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Ubiquitin-conjugating enzymes (E2s) have a dominant role in
determining which of the seven lysine residues of ubiquitin is
used for polyubiquitination. Here we show that tethering of a
substrate to an E2 enzyme in the absence of an E3 ubiquitin
ligase is sufficient to promote its ubiquitination, whereas the
type of the ubiquitin conjugates and the identity of the target
lysine on the substrate are promiscuous. In contrast, when an E3
enzyme is introduced, a clear decision between mono- and
polyubiquitination is made, and the conjugation type as well as
the identity of the target lysine residue on the substrate becomes
highly specific. These features of the E3 can be further regulated
by auxiliary factors as exemplified by MDMX (Murine Double
Minute X). In fact, we show that this interactor reconfigures
MDM2-dependent ubiquitination of p53. Based on several
model systems, we propose that although interaction with an E2
is sufficient to promote substrate ubiquitination the E3 molds
the reaction into a specific, physiologically relevant protein
modification.

Targeting of most substrates to the 26 S proteasome requires
covalent marking with polyubiquitin chains. Protein ubiquiti-
nation is a multistep process accomplished by the concerted
action of three enzymes. The reaction begins with the ubiqui-
tin-activating enzyme (E1), which initially adenylates the C-ter-
minal glycine of ubiquitin and then forms a thioester bond
between the activated glycine residue and a cysteine residue in
its active site. Subsequently, a ubiquitin-conjugating enzyme
(E2) acquires the activated ubiquitin through a trans-thioesteri-
fication reaction. Finally, a ubiquitin-protein ligase (E3)
recruits a target protein and guides the transfer of the activated
ubiquitin from the E2 to the substrate (1-3). Ubiquitin transfer
from the E2 enzyme to the substrate is catalyzed directly by
really interesting new gene (RING)? finger-containing E3s or
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indirectly when a homologous to E6-AP C terminus (HECT)
domain E3 is mediating the transfer (4).

Several forms of ubiquitination have been identified (5).
Monoubiquitination or multiple monoubiquitinations are
referred to as the conjugation of single or multiple ubiquitin
moieties to distinct lysine residues on the substrate. These
forms of ubiquitination were implicated in various cellular
pathways, which include endocytosis and sorting of proteins to
different cellular compartments (6, 7), as well as in several cases
of proteasomal activity, such as the processing of the p105 pre-
cursor of the transcription regulator NF-«B (8). However,
polyubiquitination is the most common post-translational
modification of proteins destined for degradation (9).

In polyubiquitination assembly, ubiquitin conjugation was
originally thought to be repeated in a cyclic manner whereby in
each step a new moiety of ubiquitin is linked to one of the lysine
residues of the previously conjugated ubiquitin. However, in
view of recent findings, several alternative mechanisms have
been proposed (10). Li ef al. (11) demonstrated in a reconsti-
tuted cell free system that a preformed polyubiquitin chain is
initially assembled on the active site cysteine of the E2 (E2G2)
presumably by the action of an additional E2 acting in trans.
Once assembled, an E3 enzyme (gp78) catalyzes the transfer of
the polyubiquitin module to a lysine residue of the target sub-
strate (the C terminus of homocysteine-induced endoplasmic
reticulum protein (HERP), a known substrate of this E2/E3
enzyme pair) (11).

Because ubiquitin harbors seven lysine residues (Lys-6, Lys-
11, Lys-27, Lys-29, Lys-33, Lys-48, and Lys-63), polyubiquitin
chains can be theoretically formed on any one of them. Accord-
ingly, seven different topologies of polyubiquitination can be
generated (excluding mixed or multibranched topologies) (12).
The current view holds that proteasomal degradation is medi-
ated mainly by polyubiquitination, utilizing lysine 48 as the
conjugated residue (13); however, chains based on other lysines
have also been implicated in targeting proteins to the protea-
some (14). Moreover, global in vivo analysis of the specific
lysine residues engaged in polyubiquitination indicated that all
seven lysine residues of ubiquitin participate in ubiquitin

reticulum protein; RFP, red fluorescent protein; Ub, ubiquitin; BARD-BRCA,
BRCA-associated RING domain-breast cancer; Ni-NTA, nickel-nitrilotri-
acetic acid; AA, amino acid; MDM2, murine double minute 2; DBD, DNA
binding domain.
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polymerization (15). However, it is unclear how lysine specific-
ity in ubiquitin conjugation is being conferred by the ubiquiti-
nation system.

We have previously demonstrated in vitro that tethering of a
substrate directly to any E2 by fusion of a ubiquitin moiety to
the C terminus of the target protein is sufficient for its polyu-
biquitination (16). This tethering is due to direct interaction
between the E2 and the substrate and occurs exclusively via the
ubiquitin domain. Using this approach, we found that the
capacity to polymerize ubiquitin via a specific or distinct subset
of its seven lysines is an intrinsic property of the E2 enzymes
(16). Because many E2 enzymes were found to hold broad lysine
specificity, they potentially have the ability to assemble several
types of chains on a target substrate simultaneously. However,
de facto substrate ubiquitination is highly specific in terms of
both the type of ubiquitin conjugates formed (lysine specificity)
and the precise lysine that serves to anchor the polyubiquitin
moiety on the target protein. This suggests that additional ele-
ments must direct the E2 to catalyze a specific configuration of
ubiquitination. Obviously, the candidate for molding the E2
repertoire toward a more restricted set of activities is the E3
ubiquitin ligase. To our knowledge, these features of the E3
have not been systematically documented. Therefore, we set
out to determine the contribution of E3 to the ubiquitination in
the selection of mono- versus polyubiquitination, providing
preference toward the usage of a single lysine in ubiquitin
polymerization, and the targeting of the initial ubiquitin conju-
gation to specific lysine residue(s) on the substrate.

Our studies led us to conclude that the E3 component in
addition to determining substrate specificity constrains the E2
wide conjugation potential and directs the attachment of
polyubiquitin to the desired lysine residue on the target sub-
strate. These capacities of the E3 enzymes could be reconfig-
ured by auxiliary factors, such as MDMX.

EXPERIMENTAL PROCEDURES

Cloning of His-RFP Derivatives: RFP-20AA/40AA/80AA-Ub—
The cherry RFP was fused to an N-terminal His tag and a C-ter-
minal wild type ubiquitin in pRSET plasmid as described before
(abbreviated RFP-Ub) (16). We initially amplified 60, 120, and
240 bp starting from the N terminus of -casein while inserting
Ndel sites on both ends of the fragment. To avoid potential
ubiquitinations of the linker, we used a derivative of 3-casein in
which we replaced all of the lysine residues by arginines as a
template. Following PCR amplification, the DNA fragments
were purified, digested by Ndel, and ligated in-frame between
the RFP and Ub domains.

RFP-Substrate Derivatives—The different RFP-substrate
chimeras were constructed by fusing the amplified substrates to
the C terminus of the cherry RFP in pRSET. The BRCA-associ-
ated RING domain-breast cancer (BARD-BRCA) fusion (Xhol/
HindIIl) and HERP (HindIII/HindIII) were cloned with the
indicated restriction sites as described before (11, 17). The wild
type, full-length p53 (Xhol/HindIII) was subcloned from a
¢DNA library using the indicated restriction sites. We used a
PCR-based restriction-free cloning method to generate the
RFP-substrate-Ub.
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Purification of His-RFP-bound Derivatives—The desired
plasmid was transformed into Escherichia coli (BL21 DE3). The
bacteria were grown overnight in 50 ml of LB medium comple-
mented with 100 pg of ampicillin/ml. This starter served to
inoculate 2 liters of culture that were grown until an optical
density of 0.6 at 600 nm was reached. Protein expression was
induced by isopropyl 1-thio-B-p-galactopyranoside addition
(0.5 mm final concentration) and further growth for 3 h. The
bacteria were harvested by centrifugation; resuspended in 20
mM Hepes, pH 7.5, 20 mm imidazole; and lysed by sonication.
The lysate was cleared by centrifugation (14,000 rpm for 30 min
at 4 °C), and the supernatant was loaded on a homemade Ni-
NTA column. Following absorption, the column was washed
with 20 mm Hepes, pH 7.5, 1 M NaCl, 1% Tween 20; and the
bound proteins were eluted with 0.5 M imidazole in PBS. The
pure protein was dialyzed overnight against PBS and stored at
—80°C.

Cloning and Purification of E3 Ligases gp78c, Murine Double
Minute 2 (MDM2), and MDMX— gp78c, MDM2, and MDMX
were subcloned from a ¢cDNA library by PCR using BamHI/
Smal restriction sites into the pGEX vector in-frame to a GST
tag. The constructs in pGEX were transformed into E. coli
(BL21 DE3). The bacteria were grown overnight in 50 ml of LB
medium complemented with 100 pg of ampicillin/ml. This
starter served to inoculate 2 liters of culture that were grown
until an optical density of 0.6 at 600 nm was reached. Protein
expression was induced by isopropyl 1-thio-B-p-galactopyra-
noside addition (0.5 mMm final concentration) with further
growth for 3 h. The bacteria were harvested by centrifugation,
resuspended in PBS, and lysed by sonication. The lysate was
cleared by centrifugation (14,000 rpm for 30 min at 4 °C), and
the supernatant was loaded on a homemade glutathione col-
umn. Following absorption, the column was washed with PBS
containing 1% Triton X-100, and the bound proteins were
eluted with 20 mum free glutathione in PBS. The pure protein
was dialyzed overnight against PBS and stored at —80 °C.

Polyubiquitination of His-RFP-bound Derivatives—His-RFP
derivatives were conjugated to Ni-NTA beads to saturation.
The RFP-conjugated beads were washed twice with 20 mm
Hepes, pH 7.5; twice with 1 M NaCl, 1% Tween 20; and two more
times with 20 mm Hepes, pH 7.5. 15 ul (200 ng) of the saturated
beads were used for each polyubiquitination reaction in the
presence of 30 nm human recombinant E1 (Boston Biochem),
0.5 um indicated E2 enzyme, 1 um indicated E3, and 10 pum wild
type ubiquitin. The reactions were incubated for 4 h at 37 °C on
a rotating platform (950 rpm). RFP derivatives were separated
from the bulk solution by centrifugation and washed twice with
20 mm Hepes, pH 7.5; twice with 1 m NaCl, 1% Tween 20; and
two times with 20 mm Hepes, pH 7.5. The beads were resus-
pended and boiled in sample buffer, separated by SDS-PAGE,
and analyzed by Western blot with anti-ubiquitin (Covance).

LC-Tandem Mass Spectrometry (MS/MS) Analysis of Ubiq-
uitination Reactions—The MS analysis of the ubiquitination
reactions was performed by LC-MS/MS using HCTplus and
OrbitrapXL instruments.

In Solution Trypsinization Followed by LC-MS/MS Using
HCTplus Analysis—Proteins were reduced in 100 mm ammo-
nium bicarbonate solution, pH 7.8 (Sigma) with 10 mm DTT
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(Sigma) for 30 min and subsequently alkylated with 50 mm
chloroacetamide (Sigma). Digestion of proteins was carried out
by the addition of 20 ng/ul trypsin (Promega) solution and
incubation for 18 h at 37 °C as described previously (18).

For the analysis of digested protein material, liquid chroma-
tography was performed using an Ultimate 3000 nano-HPLC
system (Dionex) controlled by Hystar™ (Bruker Daltonics)
and DCMSLink 2.0 software. Samples were concentrated on a
trapping column (LC Packings, 300-um inner diameter X 5
mm) at a flow rate of 25 ul/min. For the separation with a C4
PepMap column (75-um inner diameter, 15 cm; LC Packings),
a flow rate of 300 nl/min was used as generated by a cap flow
splitter cartridge (1/297). Peptides were eluted by the applica-
tion of a 30-min linear gradient: solvent A (98% H,O, 2% ace-
tonitrile, 0.1% formic acid), 0 —45% solvent B (98% acetonitrile,
2% water, 0.1% formic acid). LC was interfaced directly with an
ion trap mass spectrometer (HCTplus, Bruker Daltonics) uti-
lizing 15-um-inner diameter distal coated SilicaTips (New
Objective) and nano-electrospray ionization mode. Raw LC-
MS/MS data were processed, and Mascot-compatible files were
created using DataAnalysis™ 3.4 software (Bruker Daltonics).
Searches were performed using Mascot software (version 2.2)
(19) and the Swiss-Prot Database with the following parame-
ters: 2+ and 3+ ions; peptide tolerance, 1.5 Da; '*C = 1; frag-
ment tolerance, 1.2 Da; missed cleavages, 3; instrument type,
ESI-TRAP. In cases where ubiquitination was examined, the
Gly-Gly tag on lysine residues (+114.1 Da) was included as a
variable modification as described (20).

In Gel Separation and Trypsinization Followed by LC MS-MS
Using OrbitrapXL Analysis—Samples were excised from the
Imperial Blue (Pierce)-stained gel, reduced (4 mm DTT), mod-
ified with 16 mm iodoacetamide, and treated with trypsin or
chymotrypsin (modified trypsin; Promega) ata 1:10 enzyme-to-
substrate ratio. The resulting tryptic peptides were resolved by
reversed phase chromatography on 0.075 X 200-mm fused sil-
ica capillaries (J&W) packed with Reprosil reversed phase
material (Dr. Maisch GmbH, Ammerbuch-Entringen, Ger-
many). The peptides were eluted with linear 65-min gradients
of 5—45% acetonitrile, 0.1% formic acid followed by 15 min of
95% acetonitrile, 0.1% formic acid in water. All through the run
the flow rate was 0.25 ul/min. Mass spectrometry was per-
formed by an ion trap mass spectrometer (OrbitrapXL,
Thermo) in a positive mode using a repetitive full MS scan
followed by collision-induced dissociation of the seven most
dominant ions selected from the first MS scan. Validation of the
results was done similarly using high collision dissociation. The
mass spectrometry data were analyzed using Sequest 3.31 soft-
ware (J. Eng and J. Yates, University of Washington and Finni-
gan, San Jose, CA) searching against the human part of the
non-redundant NCBI Database and versus specific sequences
of the constructs. An identification threshold of <5-ppm accu-
racy and Xcorr values of above 2.0 for doubly charged peptides
and 2.5 for triply charged peptides were used. In addition, the
identification of the ubiquitinated peptides was assessed visu-
ally by a trained operator. Ubiquitination was identified as a
mass addition of 114 Da to the relevant peptide (the GG from
the C terminus of ubiquitin attached to a lysine residue).

44106 JOURNAL OF BIOLOGICAL CHEMISTRY

RESULTS

Tethering of E2 to Substrate Is Required and Sufficient to Pro-
mote Ubiquitination—In a previous study, we demonstrated
that fusing ubiquitin to RFP (termed RFP-Ub; supplemental
Fig. S1) converts the REP into a substrate for ubiquitination in
vitro (16). We hypothesized that the ubiquitin recruits the E2
enzyme by binding to its active site cysteine through the action
of an E1 enzyme (in analogy to wild type ubiquitin). This
recruitment only occurs if the ubiquitin C-terminal glycine is
intact. Mutating glycine 76 to tryptophan (G76W ubiquitin)
abrogated the ability of the ubiquitin domain in the RFP-Ub
fusion to recruit an E2 and promote E3-independent ubiquiti-
nation (16). Our working hypothesis is that once an E2 is
recruited to the ubiquitin domain an additional E2 monomer
catalyzes the polyubiquitination of the RFP-ubiquitin fusion in
amanner reminiscent of the assembly of polyubiquitin on E2G2
prior to its transfer to the target substrate en bloc by the E3
(gp78) (11). Alternatively, ubiquitin molecules are transferred
to the target in an alternating fusion by the two E2s engaged in
the complex. In support, we have demonstrated the propensity
of most E2 enzymes to spontaneously form dimers (16). More-
over, we have shown that a cross-linked dimer is recognized
and charged with ubiquitin by an E1 enzyme (16). To directly
test the ability of an E2 enzyme to associate and function in a
dimeric state, we generated two chimeric proteins in which E2C
and E2B were genetically fused to RFP (termed RFP-E2C and
RFP-E2B, respectively). In addition, we constructed similar
fusions with an active site mutant version of these E2s (RFP-
E2C-C144A and RFP-E2B-C88A). We chose these two E2s as it
was shown that E2C promotes monoubiquitination (21),
whereas E2B holds the capacity to catalyze polyubiquitination
(22). The rationale was to examine whether fusing an E2 to a
substrate would be sufficient to promote ubiquitination by
recruiting an untagged E2 as predicated by our model. Initially,
Ni-NTA beads were saturated with either the wild type or
active site mutant His-RFP-E2. Non-tagged wild type E2 was
added into the polyubiquitination reaction mixture containing
ubiquitin and E1 (see Fig. 1A for a schematic flowchart of the
reaction). As shown in Fig. 1, B and C, both the wild type- and
the mutant-bound RFP-E2s promote ubiquitination in an
untagged E2-dependent manner. These results demonstrate
that homodimerization of E2s is sufficient to promote autou-
biquitination and that ubiquitination occurs in a mechanism
that requires the recruitment of an additional E2 molecule (e.g.
RFP linked to an active site mutant E2 was ubiquitinated as well
as RFP linked to an active E2). We conclude that the ubiquitin
domain in the RFP-Ub fusion recruits the E2 to the substrate by
forming a thioester bond with the E2 active site cysteine. An
additional E2 molecule associates with the bound E2 and pro-
vides an activated ubiquitin molecule to be conjugated. In sum-
mary, these findings demonstrate that stable association of an
E2 with a substrate is required and sufficient to promote its
ubiquitination.

While examining REP-Ub ubiquitination (16), we found that
all the human E2 ubiquitin-conjugating enzymes were able to
polyubiquitinate the ubiquitin domain of the RFP-Ub. How-
ever, only six of the E2s (E2B, E2C, E2D2, E2D3, E2D4, and E2T)
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FIGURE 1. Attachment of E2 to substrate is sufficient to promote its ubiquitination. A, a schematic representation of a typical ubiquitination assay
performed throughout this study. Initially, Ni-NTA beads were saturated with a His-tagged substrate. Next, E1, the selected E2, and ubiquitin were added and
incubated for 4 h at 37 °C with constant shaking. Following the reaction, beads were washed thoroughly, boiled in sample buffer,and Western blotted against
ubiquitin as well as Ponceau-stained. H, His, tag; TEV, tobacco etch virus recognition site (in blue). B, RFP-E2C and its cognate active site mutant RFP-E2C-C114A
were monoubiquitinated in the presence of untagged E2C. Similar reactions were performed with RFP-E2B and its active site mutant RFP-E2B-C88A and
resulted in unbound E2B-dependent polyubiquitination (C). Protein input was detected by Ponceau staining. /B, immunoblot.
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FIGURE 2. Ubiquitination properties are not affected by length of linker tethering E2 and substrate. A, the E2 recruitment domain (Ub) and RFP were
linked directly or through a stretch of 20, 40, and 80 amino acids as illustrated in the schematic. B, Western blot analysis of polyubiquitination assays performed
in the presence of E2C showing effective ubiquitination of the target substrate (RFP) that is independent of the linker length. C, Coomassie stain of scaled up
reactions shown in B. The stained ubiquitination products were used for mass spectrometry analysis (supplemental Table S1). Similar reactions performed with

additional E2 enzyme are depicted in supplemental Fig. S2. H, Hisg tag; TEV, tobacco etch virus recognition site; /B, immunoblot.

conjugated ubiquitin to a lysine residue on the RFP itself. Nota-
bly, most ubiquitinations were on the anchored substrate as
Western blot analysis of the supernatant revealed no free ubiq-
uitin chains (16).

To test whether manipulating the distance between the RFP
(target protein) and the ubiquitin (recruitment domain) moi-
eties affects the efficiency and character of substrate ubiquiti-
nation, we inserted linkers of extended lengths, 20, 40 and 80
amino acids, derived from the loosely folded B-casein N termi-
nus (termed RFP-20AA-Ub, RFP-40AA-Ub, and RFP-80AA-
Ub, respectively) (Fig. 24). The three modified RFP-Ub variants
served as substrates in in vitro ubiquitination assays in the pres-
ence of the six E2s described above. Briefly, Ni-NTA beads were
saturated with one of the RFP-Ub derivatives and used in ubig-
uitination reactions in the presence of E1, ubiquitin, and the
indicated E2 enzyme (the schematic reaction is summarized in
Fig. 1A). Once the reactions were completed, the polyubiquiti-
nated RFP-Ub-bound beads were separated from the bulk solu-
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tion, thoroughly washed by centrifugation, and boiled with
sample buffer. 10% of the mixture was analyzed by Western blot
with anti-ubiquitin antibody, whereas the rest was separated by
SDS-PAGE, Coomassie-stained, and analyzed by MS/MS. A
typical ubiquitination assay (performed in the presence of E2C)
using the three extended linker RFP-Ub derivatives is presented
in Fig. 2, B and C. Western blot analysis (Fig. 2B) clearly shows
that ubiquitin was efficiently conjugated to all three variants
irrespective of the linker length in an E2-dependent manner. A
Coomassie-stained SDS gel of the same reactions (Fig. 2C) was
analyzed by MS/MS to determine the type of ubiquitin conju-
gates and target lysines on the substrate. The ubiquitination
reactions performed with the remaining five E2s are presented
in supplemental Fig. S2. The MS/MS analysis (summarized in
supplemental Table S1) demonstrates that ubiquitination was
promoted by all six E2s, which conjugated ubiquitin to lysine
residues on both the RFP and ubiquitin domains of the three
RFP-UD variants (see raw MS data in supplemental Fig. S10).
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Notably, the character of the ubiquitination was similar to that
found when RFP-Ub lacking a linker was used (16). Although all
of the detected REP-ubiquitin conjugates were linked to lysine
residues found on loops or edges of secondary structures (for
illustration, see supplemental Fig. S3), we could not detect a
common pattern or rule for the target ubiquitination site.
Finally, MS/MS analysis of the conjugates confirmed that
manipulating the linker size between the RFP and the Ub
domains did not alter the lysine preference in the polyubiquitin
chains assembled by the E2 enzymes examined. In fact, the type
of detected conjugates was in agreement with that previously
assigned for these E2s (16).

To rule out the possibility that the linker itself acts as a cryp-
tic site in recruiting the E2 enzyme in a nonspecific manner, we
generated an RFP derivative that contains the 80-AA linker but
not the C-terminal Ub domain (termed RFP-80AA). This sub-
strate was used in a ubiquitination assay in the presence of
various E2s but did not undergo ubiquitination, demonstrating
that the E2 enzymes are indeed recruited through the Ub
domain to the RFP-Ub fusion proteins (supplemental Fig. S4).
Taken together, these findings demonstrate that recruiting the
E2 to a substrate is required and sufficient to promote its ubiq-
uitination. Nevertheless, direct attachment of an E2 enzyme to
a substrate resulted in the generation of multiple types of con-
jugates (broad lysine specificity) as well as attachment of the
ubiquitin to multiple lysine residues on the substrate.

Recruitment of E2 to Substrate by E3 Results in Lysine-specific
Conjugate Assembly—To directly evaluate the possibility that
E3s may confer specificity onto the ubiquitination reaction in
both the type of polyubiquitination and the site of conjugation,
we examined the ubiquitination of HERP by its cognate E3 gp78
in association with E2G2 (11, 23). This ubiquitination was
shown to be highly specific and dependent on the specific E2/E3
combination (11). Initially, we generated two chimeras, RFP-
HERPc and RFP-HERPc-Ub, by cloning the cytosolic domain of
the human HERP gene downstream of the His-tagged RFP. A
tobacco etch virus (TEV) protease cleavage site was inserted
between the RFP and the substrate. In the RFP-HERPc-Ub chi-
mera, a ubiquitin was genetically fused in-frame to the C-ter-
minal substrate domain in analogy to the RFP-Ub (supplemen-
tal Fig. S1). As an E3, we used the gp78c variant, which has
improved solubility and activity equivalent to wild type gp78
(11). The RFP domain in the chimera allowed us to test whether
ubiquitin attachment is strictly linked to the substrate itself or
alternatively would “spill over” to the RFP domain when the
substrate is recruited directly to the E2 or by an E3 enzyme.

Following expression, Ni-NTA beads were saturated with
RFP-HERPc or RFP-HERPc-Ub and used in ubiquitination
reactions in the presence of E2G2 and gp78c. As for all
described ubiquitination reactions, we carefully optimized the
concentrations of the substrate and E2 and E3 enzymes in the
assay by a double titration experiment. A representative analy-
sis is depicted in supplemental Fig. S5. As a negative control, we
used E2G1, which is highly homologous to E2G2 (both
orthologs of the yeast Ubc7) but does not interact with gp78c.
Following ubiquitination, 10% of each reaction was separated
side by side on a single SDS-polyacrylamide gel and analyzed by
Western blotting with anti-ubiquitin as well as stained with
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Ponceau to verify equal protein input. To confirm ubiquitina-
tion, the rest of the mixture was separated by SDS-PAGE, Coo-
massie-stained, and analyzed by MS/MS. As seen in Fig. 3A (left
panel), the ubiquitination profile of RFP-HERPc-Ub indicates
that although both E2G1 and E2G2 were recruited via the Ub
domain only E2G2 promoted HERPc ubiquitination in a gp78c-
dependent manner. Although the analysis of REP-HERPc lack-
ing the C-terminal ubiquitin fusion seems similar to RFP-
HERPc-Ub (Fig. 34, right panel), the presence of the ubiquitin
domain impeded the ubiquitination by E2G2. Thus, the recruit-
ment of the substrate by the E3 supersedes a direct interaction
of the E2 with the ubiquitin domain. Presumably in this case,
the interaction between the E3 and the substrate prevents
access by E2 to the ubiquitin domain. This demonstrates the
ability of the E3 to recruit a specific E2 (E2G2 over E2G1) and
hold the E2s as a dimer in the unique configuration needed to
promote substrate ubiquitination. MS analysis of these reac-
tions indicated that only Lys-48 chains were formed in the pres-
ence of E2G2 and gp78c independently of the HERPc variant
used. Together, these findings demonstrate that HERPc Lys-48
ubiquitination strictly relies on the presence of the E3 ligase and
its productive interaction with the E2 (see raw MS data in sup-
plemental Fig. S11).

Next, we used the heterodimeric E3 BARD-BRCA as it was
shown to act with a variety of E2s in generating different autou-
biquitinations. In analogy to HERPc, we used two derivatives of
the BARD-BRCA: one containing an N-terminal RFP fusion
(termed RFP-BARD-BRCA) and the other also containing a
C-terminal ubiquitin domain (termed RFP-BARD-BRCA-Ub)
(supplemental Fig. S1). Ni-NTA beads were saturated with the
two purified BARD-BRCA derivatives and used in ubiquitina-
tion assays as described above. We used the E2 enzymes E2D3,
E2E1, E2E2, E2E3, E2N-E2V1, E2N-E2V2, E2W, and E2-25K
with BARD-BRCA because they were shown to act with this E3
(17). As seen in Fig. 3, B and C, and Table 1, ubiquitin was
attached to RFP-BARD-BRCA-Ub and RFP-BARD-BRCA in
the presence of all examined E2s with three major distinctions.
1) As previously reported (17), E2W promoted the attachment
of only a single ubiquitin moiety (monoubiquitination) onto
RFP-BARD-BRCA. In contrast, when RFP-BARD-BRCA-Ub
was used, polyubiquitination was efficiently catalyzed by all the
E2s including E2W. 2) The MS/MS results as depicted in Table
1 demonstrate that six different types of ubiquitin-ubiquitin
conjugates were formed when RFP-BARD-BRCA-Ub was used
in the reaction (see raw MS data in supplemental Fig. S6). In
contrast, when the E2 enzyme was recruited by the BARD-
BRCA domain (RFP-BARD-BRCA), only single specificity link-
ages (Lys-48 or Lys-63) were detected depending on the E2
used. 3) Ubiquitin was conjugated to multiple lysine residues of
RFP-BARD-BRCA-UDb, whereas ubiquitination was confined to
a single lysine residue on RFP-BARD-BRCA depending on the
E2 enzyme used (Table 1). Notably, the lysine-specific chains
generated by an E2 when it was recruited via the E3 were always
within the repertoire of that E2 when BARD-BRCA-Ub was
used. This was as if the E2 predetermines the set of possible
lysine residues in ubiquitin from which the E3 could select (16).
Together, these findings demonstrate that upon tethering of
the E2 to the substrate via the ubiquitin domain multiple types
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FIGURE 3. Recruitment of E2 to substrate by E3 results in specific ubiquitination. Chimeras of RFP and the indicated substrate (RFP-substrate) as well as
C-terminal fused ubiquitin versions of these substrates (RFP-substrate-Ub) were subjected to ubiquitination in the presence of the indicated E2 enzymes. A, left
panel, RFP-HERPc-Ub was only polyubiquitinated by E2G2 in the presence of gp78c. Right panel, ubiquitination of RFP-HERPc promoted by E2G2/gp78c was
markedly more efficient then when tethering of E2G2 to RFP-HERPc was promoted through the ubiquitin domain. Protein input was detected by Ponceau
staining (lower panel). B, RFP-BARD-BRCA-Ub was polyubiquitinated by all the indicated E2s. C, BARD-BRCA acted in self-ubiquitination; monoubiquitination
was catalyzed in the presence of E2W, whereas polyubiquitination occurred when associated with the remaining E2s. Protein input was detected by Ponceau
staining (lower panel). D, schematic illustrating BARD-BRCA polyubiquitination upon tethering of the E2 either via a ubiquitin domain (upper panel) or directly

by the E3 (lower panel). H, Hisg tag; TEV, tobacco etch virus recognition site; 11/27/48, polyubiquitin chains types; /B, immunoblot.

of ubiquitin conjugates are formed. In contrast, recruitment of
an E2 enzyme to a substrate by the E3 enzyme results in a spe-
cific conjugate that is confined to a single lysine residue on the
target protein. The ubiquitination pattern of both BARD-
BRCA substrates is schematically illustrated in Fig. 3D. See MS
data in supplemental Fig. S6 and substrate sequence in supple-
mental Fig. S13.

E3 Ubiquitin Ligase MDM?2 Guides Ubiquitination of p53—
To further study the role of E3 ligases in directing substrate
ubiquitination, we extended our study to the tumor suppressor
gene p53. The analysis focused on one of its established physi-
ological E3 ligases, MDM2 (24 —26). p53 has two distinct ubiq-
uitination regions, the C terminus (residues 301-393) and
DNA binding domain (DBD) (residues 100-300), which are
decorated with different ubiquitin conjugates by a variety of E3
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enzymes (27-30). These ubiquitination sites contribute to both
its nuclear export and the regulation of its cytoplasmic levels
(31). In addition, auxiliary modulators, such as MDMX
(MDM4), were suggested to affect the ubiquitination profile of
p53 (28, 32). Initially, we cloned the human p53 gene and gen-
erated two derivatives, RFP-p53 and RFP-p53-Ub, as described
above for BARD-BRCA and HERPc (supplemental Fig. S1). Fol-
lowing expression, Ni-NTA beads were saturated with either
substrate and used in ubiquitination assays performed in the
presence and absence of the E3 enzyme MDM2. The precise E2
enzymes that act with MDM2 in promoting p53 ubiquitination
in vivo have not as yet been determined; therefore, we per-
formed in vitro ubiquitination assays with all the human E2
conjugating enzymes. As seen in Fig. 44, E2D2, E2D3, E2E2,
E2E3, E2N-E2V1, E2N-E2V2, and E2-25K all catalyzed RFP-
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TABLE 1

Recruitment of E2 to substrate by E3 results in lysine-specific polyubiquitin modifications
Mass spectrometry analysis of the ubiquitination reactions performed on RFP-BARD-BRCA and RFP-BARD-BRCA-Ub chimeras presented in Fig. 3 is shown. ND, no

modifications detected.

Substrate
RFP-BARD-BRCA-Ub RFP-BARD-BRCA
E2 Ub Substrate Ub Substrate
UBE2D3 Lys-11% Lys-27% Lys-48%, Lys-63“ Lys-200“ (REP), Lys-338“ (BARD) Lys-48° ND
UBE2E1 Lys-11¢, Lys-48“ Lys-191 (RFP) Lys-48“ ND
UBE2E2 Lys-11%, Lys-274, Lys-48¢, Lys-63“ Lys-191“ (RFP), Lys-200” (RFP), Lys-338“ (BARD) Lys-48“ Lys-191 (RFP)
UBE2E3 Lys-11¢ Lys-27%, Lys-48° Lys-191¢ (RFP), Lys-200 (RFP), Lys-338“ (BARD) ~ Lys-48" ND
UBE2N-UBE2V1  Lys-6”, Lys-11%, Lys-29”, Lys-48%, Lys-63“  Lys-56” (BRCA), Lys-65" (BRCA) Lys-63“ Lys-174° (RFP)
UBE2W Polyubiquitin ND Monoubiquitin ND
E2-25K Lys-11¢ Lys-48 Lys-56” (BRCA), Lys-46” (BARD) Lys-48° ND
“Ion trap data.
® Orbitrap data.
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FIGURE 4. Only a subset of E2 enzymes ubiquitinate RFP-p53 in MDM2-dependent manner. Beads saturated with RFP-p53 were incubated with all the
human E2 enzymes in the presence of MDM2 (A). Similar reactions were also performed with the indicated E2s in the presence of MDM2ARING (B). Following
the reactions, beads were washed thoroughly, boiled with sample buffer, and analyzed by Western blot with anti-ubiquitin as well as Ponceau-stained. /B,

immunoblot.

p53 ubiquitination in an MDM2-dependent manner. To exam-
ine whether the observed ubiquitinations require the RING
domain of MDM2, similar reactions were performed using a
mutant form of MDM2 lacking the RING domain (termed
MDM2ARING) (33). Equal protein loading was verified by
Ponceau staining of the membrane. Notably, using the
MDM2ARING mutant abolished all but short E2N-E2V1 con-
jugation (Fig. 4B).

Subsequently, we analyzed whether the ubiquitin domain of
RFP-p53-Ub would compensate for the requirement for
MDM2 by directly recruiting the E2 enzyme to the substrate.
To this end, we performed ubiquitination assays on RFP-
p53-Ub with the indicated E2s in the presence or absence of
MDM2 as described above (Fig. 14). The findings presented in
Fig. 5 demonstrate that in the absence of MDM2 RFP-p53-Ub
ubiquitination was efficiently catalyzed. This ubiquitination
was comparable or moderately reduced when MDM2 was pres-
ent. We conclude that p53 ubiquitination is mediated by
MDM2 in a RING-dependent manner by several E2 enzymes.
However, the requirement of MDM2 can be abolished by direct
recruitment of an E2 enzyme via a C-terminal ubiquitin domain
(RFP-p53-Ub). Moreover, the presence of MDM2 did not over-
rule the ubiquitination catalyzed by tethering of p53 to the E2
enzyme via a ubiquitin domain.
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FIGURE 5. RFP-p53-Ub is ubiquitinated in MDM2-independent manner.
The RFP-p53-Ub chimera in which a ubiquitin domain was fused to the C
terminus of RFP-p53 was used in ubiquitination reactions with the indicated
E2s in the absence (left panel) or presence (right panel) of MDM2. Reactions
were boiled in sample buffer, separated by SDS-PAGE, and Western blotted
with anti-ubiquitin as well as Ponceau-stained. /B, immunoblot.

The MS/MS analysis of selected ubiquitination reactions
performed on the two p53 variants with the indicated E2/E3
combination is summarized in Table 2 (see MS data in supple-
mental Fig. S7 and substrate sequence in supplemental Fig.
S$13). These results demonstrate that MDM2 restricts RFP-p53
ubiquitination as compared with analogous E3-independent
reactions performed on RFP-p53-Ub. For example, we detected
Lys-11 and Lys-48 ubiquitin conjugates on p53 when E2D2

VOLUME 286+NUMBER 51+-DECEMBER 23, 2011


http://www.jbc.org/cgi/content/full/M111.234559/DC1
http://www.jbc.org/cgi/content/full/M111.234559/DC1
http://www.jbc.org/cgi/content/full/M111.234559/DC1
http://www.jbc.org/cgi/content/full/M111.234559/DC1

TABLE 2

E3 Ligases Control E2 Ubiquitination Specificity

MDM2/MDMX ubiquitination of RFP-p53 and RFP-p53-Ub results in different ubiquitination pattern
MS analysis of the ubiquitination sites on RFP-p53 (left side) and RFP-p53-Ub (right side) upon ubiquitination in the presence and absence (—) of MDM2/MDMX is shown.

ND, no modification detected.

REP-p53

RFP-p53-Ub

E2 MDM2 MDM2 + MDMX

- MDM2

E2D2 Lys-101%, Lys-120“ (p53) Lys-319%, Lys-320“ (p53);

Lys-11¢, Lys-48“ (Ub)

Lys-164 (RFP); Lys-6”<, Lys-80”¢ (RFP); Lys-351%¢ (p53); Lys-
Lys-llb, Lys-48, Lys»27b, 6>c, Lys-llb, Lys-48b, Lys-63b (Ub)
Lys-29” (Ub)

E2D3 Lys-11%, Lys-48” (61) (Ub) Lys-80” (RFP); Lys-6”, Lys-11%, Lys-174“ (RFP); Lys-11%, Lys-48“ (Ub)
Lys»48b (Ub)
E2N-E2V1 Lys-63” (63) Lys-80”¢ (RFP); Lys-142°¢ Lys-319%, Lys-320” (p53); Lys-63“ Lys-63“ (Ub)
(MDM2); Lys-11%¢, Lys-63° (Ub)
(Ub)
“Ion trap data.
® Orbitrap data.
¢ Non-tryptic peptide.
-MDM2 +MDM2 +MDM2ARING

(Ubch5B) was used in an MDM2-dependent ubiquitination. In
contrast, the same E2 enzyme catalyzed the conjugation of
Lys-6, Lys-11, Lys-48, Lys-27, and Lys-29 polyubiquitin when
REP-p53-Ub was used. Moreover, E2D2 p53 ubiquitination by
MDM2 led to ubiquitin conjugation at the DBD of p53 (Lys-101
and Lys-120), whereas in a similar reaction with RFP-p53-Ub,
the DBD domain of p53 was not linked to ubiquitin but rather
to the C-terminal domain (Lys-351) and the RFP (on multiple
lysine residues). These findings further support the observation
that the capacities of the E3 (MDM2) include specification of
the target region of ubiquitination.

Finally, our findings are also supported by semiquantitative
MS/MS data analysis in which we used the integrated peak
areas corresponding to the specific peptides representing
unique ubiquitin-ubiquitin linkage in different ubiquitination
reactions. A representative analysis presented in supplemental
Fig. S8 shows that although in three different substrate/E2/
MDMX combinations Lys-11 and Lys-48 linkages were
detected the ratios of these conjugates were altered. These
results support our notion that the combination of different
enzymes in the reaction and their recruitment to the substrate
affects the final ubiquitination pattern of the substrate.

The C-terminal lysines of p53 are the predominant sites for
MDM2-mediated ubiquitination (34). Although in vitro data
demonstrate the importance of the six C-terminal lysines of p53
for MDM2-mediated ubiquitination, knock-in studies in which
the corresponding lysines were mutated to arginines (p53— 6KR
knock-in mice) did not dramatically alter p53 protein levels (35,
36). Furthermore, the half-life of an analogous p53-7KR
mutant (a mouse p53 construct with the seven C-terminal
lysines mutated) showed no difference as compared with wild
type p53 in embryonic fibroblasts and thymocytes derived from
p53—7KR knock-in mice (36). Together, these two studies sup-
port the notions that the C-terminal lysines are not exclusively
essential for efficient p53 degradation in vivo and that addi-
tional lysine ubiquitinations may have a role in p53 stability.
Possibly, these lysine residues are located at the N terminus
(DBD) of p53 as in vitro findings suggested (37). To test the
function of MDM2 in imposing the selection of the target lysine
residue, we mutated the six ubiquitination target lysine residues
in the C-terminal tail of GST-p53 to arginines (termed p53—
6KR) (34, 38). We then used p53—6KR in ubiquitination reac-
tions as described above. As shown in Fig. 6, MDM2-dependent
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FIGURE 6. RFP-p53 6KR mutant is still ubiquitinated by MDM2. A p53
mutant in which six lysine residues at the C-terminal domain were mutated to
arginine (termed p53-6KR) was used in ubiquitination reactions with the
indicated E2s in the absence (left side) or presence of MDM2 (middle) or
MDM2ARING (right side). Protein input was detected by Ponceau staining
(lower panel). IB,immunoblot.

ubiquitination assays performed with p53—6KR (in the pres-
ence of various E2 enzymes) demonstrated that ubiquitination
in this scenario may be directed to regions other than the C
terminus (such as the DBD) as the p53—6KR mutant was still
ubiquitinated by various E2s in an MDM?2 RING-dependent
manner.

MDMX Alters Conjugation Type and Target Lysine Cata-
lyzed by MDM2—Previous studies have demonstrated that
MDM2 has a major role in the regulation of p53 stability during
the stress response. However, in many cases, this function
entails additional cofactors that act in concert with MDM2.
One such effecter is MDMX, which is structurally related to
MDM2, although its RING domain does not possess an E3
ligase activity (39—41). Presumably, in analogy to BRAD-
BRCA, MDMX modulates the activity of MDM2 through het-
erodimerization of the conserved C-terminal RING domains of
both proteins (42). However, in certain cases, MDMX also pro-
motes the E3 ligase activity of MDM2 and thus probably the
destruction of p53 (43—45). To directly test how MDMX affects
the ubiquitination capacities of MDM2, we compared MDM2-
dependent p53 ubiquitination patterns in the presence and
absence of MDMX (supplemental Fig. S9). The MS analysis of
MDMX-dependent reactions (Table 2) revealed that the man-
ner by which the E2 is recruited to the substrate alters the ubiq-
uitination outcome. Accordingly, the ubiquitination pattern of
p53 changes when the E2 is recruited via MDM2 as compared
with MDM2/MDMX. Notably, when the E2 was recruited to
RFP-p53 via MDM2, the outcome was ubiquitination posi-
tioned in the DBD of p53 (lysines 101 and 120). However, the
presence of MDMX resulted in ubiquitination of the p53 C-ter-
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minal region (lysines 319 and 320). The recruitment of the E2
by the ubiquitin domain (RFP-p53-Ub) led to the same reloca-
tion of ubiquitination from the DBD to the C terminus of p53
(Table 2). Unexpectedly, the chain topologies that were conju-
gated to RFP-p53 in the presence of both MDM2 and MDMX
were outside the typical conjugation capacity predicted for the
E2 enzymes used. For example, E2D3 catalyzed Lys-48 ubiquiti-
nation of p53 in the presence of MDM?2. However, when both
MDM?2 and MDMX were present in the reaction, Lys-6, Lys-11,
and Lys-48 chains were assembled. Surprisingly, the E2N-E2V1
complex, which typically produces Lys-63 chains (46), attached
both Lys-11 and Lys-63 onto p53 in the presence of MDM2/
MDMX (Table 2 and supplemental Fig. S12). Although these
results were obtained in an in vitro setup and must be con-
firmed in vivo, these findings indicate that MDMX may affect
the type of conjugates catalyzed by MDM2.

We hypothesize that the heterodimeric configuration of the
MDM2/MDMX imposes a conformation that favors alterna-
tive types of polyubiquitin chains, such as Lys-6, to be catalyzed
by the E2. Notably, this conjugate type was not detected in any
of our other p53 ubiquitination assays or any other assay involv-
ing these E2s. Taken together, we conclude that MDM2/
MDMX may act in a manner similar to the BARD-BRCA het-
erodimer, conferring the specificity in the E2 recruitment while
imposing a conformation that dictates the conjugation type as
well as the target lysine residue (47).

Previous studies proposed that both MDM2 and MDMX
contain a p53 binding domain at their N termini (48). To test
the significance of these domains in MDM2/MDMX p53-de-
pendent ubiquitination, we prepared MDM2 and MDMX
mutants, which lack their N-terminal p53 binding region (Fig.
7A). These mutants were used to catalyze RFP-p53 (Fig. 7B) and
RFP-p53-Ub (Fig. 7C) ubiquitination in the presence of the
indicated E2s as described above. The results of the ubiquitina-
tion analysis indicate that although different combinations of
N-terminal MDM2/MDMX mutants failed to promote RFP-
p53 ubiquitination RFP-p53-Ub was still efficiently ubiquiti-
nated. These findings suggest that heterodimer formation is
more favorable than either of the homodimers and that the
N-terminal deletion acts as a dominant inhibitor with a lower
capacity to catalyze p53 ubiquitination.

In summary, the p53/MDM2/MDMX model system further
supports the notion that E3 ligases control the conjugation type
(lysine specificity) and define the target region on the substrate
to be ubiquitinated. Importantly, these findings demonstrate a
potential role of MDMX in determining the configuration of
p53 ubiquitination.

DISCUSSION

Tethering E2 to Substrate Is Both Required and Sufficient for
Its Ubiquitination—We demonstrated with the use of RFP-Ub
that direct recruitment of an E2 enzyme to a substrate is both
necessary and sufficient to promote its ubiquitination. How-
ever, in this scenario, the resulting ubiquitination was robust
and not physiologically relevant. As shown in Fig. 2, supple-
mental Fig. S2, and supplemental Table S1, the ubiquitination
of the RFP-Ub was nonspecific. These findings emphasize the
importance of E3 enzymes as specificity factors and also pro-
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FIGURE 7. Deletion of MDM2 and MDMX p53 binding domains differen-
tially affects RFP-p53 and RFP-p53-Ub ubiquitination. A, A101MDM2 and
A102MDMX mutants were generated by deletion of the first 101 and 102
amino acids, respectively. AT01TMDM2 and A102MDMX were used in ubiquiti-
nation reactions with the indicated E2 enzymes in different combinations
with wild type MDM2 and MDMX on RFP-p53 (B) and RFP-p53-Ub (C). Reac-
tions were boiled in sample buffer, separated by SDS-PAGE, and Western
blotted with anti-ubiquitin as well as Ponceau-stained. /B, immunoblot.

vide an explanation for the great number of distinct E3 enzymes
and their complex regulation in eukaryotic cells. We hypothe-
size that ubiquitination by direct tethering of the E2 to a sub-
strate (for example via ubiquitin-like or ubiquitin-associated
domains) if actually occurring in a cellular context would prob-
ably have a limited physiological significance.

In a simplistic manner, ubiquitin conjugation can be
regarded as a protein-protein interaction between an E2 and a
target substrate. Typically, this association is mediated by an
E3. Direct recruitment of a substrate to the E2 via the attach-
ment of a ubiquitin moiety (Fig. 2) allows the uncoupling of the
E3 scaffold function of liaising both E2 and substrate from its
additional role in guiding the specificity of the ubiquitination
reaction. Our findings demonstrate that the ubiquitination
character of a substrate directly associated with an E2 enzyme
was unaffected by the length or amino acid sequence of the
linker between the E2 and that substrate. Thus, converting the
ubiquitin transfer from the E2 to the substrate into an intramo-
lecular reaction by either linking the E2 to the substrate directly
or via an E3 enzyme is the main criterion for efficient ubiquiti-
nation. In such a scenario, the highly activated bond between
the ubiquitin and the active site cysteine of the E2 is predis-
posed to an attack by an e-NH,, group of a lysine residue on the
substrate. In support, upon tethering of the E2 and the sub-
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strate, the ubiquitination efficiency was unaffected by the linker
properties. In this configuration, the intimate interaction
between the ubiquitin and the E2 was not constrained by the E3
enzyme; thus, the ubiquitin was attached to the substrate on
multiple lysine residues, which were all located on loops and
edges of secondary structures, as suggested previously (49). The
type of detected polyubiquitin conjugate reflected the full spec-
trum of conjugation capacities (lysine preference) of the E2
enzyme used (16) (Fig. 2 and supplemental Table S1) and was
unaffected by the linker length.

E3 Ligase Narrows Capacity of Coupled E2 toward Single
Lysine Preference—We reconstructed several ubiquitination
model systems to investigate the role of each component in
determining the ubiquitination profile of a substrate. The
underlining rationale guiding these assays was to catalyze
E3-dependent and -independent polyubiquitination reactions
of a given substrate in parallel. E3-independent ubiquitinations
were performed by recruiting the E2 to the substrate via a
C-terminal ubiquitin domain on the substrate (supplemental
Fig. S1). The ubiquitination products were compared with clas-
sical ubiquitination reactions in which an established cognate
E2/E3 pair of specific substrates was used. The E2G2/gp78c/
HERPc model system is an example for synchronized ubiquiti-
nation in which polyubiquitin is initially assembled on the E2
enzyme to then be transferred and linked to the substrate en
bloc by the specific E3 enzyme. Thus, in this mode of action, the
lysine specificity in the polyubiquitin is exclusively determined
by the E2 prior to or independently of the engagement with the
E3 enzyme (11, 23) (Fig. 3A). In other cases, such as BARD-
BRCA and p53/MDM2 where the E2 could catalyze several
types of polyubiquitin chains, recruitment via an interaction
with the E3 restricted this specificity to a single ubiquitin con-
jugate type (Tables 1 and 2). In contrast, multiple types of con-
jugates were detected when the E2 enzymes were directly
recruited to the substrate by the fused ubiquitin domain. This
finding was independent of the substrate, E2, or the E3 enzyme
used as similar results were obtained in non-related experimen-
tal systems. We conclude that the E3 enzyme has a major role in
determining the type of ubiquitin conjugate that will be
attached to a specific substrate by narrowing the inherent lysine
spectrum of the cognate E2 enzyme.

E3 Enzyme Directs Ubiquitin Attachment to Specific Sites on
Substrate—The mass spectrometry analysis suggests that direct
recruitment of an E2 to a substrate results in multiple ubiquiti-
nation sites on that substrate. In contrast, recruitment of the E2
enzyme to a substrate by a dedicated E3 enzyme results in ubiq-
uitination of specific sites (Tables 1 and 2). This is demon-
strated by a smaller number of ubiquitination target sites on
both BARD-BRCA and p53 when the E3 ligase rather than a
fused ubiquitin domain mediated the reaction. In fact, in the
case of p53, the entire region of ubiquitination was changed by
the addition of the E3 MDM2 (Table 2). Whereas the DBD was
targeted in the MDM2-dependent ubiquitination, recruitment
of the E2 through the ubiquitin domain resulted in p53 C-ter-
minal ubiquitination. These results are in agreement with past
analysis of p53 ubiquitination showing that p53 is ubiquitinated
in both regions (61-63). C-terminal ubiquitination by MDM2
was found to be crucial for p53 nuclear export and degradation
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involved in keeping homeostatic low levels of p53 (34, 36, 50). In
support, expression of p53-Ub, which was used to mimic C
terminus-ubiquitinated p53 in cells, was localized to the cyto-
plasm in MDM2-null cells (51). However, mutations of the
C-terminal lysine residues of p53 were shown to have little
effect on the stability of p53 (34, 36). Moreover, it has been
found that MDM2-dependent DBD ubiquitination is essential
for the proper nuclear export of p53 (31). We suggest that ubiq-
uitination in both sites occurs iz vivo in a cooperative or redun-
dant manner. However, in the absence of the C-terminal lysine
residues and perhaps under other cellular conditions possibly
by a different combination of enzymes, MDM2 promotes ubiq-
uitination of the p53 DBD to promote nuclear export of p53.
Our results with both wild type and p53— 6KR support this pos-
sibility (Fig. 7 and Table 2).

Role of E3 in Selecting Mono- versus Polyubiquitination—An-
other level of complexity is the decision between attaching a
monoubiquitin versus the assembly of a polyubiquitin chain
onto a substrate. To distinguish between the contribution of the
E2 and the E3 enzymes in this selection, we took advantage of
earlier studies, which illustrated that E2W catalyzes self-
monoubiquitination of BRAD-BRCA (17). In contrast, when we
used BRAD-BRCA fused to ubiquitin (supplemental Fig. S1),
we detected polyubiquitination on the BRAD-BRCA in the
presence of E2W presumably due to the direct recruitment of
the E2 enzyme by the ubiquitin domain (Fig. 3, B and C, and
Table 1). Based on these findings, we conclude that the capacity
to catalyze mono- versus polyubiquitination is a result of con-
straints that are enforced by the manner in which the E3 binds
the E2 and the substrate. Monoubiquitination can be imposed
by preventing the “ping-pong” assembly of polyubiquitin on the
E2 itself as an intermediate by a dual core E2 complex (11) or by
establishing a non-processive mode of ubiquitination (52). It is
also possible that polyubiquitination is promoted by the bind-
ing of an E2 dimer or a polyubiquitin-charged E2, whereas
monoubiquitination is enforced by recruitment of a single mol-
ecule of E2 to the E3-substrate complex.

Therefore, beyond the highly regulated recruitment of sub-
strates to an E2 enzyme, the E3 ligase also controls three addi-
tional aspects of the ubiquitination reaction: selecting the
target lysine for ubiquitin attachment, determining the conju-
gation type (lysine specificity), and deciding between mono-
and polyubiquitination. We hypothesize that the intimate con-
tacts between the E2 and substrate conferred by the E3 as well
as the positioning of the ubiquitin to be conjugated in respect to
the attacking lysine residue facilitate these functions of the E3.
In support, it has been previously illustrated that dictating the
lysine preference of ubiquitin conjugates may be related to the
manner in which the attacking ubiquitin interacts non-cova-
lently with the E2. For example, analysis of structural motifs in
certain E2 enzymes (E2-25K (53), E2D3 (E25C) (54), and
UBC13-UEV1a (E2N-E2V1) (55, 56) shows that these E2s con-
tain a region that binds to the attacking ubiquitin and affects the
resulting conjugation type (57, 58). We suggest that the E3 fine
tunes the non-covalent docking of the attacking ubiquitin to
the E2, thus catalyzing only a specific conjugation type from the
a priori capacities of that E2. This model is also sustained by
earlier reports whereby a specific binding orientation of the
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attacking ubiquitin was shown to be favored by the tertiary
structure of the E2s (such as E2-25K, E2S, E2N-E2V1/2, and
E2G), providing the rationale for the single conjugation capac-
ity of these E2s (53-56, 59).

It is noteworthy that in the current study we focused on the
role of RING E3s in controlling substrate ubiquitination by
pairing with specific E2s. The RING E3 family comprises more
than 500 members and forms the majority of known cellular E3
enzymes. We did not address the manner by which HECT
domain E3s direct ubiquitination. HECT E3s are composed of
about 30 members and act in an alternative mechanism. These
E3s contain an active site cysteine that acquires the ubiquitin
from the E2 prior to its attachment to the substrate. This form
of action endows the E3 with a broader control of the ubiquiti-
nation process. Indeed, several HECT E3s were shown to deter-
mine the specific type of the catalyzed polyubiquitin chain (50).

Auxiliary Factors May Alter Character of Ubiquitin
Conjugation—We used the MDMX as an additional factor that
may affect p53 ubiquitination in conjugation with MDM2. As
mentioned above, MDMX shares structural homology with
MDM2 but lacks an independent E3 ligase activity. MDMX is
also missing the nuclear localization and nuclear export
sequence signals and thus is thought to travel between the cyto-
plasm and the nucleus via its RING domain heterodimerization
with MDM2. Both MDM?2 and MDMX bind the p53 transacti-
vation domain via their N terminus and were shown to affect
both the activity and subcellular localization of p53. However,
the exact role of MDMX in p53 ubiquitination has not as yet
been elucidated. Our results demonstrate that the addition of
MDMX to MDM2-dependent ubiquitination of p53 reduces
the level of ubiquitination (Fig. 7 and supplemental Fig. S9). In
addition, the presence of MDMX in the reaction altered the
ubiquitination profile of p53 in terms of lysine specificity as well
as the identity of the modified target lysine residues (Table 2).
Whereas p53 ubiquitination by MDM2 was conjugated to the
DBD, the presence of MDMX relocated the ubiquitination to
the C terminus domain. Moreover, the presence of MDMX
altered the polyubiquitin chain type attached to the p53. We
hypothesize that MDMX reconfigures the MDM2-E2 complex
into a conformation that promotes the catalysis of conjugation
types (lysine specificity), which deviate from the typical conju-
gation range displayed by the E2 used in the reaction (16).

MDMX function may be analogous to that of BARD in the
context of BRCA. Although the BARD-BRCA complex dis-
criminates in selecting E2 partners, the E2 enzymes only bind to
the BRCA domain (47). This notion is supported by previous
evidence that the MDM2-MDMX heterodimer is more stable
than the homodimers of either MDM2 or MDMX (60). In
agreement, we found that deleting the N-terminal p53 binding
domain of one of the partners (MDM2 or MDMX) leads to
inactivation of the complex (Fig. 7). We propose that this type
of interaction with E3 auxiliary factors marks a general mode of
action that adds another layer of specificity to the function of
the E3 enzymes.
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