the lethal pheno-
type indicates that the essential function of Ubc4/Ubc5 does
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not require the E2 to bind a second Ub on its backside, a prop-
erty required for poly-Ub chain elongation with the human
homolog UbcH5 and RING E3s. The lack of an S23R phenotype
is consistent with a model in which Ubc4 transfers mono-Ub
with RING E3s but does not extend poly-Ub chains. For exam-
ple, Ubc4 and Ubcl play a critical role with the essential RING-
type E3 APC in a sequential mechanism by which Ubc4 trans-
fers the first Ub, and Ubcl elongates poly-Ub chains onto APC
substrates (13). The RING-specific N78S-Ubc4 mutant demon-
strates that in the absence of a RING-active Ubc4 or Ubc5,
Ubcl is able to weakly replace the role of Ubc4 to transfer the
first Ub onto APC substrates: the yeast cells survive, but are
slow growing. However, the ubclA deletion is lethal (13, 25), so
endogenous Ubc4 cannot replace Ubcl, i.e. Ubc4 does not build
polyubiquitin chains, unlike its highly homologous human rel-
ative, UbcH5.

In summary, we found that the essential function performed
by Ubc4 is HECT E3-dependent and that nonessential but crit-
ical functions of Ubc4 with RING E3s, such as the APC, do not
require Ubc4 to elongate poly-Ub chains. Thus, although yeast
Ubc4 has 80% identity to its human ortholog UbcH5c, the data
presented here suggest that these homologous E2s play differ-
ent roles in the process of Ub transfer. Although UbcH5 can
both transfer the first Ub and builds poly-Ub chains, the roles of
Ubc4 in yeast do not require the ability to extend poly-Ub
chains with RING E3s.

Acknowledgments—We gratefully acknowledge Kristen Greenland
for assistance with yeast genetics and Dawn Wenzel, Richard Gard-
ner, Matthew Schwartz, and John Caldwell for critical reading.

REFERENCES

1. Pickart, C. M. (2001) Annu. Rev. Biochem. 70, 503—-533
2. Pickart, C. M., and Eddins, M. J. (2004) Biochim. Biophys. Acta 1695,
55-72
3. Ye, Y., and Rape, M. (2009) Nat. Rev. Mol. Cell Biol. 10, 755-764
4. Christensen, D. E., Brzovic, P. S., and Klevit, R. E. (2007) Nat. Struct. Mol.
Biol. 14, 941-948
5. Kim, H. C., and Huibregtse, J. M. (2009) Mol. Cell. Biol. 29, 3307-3318
6. Michelle, C., Vourc’h, P., Mignon, L., and Andres, C. R. (2009) /. Mol. Evol.
68,616—-628
7. Seufert, W., and Jentsch, S. (1990) EMBO J. 9, 543-550
8. Zheng, N, Wang, P., Jeffrey, P. D., and Pavletich, N. P. (2000) Cell 102,
533-539
9. Brzovic, P. S, Keeffe, J. R., Nishikawa, H., Miyamoto, K., Fox, D., 3rd,
Fukuda, M., Ohta, T., and Klevit, R. E. (2003) Proc. Natl. Acad. Sci. U.S.A.
100, 5646 5651
10. Petroski, M. D., and Deshaies, R. ]. (2005) Cell 123, 1107-1120
11. Kirkpatrick, D. S., Hathaway, N. A., Hanna, ], Elsasser, S., Rush, J., Finley,
D., King, R. W., and Gygj, S. P. (2006) Nat. Cell Biol. 8, 700~710
12. Gwizdek, C., Hobeika, M., Kus, B., Ossareh-Nazari, B., Dargemont, C., and
Rodriguez, M. S. (2005) J. Biol. Chem. 280, 13401-13405
13. Rodrigo-Brenni, M. C., and Morgan, D. O. (2007) Cell 130, 127-139
14. Williams, C., van den Berg, M., Geers, E., and Distel, B. (2008) Biochem.
Biophys. Res. Commun. 374, 620 — 624
15. Kus, B. M., Caldon, C. E., Andorn-Broza, R., and Edwards, A. M. (2004)
Proteins 54, 455—467
16. Mulder, K. W, Inagaki, A., Cameroni, E., Mousson, F., Winkler, G. S., De
Virgilio, C., Collart, M. A., and Timmers, H. T. (2007) Genetics 176,
181-192
17. Brzovic, P. S., Lissounov, A., Christensen, D. E., Hoyt, D. W., and Klevit,
R. E. (2006) Mol. Cell 21, 873—880

JOURNAL OF BIOLOGICAL CHEMISTRY 15169



Essential Ubc4/Ubc5 Function in Yeast Is HECT E3-dependent

18.
19.
20.
21.

22.

23.

24.

25.

Hwang, G. W., Furuchi, T., and Naganuma, A. (2008) Life Sci. 82, 1182-1185
Nuber, U., and Scheffner, M. (1999) /. Biol. Chem. 274, 7576 —7582
Heiligenstein, S., Eisfeld, K., Sendzik, T., Jimenéz-Becker, N., Breinig, F.,
and Schmitt, M. J. (2006) EMBO J. 25, 4717—4727

Hein, C., Springael, J. Y., Volland, C., Haguenauer-Tsapis, R., and André,
B. (1995) Mol. Microbiol. 18, 77— 87

Wu, P. Y., Hanlon, M., Eddins, M., Tsui, C., Rogers, R. S., Jensen, J. P.,
Matunis, M. J., Weissman, A. M., Wolberger, C., and Pickart, C. M. (2003)
EMBOJ. 22, 5241-5250

Ozkan, E., Yu, H., and Deisenhofer, J. (2005) Proc. Natl. Acad. Sci. U.S.A.
102, 1889018895

Sakata, E., Satoh, T., Yamamoto, S., Yamaguchi, Y., Yagi-Utsumi, M., Ku-
rimoto, E., Tanaka, K., Wakatsuki, S., and Kato, K. (2010) Structure 18,
138147

Giaever, G., Chu, A. M., Ni, L., Connelly, C,, Riles, L., Véronneau, S., Dow,
S., Lucau-Danila, A., Anderson, K., André, B., Arkin, A. P., Astromoff, A.,

15170 JOURNAL OF BIOLOGICAL CHEMISTRY

26.

27.

El-Bakkoury, M., Bangham, R, Benito, R., Brachat, S., Campanaro, S., Cur-
tiss, M., Davis, K., Deutschbauer, A., Entian, K. D., Flaherty, P., Foury, F.,
Garfinkel, D. J., Gerstein, M., Gotte, D., Giildener, U., Hegemann, J. H.,
Hempel, S., Herman, Z., Jaramillo, D. F., Kelly, D. E.,, Kelly, S. L., Kotter, P.,
LaBonte, D, Lamb, D. C,, Lan, N,, Liang, H., Liao, H., Liu, L., Luo, C,,
Lussier, M., Mao, R., Menard, P., Ooi, S. L., Revuelta, J. L., Roberts, C. J.,
Rose, M., Ross-Macdonald, P., Scherens, B., Schimmack, G., Shafer, B.,
Shoemaker, D. D., Sookhai-Mahadeo, S., Storms, R. K., Strathern, J. N,
Valle, G., Voet, M., Volckaert, G., Wang, C. Y., Ward, T. R., Wilhelmy, J.,
Winzeler, E. A, Yang, Y., Yen, G., Youngman, E., Yu, K., Bussey, H., Boeke,
J. D., Snyder, M., Philippsen, P., Davis, R. W., and Johnston, M. (2002)
Nature 418, 387-391

Panasenko, O. O., David, F. P., and Collart, M. A. (2009) Genetics 181,
447-460

Cook, W. J., Jeffrey, L. C., Xu, Y., and Chau, V. (1993) Biochemistry 32,
13809 -13817

VOLUME 286+NUMBER 17+APRIL 29, 2011



