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(Background: Targeted degradation by tripartite motif (TRIM) ligase-catalyzed polyubiquitin chain formation is critical for

Results: TRIM32-catalyzed chain formation requires oligomerization and uses a cooperative allosteric mechanism.
Conclusion: Kinetics suggest TRIM32 assembles polyubiquitin chains as E2-linked thioesters prior to en bloc target protein

Significance: A general mechanism for degradation signal assembly is revealed for the TRIM ligase superfamily.
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Ligation of polyubiquitin chains to proteins is a fundamental
post-translational modification, often resulting in targeted deg-
radation of conjugated proteins. Attachment of polyubiquitin
chains requires the activities of an E1 activating enzyme, an E2
carrier protein, and an E3 ligase. The mechanism by which
polyubiquitin chains are formed remains largely speculative,
especially for RING-based ligases. The tripartite motif (TRIM)
superfamily of ligases functions in many cellular processes
including innate immunity, cellular localization, development
and differentiation, signaling, and cancer progression. The pres-
ent results show that TRIM ligases catalyze polyubiquitin chain
formation in the absence of substrate, the rates of which can be
used as a functional readout of enzyme function. Initial rate
studies under biochemically defined conditions show that
TRIM32 and TRIM25 are specific for the Ubc5 family of E2-con-
jugating proteins and, along with TRIM5«, exhibit cooperative
kinetics with respect to Ubc5 concentration, with submicromo-
lar [S], 5 and Hill coefficients of 3-5, suggesting they possess
multiple binding sites for their cognate E2-ubiquitin thioester.
Mutation studies reveal a second, non-canonical binding site
encompassing the C-terminal Ubc5a-helix. Polyubiquitin chain
formation requires TRIM subunit oligomerization through the
conserved coiled-coil domain, but can be partially replaced by
fusing the catalytic domain to GST to promote dimerization.
Other results suggest that TRIM32 assembles polyubiquitin
chains as a Ubc5-linked thioester intermediate. These results
represent the first detailed mechanistic study of TRIM ligase
activity and provide a functional context for oligomerization
observed in the superfamily.
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Post-translational conjugation of ubiquitin and ubiquitin-
like proteins to polypeptide targets provides a diverse set of
functional outcomes that regulate most aspects of cell homeo-
stasis. The best understood of these functions is assembly of
polyubiquitin chains on protein targets, resulting in degrada-
tion of the conjugated substrate by the 26S proteasome and
disassembly of the polyubiquitin degradation signal (1).
Through such targeted degradation, the ubiquitin system is a
critical mechanism by which cells regulate steady-state protein
concentrations and cellular homeostasis (2—4). Ligation of
ubiquitin to target proteins functions through a conserved
mechanism involving the sequential activities of three enzymes
that catalyze new isopeptide bond formation between the C
terminus of ubiquitin and primary amines present on the target
(2, 5). The activating enzyme (E1)> couples ATP hydrolysis to
activation of the C terminus of ubiquitin to form a ternary com-
plex comprising both E1-ubiquitin thioester and tightly bound
ubiquitin adenylate moieties (6). The E1 ternary complex then
binds any of a superfamily of cognate E2 proteins to catalyze
transthiolation of the ubiquitin thioester between the con-
served active site cysteines of E1 and E2 (7, 8). The second
half-reaction of target protein ligation is then catalyzed by one
of several hundred E3 ligases that couples new isopeptide bond
formation to the aminolytic cleavage of the high energy
E2-ubiquitin thioester (2).

Less understood is the mechanism by which polyubiquitin
chains are synthesized (9), particularly among RING ligases
that constitute a diverse group of conjugating enzymes sharing
a common catalytic domain that coordinates two Zn>" ions to
stabilize specialized RING finger motifs (4). The RING domains
constitute the functional cassette that is responsible for binding
the cognate E2-ubiquitin thioester that functions as a co-sub-
strate for the ligase and for catalysis of isopeptide bond forma-
tion (4). In the absence of substrate, RING ligases catalyze slow
formation of high molecular weight free and autoconjugated

3 The abbreviations used are: E1, ubiquitin activating enzyme; E3, ubiquitin-
protein isopeptide ligase; E2/Ubc, ubiquitin carrier protein or ubiquitin
conjugating enzyme; NHL, protein domain from representative proteins
NCL-1, HT2A, and LIN-41; RING, Really Interesting New Gene protein
domain; TRIM, tripartite motif; Uba1, human ubiquitin activating enzyme.
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polyubiquitin chains (10, 11). Observation of free polyubiquitin
chain formation challenges the conventional view that chains
are assembled on the target substrate sequentially by distal
addition of ubiquitin moieties to a growing target-anchored
ubiquitin chain (9). However, a mechanism proposed for sub-
strate conjugation by the gp78 ligase in which polyubiquitin
chains are first assembled on the cognate Ube2g2/Ubc7 ubig-
uitin carrier protein then transferred to the target protein en
bloc anticipates free chain formation as the result of the side
reaction of E2-chain thioester hydrolysis (12).

The tripartite motif (TRIM) superfamily constitutes the larg-
est group of RING ligases with over 100 paralogs (13, 14). Mem-
bers of the TRIM superfamily share a common tripartite
RING-B box-coiled coil domain architecture and function in
various aspects of cell regulation, development, innate immu-
nity, and the etiology of certain cancers (13, 15). The B box and
coiled coil domains are required for oligomerization of TRIM
family members, although the role of oligomerization in the
function of these enzymes is unclear (13). Additional domain(s)
C-terminal to the coiled coil domain serve as targeting sites for
recruiting protein substrates for ubiquitin conjugation (13). As
with other RING ligases, the mechanism by which the TRIM
paralogs catalyze formation of the polyubiquitin degradation
signal is thought to proceed through sequential distal addition
of ubiquitin to the growing chain appended to the target protein
(2, 13), although this mechanism has not been empirically
tested.

The current study investigates the mechanism of polyubiq-
uitin chain formation catalyzed by TRIM32, the function of
which is linked to tumorigenesis in squamous cell carcinoma
and other cancers (16-18), the etiology of psoriasis (19),
Alzheimer syndrome (20), and neuronal development/survival
(21, 22). Defects in TRIM32 are additionally implicated in limb-
girdle muscular dystrophy (23) and Bardet-Biedl syndrome
(24). We have exploited the innate ability of TRIM32 to catalyze
polyubiquitin chain formation in the absence of substrate as a
functional readout of ligase activity (10). Selected experiments
have been extended to two other members of the TRIM ligase
superfamily to explore the generality of our observations. In
this first mechanistic examination of TRIM ligase function,
kinetic studies suggest that members of the TRIM superfamily
function through a conserved allosteric cooperative mecha-
nism requiring oligomerization. Additional rate data are con-
sistent with an elongation mechanism in which polyubiquitin
chains are first assembled as an E2-linked thioester prior to
being appended en bloc to the target protein.

MATERIALS AND METHODS

Bovine ubiquitin, creatine phosphokinase, and apyrase were
purchased from Sigma. Ubiquitin was further purified to appar-
ent homogeneity (25) then radioiodinated by the chloramine-T
procedure using carrier-free Na'*’ (PerkinElmer Life Sci-
ences) to yield a specific radioactivity of 8000 cpm/pmol (26).
Thrombin was purchased from GE Healthcare. Human eryth-
rocyte Ubal (UBE1) was purified to apparent homogeneity
from outdated human blood (27). Active Ubal was quantitated
by the stoichiometric formation of '**I-ubiquitin thioester (27,
28). Recombinant human E2 proteins were those used previ-
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ously (29), the activities of which were quantitated by the stoi-
chiometric formation of E2-'**I-ubiquitin thioester and com-
pared with the expected activities based on protein content
determined by their calculated 280 nm extinction coefficients
(10, 28). Point mutants of Ubc5A were created using the
QuikChange kit (Stratagene) (29, 30). Recombinant human
IsoT (USP5) was expressed in Escherichia coli BL21(DE3) cul-
tures harboring pRSIsoT (generous gift of Dr. Keith Wilkinson,
Emory University School of Medicine) and purified to apparent
homogeneity as described previously (31). The concentration
of IsoT in the incubations was calculated from total protein
determined spectrophotometrically using a theoretical €544,
extinction coefficient of 1.09 mg/ml ™"

Expression and Purification of Recombinant TRIM Proteins—
Human TRIM32 cDNA (TRIM32; IMAGE clone BC003154) was
used as a template for PCR-based subcloning of the full-length and
truncated forms of the coding sequence into pPRO-EX-HTb and
pGEX-4T1 vectors using the EcoRI/Xhol restriction sites. E. coli
BL21(DE3) Arctic Express cells (Agilent Technologies) harboring
pPRO-EX-HTb-TRIM32 were induced with 0.4 mm isopropyl
1-B-p-galactopyranoside in the presence of 0.1 mm ZnSO,, for 40 h
at 15 °C. His,-TRIM32 was purified on a 1.5 X 3.0-cm HisTrap
column (GE Healthcare) according to the manufacturer’s instruc-
tions. The pPRO-EX-HTb-TRIM32ANHL plasmid was created
by QuikChange mutation of the Ile**> codon to a STOP codon and
was used to express the His,-TRIM32ANHL truncated protein,
purification of which was performed as described for full-length
TRIM32. The pGEX-4T1-TRIM32 construct was not suitable for
production of full-length TRIM32 because thrombin treatment to
remove GST also cleaved TRIM32 between the coiled coil and
NHL domains. However, the construct was used to generate the
GST-RING fusion by mutating the Leu®® codon to a STOP codon
to yield pGEX-TRIM32ACL98. The pGEX-TRIM32ACL98 plas-
mid was used to express the GST-RING fusion protein as
described for GST-E2 proteins and subsequent thrombin cleavage
of GST-RING yielded the RING domain alone (29). The GST moi-
ety was indispensable for RING domain purification and quantita-
tion because the RING domain has neither tryptophan nor tyro-
sine residues and, thus, no appreciable absorbance at 280 nm. The
GST-RING ruined thrombin construct was created by mutating
the critical arginine within the thrombin cleavage site upstream of
the multiple cloning site on the pGEX-4T1 plasmid to alanine.
Quantitation of total protein for full-length and truncated
TRIM32 species was accomplished by densitometry of Coomass-
ie-stained bands and compared with a known amount of
comparably stained GST protein following SDS-PAGE reso-
lution. Recombinant TRIM proteins were flash frozen and
stored in small aliquots at —80 °C. Aliquots were flash
thawed and used only once.

Human TRIM25 cDNA (TRIM25; IMAGE clone BC016924)
was used as a template for PCR-based subcloning of the full-
length coding sequence into the EcoRI/Xhol restriction sites
of pGEX-4T1 to yield pGEX-4T1-TRIM25. Recombinant
TRIM25 protein was expressed and purified identically to
TRIM32 with the exception that the resulting GST-TRIM25
was processed with thrombin because the ligase was not
cleaved during proteolytic processing of the GST moiety.
Human TRIM5a (corresponding in sequence to NM_033034)
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was subcloned from pCDN3.1-Trim5a (generous gift of Dr.
Ronald Luftig, Louisiana State University School of Medicine)
into pGEX4T1 using the EcoRI/Xhol restriction sites to yield
pGEX4T1-TRIM5a. Recombinant TRIM5«a was expressed in
the Rosetta strain of E. coli BL21 cells (Millipore) and purified
identically to TRIM25.

In Vitro Polyubiquitin Chain Formation Assays—Formation
of '**I-ubiquitin chains was measured at 37 °C in 25-ul reac-
tions containing 50 mMm Tris-HCI (pH 7.5), 2 mm ATP, 10 mm
MgCl,, 10 mm creatine phosphate, 0.5 IU of creatine phospho-
kinase, 1 mm DTT, 0.1 mg/ml of BSA, 5 um '**I-ubiquitin, and
the indicated concentrations of Ubal, E2, and TRIM protein.
After 10 min, reactions were quenched by addition of 25 ul of
SDS sample buffer, then incubated at 100 °C for 3 min and
resolved by 12% (w/v) SDS-PAGE (10, 28). The resulting *°I-
polyubiquitin chains were visualized by autoradiography of the
dried gels then, unless otherwise indicated, associated radioac-
tivity in the stacker corresponding to free polyubiquitin chains
was determined by excising the regions of conjugates and quan-
titating associated radioactivity by y-counting (10, 32). Kinetic
assays measured the initial rates of chain formation, for which
less than 5% of total >*I-ubiquitin was conjugated, and under
E3-limiting conditions, confirmed by the independence of rate
on [Ubal], (10). Sigmoidal kinetics for TRIM32-catalyzed
chain formation were verified by the linearity of the resulting
Hill plot; however, values for [S], 5 and the Hill coefficient #
were calculated by nonlinear regression analysis using Grafit
5.0 (Erithacus Software Ltd.).

IsoT-catalyzed Polyubiquitin Disassembly—In vitro chains
were formed as described above and reactions were quenched
with 1 IU of apyrase for 5 min at 37 °C quantitatively to deplete
ATP before adding DTT to a final concentration of 10 mm and
incubating an additional 5 min at 37 °C to cleave polyubiquitin
chains from their E2 thioester linkage. To this reaction appar-
ently homogeneous recombinant IsoT was added to a final con-
centration of 100 uM (zero time) after which aliquots were
removed at the indicated times and quenched with an equal
volume of SDS sample buffer. After 60 min, a second aliquot
of IsoT was added and incubation was continued an addi-
tional 30 min. Samples were resolved by SDS-PAGE and
autoradiographed.

Assembly of Polyubiquitin Chains on Ubc5AC85S-">°I-Ubig-
uitin Oxyester—The Ubc5AC85S-'?*I-ubiquitin oxyester was
synthesized and purified by Superdex 75 FPLC on a 1 X 30-cm
column as described previously for Ubc2bC88S-'2*I-ubiquitin
oxyester (33). Eighty nm Ubc5AC85S-'2°I-ubiquitin oxyester
was incubated at 37 °C in a 30-ul volume containing 50 mm
Tris-HCI (pH 7.5), 2 mm ATP, 10 mm MgCl,, 10 mm creatine
phosphate, 0.5 IU of creatine phosphokinase, 1 mm DTT, 0.1
mg/ml of BSA, 80 nm Ubal, 100 nm Ubc5A, 10 um TRIM32
protein, and 5 uM ubiquitin (as indicated) for 10 min. Reactions
were quenched with SDS sample buffer and resolved by 12%
SDS-PAGE. The gel was dried and bands were visualized by
autoradiography, excised from the gel, and associated radioac-
tivity was quantitated by y-counting (10, 32).

Glutaraldehyde Cross-linking—Oligomerization of TRIM32
and GST-TRIM were demonstrated by glutaraldehyde cross-
linking essentially as described by Peng et al. (34). Reactions of
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20 wl final volume containing 50 mm Tris-HCI (pH 7.5), the
indicated concentrations of glutaraldehyde, and either 2.9 um
TRIM32ANHL or 2.3 um GST-RING were incubated 5 min at
22 °C before quenching by addition of 20 ul of SDS sample
buffer. Reactions were then incubated an additional 30 min at
37 °C before resolving at 12% (w/v) SDS-PAGE. Proteins were
electrophoretically transferred to PVDF membrane (Millipore)
and detected with rabbit anti-human TRIM32 antibody
directed against the RING domain (Abcam, ab50555). Bound
antibody was visualized using horseradish peroxidase-conju-
gated goat anti-rabbit IgG antibody and Pierce ECL Western
blot substrate (Thermo Scientific) according to the manufac-
turer’s instructions.

RESULTS

Conservation of E2 Specificity within the TRIM Ligase Family—
An important step in the functional characterization of ubiquitin
ligases requires identification of their cognate E2 for supporting
the conjugation reaction because ligases typically function effi-
ciently with members of only a single E2 family (10). However,
such identification is not trivial because the E2 proteins share sim-
ilar amino acid sequences and folds within their highly conserved
~150 residue core catalytic domains (5, 35). These inherent struc-
tural similarities result in the potential for spurious binding inter-
actions between E2 and E3 proteins at high concentrations of the
interactors or long incubation times that frequently lead to ambi-
guities in the literature regarding correct E2-E3 cognate pairs, as
has been discussed previously (5, 10). TRIM32 is reported to func-
tion with isozymes of the Ubc5 family of E2 proteins and the unre-
lated UbcH6 family (36, 37). To quantitatively re-examine the
question of the cognate E2 for TRIM32, the biochemically defined
functional E2 screen of Fig. 1 was performed under E3 limiting
initial velocity conditions and equivalent 50 nm concentrations of
active E2 protein, determined in activity assays by their stoichio-
metric formation of ***I-ubiquitin thioester (10, 28). The former
conditions guarantee that the resulting autoradiographic intensity
for conjugates formed in the reaction reflect a relative rate,
whereas the latter functional assays obviate variations in E2 con-
centration originating from differences in specific activities of the
E2 proteins when defined by total protein (10).

No conjugation was observed in the presence of Ubal and
TRIM32 alone (Fig. 14, lane 2). Significant conjugation is
observed only upon addition of the Ubc5 isozymes (Fig. 14,
lanes 4—6), indicating that these paralogs are the cognate E2
species for TRIM32. Conjugation supported by the Ubc5 iso-
forms is sufficiently robust that a significant fraction of the
adducts appear at the top of the resolving gel or fail to migrate
into the 5% (w/v) stacker (indicated). The minor '**’I-ubiquitin
adduct bands below 50 kDa observed with some E2 species
result from E3-independent E2 autoubiquitination (10). The
inability of an equivalent concentration of active UbcH6 to sim-
ilarly support TRIM32 conjugation (lane 7) suggests that the
E3-independent autoubiquitination noted earlier for this para-
log (29) may have been mistaken for TRIM32-catalyzed conju-
gation or that the concentration of UbcH6, determined from
the protein concentration (37), was sufficiently high to force an
otherwise low affinity binding interaction not detected under
the current biochemically defined conditions. The E3-depen-
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FIGURE 1. E2 screen for TRIM32-catalyzed '?°l-ubiquitin conjugation. A, autoradiogram of SDS-PAGE-resolved assays of TRIM32-catalyzed '*°I-ubiquitin
chain formation. Assays were conducted as described under “Materials and Methods"” in the presence of 44 nm Uba1, 50 nm of the indicated E2, and 800 nm
TRIM32. B, autoradiogram of SDS-PAGE resolved assays conducted identically to panel A but in the presence of 1.6 um TRIM32 or 27 um GST-RING protein and
460 nm Ubc5A as indicated. Incubations additionally contained 5 um wild type (left subpanel) or reductively methylated (rmUB, right subpanel) '*1-ubiquitin.
The left and right panels were exposed to normalize to account for the difference in specific radioactivity of the polypeptides. For panels A and B, migration
positions for relative molecular weight standards are shown to the left. The position of the 5% stacker gel (Stacker), monoubiquitinated TRIM32 (Mw_,,. = 80
kDa), monoubiquitinated GST-RING (Mw_, . = 44 kDa), monoubiquitinated Ubc5A (Mw,,,. = 25 kDa), and free '?*I-ubiquitin are shown to the right. Deviation
of the apparent relative molecular weight of the monoubiquitinated species from their calculated molecular masses (Mw,, ) reflects non-ideality of ubiquitin

due to its partial unfolding in SDS.

dent signal observed in Fig. 14 is due to formation of '**I-poly-
ubiquitin chains because substitution of reductively methylated
ubiquitin (***I-rmUb), in which all lysine residues have been
stoichiometrically blocked with methyl groups to render them
unable to form isopeptide bonds (38), significantly ablates over-
all conjugation (Fig. 1B, lanes 5 versus 11). The small amount of
conjugates observed in the right panel of Fig. 1B represent
monoubiquitinated TRIM32 (lane 11) or monoubiquitinated
GST-RING (lane 12). Moreover, an observation that ladders of
polyubiquitin chains extend upward from full-length TRIM32
(Fig. 1B, lane 5) is consistent with significant autoubiquitina-
tion of the ligase.

The ability of TRIM32 to form both free and anchored chains
is demonstrated by the disappearance of a portion of the high
molecular weight *°I-ubiquitin signal upon treatment with the
ubiquitin-specific protease IsoT, which disassembles only
free polyubiquitin chains (39) (Fig. 2, A and C). At the long
exposure use in panel A of Fig. 2 to emphasize the labile signal
in the stacker, one also observes loss of the lower molecular
mass signal immediately above 25 kDa upon incubation with
IsoT (lane 4 versus 5-7). That a fraction of the chains are refrac-
tory to disassembly by IsoT, even after further incubation with
additional enzyme (Fig. 1C, open circle, and Fig. 24, lane 7),
demonstrates that ~50% of the signal is due to anchored chains
under these conditions, presumably representing autoubiquiti-
nation of TRIM32.

We also tested the specificity of TRIM25, which has been
reported to function with a variety of E2 paralogs including
UbcHS (40, 41), Ubc5A (42, 43), Ubc5C (44), UbcH6 (41), and
Ubc13 (43), all of which are members of the Ubc4/5-like clade
(5). An E2 screen identical to that of Fig. 1A demonstrates that
TRIM25-catalyzed polyubiquitin chain formation is supported
exclusively by members of the Ubc5 family (not shown). Finally,
a third E2 screen with recombinant TRIM5a also confirmed an
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earlier report that the ligase functions only with the three Ubc5
isozymes (45), not shown. Thus, of the three representative
TRIM paralogs tested, all are supported exclusively by the Ubc5
family of ubiquitin carrier proteins, suggesting Ubc5 ortholog
specificity may be conserved among the TRIM family members.

Polyubiquitin Chain Formation Requires Oligomerization of
the RING Domain—The RING domain is conserved among
nearly all of the TRIM family members (13, 46) as well as several
hundred other ligases possessing distinct domain architectures
(4). A panel of truncated TRIM32 proteins was generated to
investigate the minimum portion of TRIM32 necessary to form
polyubiquitin chains, schematically summarized in Fig. 3C.
Conjugation assays similar to those of Fig. 14 were conducted
under E3-limiting initial velocity conditions so that the autora-
diographic intensity of the resulting autoradiogram would be
proportional to rate (10). Additionally, assays were performed
at different E3 concentrations to ensure the conjugation
observed was E3 limiting, as shown by the proportionality of
rate to the TRIM construct concentration. Fig. 34 demon-
strates that truncation of the NHL domains has no effect on
polyubiquitin chain formation because equimolar TRIM32 or
TRIM32ANHL qualitatively exhibits nearly identical rates of
125]_ubiquitin chain formation (Fig. 34, lanes 7, 8, 11, and 12)
compared with controls with Ubal and Ubc5A alone (lane 2) or
Ubal and TRIM32 alone (lanes 3—6). However, additional
truncation of the B box and coiled coil domains to yield the
RING domain alone abrogates chain formation (lanes 9and 13).
The ability to form chains is partially rescued by fusion of the
free RING domain to GST (lanes 10 and 14), presumably due to
the propensity of GST to dimerize (47, 48) and partially substi-
tute for B box- and coiled coil domain-mediated oligomeriza-
tion (46). Apparent loss of chain formation following in situ
processing of GST from the RING (Fig. 3B, lane 5 versus 6) is
not due to artifactual processing the polyubiquitin chains by
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FIGURE 2. TRIM32 and TRIM32ANHL form free and conjugated polyubiq-
uitin chains. Incubations identical to those of Fig. 1 were conducted with
Ubc5A and either TRIM32 (panel A) or TRIM32ANHL (panel B) for 10 min then
ATP was removed by the addition of apyrase as described under “Materials
and Methods.” Following addition of human recombinant IsoT to a final con-
centration of 100 uMm, aliquots were taken at the indicated times. After 60 min
an additional aliquot of IsoT was added and the reaction was incubated an
additional 30 min. Migration positions for the relative molecular weight
standards are shown to the left. Position of the 5% stacking gel and free '*°I-
ubiquitin are shown to the right. Panels C and D, total conjugated '?*|-ubiqui-
tin above 25 kDa, including the stacker gel, was quantified by associated
radioactivity as described under “Materials and Methods” for the time points
of panels A and B, respectively (closed circles). Open circles indicate conjugates
remaining after addition of the second aliquot of IsoT. Data were fit to first
order kinetics by nonlinear regression (solid line) to yield the end point
(dashed line).

thrombin because the protease has no effect on chains when
added after the chain formation reaction has been quenched
(Fig. 3B, lane 7). Nor is loss of chain formation due to direct
inhibition by thrombin, because the GST-RING ruined throm-
bin fusion protein harboring a mutated thrombin cleavage site
is not similarly inhibited by thrombin treatment (lane 9).
Although the processed RING domain alone is incapable of
catalyzing polyubiquitin chain formation, it is able to undergo
automonoubiquitination to yield a unique band of about 18 kDa
(Fig. 3B, lane 6), formation of which can serve as a functional
readout of RING domain activity.

To confirm that fusion of GST to the RING domain rescues
the functional phenotype of chain formation observed for full-
length TRIM32, the activity of the GST-RING fusion was tested
in the presence of '*’I-rmUb. Substitution of '*’I-rmUb for
wild type '**I-ubiquitin in the GST-RING-catalyzed chain for-
mation assay results in significant loss in conjugation, indicat-
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ing that the GST-RING fusion also forms polyubiquitin chains
(Fig. 1B, lanes 6 versus 12). Furthermore, the chains of ubiquitin
formed by the GST-RING fusion also partition between free
and conjugated forms because the former are susceptible to
disassembly by IsoT (not shown), as observed for full-length
TRIM32 and TRIM32ANHL (Fig. 2).

The TRIM Proteins Exhibit Cooperative Kinetics with Respect
to [UbcS5],—Prior work from our laboratory has demonstrated
that rates of polyubiquitin chain formation can serve as a facile
reporter function for kinetically characterizing E3 activity (10,
33, 49). We applied this approach to expand on the semiquan-
titative data from Figs. 1-3. Under TRIM32-limiting condi-
tions, '**I-ubiquitin chain formation exhibits a marked
dependence on Ubc5A concentration (Fig. 44). Because the
assays were conducted under initial velocity conditions, auto-
radiographic intensity is proportional to the initial rate. That
the reactions are E3 limiting and, therefore, reflect the intrinsic
rate of TRIM32 is demonstrated by the increase in conjugation
when TRIM32 (lane 13) but not Ubal (lane 12) is doubled (Fig.
4A). The latter control additionally confirms that the assays
contain sufficient Ubal to maintain all Ubc5A charged as the
corresponding Ubc5A-'?*I-ubiquitin thioester, the actual sub-
strate for TRIM32 (33, 49). Excision of the lanes from the gel
and quantitation of the associated radioactivity by y-counting
allows one to calculate the corresponding rate of polyubiquitin
chain formation based on the specific radioactivity of the '*°I-
ubiquitin (10, 32, 49). The dependence of the initial rate for
formation of free chains present in the stacker gel on the con-
centration of Ubc5A-'2°I-ubiquitin thioester, measured as total
active Ubc5A, is sigmoidal below 600 nm but exhibits pro-
nounced substrate inhibition at higher E2 concentrations (Fig.
4B, dashed line). The sigmoidal dependence indicates TRIM32
shows allosteric cooperativity with respect to its charged E2
substrate, which is the first example of such behavior by a ubiq-
uitin ligase. The sigmoidal dependence on [Ubc5A], in Fig. 4B
is confirmed by the linearity of the corresponding Hill plot
(inset) and the excellent nonlinear regression fit of the data to
the Hill equation (solid line). Cooperativity requires multiple
conformationally linked binding sites for the Ubc5A-%*I-ubiq-
uitin thioester substrate, the lower limit of which is defined by
n, whereas substrate inhibition at higher concentrations is con-
sistent with ordered binding of Ubc5A-'?*I-ubiquitin thioester
to these multiple sites during the catalytic cycle of chain forma-
tion. In these kinetic measurements we chose to focus on rates
of free chain formation because identification of such homoge-
neous products are unambiguous and well resolved in the
stacker from the lower molecular weight anchored chains.
However, analysis of the rates of anchored chain formation
shows results similar to those of free chains, consistent with
partitioning of a common intermediate between free and
anchored chains.

Nonlinear regression fit of the data in Fig. 4B to the Hill
equation allows calculation of V..., (0.54 = 0.01 pmol/min), the
corresponding k., as V,,../[Trim32], (4.5 = 0.8 X 10 >s™ 1)
with [TRIM32],_ expressed as total protein, the concentration of
substrate yielding half-maximal velocity [S], 5 (410 £ 10 nm),
and the Hill coefficient # (5.1 = 0.3) (Table 1). Parallel experi-
ments similar to that of Fig. 4 revealed that TRIM25 and
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tation of constructs used in panels A and B.

TRIM5a also exhibit cooperativity with respect to [Ubc5A],
and substrate inhibition at higher concentrations of the E2 (not
shown). The resulting kinetic constants derived from nonlinear
regression analysis of the respective data also corresponded
well to that obtained with TRIM32 (Table 1). This suggests that
cooperativity and the mechanism of polyubiquitin chain forma-
tion are conserved catalytic features of the TRIM superfamily.

Allosteric cooperativity was observed with TRIM32ANHL
(not shown), consistent with the ability of the TRIM enzymes to
oligomerize through their conserved B box-coiled coil domains
in the absence of the NHL targeting domains and yielded kinet-
ics similar to wild type TRIM32 when normalized to enzyme
concentration (Table 1). To confirm that subunit association
through the B box-coiled coil region is required for the cooper-
ative allosteric response, we also examined the kinetics of a
GST-RING construct derived from the catalytic domain of
TRIM32 (not shown) and the corresponding free RING domain
following in situ processing with thrombin (Fig. 4, C and D).
The GST-RING fusion protein exhibited attenuated allosteric
cooperativity (n = 2 £ 0.1) with a significantly reduced appar-
ent affinity for Ubc5A ([S]os = 5.0 = 0.8 um), suggesting a
diminished coupling between binding sites (Table 1). These
observations indicate that the NHL domains are not essential
for either chain formation or cooperativity. Although the B box
and coiled coil domains are required for oligomerization and
chain formation catalyzed by full-length TRIM32, truncation of
these oligomerization domains does not completely abolish the
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potential for cooperativity when an alternative mechanism for
tethering the RING domains is substituted by fusion to GST,
which is known to dimerize with micromolar affinity (34, 50). In
contrast, the free RING domain generated by in situ thrombin
processing catalyzes only automonoubiquitination, suggesting
oligomerization is required for chain formation (Figs. 2, B, lane
6, and 4C). When the initial rate of monoubiquitination is
exploited as a functional readout of free RING domain catalytic
activity, this module exhibits hyperbolic kinetics with respect to
[Ubc5A], (K, =630 = 286 nmand k,, =82+ 1.9 X 10 ¢s™ 1),
confirmed by the linearity of the corresponding double-recip-
rocal plot (Fig. 4D, inset).

Glutaraldehyde cross-linking experiments were performed
on Trim32ANHL and GST-RING proteins to determine the
number of subunits present in the active E3. Consistent with
previous observations for TRIM5«, TRIM28/KAP1, and
TRIM33/TIF1a/vy (51, 52), glutaraldehyde cross-linking exper-
iments demonstrate a fraction of the TRIM32ANHL and GST-
RING proteins can be covalently cross-linked (Fig. 5). Previ-
ously, Lietal. (51) observed cross-linking that they described as
consistent with a trimer, whereas Peng et al. (52) observed even
higher oligomers. In the present studies, cross-linking of
TRIM32ANHL or GST-RING yield bands with relative molec-
ular weights consistent with dimers, tetramers, and higher
order oligomers (Fig. 5), supporting levels of oligomerization of
TRIM32 predicted by the observed Hill coefficient (Table 1).
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TABLE 1 a-helix, highlighted in yellow in Fig. 64, abrogates chain formation
Summary of kinetic constants (Fig. 6B, lane 3 versus 4). Loss of function was not due to disruption
Keat” [Slos " of the E2-ubiquitin thioester formation because Ubal ternary
st nM complex binding occurs at the opposite end of the uncharged E2
TRIM32 4.5+ 0.8 X 10 410 + 10 5103 o
TRIM?25 59+ 0.1 X 102 460 = 20 3.6+ 0.5 (29) and Ubc5AA138 supports Ubal-catalyzed transthiolation
TRIM5a 0.28 +0.05 X 10 * 280 £ 43 29%06 (not shown). In addition, the concentration dependence for
TRIM32ANHL 5603 X% 10 340 + 12 51+07 . ) .
GST-RING 26+8%1073 5000 = 840 2.0+ 0.1 Ubc5AA138 transthiolation by Ubal showed wild type kinetics
“Values of k_,, determined as V,,,./[E3],, where [E3], is calculated from total for K, and k_,, (not shown), confirming that the truncation
TRIM protein.

does not obviate correct folding of the protein. Alanine scan-
ning mutagenesis within the 10 truncated residues indicates
that some residues have no effect on polyubiquitin chain for-
mation (W141A and T142A; Fig. 6B, lanes 7 and 8), whereas

TRIM32 Binds Ubc5A via Two Distinct Surfaces on the E2—
Ubiquitin carrier proteins bind RING domains such as those pres-
ent on the TRIM ligases through the Loop 1/2 surface encompass-

ing the N-terminal helix of the E2, as originally shown for UbcH?7
binding to Cbl (53). The RING binding interface overlaps that for
E1, precluding E1-E2-E3 complexes and requiring dissociation of
the E2-ubiquitin thioester intermediate from E1 before binding to
the cognate E3 is possible (29, 54). In contrast, we found that trun-
cating the last 10 residues of UbcH5A comprising the C-terminal
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other positions qualitatively enhance the rate of chain forma-
tion (R139A, E140A, Q143A, K144A, and M147A; Fig. 6B, lanes
5,6, 9, 10, and 15). However, mutation of Tyr'** to alanine or
Ala'*® to a more bulky leucine ablates chain formation (Fig. 6B,
lanes 11 and 14). These qualitative results were confirmed by
quantitative kinetics for the E2 concentration dependence for
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as described under “Materials and Methods” then resolved by 12% (w/v) SDS-
PAGE before visualization by Western blotting. Migration positions for rela-
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125T_ubiquitin polyubiquitin chain formation determined simi-
lar to the study of Fig. 4B and Table 2.

Tyrosine 145 packs between Lys”?and Lys'** (Fig. 6A) so that
mutation to alanine would deshield the charge repulsion oth-
erwise present between these resides. Reconstitution of the aro-
matic nature of the side chain with Ubc5AY145F rescues poly-
ubiquitin chain formation (Fig. 6B, lane 12), consistent with the
model for deshielding by the aromatic ring. In contrast, mim-
icking the phenolate charge by substitution with glutamate
does not restore chain formation (Fig. 6B, lane 13). Alanine 146
is buried in Ubc5 and substitution with leucine presumably dis-
rupts packing of the C-terminal helix to the catalytic core of the
E2. These results suggest that the C-terminal face of Ubc5A
comprises a noncanonical E3 binding surface composed in part
of the C-terminal a-helix and that this interaction requires
native packing of this helix.

Although the Ubc5AA138 mutant does not support TRIM32-
catalyzed chain formation, the data of Fig. 7 indicate that the
mutant nonetheless binds TRIM32. The Ubc5AA138 mutant,
present as its corresponding '**I-ubiquitin thioester due to its abil-
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FIGURE 6. Mutations in the C-terminal a-helix of Ubc5A abrogate polyu-
biquitin chain formation. A, structure of Ubc5A with the active cysteine
shown in orange spheres and the last 10 residues of the protein within the
C-terminal a-helix are highlighted in yellow. The packing of Tyr'*® between
Lys’?and Lys'*®is highlighted. The sequence for the C-terminal 10 residues is
shown below the structure. The image was created from PDB file 2C4P (Dodd,
R. B., and Read, R. J., unpublished coordinates) using PyMol (Schrodinger).
B, autoradiogram comparing wild type Ubc5A (lane 3) and the indicated
C-terminal point mutants (lanes 4-15) in their ability to support TRIM32-cat-
alyzed "#’l-ubiquitin chain formation. Reactions contained 64 nm Uba1l, 100
nm active E2, and 200 nm TRIM32 protein, as indicated. Migration positions for
relative molecular weight standards are shown to the left. The position of the
5% stacking gel and free '>*l-ubiquitin are shown to the right.

ity to be charged by Ubal with wild type kinetics, stimulates
Ubc5A-dependent chain formation at concentrations below 100
nM (Fig. 7), consistent with the allosteric cooperativity observed for
the wild type E2 (Fig. 4). At higher concentrations, Ubc5AA138
displays the same concentration-dependent substrate inhibition
observed for wild type protein. The latter is not due to inhibition of
the Ubal step because doubling [Ubal], in parallel control incu-
bations had no effect on rates of chain formation, confirming
TRIM32-limiting conditions.

TRIM32 Assembles Thioester-linked Polyubiquitin Chains on
Ubc5A—The mechanism of polyubiquitin chain formation is
generally thought to proceed by sequential addition of succes-
sive ubiquitin molecules to the distal end of a growing chain
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TABLE 2
Summary of kinetic constants for Ubc5A C-terminal mutants
kcata [S]OAS nH
s1 nm
Ubc5A (wt)? 45+08Xx107° 410 = 10 5.1+0.3
Ubc5AA138 NA° NA NA
Ubc5AR139A 83+01X10°? 302 =11 4.6 £0.7
Ubc5AE140A 49*+0.1X10° 174 = 6 4.6 + 0.6
Ubc5AW141A 47 +01X107? 480 £ 25 33*03
Ubc5AT142A 1.8+0.1X1072 240 = 2 52*0.2
Ubc5AQ143A 4.6+ 0.1 X103 240 = 10 51+0.3
Ubc5AK144A 6.9+01X103 190 = 6 4.6 £0.6
Ubc5AY145A NA NA NA
Ubc5AA146L 0.10 £0.01 X 10 570 = 380 34+ 1.4
Ubc5AM147A 43+01X1073 249+ 6 57*0.8

“Values of k_,. determined as V.,
TRIM protein.
?Values from Table I.

¢NA, no activity.

/[E3],, where [E3], is calculated from total

attached to the target substrate (9). However, the ability of
many ubiquitin ligases to assemble free polyubiquitin chains
suggests a mechanism in which the chains are first formed then
transferred to the target protein (10), as has been shown for the
ER-associated ligase gp78 for which chains are assembled on its
cognate Ube2g2/Ubc7 E2 carrier protein as a thioester (12). To
test this for TRIM32, we exploited the ability of Ubal to form a
Ubc5AC85S-'2°I-ubiquitin oxyester from the corresponding
active site point mutant then purified this inert substrate analog
by gel filtration chromatography (33, 55). Such oxyesters are
incapable of supporting subsequent E3-catalyzed conjugation
reactions due to the stability of the E2-ubiquitin oxyester bond
(33, 55); therefore, if TRIM32 is capable of preforming a poly-
ubiquitin chain on Ubc5A as a thioester, one should observe
similar chain formation with unlabeled ubiquitin to the radio-
labeled E2-ubiquitin oxyester in a pulse-chase incubation.

The autoradiogram of Fig. 8 demonstrates that this is
indeed the case because only in the presence of the complete
ligation reaction and unlabeled ubiquitin does one observe
Ubc5AC85S-'**I-ubiquitin oxyester, present at 80 nM, pro-
moted to higher molecular weight forms (Fig. 8, lane 7). Pre-
sumably, the concentration of free '**I-ubiquitin in the incuba-
tion of Fig. 8, lane 6, resulting from slow hydrolysis of the
oxyester, is too low to support the activation reaction of Ubal.
The free **I-ubiquitin present in the incubation of lane 6 was
quantitated by directly determining associated radioactivity in
the excised lane below the pronounced band of the oxyester.
The resulting concentration of free '**I-ubiquitin of 16 nm was
significantly below the K, of 0.8 um for free ubiquitin shown
previously for human Ubal and predicts a rate of 2% of V..
(33). Addition of 5 um unlabeled ubiquitin to the incubation of
lane 7 reduces the specific radioactivity of the polypeptide to
0.3% of that in lane 6; therefore, high molecular weight conju-
gates observed in lane 7 must result from conjugation of
unlabeled polypeptide to the preformed Ubc5AC85S-'>°I-
ubiquitin oxyester. Determination of associated radioactiv-
ity for Ubc5AC85S-'*°I-ubiquitin oxyester from lanes 6 and 7
show a 0.3 pmol (15%) loss from lane 6 that matched exactly
with a 0.3 pmol gain in higher molecular conjugates in lane 7
above the band of the oxyester. In contrast, free ubiquitin-asso-
ciated radioactivity was unchanged between lanes 6 (0.4 pmol)
and 7 (0.4 pmol). Interestingly, TRIM32 is catalytically capable
of assembling polyubiquitin chains on Ubc5AA138-"**I-ubiq-
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uitin oxyester (not shown), consistent with the ability of the
truncation to bind the ligase (Fig. 7B). The presence of pre-
formed polyubiquitin chains on Ubc5 as the corresponding
thioester provides a mechanism for free chain formation upon
transfer of the adduct to water or DTT present in the reactions.

DISCUSSION

Conjugation of ubiquitin to protein targets is a critical mech-
anism for cellular regulation in eukaryotes and many of these
pathways rely on the assembly of polyubiquitin chains on the
targets as the committed step for their degradation by the 26S
proteasome or as a scaffold for assembly of multimeric com-
plexes (56, 57). Target protein specificity among these post-
translational modifications is defined by a diverse subset of
ubiquitin ligases (58) of which the TRIM superfamily consti-
tutes more than 100 paralogs that serve important functions in
cellular homeostasis and, more critically, in the innate immune
response of cells to viral and bacterial pathogens (13, 14). The
current study is the first to investigate the mechanism of poly-
ubiquitin chain formation by TRIM32 and related paralogs,
using initial rates for formation of this degradation signal as a
functional readout. The results suggest a common catalytic
mechanism among members of the superfamily, consistent
with their marked conservation in sequence and domain
architecture.

The identification of the cognate E2 for a ubiquitin ligase is
an essential step in its characterization, yet conservation within
the E2 superfamily and the qualitative assays typically used to
assess E2 specificity makes this task technically challenging
(10). The present biochemically defined quantitative E2 screens
unambiguously identify Ubc5 as the sole cognate E2 paralog
supporting TRIM32-, TRIM25-, and TRIM5a-catalyzed poly-
ubiquitin chain formation (Fig. 1). The current approach has
the advantage that E2 species are compared in parallel at equiv-
alent concentrations determined in functional stoichiometric
assays, rather than by total protein, and that activity is assayed
under initial velocity conditions so that the signal is propor-
tional to catalytic competence (10). Identification of the ability
of the Ubc5 isozymes generally to support TRIM ligase activity
agrees with previous observations (36, 59 — 61); however, earlier
reports that TRIM32 (36) and TRIM25 (40, 41, 62) also function
with UbcHBS likely reflect the intrinsic ability of the E2 to form
E3-independent polyubiquitin chains because the protein fails
to support the activity of the TRIM paralogs tested here (10).
More recently, high throughput methods involving two-hybrid
screens have been exploited in an attempt to provide a compre-
hensive understanding of E2-E3 interactions and have sug-
gested that TRIM32 functions with a broad array of E2 species,
including UbcH7 and UbcHS8, among others (37). However,
such approaches fail to recognize that the actual substrate for
an E3 is the cognate E2-ubiquitin thioester, which cannot be
replicated in such interaction screens, and that both binding
and geometry of the resulting Michaelis complex define cata-
lytic competence. Thus, whereas other uncharged E2 paralogs
may bind TRIM32 with low affinity, they can potentially lack
the correct orientation to support chain formation as their cor-
responding ubiquitin thioesters, as appears to be the case for
UbcH7 and UbcH8.
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Previously we have shown that E2-ubiquitin thioesters bind
their cognate ligase with hyperbolic kinetics, from which the
intrinsic affinity (K,) could be determined from the corre-
sponding K, (10, 30, 33). In contrast, the TRIM ligases exhibit
cooperative allosteric kinetics with respect to Ubc5-ubiquitin
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thioester concentration, requiring binding-dependent confor-
mational cross-talk among the subunits of the ligase (Fig. 4).
This is the first evidence of cooperativity for a ubiquitin ligase
and provides important insights into the mechanism of poly-
ubiquitin chain formation because deletion of the B box-coiled
coil oligomerization domain abrogates chain formation unless
association of the catalytic RING domains is rescued by linkage
to an artificial dimerization domain such as GST (Fig. 3 and
Table 1). Similar rescue of activity through fusion to GST has
been reported previously for the RING domains of ¢-Cbl (63),
APC11 (64, 65), BRCA1 (66), ROC1 and -2 (67), and Ber-Abl
protein (34), although the mechanism by which the GST moiety
restores activity was not pursued. Mounting evidence suggests
homo- and heterodimerization is required for the activity of
many ligases (68 —72) (reviewed in Ref. 73). The current kinetic
studies suggest a mechanistic context for oligomerization as a
necessary component of polyubiquitin chain formation.

The current kinetic data require that conformational com-
munication among the multiple E2-ubiquitin binding sites
occurs across the oligomer and that the portion of TRIM32
from the N terminus to the B-box mediates this mechanical
coupling, evidenced by the loss of cooperativity in favor of
hyperbolic kinetics with respect to [Ubc5A], for the isolated
RING-catalyzed automonoubiquitination (Fig. 4, C and D).
From the theoretical sigmoidal curve we can calculate the Hill
coefficient (), a direct measure of the lower limit to the number
of substrate binding sites (74). The range of n values for
TRIM32 and TRIM32ANHL indicate that there are several
binding sites on the E3; however, limitations imposed by sub-
strate inhibition at higher concentrations of the Ubc5-ubiquitin
thioester precludes accurate estimates of the intrinsic Hill coef-
ficient. That the GST-RING displays a lower # value may indi-
cate a diminished number of substrate binding sites, but more
likely results from ablated conformational coupling of the sub-
units when linked artificially through GST. Despite this limita-
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tion, the data indicate that there are at least four Ubc5-ubiqui-
tin thioester binding sites present on wild type TRIM32.
Furthermore, an 7 value equal to two for GST-RING requires
more than two binding sites for Ubc5-ubiquitin thioester, reca-
pitulating the four binding sites of the wild type protein, but
with diminished conformational coupling.

Nonlinear regression analysis allows calculation of values for
[S]o.5 that are comparable (but not formally equivalent) to the
K, for hyperbolic enzymes. The range of [S], 5 values for the
TRIM paralogs examined are somewhat higher than the K, of
54 * 18 nM previously reported for the interaction between
human Ubc2b-ubiquitin thioester with E3a/Ubr1 (33). Values
of K,, frequently evolve to approximate the corresponding
intracellular substrate concentration so that rates of the
enzyme fluctuate with changes in metabolite concentration.
Using quantitative Western blots, we estimate the intracellular
concentration of Ubc5 in A549 cells to be ~160 nMm, somewhat
lower than the [S], 5 values for the three TRIM ligases tested
(Table 1). However, because of the sharp increase in activity
inherent in the sigmoidal cooperative concentration depen-
dences observed here, small changes in Ubc5 concentration will
result in large alterations in activity, rendering such enzymes
molecular switches. In the case of the TRIM ligases, the
observed substrate inhibition at higher concentrations of
Ubc5-ubiquitin thioester further enforces a narrow range of
activity.

Substrate inhibition at high E2 concentrations was previ-
ously observed with the E3c/Ubrl RING ligase and the Hect
ligase family (10, 33). In the present context, substrate inhibi-
tion is consistent with ordered binding of the Ubc5-ubiquitin
thioester to distinct substrate sites on the TRIM ligases that
differ in affinity. Previous structural work demonstrates that E2
proteins bind the RING domain through a specific surface near
their N terminus encompassing the Loop 1/2 region (53). How-
ever, the current study suggests that TRIM32 also binds Ubc5-
ubiquitin thioester independently through an additional non-
canonical surface on the C-terminal a-helix because truncation
of the last 10 Ubc5A residues abrogates free chain formation
and this effect can be replicated by mutation of Tyr*** (Fig. 6
and Table 2). However, because the Ubc5AA138 mutant can
stimulate the rate of polyubiquitin chain formation through
allosteric cooperativity even though it cannot formally support
the net reaction of chain elongation demonstrates that the sub-
strate is capable of binding to TRIM32, presumably through the
canonical RING binding interaction.

Overall, the current data support a model for TRIM32 and
other members of this ligase superfamily in which oligomeriza-
tion is essential for catalytic competence in formation of the
resulting polyubiquitin degradation signal. Other observations
suggest that polyubiquitin is first assembled as an enzyme-
bound E2 thioester intermediate prior to transfer en bloc to the
protein target, although the latter step has not been directly
confirmed. Such a mechanism obviates the topological con-
straints posed by translating a catalytic site along the growing
polyubiquitin chain, whereas target protein remains bound.
Empirical evidence for distinct TRIM32 binding sites on E2,
substrate inhibition by the corresponding E2-ubiquitin thioes-
ter, and the stoichiometry of the Hill coefficient relative to the
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oligomerization state of the ligase are consistent with multiple
binding sites per subunit for the enzyme. Whether this mecha-
nism conforms to a “seesaw” model proposed earlier (9) or an
indexation model in which chains are built “inside out” remains
to be determined. However, ordered E2-ubiquitin thioester
binding to distinct nonsymmetric sites, indicated by substrate
inhibition at higher concentrations, strongly favors the latter
alternative. Nonetheless, the present observations provide the
first detailed examination of the mechanism of TRIM ligase
function.
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