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The Cdc34 E2 ubiquitin (Ub) conjugating enzyme catalyzes polyubiquitination of a substrate recruited by the
Skp1-Cullin 1-F-box protein—-ROC1 E3 Ub ligase. Using mutagenesis studies, we now show that human Cdc34
employs distinct sites to coordinate the transfer of Ub to a substrate and the assembly of polyubiquitin chains.
Mutational disruption of the conserved charged stretch (residues 143 to 153) or the acidic loop residues D102
and D103 led to accumulation of monoubiquitinated IkBa while failing to yield polyubiquitin chains, due to
a catalytic defect in Ub-Ub ligation. These results suggest an ability of human Cdc34 to position the attacking
Ub for assembly of polyubiquitin chains. Analysis of Cdc34™%52 and Cdc345"3%* revealed severe defects of these
mutants in both poly- and monoubiquitination of IkBa, supporting a role for N85 in stabilizing the oxyanion
and in coordinating, along with S138, the attacking lysine for catalysis. Finally, Cdc345°°" and Cdc34*'084/E1124
abolished both poly- and monoubiquitination of IkBa.. Unexpectedly, the catalytic defects of these mutants in di-Ub
synthesis can be rescued by fusion of a glutathione S-transferase moiety at E2’s N terminus. These findings support
the hypothesis that human Cdc34 S95 and E108/E112 are required to position the donor Ub optimally for catalysis,

in a manner that might depend on E2 dimerization.

By eliminating proteins in a selective and rapid fashion,
ubiquitin (Ub)-dependent proteolysis imposes profound alter-
ation over a wide range of biological processes that include cell
growth and death, development, signal transduction, transcrip-
tional control, genomic integrity, membrane trafficking, and
tumor suppression (7, 22). Of central importance is the unique
modification step, termed ubiquitination, through which a tar-
get protein is tagged with lysine 48-linked polyubiquitin chains.
The polyubiquitinated protein is recognized by the 26S pro-
teasome, which catalyzes degradation of the substrate.

Ubiquitination requires activation of the monomeric Ub
through formation of an initial thiol-ester bond with the E1
activating enzyme, followed by transfer of the thiol-ester-
linked Ub to an E2 conjugating enzyme (7). Assembly of sig-
naling Ub chains attached to a substrate is typically mediated
by an E3 Ub ligase, owing to its capability to recognize both the
substrate and an E2 enzyme (22). Two main classes of E3 are
defined by the presence of either a HECT domain or a RING
finger motif. While HECT E3s utilize a conserved catalytic
cysteine residue forming a thiol-ester intermediate with Ub,
RING E3s recruit the E2 enzyme via the RING domain and
promote the transfer of Ub from E2 to a bound substrate (22).

The cullin (CUL)-based RING family of E3 Ub ligases (17,
19) is characterized by two signature components, namely, a
CUL family molecule containing a conserved CUL domain
(10, 36, 38) and its RING finger partner, ROC1/Rbx1/Hrt1 (9,
16, 25, 27, 29) (or APC11 in APC/C [16]). The prototypical
SCF (Skp1l-CULI1-F-box protein-ROC1) E3 utilizes CUL1 to
assemble both an Skp1-F-box protein heterodimeric substrate-
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targeting module and a ROC1 RING-based Ub core ligase (18,
34, 39). The multiple interactions among SCF components
place the F-box protein (a member of a large family of sub-
strate-targeting molecules [8]) within the proximity of ROCI,
which recruits an E2 conjugating enzyme (1, 25, 27). Conse-
quently, a substrate, once bound to the F-box protein, is posi-
tioned optimally for accepting a Ub moiety in an E2-catalyzed
transfer reaction. Ub transfer and the assembly of polyubig-
uitin chains are stimulated by NeddS8, which is conjugated to
CUL1 at K720 (reviewed in reference 17).

Cdc34 is the class II E2 conjugating enzyme capable of
working with SCF and the VHL E3 for ubiquitination in vitro
(3, 15, 28, 29, 34). Saccharomyces cerevisiae Cdc34 (ScCdc34),
encoded by an essential gene, promotes the G,-to-S-phase
transition by mediating the Ub-dependent degradation of the
Sicl CDK inhibitor in a fashion depending on the SCF<“** E3
(5, 11). The human Cdc34 cDNA can functionally substitute
for ScCdc34 (24), underscoring a functional conservation be-
tween the two orthologs.

Previous studies have identified multiple sites required for
the function of Cdc34. Work with yeast (12, 26), subsequently
confirmed for humans (33), has established the indispensable
role of the C-terminal tail of Cdc34 in mediating interactions
with SCF. In addition, conserved ScCdc34 S97 (S95 in human
Cdc34) is essential for cell viability (14) and is required for
supporting E2 monomer interactions or polyubiquitin chain
assembly on the E2 protein (32). Other critical ScCdc34 sites
include a conserved acidic insertion loop (residues 103 to 114
[residues 102 to 113 in humans]) (14, 23) and the charged
cluster (residues D144, D148, R150, K151, and E154 [residues
D143, R149, K150, and E153 in humans]) (23).

How Cdc34 assembles a Ub chain onto a substrate remains
poorly understood. In an attempt to understand how an SCF
substrate engages a Ub-charged Cdc34 (Cdc34~S~Ub) for
nucleophilic attack, a diffusion-driven collision model was pro-
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posed, based on experimental data suggesting a requirement
for prompt release of Ub-charged Cdc34 from SCF (2). How-
ever, an alternative view was presented in a more recent study,
arguing that the productive interactions between SCF and
Cdc34~S~Ub drive the transfer of Ub to a bound substrate
(21). In addition, Petroski and Deshaies (20) recently proposed
that attachment of the first Ub to the Sicl substrate is a rate-
limiting event. In their study, it was revealed that while the
conserved ScCdc34 acidic loop is required for assembly of
extensive polyubiquitin chains, it is dispensable for the attach-
ment of the first Ub to Sicl.

One intriguing issue is whether Cdc34 functions in a dimeric
form, which was originally proposed by Ellison and colleagues,
who suggested that conjugation of a thiol-linked Ub promoted
dimerization of ScCdc34 (32). We have reported that when
placed into proximity by forced dimerization, human Cdc34 is
evidently more active to catalyze Ub-Ub ligation (4). It was
then proposed that juxtaposed human Cdc34 molecules might
dimerize, creating a new binding site to properly position the
acceptor Ub, reminiscent of the MMS2-Ubc13 heterodimer
model (31). However, it is also possible that forced E2 dimer-
ization may drive high local concentrations of Cdc34~S~Ub.
This proximity effect could explain increased di-Ub synthesis,
provided that one thiol-linked Ub could serve as the donor and
the other could serve as the acceptor. Indeed, it was demon-
strated recently that Ube2g2, an E2 conjugating enzyme with
the acidic loop, requires two Ub-charged E2 molecules to
catalyze di-Ub formation (13).

To further our understanding of Cdc34-catalyzed polyubig-
uitination, we have constructed and characterized a panel of
mutant human Cdc34 enzymes. Our results have revealed in-
triguing properties of human Cdc34 in coordinating the attack-
ing lysine, the donor, and the acceptor Ub for catalysis.

MATERIALS AND METHODS

Plasmids. Cdc34 point mutants were created by site-directed mutagenesis with
a QuikChange kit (Stratagene), using pET3a-HA-His-Cdc34 (33) as the template
and the following primers: for Cdc34N%°° CCAAGATGTGGCACCCTCAAA
TCTACGAGACGGGGGACG (5") and CGTCCCCCGTCTCGTAGATTTGA
GGGTGCCACATCTTGG (3"); for Cde34Y874, GGCACCCTAACATCGCCG
AGACGGGGGACG (5') and CGTCCCCCGTCTCGGCGATGTTAGGG
TGCC (3'); for Cdc345°P, CGGGGGACGTGTGTATCGACATCCTCCACC
CGCCGG (5") and GCCCCCTGCACACATAGCTGTAGGAGGTGGGC
GGCC (3'); for Cdc34P1024P1034 ' CCGCCGGTGGCCGCCCCCCAGAG (5')
and CTCTGGGGGGCGGCCACCGGCGG (3'); for Cdc34FIBAELRACAG
AGCGGGGCGCTGCCCTCAGCGAGGTGGAAC (5') and GTTCCACCTC
GCTGAGGGCAGCGCCCCGCTCTG (3'); and for Cde3451384, CGAGCCC
AACACCTTCGCGCCCGCAAACG (5") and CGTTTGCGGGCGCGAAGG
TGTTGGGCTCG (3'). Cdc34P143AMISTARIOAKISIAEISIA (Cdc345A) was
generated by two rounds of mutagenesis. In the first step, Cdc34P143AMI47AKISOA
was created using the primers GCAAACGTGGCCGCCTCCGTGGCGTACA
GGGCGTGGAAAGAGAGC (5') and GCTCTCTTTCCACGCCCTGTACGC
CACGGAGGCGGCCACGTTTGC (3'). The resulting DNA was then used as
a template to construct Cdc34°* by employing primers CCGTGGCGTACGC
GGCGTGGAAAGCGAGCAAGGGGAAGG (5') and CCTTCCCCTTGCT
CGCTTTCCACGCCGCGTACGCCACGG (3'). Glutathione S-transferase
(GST)-Cdc34 mutants were constructed using pGEX-GST-Cdc34 (4) as the
template and the PCR primers described above. To create pFast-FKBP-L-Flag-
Cdc34F108AELRA - hEast-1 -Flag-Cdc34 (4) was used as the template and the
mutagenesis primers were as described above.

To generate Ub’, a stop codon was introduced at Ub Gly”® by PCR, using
pET15-His-HA-PK-Ub (29) as the template and primers GGTCCTGCGTCTG
AGATGAGGTTAAGGATCCGGCTGC (5') and CCAGGACGCAGACTCT
ACTCCAATTCCTAGGCCGACG (3).

To construct pFast-Flag-TKKBS!77E/SI81E hRC-B-actin-HA-IKKES!77E/S181E
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(see reference 29 and references therein) was used as a template for PCR with
the primers AAAAAGCTTGATTATAAAGATGATGATGATAAAATGAGC
TGGTCACCTTCCC (5") and AAAAAGCTTTCATGAGGCCTGCTCCAGG
(3'). The resulting fragment, deleted of the hemagglutinin (HA) tag but con-
taining the Flag epitope at the N terminus of IKKBS!77E/SISIE wag then sub-
cloned into the pFast-Bacl vector (Bac-to-Bac baculovirus expression system;
Invitrogen), creating pFast-Flag-TKK@S!77E/SISIE

To construct pGEX-2TK-IkBa(1-54), the DNA sequence containing the first
54 amino acids of IkBa was amplified by PCR (Expand High Fidelity PCR
system; Roche) from pGEX-IkBa(1-54) (see reference 29 and references
therein), using a BamHI restriction site-containing 5’ primer, ACGGGATCCC
GTATGTTCCAGGCGGC, and an EcoRI restriction site-containing 3’ primer,
GGAATTCCTCAGAGGCGGATCTCCTG, per the manufacturer’s protocols
(restriction sites are shown in bold). The ends were digested with the BamHI and
EcoRI enzymes overnight and ligated into a similarly digested pGEX-2TK vector
(Amersham Biosciences).

All constructs were verified by DNA sequencing.

Baculoviruses. To construct baculoviruses expressing Flag-IKK]
and FKBP-L-Flag-Cdc34E108AEIRA " hRast-Flag-IKKRS!77ESIBIE and pFast-
FKBP-L-Flag-Cdc34E108AEL2A regpectively, were transformed into competent
DH10Bac cells. The bacmid DNAs were isolated following the manufacturer’s
instructions. Baculoviruses were prepared as described previously (4).

Proteins. The wild-type and mutant forms of human Cdc34, encoded in the
pET3a-HA-His-Cdc34 vector, were expressed in bacteria and purified as previ-
ously described (33), with modifications. Following affinity purification with Ni-
nitrilotriacetic acid (QIAGEN), imidazole-eluted Cdc34 was dialyzed against
buffer A (25 mM Tris-HCI, pH 7.5, 1 mM EDTA, 0.01% Nonidet P-40, 10%
glycerol, 1 mM dithiothreitol [DTT], 0.1 mM phenylmethylsulfonyl fluoride, 0.2
pg/ml of antipain and leupeptin) plus 100 mM NaCl. The resulting material was
chromatographed on a Mono Q HR 10/10 column (Amersham Pharmacia Bio-
science), and bound proteins were eluted with a gradient of 100 to 500 mM NaCl
in buffer A. Cdc34 peaked at about 360 mM NaCl, as determined by Coomassie
staining following separation by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE). After concentration with a centrifugal filter device
(Millipore), Cdc34 was filtrated by fast-performance liquid chromatography,
using a Superose 6 tricorn column (Amersham Pharmacia Bioscience) preequili-
brated with buffer A plus 150 mM NaCl. Cdc34 migrated at a position similar to
that of bovine serum albumin (BSA). All Cdc34 point mutants behaved identi-
cally to the wild type. The yield for wild-type and mutant Cdc34 was between 0.5
and 1 mg per 2 liters of culture.

GST-Cdc34 and mutants, encoded in pGEX-GST-Cdc34, were expressed in
bacteria and purified as previously described (4). All of the mutants behaved
identically to the wild-type enzyme and possessed Stokes radii consistent with
dimers (4). The yield for GST-Cdc34 and mutants was 0.5 to 1 mg per 1 liter of
culture.

For expression of His-HA-PK-UbX*R or His-HA-PK-Ub’*, pET15-His-HA-
PK-UbK*R or pET15-His-HA-PK-Ub7* was transformed into pJY2 (Affiniti)-
containing Escherichia coli BL21(DE3) cells. Induction and purification (through
Ni-nitrilotriacetic acid) were identical to those described for the preparation of
Cdc34 (33). Purified His-HA-PK-Ub’* was kept in phosphate-buffered saline
plus 1 mM DTT. The yield for Ub’* was 20 mg (5 mg/ml) per 3 liters of culture.

FKBP-L-Flag-Cdc34F108A/EN2A wag expressed in infected High Five cells (two
T150 flasks) treated with or without AP20187. Both the free and AP20187-bound
dimeric FKBP-L-Flag-Cdc34F108AEL2A proteins were purified through an M2
affinity matrix. Detailed procedures were described previously (4). The yields of
monomeric and dimeric FKBP-L-Flag-Cdc34E108AEL2A were 75 pg (0.75 mg/
ml) and 100 g (1 mg/ml), respectively.

For large-scale purification of Flag-TIKK@S177E/SI81E "3 5 107 Sf9 cells were
infected (multiplicity of infection [MOI] = 10) with baculovirus for 48 h at 27°C.
Cells were harvested, extract was prepared, and the protein was purified as
described previously (4).

SCFFTTCP2  ROC1-CUL1%2#77¢) PK-Ub, Nedd8, and Ubcl2 were prepared
using procedures described previously (29, 33). GST-2TK-IkBa(1-54) was ex-
pressed in bacteria and purified by affinity chromatography using a glutathione
matrix followed by gel filtration using a Superose 6 tricorn column (Amersham
Pharmacia Bioscience).

Preparation of 3?P-GST-IkBa(1-54) for ubiquitination. To prepare IKKp-
phosphorylated 3?P-GST-2TK-IkBa(1-54), we used a two-step procedure. Ini-
tially, GST-2TK-IkBa(1-54) was phosphorylated by IKKR in a reaction mixture
(100 wl) containing 50 mM Tris-HCI (pH 7.4), 10 mM MgCl,, 0.5 mM DTT, 1
mM ATP, 0.1 mg/ml of BSA, GST-2TK-IkBa (23 p.g), and Flag-IKK@S!77E/S181E
(0.1 pg). The reaction mix was incubated for 15 min at 37°C. A second aliquot
of kinase (0.1 pg) was added, and the incubation was continued for 15 min at

BS]77E/S]8]E
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Catalytic properties of Cdc34 revealed by previous studies
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FIG. 1. Functional domains of human Cdc34. A schematic representation of domains within human Cdc34 which are responsible for catalysis,
multi-Ub chain assembly, and interactions with ROC1-CULI for the efficient synthesis of Ub polymers is shown. Mutants made and analyzed in

this study are indicated on the left, with their positions marked.

37°C. EDTA was then added to a final concentration of 10 mM. The IKK-
phosphorylated GST-2TK-IkBa was adsorbed to glutathione beads (30 pl), and
the resulting matrix was washed to remove IKKB and ATP. The bound IKK-
phosphorylated GST-2TK-IkBa was then 3P labeled by cyclic AMP kinase in a
reaction mixture (100 pl) that contained 20 mM Tris-HCI (pH 7.4), 12 mM
MgCl,, 50 mM NaCl, 25 uM ATP, 0.1 mg/ml of BSA, 2 mM NaF, [y-**P]ATP
(50 pCi), and cyclic AMP kinase (10 units; Sigma). The reaction mix was incu-
bated at 37°C for 30 min on a thermomixer (1,300 rpm; Eppendorf). Following
washing of the beads, the bound 3?P-labeled substrate was eluted with buffer A
plus 50 mM NaCl and 20 mM glutathione. The eluate was adjusted by buffer
exchange to contain 25 mM Tris-HCI (pH 7.5), 1 mM EDTA, 0.01% NP-40, 10%
glycerol, and 50 mM NaCl. After concentration, the 3*P-GST-2TK-IkBa con-
centration was estimated to be 0.5 pmol per pl. The yield for this procedure is
about 20%.

Neddylation. SCFPT™“F2 (~(0.5 pmol) bound to anti-HA beads (20 pl) or
ROCI1-CUL1%**77° was neddylated in a reaction mixture (final volume of 30 1)
that contained 50 mM Tris-HCl, pH 7.4, 5 mM MgCl,, 2 mM NaF, 10 nM
okadaic acid, 2 mM ATP, 0.6 mM DTT, 0.1 mg/ml BSA, Nedd8 (0.5 pM),
APP-BP1/Uba3 (3.3 nM), and Ubc12 (1.5 pM). The mixture was incubated for
5 min at room temperature.

Ubiquitination. Neddylated SCFF1T“F2 (~25 nM or indicated amount) bound
to anti-HA beads (20 wl) was incubated in a mixture that contained 50 mM
Tris-HCI, pH 7.4, 5 mM MgCl,, 2 mM NaF, 10 nM okadaic acid, 2 mM ATP, 0.6
mM DTT, 0.1 mg/ml BSA, **P-GST-2TK-IkBa (20 nM), Ub (8 uM), E1 (10
nM), and Cdc34 or mutant (in the indicated amounts). The reaction mix was
incubated at 37°C for 60 min or specified times on a thermomixer (1,300 rpm;
Eppendorf). The reaction products were visualized by autoradiography after
separation by 4 to 20% SDS-PAGE.

Di-Ub synthesis. (i) Multiple-turnover assay. The reaction mixture (30 pl)
contained 50 mM Tris-HCI, pH 7.4, 5 mM MgCl,, 2 mM NaF, 10 nM okadaic
acid, 2 mM ATP, 0.6 mM DTT, 0.1 mg/ml BSA, 32P-UbK4SR (50 pmol), bovine
Ub (bUb; 150 pmol), E1 (0.6 pmol), and the indicated amount of Cdc34 or
mutant Cdc34. For reactions carried out with the neddylated ROCI1-CULL1
complex, purified ROC1-CUL1?**77¢ (1 pg) was preincubated with Nedd8 (75
pmol), APP-BP1/Uba3 (0.15 pmol), and Ubc12 (25 pmol) in the above reaction
mixture lacking 3?P-Ub, E1, and Cdc34 for 5 min at room temperature. In all
cases, ubiquitination was initiated by the addition of Cdc34 and the reaction was
incubated for the indicated times at the specified temperature. Where indicated,
DTT was added to a final concentration of 0.1 M prior to the addition of SDS

loading buffer (10 ul). Aliquots were separated by 4 to 20% SDS-PAGE followed
by autoradiography. Quantitation of the ubiquitination products was performed
using a phosphorimager (Bio-Rad).

(ii) Single-turnover pulse-chase analysis. Pulse-chase was carried out in two
steps. Initially, an E2 charging reaction was assembled in a mixture (5 pl) that
contained 50 mM Tris-HCI, pH 7.4, 5 mM MgCl,, 2 mM NaF, 10 nM okadaic
acid, 2 mM ATP, 0.6 mM DTT, 0.1 mg/ml BSA, 3?P-UbX¥*R (12 uM), E1 (0.1
M), and human Cdc34 or mutant Cdc34 (4 wM). The reaction mix was incu-
bated for 5 min at 37°C. EDTA (1 pl at 0.5 M) was added to a final concentration
of 50 mM (in 10 pl). The reaction (in a final volume of 10 wl) was then chased
with Ub”* or bUb (125 uM) for the indicated times at 37°C.

Ub conjugation assay. To measure the conjugation of Ub to GST-Cdc34 or
mutants, the reaction was carried out in a mixture (30 wl) that contained 50 mM
Tris-HCI, pH 7.4, 5 mM MgCl,, 0.6 mM DTT, 2 mM ATP, 2 mM NaF, 10 nM
okadaic acid, 0.1 mg/ml BSA, 3?P-Ub (200 pmol), E1 (0.5 pmol), and E2 (20
pmol). The reaction mix was incubated at 16°C for 30 min. Where indicated,
DTT (0.1 M) was added. One-half of the reaction mixture was then separated by
4 to 20% SDS-PAGE, and the product was visualized by autoradiography.

RESULTS

Construction of a panel of human Cdc34 mutants. In order
to execute catalysis, human Cdc34 must possess several func-
tional sites that mediate multifaceted interactions to accom-
modate SCF, and hence the substrate, as well as the thiol-
linked donor Ub and the “attacking” acceptor Ub. Previous
mutagenesis studies, carried out predominantly with budding
yeast, have revealed a significant role for the Cdc34 C terminus
in interactions with SCF (12, 26, 32) and have identified mul-
tiple sites within the UBC domain required for the Cdc34
function (14, 20, 23, 32), as summarized in Fig. 1. In a previous
study by Pickart and colleagues (35), a conserved asparagine
residue (N85 in human Cdc34) was proposed to play a role in
contributing to formation of an oxyanion hole that stabilizes
the negatively charged transition state during conjugation. In a
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recently published elegant study by Yunus and Lima (37), the
SUMO E2 conjugating enzyme Ubc9 uses N85, Y87, and D127
to coordinate the attacking lysine residue for catalysis, yielding
an isopeptide bond linkage between SUMO and a target pro-
tein, such as p53 or RanGap]1. Yunus and Lima suggested that
this lysine coordination may be conserved and that in human
Cdc34, N85, Y87, and S138 may carry out such an activity.

These studies prompted us to construct and characterize a
panel of human Cdc34 mutants (N85Q, Y87A, S95D, D102A/
D103A, E108A/E112A, S138A, and 5A [D143A/M147A/
R149A/K150A/E153A] mutants) (Fig. 1). All mutant human
Cdc34 proteins were expressed in bacteria and purified to
apparent homogeneity by affinity chromatography, Mono Q
ion exchange, and gel filtration (see Materials and Methods).

Inhibition of ligation of Ub to the IkBa substrate lysine by
mutations at human Cdc34 S95 or E108/E112. We first mea-
sured and compared the effects of purified human Cdc34 and
mutants on ubiquitination of IkBa by using a reconstituted
system as described previously (29, 34). This assay employed
32P.labeled, IKKB-phosphorylated IxBa as a substrate, immu-
nopurified SCFPT*?2 (comprised of Skp1, neddylated CULL1,
BTrCP2/HOS, and ROC1) as E3, human Cdc34 or a mutant as
E2, a saturating amount of El, and Ub. Autoradiographic
analysis revealed that when wild-type Cdc34 was used, sub-
strate-Ub conjugates formed a laddered pattern in an
SCFPT™“P2 (Fig. 2A) and E2 (Fig. 2B, lanes 2 and 3) concen-
tration-dependent fashion. In contrast, Cdc34E!08A/E2A
poorly supported the polyubiquitination reaction (Fig. 2B,
lanes 4 and 5). To evaluate the ability of wild-type and mutant
E2 to mediate the ligation of the substrate lysine to Ub, we
used Ub®*¥R in place of wild-type Ub to inhibit polyubiquitin
chain assembly. The results showed that Cdc34F1084/EH2A yag
much less effective than the wild type in supporting mono-
ubiquitination (Fig. 2B, compare lanes 6 and 7 with lanes 8 and
9). These data demonstrated that the E108A/E112A substitu-
tion in human Cdc34 inhibited both poly- and monoubiquiti-
nation. Notably, while wild-type Cdc34 formed polyubiquiti-
nated chains as early as 5 min after incubation (Fig. 3C and D
and 4C and D), Cdc34F!1084/EL2A yielded no detectable high-
molecular-weight Ub conjugates after 60 min (Fig. 2B, lane 5),
further underscoring the pronounced catalytic defects of this
mutation. Similarly, replacement of S95 with Asp rendered
human Cdc34 inactive in the poly- and monoubiquitination of
IkBa (Fig. 2C). Altogether, these results established that the
integrity of S95 and E108/E112 is required for the ability of
human Cdc34 to catalyze the ligation of the attacking substrate
lysine to Ub.

We previously observed that human Cdc34 formed polyubiqg-
uitinated IkBa through Ub lysine residues other than K48 with a
very slow kinetics (34). In keeping with this observation, human
Cdc34 was found to support only low levels of polyubiquitination
of IkBa (Fig. 2B and C, compare lanes 1 and 2 with lanes 6 and
7). Note that the Ub¥*®® preparation used in this study was
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derived from the BL21(DE3)/pJY2 strain, which eliminates mis-
incorporation of lysine for arginine. In addition, the inefficient use
of UbX*SR for Ub chain assembly was also observed with yeast
Cdc34 in the polyubiquitination of Sicl (30).

Mutations at D102/D103 or D143/M147/R149/K150/E153
inhibit the ability of human Cdc34 to form a polyubiquitin
chain on IkBa. Mutations at D102/D103 or D143/M147/
R149/K150/E153 in human Cdc34, however, yielded pheno-
types that substantially differed from those observed with
S95D and E108A/E112A mutants. Cdc34P102A/D1034A o
Cdc34Dl43A/M147A/R149A/K15(JA/E153A (CdC345A) aCCumu]ated
mono-ubiquitinated IkBa while inhibiting the formation of
polyubiquitin chain formation (Fig. 3A). When Ub®**R was
used in place of wild-type Ub, these mutants supported mono-
ubiquitination of IkBa with an efficiency comparable to that of
wild-type E2 (Fig. 3B). Further kinetic analyses confirmed the
accumulation of monoubiquitinated IkBa by Cdc34** or
Cdc34P102ADIBA albeit Cde34 appeared to increase mono-
ubiquitinated IkBa to higher levels than did Cdc34P102A/D1034
(Fig. 3C and D). Collectively, these results indicated that mu-
tations at D102/D103 or D143/M147AR149/K150/E153 re-
tained the ability of human Cdc34 to catalyze the ligation of a
substrate lysine to Ub while severely compromising the E2’s
capability to support the formation of polyubiquitin chains.

Cdc34 N85Q, Y87A, and S138A mutants inhibit IkBa ubig-
uitination to various degrees. We next analyzed human
Cdc34™83C | Cdc34Y874, and Cdc34513%4 by examining their
effects in supporting IkBa polyubiquitination (Fig. 4A, C, and
D) or monoubiquitination (Fig. 4B) in both E2 titration (Fig.
4A and B) and kinetics (Fig. 4C and D) experiments.
Cdc34™85C  appeared to resemble Cdc34F108AEIRA - apd
Cdc345°P in abolishing both polyubiquitination (Fig. 4A,
compare lanes 2 and 3 with lanes 4 and 5) and monoubiquiti-
nation (Fig. 4B, compare lanes 2 and 3 with lanes 4 and 5).
Cdc345138 still supported monoubiquitination, albeit at sig-
nificantly lower levels than those of the wild type (Fig. 4B,
compare lanes 2 and 3 with lanes 8 and 9). However, this
mutation severely impaired Cdc34’s ability to catalyze poly-
ubiquitin chain formation (Fig. 4C). Mutation at Y87 exhibited
a lesser inhibitory effect, as Cdc34Y37* was able to catalyze
polyubiquitination, although with slower kinetics than that
of the wild type (Fig. 4D). Note that unlike Cdc34°* or
Cdc34P102ADI03A pejther Cde34™N5C, Cdc34Y87A, nor Cdc3451384
accumulated monoubiquitinated IkBa (compare Fig. 4 with
Fig. 3C and D).

Cdc34NSSQ, Cdc34Y87A, Cdc34S95D’ Cdc34D102A/D103A,
Cdc34B108A/ELI2A | (3451384 and Cdc34°* are all defective in
Ub-Ub ligation. We determined whether the above-mentioned
mutations influenced the ability of E2 to catalyze Ub-UD liga-
tion by first employing the multiple-turnover di-Ub synthesis
assay. In this system, *P-Ub®**R was used as the donor and
bUb was used as the acceptor in the presence of ROC1-CULI1-
Nedd8, which stimulated di-Ub synthesis by a factor of 20 (4).

FIG. 2. Ligation of Ub to IkBa by SCFF™"*? requires human Cdc34 S95 and E108/E112. The ubiquitination reaction was carried out as
described in Materials and Methods, with titration of SCFFT™"? (A) and comparison of wild-type Cdc34 with Cdc34F108AEI2A (B) or Cdc345%°P
(C) in the poly- and monoubiquitination of IkBa by SCFFT™F2, The reaction products are indicated, with the number of Ub moieties attached to

the substrate marked in the middle.
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FIG. 3. Human Cdc34 D102/D103 and D143/M147/R149/K150/E153 are required for polyubiquitination of IkBa by SCFFT™P2, Reactions were
carried out as described in Materials and Methods. The effects of alanine substitutions at human Cdc34 D102/D103 or D143/M147/R149/K150/
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The reaction products are indicated, with the number of Ub moieties attached to the substrate marked in the middle.

As shown, all of the Cdc34 mutants (Cdc34™, Cdc34F108A/E112A.
Cdc34P102A/DI03A = Cqc345A Cde34™Q, Cdc34Y37A, and
Cdc3451384) retained the ability to form E2~S~Ub (Fig. 5A,
lanes 1 to 6, B, lanes 1 to 6, and C). However, no detectable
di-Ub synthesis was observed with Cdc34%%°P (Fig. 5A, lanes 3,
4,9, and 10), Cdc34F198AEL2A (Fig 5A lanes 5, 6, 11, and 12),
Cdc34°* (Fig. 5B, lanes 5, 6, 11, and 12), Cdc34™%° or
Cdc34N%A (Fig. 5C, lanes 3 to 6), and Cdc345'*%* (Fig. 5C,
lanes 9 and 10). Cdc34P102A/P103A (Fig 5B, lanes 3, 4, 9, and
10) and Cdc34Y3"* (Fig. 5C, lanes 7 and 8) supported di-Ub
formation with much lower efficiencies than that of the wild
type.

We next developed a single-round pulse-chase assay in
which Cdc34~S~*?P-Ub®*® was initially formed and Ub

charging was then terminated by the addition of EDTA (50
mM; at this concentration, no Cdc34~S~Ub was detected
[data not shown]). When chased with Ub’* (can only serve as
an acceptor Ub), di-Ub was produced (Fig. 6A, lanes 2 to 4).
As shown, Cdc3457°P (Fig. 6A, lanes 6 to 8), Cdc34E108A/EL12A
(Fig. 6A, lanes 10 to 12), Cdc34P1024/D103A (Fig 6B, lanes 6 to
8), and Cdc34°* (Fig. 6B, lanes 10 to 12) were all defective in
supporting the synthesis of di-Ub, with Cdc34F108A/EI2A apg
Cdc34°* having the most pronounced defects (see graphs for a
quantitative comparison).

A similar single-round pulse-chase assay was carried out to
analyze Cdc34™%°°, Cdc34Y%74, and Cdc345'384, with the ex-
ception that bUb was used in place of Ub’*. As shown, the
synthesized **P-Ub®*$R_bUb dimer can easily be distinguished
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FIG. 4. Inhibitory effects of Cdc34™%32, Cdc34Y874, and Cdc345'%#A in the polyubiquitination of IkBa by SCFPT"“F2, The reactions were carried
out as described in Materials and Methods. The effects of mutations at human Cdc34 N85, Y87, and S138 were analyzed by E2 titration with
wild-type Ub (A) or Ub®**R (B) and by kinetic experiments (C and D) with 1.5 pM of E2. The reaction products are indicated, with the number

of Ub moieties attached to the substrate marked in the middle.

from the intrinsic radioactive Ub***® dimeric material, given
their different gel mobilities (Fig. 6C, lanes 1 to 4). The results
showed that all three mutants were inactive (Fig. 6C, lanes 6 to
8, 14 to 16, and 22 to 24; see graphs for quantitative compar-
isons).

Taken together, these results demonstrated that mutations
at N85, Y87, S95, E108/E112, D102/D103, S138, and D143/
M147AR149/K150/E153 inhibited the ability of human Cdc34
to catalyze the ligation of Ub molecules.

GST fusion reverses catalytic defects caused by mutation at
human Cdc34 S95 or E108/E112. To further our understanding
of the catalytic properties of mutants at human Cdc34 N85,
S95, and E108/E112, we asked whether the enzymatic defects
of these mutants can be overcome through GST fusion, which
activates wild-type human Cdc34, presumably by dimerization
(4). Purified GST-fused Cdc34, Cdc3459°P, Cdc34F!108A/EI2A
and Cdc34™¥Q possessed identical Stokes radius values, con-
sistent with their existence as dimers (4). Interestingly, both

GST-Cdc345°P and GST-Cdc3451084EH2A gupported the
synthesis of di-Ub with an efficiency of 50% that of the wild
type (Fig. 7A, compare lanes 3 to 5 with lanes 6 to 8 as well as
lanes 9 to 11; see the graph for quantitation). In contrast,
GST-Cdc34™83° was inactive (Fig. 7A, compare lanes 13 to
15 and lanes 16 to 18), despite the fact that this fusion
enzyme supported the formation of E2~S~Ub as efficiently
as the wild type did (Fig. 7B, compare lanes 1 and 2). Thus,
GST fusion selectively reversed the catalytic defects of
Cdc34S95D and CdC34E108A/E112A.

Next, we employed the FKBP homodimerization system,
which has been used previously to demonstrate that dimerized
FKBP-Cdc34 (induced by the AP20187 chemical dimerizer) is
more active in di-Ub synthesis than the monomeric form (4).
For this purpose, we constructed baculoviruses expressing
FKBP-Flag-Cdc34F108A/EN2A — and  FKBP-Flag-Cdc345%°P,
However, for reasons that are unclear to us, FKBP-Flag-
Cdc345%°P was expressed poorly, precluding our assessment of
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FIG. 5. Effects of human Cdc34 mutants in Ub-Ub ligation, as
measured by multiple-turnover di-Ub synthesis assay. Time course
experiments were carried out to measure the ligation of 3P-UbX*3R to
bUb, as described in Materials and Methods, with 4 pM of wild-type
human Cdc34 or mutant Cdc34, as specified. Where indicated, DTT
was added (0.1 M) after the incubation to disrupt the thiol-ester. The
reaction products are indicated.

its catalytic properties. FKBP-Flag-Cdc34F108A/EI2A wag ex-
pressed in infected insect cells treated with or without
AP20187 and then affinity purified. Native gel electrophoresis
experiments showed that AP20187-treated FKBP-Flag-Cdc34
or FKBP-Flag-Cdc345108AE12A miorated significantly slower
than the untreated protein (Fig. 7C), confirming that FKBP-
Flag-Cdc34F108AELR2A bound with AP20187 is a dimer.
When assayed for di-Ub synthesis, the AP20187-treated,
dimeric form of FKBP-Flag-Cdc34F'%®AEN2A was more active
than the monomeric form (Fig. 7D). However, unlike GST-

MoL. CELL. BIOL.

Cdc34B108AET2A which possessed 50% of the wild-type activ-

ity (Fig. 7A), dimeric FKBP-Flag-Cdc34F'84/EH2A wag only
10% as active as the wild type (data not shown). The basis for
the difference between the GST- and FKBP-based dimeriza-
tion systems in the extents of activation of Cdc34F108A/EN2A jpy
di-Ub synthesis is presently unclear. Possibly, in the case of
GST-Cdc34F108A/EI2A o GST-Cdc345%°P, the GST dimer
may place the two Cdc34 mutant molecules sufficiently close to
form a dimer, thus largely bypassing the requirement for S95
and/or E108/E112. However, in the case of the AP20817-
bound FKBP dimer, the orientation of the E2 enzyme might be
less favorable to form a dimer without the assistance of E108/
E112. In all, these results indicate that mutations at S95 and
E108/E112 can be reactivated by GST fusion and that FKBP-
based dimerization also activates Cdc34E198AELI2A albeit to a
limited degree.

DISCUSSION

Coordination of the acceptor Ub for assembly of polyubig-
uitin chains. Our mutagenesis studies have revealed an intrigu-
ing role played by the highly conserved charged stretch (resi-
dues 143 to 153) within the UBC domain of human Cdc34 (Fig.
1). Disruption of this site by quintuple mutations (5A) resulted
in the accumulation of monoubiquitinated IkBa while yielding
far fewer polyubiquitin chains than did wild-type Cdc34 (Fig.
3A and C). This defect is most likely due to a catalytic defi-
ciency in the assembly of polyubiquitin chains, as Cdc34°*
failed to catalyze Ub-Ub ligation measured in both multiple
(Fig. 5B, lanes 5 and 6)- and single (Fig. 6B, lanes 9 to 12)-
turnover di-Ub synthesis assays. Cdc34P!1024/P1034 exhibited
defects similar to those of Cdc34°* in accumulating mono-
ubiquitinated IkBa, albeit to a lesser extent (Fig. 3A, lanes 4
and 5, and D, lanes 7 to 9). These data suggest that Cdc34°#
and Cdc34P102A/PIBA are fully, or near fully, capable of ac-
commodating the attacking lysine from IkBa and aligning the
Cd34~S~Ub thiol-ester to orchestrate chemical catalysis, re-
sulting in an isopeptide bond linking Ub to the substrate.
However, these mutants were inadequate in coordinating the
attack by the acceptor Ub on the Cd34~S~Ub thiol-ester and
hence ineffective at producing a Ub chain with (Fig. 3) or
without (Fig. 5B and 6B) attachment to a substrate. Whether
human Cdc34 D102/D103 and the charged stretch (residues
143 to 153) represent elements of an E2 functional site that
anchors/positions the acceptor Ub awaits future structural and
biochemical work. Consistent with our findings, it was previ-
ously observed that a yeast Cdc34 mutant (D144A/D148A/
R150A/K151A/E154A) was able to catalyze the ligation of Ub
to histones but failed to support the assembly of polyubiquitin
chains (23). Notably, this mutant exhibited only a slight growth
defect at low temperatures (23). Possibly, multiple Cdc34-me-
diated contacts are involved in accommodating the acceptor
Ub and a single site defect can be tolerated in vivo.

Whatever the precise mechanism, our findings are consistent
with a view that coordination of the acceptor Ub is a major
determinant for polyubiquitination catalyzed by Cdc34. This
coordination must depend on formation of a pocket/surface for
accommodating the acceptor Ub, which allows the precise po-
sitioning of K48 in the vicinity of the carbonyl oxygen of Gly76
of the donor Ub thiol bonded to Cdc34. Cdc34 alone is capable
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of catalysis to produce di-Ub (Fig. 6). However, the binding of
a neddylated SCF-substrate complex may trigger a set of in-
teractions that influence Cdc34’s positioning of the acceptor
Ub, enhancing both the efficiency and length of polyubiquitin
chain assembly. Indeed, it has been shown that neddylated
SCF markedly stimulates human Cdc34’s ability to catalyze
di-Ub synthesis and polyubiquitin chain assembly (4). More-
over, SCF was shown to accelerate the discharge of Ub from
yeast Cdc34 to synthesize di-Ub (20). Altogether, these find-

ings have led us to speculate that the decision for mono-
ubiquitination versus polyubiquitination, at least in RING E3-
mediated reactions, may be determined predominantly by the
multifaceted interactions between E2, E3, and an E3-bound
substrate, which either permit or disallow accommodation of
the acceptor Ub.

Accommodation of the attacking lysine and the donor Ub
for catalysis. As revealed by this study, side chains from
human Cdc34 N85, S95, E108/E112, and S138 are all in-
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volved in the chemical attack of the striking lysine residue
on Cdc34~S~Ub. Mutational substitution at these sites inhib-
ited mono-ubiquitination of IkBa (Fig. 2B and C and 4A to C)
and blocked Ub-Ub ligation (Fig. SA and C and 6A and C,
lanes 5 to 8).

The attachment of the first Ub to IkBa requires optimal
orientation of Cdc34~S~Ub proximal to the attacking lysine
(K21 or K22). Human Cdc34 N85, a highly conserved residue
in all E2 enzymes, may have a dual role in catalysis. On the one
hand, this residue has been proposed to stabilize the oxyanion
formed during the attack of lysine on E2~S~Ub (35). Con-
sistent with this view, Ubc9 N85 is found proximal to the
carbonyl oxygen of the terminal glycine in a putative product
complex, Ubc9-Nup358/RANBP2-RanGAP1-SUMO (37). On
the other hand, human Cdc34 N85, along with Y87 and S138,
was implicated as having a role in positioning the attacking
lysine within the active site and activating the nucleophile (37).
Our mutagenesis studies are in agreement with the proposed
role for human Cdc34 N85 and S138 in catalysis. However,
human Cdc34¥®# was still active in monoubiquitination of
IkBa (Fig. 4B, compare lanes 2 and 3 with lanes 6 and 7) but

was defective in producing polyubiquitin chains (Fig. 4A and
D) and in di-Ub synthesis (Fig. 5C and 6C), suggesting a
function for the Y87 side chain in Ub chain assembly. It should
be mentioned that the yeast Cdc34 S139A mutant (equivalent
to the human Cdc34 S138A mutant) exhibited no growth de-
fects (14). In contrast, the biological significance of the con-
served asparagine has been demonstrated for Ubc13 (35) and
Ubc9 (37). In all, these findings argue strongly for the essential
role of the conserved asparagine residue in E2 catalysis.
Human S95 and E108/E112 may have distinct roles in the
positioning of the donor Ub for catalysis. One possibility is that
human Cdc34 S95, positioned near the catalytic residue C93,
participates in stabilizing/positioning the C-terminal tail of the
donor Ub. In the nuclear magnetic resonance structural model
of Ubcl(1-150)~S~Ub (6), the Ub C-terminal tail, L71 to
G76, is positioned in a shallow cleft formed by two Ubcl
segments, namely, L89 to 191, immediately upstream of the
catalytic residue C88, and N119 to P121. Moreover, this E2-Ub
interface is supported by hydrogen bonding interactions involv-
ing side chains from Ubcl E117 and Ub R72. In addition, Ubc9
S95, adjacent to the catalytic residue C93, is hydrogen bonded
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to SUMO T95, presumably stabilizing the SUMO Gly96-Gly97
bond for catalysis (37). Cdc345°°P was shown to possess 50%
of the wild-type activity in conjugating Ub (Fig. 5A, compare
lanes 2 and 4), which is consistent with that observed with the
equivalent ScCdc34 mutant (32). However, Cdc34%%°P exhib-
ited <10% of the wild-type activity in supporting IkBa mono-
ubiquitination (Fig. 2C) and in Ub-Ub ligation (Fig. 5SA and
6A). Taking these results together, it can be speculated that
human Cdc34 S95 contacts the Ub’s C-terminal tail, thereby
contributing to the formation of E2~S~Ub with maximal ef-
ficiency and to the positioning of the donor Ub’s Gly76 opti-
mally for catalysis. It remains possible that the side chains from
human Cdc34 E108/E112 engage in hydrogen bonding/electro-
static interactions with the C-terminal tail of the donor Ub
(e.g., R74 and/or R72).

However, a direct role played by human S95 and/or E108/
E112 in catalysis, as proposed above, appears at odds with
the results of our GST fusion experiments and with previous
studies on ScCdc34. Surprisingly, the catalytic defects of
Cdc34F109ELRA and Cdc345°P in di-Ub synthesis can be res-
cued by fusion of GST at the N terminus of the enzyme (Fig.
7A). It was shown previously that in yeast, a Cdc34 S97D
mutation (equivalent to human Cdc34 S95D mutation) re-
sulted in a nonviable phenotype (14) and the mutant E2 was
defective in self-association and in multi-Ub chain assembly
(32). In addition, mutant K (E109A/D111A/E113A [23]; sim-
ilar to human Cdc34F108AEI2A yged in this study) and an
acidic loop deletion mutant (14) were devoid of Cdc34 func-
tion. Interestingly, however, overexpression of mutant K res-
cued Cdc34 activity (23). Even more strikingly, the defects of
the loop deletion mutant can be overcome by combined S97D
and S73K mutations (14). The observed intragenic suppression
of Cdc34 mutants argues for a functional interaction between
these positions. In all, these findings appear to favor a crucial,
but indirect, role for human Cdc34 S95 and E108/E112 in
catalysis. It may be that these residues are responsible for
inducing E2 dimerization, which, as we have shown previously,
stimulates Ub-Ub ligation (4). Forced Cdc34 dimerization
might help to create a new binding surface critical for proper
positioning of the donor Ub. Clearly, the merit of this hypoth-
esis awaits future investigation at both the biochemical and
structural levels.

Notably, the human Cdc34 acidic loop appears to be asso-
ciated with two activities. It utilizes residues including D102/
D103 to assist in polyubiquitin chain assembly, a function con-
served in ScCdc34. In addition, the human Cdc34 acidic loop
contributes to the transfer of the thiol-linked Ub to the attack-
ing lysine via interactions mediated by side chains from E108/
E112.
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