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Background: The mechanism of EGAP has been previously defined by the structure of a substrate-bound intermediate.
Results: Rate studies of polyubiquitin chain formation preclude the canonical model based on the crystal structure.
Conclusion: Kinetics define a mechanism requiring two functionally distinct E2~ubiquitin thioester binding sites.
Significance: A general mechanism for Hect ligase polyubiquitin chain formation is defined for E6GAP based on empirical rate

measurements.

By exploiting '**I-polyubiquitin chain formation as a func-
tional readout of enzyme activity, we have quantitatively exam-
ined the mechanism of human E6AP/UBE3A for the first time.
Initial rate studies identify UbcH?7 as the cognate E2 carrier pro-
tein for E6AP, although related Ubc5 isoforms and the ISG15-
specific UbcHS8 paralog also support EGAP with reduced efficacy
due to impaired binding and catalytic competence. Initial rates
of polyubiquitin chain formation displayed hyperbolic kinetics
with respect to UbcH7 concentration (K, = 57.6 = 5.7 nm and
k.. = 0.032 % 0.001 s™') and substrate inhibition above 2 um.
Competitive inhibition by an isosteric UbcH7C86S-ubiquitin
oxyester substrate analog (K; = 64 %= 18 nM) demonstrates that
K, reflects intrinsic substrate affinity. In contrast, noncompet-
itive inhibition by a UbcH7C86A product analog (K; = 7 = 0.7
pM) and substrate inhibition at high concentrations require two
functionally distinct E2~ubiquitin substrate binding sites. The
kinetics of polyubiquitin chain formation reflect binding at
a cryptic Site 1 not previously recognized that catalyzes
E6AP~ubiquitin thioester formation. Subsequent binding of
E2~ubiquitin at the canonical Site 2 present in the extant crystal
structure is responsible for polyubiquitin chain elongation.
Other rate studies show that the conserved —4 Phe®** residue is
required for polyubiquitin chain formation rather than target
protein conjugation as originally suggested. The present studies
unambiguously preclude earlier models for the mechanism of
Hect domain-catalyzed conjugation through the canonical
binding site suggested by the crystal structure and define a novel
two-step mechanism for formation of the polyubiquitin degra-
dation signal.

The Hect? (homologous to E6AP carboxyl terminus) domain
ligases constitute a family of ~100-kDa enzymes catalyzing the
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attachment of ubiquitin to specific target proteins as a signal for
degradation by the 26 S proteasome or for directing target pro-
tein cellular localization and function, most recently reviewed
by Rotin and Kumar (1). Ubiquitin conjugation proceeds
through a canonical three-step pathway comprising ubiquitin
activation by the Ubal ubiquitin activating enzyme, transfer of
the high energy Ubal~ubiquitin thioester to a specific E2/Ubc?
carrier protein to form an E2~ubiquitin thioester, and subse-
quent conjugation of the E2-bound ubiquitin to the target pro-
tein by ubiquitin ligase (E3)-catalyzed aminolytic cleavage of
the ubiquitin carboxyl-terminal thioester bond (1, 2). The Hect
domain ligases are distinguished from the larger superfamily of
Ring-type ligases in forming an obligatory ubiquitin thioester to
a conserved active site cysteine present in the catalytic domain
as the immediate donor of activated ubiquitin for isopeptide
bond formation (1). In humans, the Hect ligase family com-
prises 29 genes whose products occupy key regulatory roles
within cells and share similar domain architectures comprised
of a highly conserved 350-residue carboxyl-terminal Hect
domain responsible for cognate E2~ubiquitin thioester bind-
ing and subsequent target protein conjugation; in addition, one
or more amino-terminal domains recruit target protein sub-
strates for conjugation by the Hect catalytic domain (1, 3).

In addition to the intrinsic targeting mechanism encoded
into the amino-terminal sequences of the Hect ligases, accumu-
lating evidence indicates that adapter proteins are frequently
employed to recruit substrates to the ligation machinery (4, 5).
Viruses exploit the latter feature of target protein selection as
integral steps in their replication cycle to enhance viral particle
yield, reviewed by Isaacson and Ploegh (6). In the human pap-
illomavirus virus type 8/16 replication cycle, viral E6 protein
recruits host p53 to the Hect ligase EGAP/UBE3A for conjuga-
tion and targeted degradation by the 26 S proteasome as one

activating enzymes of Class 1 ubiquitin-like proteins; E2/Ubc, generic
name for ubiquitin carrier protein/ubiquitin conjugating enzyme; Ubc2b,
b isoform of the human/rabbit ortholog of Saccharomyces cerevisiae Rad6/
Ubc2 (also termed E2,,.,; gene name, UBE2B); Ubc5B, B isoform of the
human ortholog of the S. cerevisiae Ubc5 (also termed UbcH5B; gene
name, UBE2D2).

3 We use E1 and E2 generically to refer to the paralogous activating enzymes
and carrier proteins/conjugating enzymes, respectively, for Class 1 ubiqui-
tin-like proteins.
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step in cervical cell transformation (4, 7). Viral E6 protein
recruits additional substrates to the E6AP ligase, including
NFX1 in the activation of telomerase (8, 9) and the ADA3 tran-
scriptional co-activator of GCNS5 histone acetyltransferase (10).
Hepatitis C virus NS5B protein serves a similar role in targeting
retinoblastoma tumor suppressor protein for degradation,
increasing risk for cirrhosis and hepatocellular carcinoma (5).

E6AP is the founding member of the Hect domain ligases
(11) and has been identified as the Angelman syndrome gene,
loss-of-function deletions/mutations of which result in an
inherited neuropathy with a frequency of 1 in 10,000-20,000
births that is responsible for severe mental retardation, absence
of speech, ataxia, and an unusually happy demeanor (12-15).
UBE3A resides within the chromosome 15q11-13 region and is
subject to genomic imprinting that results in a maternal-spe-
cific expression pattern in brain (16, 17). UBE3A is also a strong
candidate for the autism phenotype based on imprint status and
its causative role in Angelman syndrome in those instances of
gain-of-function maternal-specific interstitial duplication in
the 15q11-13 region (18, 19). The neuronal targets of E6AP
have been identified as Arc, which regulates endocytic traffick-
ing of the neuronal AMPA receptor, and Ephexin5, which is a
RhoA guanine nucleotide exchange factor regulating excitatory
synapse development, both of which are required for neuronal
plasticity and long term memory (20-22). Recruitment of
E6AP to aggresomes, degradation of polyglutamine expansion
proteins, and induction by various stress mechanisms suggest
the ligase serves additional functions as part of the cellular pro-
tein quality control response (23, 24). The E6AP ligase also
serves regulatory functions as a dual function co-activator of
steroid hormone receptors through targeted degradation of
transcriptional complexes, reviewed in Ref. 25.

The crystal structure for the Hect domain of E6AP re-
veals two lobes arranged in an L shape with an amino-terminal
lobe that can be subdivided into large and small subdomains,
the latter of which binds E2 in a defined pocket, connected by a
hinge peptide to a carboxyl-terminal lobe harboring the active
site Cys®?° to which the E2-bound ubiquitin thioester is trans-
ferred (26). The conventional mechanism of Hect ligase conju-
gation posits binding of E2~ubiquitin thioester to the small
amino-terminal subdomain, based on the crystal structure,
then transfer of its activated polypeptide to the active site Hect
domain cysteine to form an E3~ubiquitin thioester, which
serves as the immediate donor for target protein conjugation
and subsequent sequential polyubiquitin chain elongation (26,
27). However, the structure of UbcH7 bound to the small ami-
no-terminal subdomain of EGAP poses problems in accounting
for the mechanism of Cys®?° thioester formation from the
bound E2-ubiquitin thioester, as the latter is separated from
Cys®?° by 41 A, whereas thioester transfer requires the donor
and acceptor sulfurs within the two sites to be within atomic
distance for nucleophilic attack (26). Structures for the WWP1/
AIP5 (28), Smurf2 (29), Nedd4—-1 (30), Nedd4—2 (31), and
HuWEI1 (32) Hect domains reveal differences in orientation for
the amino- and carboxyl-terminal lobes that suggest potential
conformational changes during the catalytic cycle may close
some of the distance required for nucleophilic attack (31) as
mutation of residues in the hinge region of WWP1 that restricts
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mobility of the carboxyl-terminal domain also ablates ligase
activity (28). A recent structure for a stable UbcH5B-ubiquitin
oxyester bound to Nedd4 —2/Nedd4L suggests a hypothetical
structure for such a Michaelis complex; however, the sulfur
atoms remain separated by 8 A (31). Finally, early single-turn-
over studies of Hect domain function suggest that ligases may
employ different mechanisms for polyubiquitin chain synthesis
in which initial transfer of activated ubiquitin from the
E2~ubiquitin thioester to the active site Hect domain cysteine
is followed by conjugation to the target protein and sequential
elongation of the polyubiquitin chain in the case of KIAA10 or
assembly of the polyubiquitin chain as an E6AP Cys®**°-linked
thioester before its en bloc transfer to the target protein lysine
(33).

In the present study we have exploited the intrinsic ability of
E6AP to form free polyubiquitin chains in the absence of sub-
strate (34) as a reporter function to study the core catalytic
behavior of the enzyme (35). Kinetic analysis of free chain for-
mation in biochemically defined functional assays has unam-
biguously defined the E2 specificity of the ligase. Unexpectedly,
these results reveal for the first time that the ECAP Hect domain
harbors a second cryptic E2~ubiquitin thioester binding site
that is directly required for formation of the Hect domain
Cys®°~ubiquitin thioester intermediate, potentially resolv-
ing the long-standing question of active site geometry and
E2-E3 transthiolation mechanism (26). Other observations
suggest that the ubiquitin moiety of the E2~ubiquitin thioester
contributes significantly to overall binding affinity of the
charged intermediate compared with uncharged E2 at the non-
canonical binding site. These studies provide the first quantita-
tive functional insights into the mechanistic details of the EGAP
catalytic cycle and of interactions between the ligase and its
E2-ubiquitin thioester substrate. Structural conservation
among the Hect ligases in their catalytic domains suggest these
mechanistic characteristics are shared by other members of the
ligase superfamily.

MATERIALS AND METHODS

Bovine ubiquitin and creatine phosphokinase were pur-
chased from Sigma. Ubiquitin was further purified to apparent
homogeneity by FPLC chromatography and quantitated spec-
trophotometrically (36). Ubiquitin was radioiodinated by the
chloramine-T procedure to yield specific radioactivities of
~15,000 cpm/pmol using carrier free Na'?*I purchased from
either GE Healthcare or PerkinElmer Life Sciences (37). Wild
type Lys*®-linked tetra-ubiquitin was purchased from Boston
Biochemicals, a portion of which was reductively methylated as
previously described by Hershko and Heller (38). Human eryth-
rocyte Ubal was purified to apparent homogeneity from out-
dated human blood (37). Active Ubal was quantitated by the
stoichiometric formation of '**I-ubiquitin thioester (39, 40).
The amino-terminal acetylated Ac-:AKGFGML peptide corre-
sponding to the carboxyl-terminal heptapeptide of E6GAP was
synthesized in the Protein and Nucleic Acid Core Facility of
Medical College of Wisconsin (Milwaukee, W1I) and purified by
HPLC. Peptide purity was confirmed by mass spectrometry,
and peptide concentration was determined spectrophoto-
metrically at 257.5 nm.

VOLUME 288+-NUMBER 15-APRIL 12,2013



Generation and Purification of Recombinant E2 Paralogs—
Human recombinant E2 proteins Ubc2b (UBE2B), Ubc5A
(UBE2D1), Ubc5B (UBE2D2), Ubc5C (UBE2D3), UbcH6
(UBE2E1), UbE2E2 (UBE2E2), UbcM2 (UBE2E3), UbcH7
(EBE2L3), and UbcH8 (UBE2L6) were those described previ-
ously (41). The UbcH7C86A, UbcH7C86S, UbcH7F63A,
UbcH7K100A, and UbcH8C86A point mutants were generated
from pGEX4T1-HsUbcH7 or pGEX4T3-HsUbcHS, respec-
tively, using the QuikChange mutagenesis kit (Stratagene). An
analogous strategy was used to produce Ubc5AC85A from
pGEX4T1-HsUbc5A. Coding regions for all clones were
sequenced to preclude cloning artifacts and, where relevant, to
ensure the correct point mutation. Recombinant wild type and
mutant proteins were expressed in Escherichia coli BL21 (DE3)
cells harboring the desired pGEX-E2 plasmid, purified to
apparent homogeneity, and processed with thrombin to
remove the GST tag as described (41). Active E2 concentrations
were quantitated by the Ubal-dependent stoichiometric for-
mation of '*’L-ubiquitin thioester or, in the case of
UbcH7C86S, the corresponding '2°I-ubiquitin oxyester and
compared with total E2 protein determined spectrophoto-
metrically using their calculated 280-nm extinction coefficients
(42). Active E2 protein relative to total protein varied in a con-
sistent paralog-specific manner from ~90% (Ubc2b) to ~20%
(wild type and C86S mutant of UbcH7). Because UbcH7C86A,
UbcH8C86A, and Ubc5AC85A proteins are inactive and can-
not be quantitated by '**I-ubiquitin thioester formation, the
concentration of “active” protein was calculated from the cor-
responding active fraction of total protein found for wild type
E2 under the assumption that the mutation does not alter wild
type protein stability. The E2 proteins were stored at —80 °C in
small aliquots and were stable for greater than 6 months,
although they were subject to differential rates of activity loss
with successive freeze-thaw cycles (35, 42).

Generation and Purification of Recombinant EGAP—Human
E6AP isoform 3 (UBE3A; IMAGE clone NM00046.2) was sub-
cloned into the BamH1/Notl sites of pGEX4T1 to yield
pGEX4T1-E6AP. The E6APF849A and E6APF849Y point
mutants were generated from pGEX4T1-E6AP using the
QuikChange protocol of Stratagene to yield pGEX4T1-
E6APF849A and pGEX4T1-E6APF849Y, respectively.* The
E6APAS847 truncation lacking the carboxyl-terminal pentapep-
tide of wild type enzyme was generated by inserting a STOP
codon after codon 847 of pGEX4T1-E6AP to yield pGEX4T1-
E6APA847. The coding regions for all E6AP clones were
sequenced to preclude cloning artifacts and to verify the desired
mutation. E. coli BL21 (DE3) cells harboring pGEX-E6AP plas-
mids were grown at 37 °C then induced at A, of 0.6 by the
addition of isopropyl-1-thio-B-p-galactopyranoside to a final
concentration of 0.4 mMm. After 3 h at 37 °C, cells were harvested
by centrifugation at 6000 X g for 15 min then resuspended in 50
mM Tris-HCI (pH 7.5) containing 1 mm DTT (42). Cells were
lysed by Emulsiflex (Avestin) then centrifuged at 30,000 X g for

“*1soform 3 differs from isoform 1, from which the crystal structure of EGAP
was determined, by an additional 20 resides at the amino terminus. To
coincide with residues in the crystal structure, we refer to residue numbers
in isoform 3 by their paralogous positions in isoform 1.
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30 min (42). The GST-E6AP fusion proteins were purified from
the resulting supernatant by glutathione-Sepharose affinity
chromatography (42). The GST moiety was not processed from
recombinant E6AP fusion protein as the GST moiety enhanced
the stability of the enzyme, and processing typically resulted in
a15-30% decrease in activity. Otherwise, processed and unpro-
cessed E6AP appeared identical in their activities. The purifica-
tion protocol consistently yielded 3—4 mg of GST-E6AP pro-
tein per liter of medium. Resolution by SDS-PAGE and
detection by Coomassie staining versus Western blotting with
anti-GST antibody revealed a series of GST-associated bands
ranging from a relative molecular mass of ~130 kDa for full-
length protein to 25 kDa representing the free GST moiety;
however, only the band of highest relative molecular weight,
corresponding to full-length GST-E6AP, formed a ***I-ubiqui-
tin thioester (not shown). The activities of GST-E6AP and its
mutants were quantitated by stoichiometric '?*I-ubiquitin
thioester formation (42) and compared with protein of the full-
length band, estimated densitometrically using BSA as a pro-
tein standard. Typically the E6GAP preparations exhibited ~1%
active enzyme based on total full-length protein.

E6AP-catalyzed '*°I-ubiquitin Conjugation Assay—The E3
ligase activity of recombinant EGAP® was quantitated in kinetic
assays under initial velocity conditions (35). Rates of E6AP-
catalyzed '*°I-polyubiquitin chain formation were measured at
37 °C in incubations of 25 ul final volume containing 50 mm
Tris-HCl (pH 7.5), 1 mm ATP, 10 mm MgCl,, 1 mm DTT, 10 mm
creatine phosphate, 1 IU of creatine phosphokinase, 5 um '>°1-
ubiquitin (~1.5 X 10* cpm/pmol), 50 nm human Ubal, and the
indicated concentrations of E2 and E6AP (42, 43). Reactions
were initiated by the addition of '**I-ubiquitin. After 10 min the
reactions were quenched by the addition of 25 ul of 2X SDS
sample buffer containing 0.3% (v/v) B-mercaptoethanol, then
the samples were heated to 100 °C for 5 min. The polyubiquitin
conjugates were resolved from free '**I-ubiquitin by 12% SDS-
PAGE under reducing conditions at 4 °C and visualized by
autoradiography of the dried gels (42, 43). Polyubiquitin chain
formation was measured by excising lanes and quantitating
associated '?*I-ubiquitin by y-counting (42, 43). Active Ubal,
E2, and E6AP were independently determined in parallel by
their stoichiometric formation of *2°I-ubiquitin thioester (42).
Hyperbolic kinetics were verified by the linearity of corre-
sponding double reciprocal plots; however, kinetic values were
calculated by nonlinear regression analysis using GraFit 5.0
(Erithacus Software Ltd.) (35). Replicate determinations of the
kinetic values agreed within 10 -20%.

RESULTS

UbcH7 Is the Cognate E2 for EGAP—The E6AP ubiquitin
ligase was initially suggested to function with members of the
Ubc5 family of E2 ubiquitin conjugating enzymes (44); how-
ever, subsequent work proposed that E6AP activity is sup-
ported by several distinct E2 families, including UbcHS,
UbcH?7, and UbcHS (45, 46). All four E2 families belong to the
Ubc4/5 superclade of E2 paralogs (47), indicating that the
apparent broad specificity is a function of conserved surface

® Unless otherwise stated, E6AP refers to the GST-E6AP fusion protein.
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FIGURE 1. UbcH7 is the cognate E2 for EGAP. A, '*°|-ubiquitin conjugation assays containing 16 nm GST-E6AP were conducted for 10 min in the absence (lane
2) or presence of 100 nm concentrations of the indicated E2 (lanes 3-171) then quenched with SDS sample buffer and resolved by 12% (w/v) SDS-PAGE under
reducing conditions as described under “Materials and Methods.” The resulting gel was dried, and '?*|-ubiquitin conjugates were visualized by autoradiogra-
phy. B, incubation identical to that of lane 17 was depleted of ATP by the addition of 6 U apyrase (0 min) then recombinant isopeptidase T (+/soT) was added
to afinal concentration of 17 nm. Aliquots were taken at the indicated times and quenched with SDS sample buffer. Additional isopeptidase T was added at 20
min to a final concentration of 34 nm, then the reaction was allowed to proceed for an additional 20 min before being quenched with SDS sample buffer.
Samples were resolved and visualized as in panel A. Mobility of molecular weight markers are shown to the left. Positions of the monoubiquitinated activating
enzyme (UbaT-'%°I-Ub) and free ubiquitin ('2°/-Ub) are as indicated. The position of the 5% (w/v) stacker is shown by brackets.

features among these distinct E2 species. Because E3 ligases
typically function with only a single E2 family, we chose to
resolve the question of E2 specificity through the functional
screen shown in the autoradiogram of Fig. 1. The E3 functional
assay relies on the ability of ligases to form '**I-ubiquitin chains
in the absence of protein substrate (34, 35), shown by the accu-
mulation of label at the top of the stacker and running gels, Fig.
1A. Each incubation was conducted in the absence or presence
of 100 nM concentrations of the active E2 (panel A). The screen
differs from similar studies reported previously by others in that
the active E2 concentrations were determined in parallel by a
functional stoichiometric assay based on the end point forma-
tion of a E2-'°I-ubiquitin thioester rather than calculated from
total protein (40), the latter of which leads to overestimations of
E2 concentrations due to the lability of many of the Ubc families
to spontaneous denaturation and active site cysteine oxidation,
as discussed previously (35, 41). No bands were found in the
presence of '*°I-ubiquitin alone (Fig. 1, lane 1). In the absence
of E2, a prominent band of mono-ubiquitinated Ubal ubiquitin
activating enzyme was observed at 120 kDa that results from
partitioning of a fraction of the Ubal-'**I-ubiquitin thioester to
reaction with active site nucleophile(s) on the enzyme in addi-
tion to lower molecular weight adducts to Ubal fragments (Fig.
1, lane 2). Several of the E2 paralogs showed mono- and di-
autoubiquitination products below 50 kDa in the presence of
E6AP (Fig. 1A4) that also form in the absence of E6AP (not
shown). Significant E6AP-catalyzed polyubiquitin chain forma-
tion was only observed in the presence of UbcH?7 (Fig. 1, lane
11), whereas lower levels of chain formation were supported by
equivalent concentrations of UbcHS8 (lane 10) and each of the
three Ubc5 isoforms (lanes 4—6). At longer exposure times, a
low level of chain formation can be seen in the presence of
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UbcH6 (lane 7). Because the experimental conditions for the
incubations and assay time were empirically set to be E6AP-
limiting and within the initial velocity region for UbcH7-depen-
dent polyubiquitin chain formation, the relative autoradio-
graphic intensity with each E2 paralog is proportional to the
initial velocity of the reporter reaction. Therefore, these results
confirm that UbcH7 is the cognate E2 for E6AP, although other
members of the Ubc4/5 superclade support the E6GAP reaction
at much lower rates.

That the autoradiographic density at the top of the stacker
gel represents free polyubiquitin chains is demonstrated by the
time-dependent loss of this signal on addition of Isopeptidase
T, a ubiquitin-specific protease that sequentially disassembles
free but not conjugated polyubiquitin chains from the proximal
(free carboxyl-terminal) end to release free ubiquitin (48, 49)
Fig. 1 ( panel B). Because the autoradiographic intensity at the
top of the running gel is not similarly affected by isopeptidase T,
these chains must be directly conjugated to protein (35). When
a parallel conjugation reaction with UbcH7 was subsequently
incubated with anti-E6AP antibody, nearly all of '*°I radioac-
tivity present at the top of the running gel, but not at the top of
the spacer gel, was immunoprecipitated on the addition of Pro-
tein A-Sepharose (not shown), indicating partitioning of the
growing polyubiquitin chain to autoubiquitination of the ligase.

UbcH7 Exhibits Hyperbolic Kinetics for E6AP-catalyzed
Polyubiquitin Chain Formation—We have previously shown
that the initial rate for E3-catalyzed '**I-ubiquitin conjugation
can be used as a facile reporter activity for kinetic characteriza-
tion of ligases (42, 43, 50). In similar kinetic studies, we exam-
ined the dependence of the initial rate for E6AP-catalyzed '*°1-
ubiquitin chain formation on [UbcH7], (Fig. 2). The resulting
autoradiogram shows increasing amounts of '**I-ubiquitin

ACEEV DN
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FIGURE 2. UbcH7 exhibits hyperbolic kinetics for E6GAP-catalyzed polyubiquitin chain formation. A, shown is a representative autoradiogram of E6AP-
catalyzed polyubiquitin chain formation in which '#*I-ubiquitin conjugation assays containing 30 nm GST-E6AP were conducted under initial velocity condi-
tions in the absence (—UbcH?7) or presence of 2-650 nm UbcH7 as described under “Materials and Methods.” After autoradiography, '%°I-ubiquitin conjugates
larger than 25 kDa were excised and quantified by y-counting, then the absolute rate was calculated using the specific radioactivity of the labeled ubiquitin (42,
43). B, shown is the concentration dependence of initial velocity versus [UbcH7], from the assay shown in panel A. The solid line represents the nonlinear
hyperbolic regression fit of the data for kinetic constants listed in Table 1. The inset shows the double reciprocal plot of the data. C, shown is the time course for
23|-ubiquitin thioester formation resolved by non-reducing (Nonred) and reducing (Red) conditions as described under “Materials and Methods” for assays
containing 38 nm Uba1, 128 nm UbcH7, and 12 nm E6AP. Mobility of molecular weight markers (kDa) are shown to the left (panel A) or right (panel C). For panel
C, positions of the various thioester are shown to the left. The UbcH7-'?*I-ubiquitin thioester migrates as two bands due to an artifact of incomplete denatur-

ation under non-reducing conditions.

conjugate formation as [UbcH7], is increased from 2 to 650 nm
(Fig. 2, panel A). To quantify the absolute amount of total **°I-
ubiquitin conjugated, lanes were excised above 25 kDa, and
associated radioactivity was determined by y-counting. Abso-
lute '**I-ubiquitin conjugated was then calculated using the
specific radioactivity of the labeled polypeptide (42, 43, 51).
Separate control assays were conducted to ensure that the incu-
bation time was under initial velocity conditions and that the
rates were [E6AP] -limiting, indicated by the independence of
the initial rate on [Ubal],, not shown (52).

The initial rate of E6AP-catalyzed ***I-ubiquitin conjugation
with respect to [UbcH7], exhibits hyperbolic kinetics (Fig. 2B),
as demonstrated by the linearity of the corresponding double
reciprocal plot (inset); however, at a concentration above 2 um,
the initial rates of conjugation exhibit substrate inhibition that
tends to zero rate at higher concentration (not shown). Nonlin-
ear regression analysis of the data within the hyperbolic region
resulted in a K, for UbcH7 of 58 = 6 nM and a k_,, of 0.031 =
0.009 s~ ', the latter defined as V,,, /[E6AP],, where active
E6AP concentration was determined independently by its stoi-
chiometric formation of **°I-ubiquitin thioester (34). The K,
for UbcH7 compares favorably with the K, for Ubc2b of 54 +
18 nM in supporting human E3a/Ubr1 in the N-end Rule path-
way (42). Because the corresponding UbcH7~ubiquitin thioes-
ter represents the actual substrate for E6AP-catalyzed poly-
ubiquitin chain formation, the K, reflects the affinity for
binding of the cognate thioester intermediate to the ligase;
therefore, the observed parity in affinities across distinct target-
ing pathways suggests a common functional requirement for
high substrate affinity.

The k_,, determined here is unlikely to reflect the rate of Hect

820 thioester formation during E6AP-catalyzed

domain Cys
RGEVEN
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UbcH?7-ubiquitin transthiolation. When the components of the
incubations are assayed under non-reducing conditions,
E6AP~ubiquitin thioester formation reaches the end point
within 30 s (Fig. 2C). Because we can easily distinguish differ-
ences in '*’I-associated radioactivity in the E6GAP~ubiquitin
thioester band of <0.2%, representing ~900 cpm, this sets a
lower limit for the first order rate constant for
Cys*°~ubiquitin thioester formation of 3.5 s™', 100-fold
greater than the k_,, for polyubiquitin chain formation calcu-
lated from V. (Fig. 2B) but in good agreement with a value of
15! estimated independently by Purbeck et al. (53).

Parallel kinetic studies were conducted with UbcH8 and
Ubc5A to quantify their observed differences in catalytic effi-
ciency suggested by the semiquantitative data of Fig. 1A. Both
UbcH8 and Ubc5A also exhibited hyperbolic kinetics in E6AP-
catalyzed polyubiquitin chain formation (not shown), from
which values of K, and k_,, could be determined by nonlinear
regression analysis of the initial rate data, the results of which
are summarized in Table 1. Human UbcH8~"'?*I-ubiquitin
thioester exhibited lower affinity for binding to E6GAP, indicated
by the 6-fold higher K|, compared with UbcH7 (AAG,,;,,ging Of
1.1 kcal/mol; Table 1). However, the similar k_,, values for
UbcH7~ and UbcH8~'*°I-ubiquitin thioesters suggest a com-
mon transition state geometry for polyubiquitin chain forma-
tion between the E2 paralogs, once bound to the ligase. In con-
trast, Ubc5A exhibited a similar K, to that of UbcH8 but a
10-fold lower k_,. The latter indicates comparable binding
interactions for Ubc5A~"?*I-ubiquitin thioester with the ligase
but a loss of catalytic competence, presumably resulting from
altered orientation of the bound intermediate in the transition
state of the reaction. Overall, there is a 10-fold difference in
catalytic specificity, defined by k_,/K,,,, for the cognate UbcH7

cat
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TABLE 1
Summary of kinetic constants
K., Keat Keatl K,y K
nm s 1 M1t M
UbcH7 58+6 0.031 = 0.009 54X 10° 50*=05
UbcH8 360 =100 0.021 = 0.001 58 X 10* 7.5*0.7
Ubc5A 216 = 83 0.0020 = 0.0001 9.3 X 10> 160 * 30
UbcH7F63A NA® NA NA 810 = 550
UbcH7K100A 32 += 18 0.0034 *= 0.0004 5.8 X 10* 45 =* 15

“ Fluorescence polarization binding data of Eletr and Kuhlman (56).
 Not active.

compared with UbcHS, and a 60-fold difference compared with
Ubc5A, accounting for the semiquantitative results observed in
Fig. 1A. In contrast, both Ubc5A and UbcH8 formed a
Cys®?°~ubiquitin thioester with kinetics similar to that shown
by UbcH7 in Fig. 2C under the assay conditions, and rates of
125I_polyubiquitin chain formation were unaffected by
increased [Ubal], (not shown). Therefore, these quantitative
data unambiguously demonstrate that UbcH?7 is the cognate E2
for E6AP-catalyzed conjugation, supported by recent evidence
that UbcHS is the specific E2 for the conjugation of the inter-
feron-induced ISG15 ubiquitin-like protein (54, 55).

E6AP Harbors Two UbcH7~ubiquitin Thioester Binding
Sites—Previously Eletr and Kuhlman (56) employed fluores-
cence polarization to quantify the binding of various uncharged
E2 paralogs to E6AP; however, the values of K, from these equi-
librium binding experiments are orders of magnitude larger
than the K, values determined from the kinetic studies
reported here; Table 1. Because the actual substrates for E3
ligases are the cognate E2~ubiquitin thioesters rather than the
uncharged carrier protein, the fluorescence polarization results
of Eletr and Kuhlman must reflect enzyme-product binding.
However, more recent studies by Purbeck et al. (53) using dis-
ulfide-linked UbcH7-UbG76C adducts to approximate the cor-
responding E2-ubiquitin thioester also demonstrate micromo-
lar K, values, suggesting that the ubiquitin moiety does not
significantly contribute to substrate binding at the canonical
small amino-terminal domain site. Earlier kinetic measure-
ments with human E3a and Ubc2b demonstrated that the
ligase followed rapid equilibrium kinetics in which the resulting
K, values approximated the intrinsic K, for binding of
theUbc2b~'2*I-ubiquitin thioester to the enzyme (42). To test
this for E6AP, we generated a UbcH7C86S point mutant and
used it to prepare UbcH7C86S-'2*I-ubiquitin oxyester as a sta-
ble, structurally orthologous analog of the corresponding
UbcH7~"?*I-ubiquitin thioester (42), as outlined under “Mate-
rials and Methods.” Such active site oxyesters can be formed at
areduced rate on the Cys — Ser active site E2 mutant by Ubal
but are incapable of supporting subsequent conjugation reac-
tions catalyzed by ligases (42, 57, 58). When the kinetics of
E6AP-catalyzed polyubiquitin chain formation are determined
similar to that of Fig. 2 in the absence or presence of 400 nm
FPLC-purified UbcH7C86S-"**I-ubiquitin oxyester (42), the
stable substrate analog exhibited competitive inhibition with
respect to UbcH?7, from which a K; of 64 £ 18 nm could be
calculated (Fig. 3A). Because the K; for competitive inhibition
represents an intrinsic K, for binding of the inhibitor to the
enzyme, the good agreement between the K, and the K, for
binding of the corresponding UbcH7~ubiquitin thioester indi-
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FIGURE 3. E6AP harbors two sites for UbcH7 ~ubiquitin thioester bind-
ing. A, initial rates of '?*l-ubiquitin conjugation were determined as in Fig. 2
under E6AP limiting conditions in assays containing 51 nm GST-E6AP and the
indicated concentrations of wild type UbcH7 in the absence (closed circles) or
presence (open circles) of 400 nm UbcH7C86S-'2°I-ubiquitin oxyester. B, the
experiment of panel A was repeated with 22 nm GST-E6AP in the absence
(close circles) or presence (open circles) of 8 um UbcH7C86A.

cates that the enzyme follows rapid equilibrium kinetics for
which the latter value is equivalent to the corresponding bind-
ing dissociation constant (K ;) (42). That the UbcH7-***I-ubiq-
uitin oxyester is a competitive inhibitor of the corresponding
UbcH7~"?*I-ubiquitin thioester requires the two species bind
at the same or overlapping sites; therefore, values of K, deter-
mined kinetically most reasonably represent binding of the cog-
nate E2-ubiquitin thioester to the active site of EGAP.

We also generated a UbcH7C86A point mutant as a non-
reactive product analog of the corresponding uncharged E2
(42). When the kinetics of E6AP-catalyzed polyubiquitin chain
formation were determined similar to that of Fig. 34 but in the
absence or presence of 8 um UbcH7C86A (42), the non-reactive
product analog exhibited noncompetitive inhibition with
respect to wild type UbcH7, from which a K; of 7 = 0.7 um could
be calculated (Fig. 3B). As under these conditions the K; is
equivalent to the K, for binding of UbcH7C86A to E6AP, the
value of 7 = 0.7 uM is in excellent agreement with the K, of
5.0 = 0.5 um determined earlier by fluorescence polarization
(56); Table 1. When the experiment of Fig. 3B was repeated with
UbcHB8CB86A, noncompetitive inhibition with respect to wild
type UbcH7 was again observed and yielded a K value of 2 * 0.2
M, in reasonable agreement with the K, of 7.5 = 0.7 uM deter-
mined by fluorescence polarization (56). Because the Ubc5A
isoform also exhibited measurable activity in EGAP-catalyzed
polyubiquitin chain formation (Fig. 1A and Table 1), we tested
Ubc5AC85A and found it also to be a noncompetitive inhibitor
with respect to wild type UbcH7, yielding a K; of 3.6 = 0.3 um.
Unlike the results with UbcH7C86A and UbcH8CB86A, the K;
for Ubc5ACB85A was significantly lower than the K, 0f 160 * 30
M determined by fluorescence polarization (56); Table 1. Sim-
ilar values of K; were determined in independent kinetic assays
using a different preparation of Ubc5AC85A. We have previ-
ously observed that the wild type Ubc5 isozymes are particu-
larly labile to spontaneous inactivation on prolong storage or
repeated freeze-thaw cycles compared with UbcH7 or UbcHS,
as measured by end point '*’I-ubiquitin thioester assays.
Therefore, the significant difference between the K, reported
here as K; based on the kinetic assay and the K, determined
previously by fluorescence polarization (56) probably reflects a
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much higher fraction of denatured protein in the earlier studies,
leading to an overestimation of K ;.

The observation that UbcH7C86S-'**I-ubiquitin oxyester
and UbcH7C86A exhibit different inhibition patterns with
respect to wild type UbcH7~"**I-ubiquitin thioester requires
that the substrate and product analogs bind to different sites.
Such a conclusion is inconsistent with the conventional model
for Hect ligases in which E2~ubiquitin thioester binds to the
canonical site within the small amino-terminal subdomain
before transferring the ubiquitin thioester to Cys®**° (26). The
good agreement between the K; for UbcH7C86A determined
kinetically and the K, for wild type UbcH7 determined by fluo-
rescence polarization (56) suggests that the two species likely
bind to the same site, which mutation analysis assigns as the
“canonical” binding site of the Hect domain (56), originally
identified for UbcH?7 interacting with the E6AP Hect domain
(26). Binding through this site is strongly dependent on com-
plementary interactions between the Hect domain and Loop
1/2 residues of the E2, chief among them Phe®® and Lys'® of
UbcH?7 (26, 56), respectively. The latter residues were individ-
ually mutated to alanine within human UbcH7. Both point
mutants supported Ubal-catalyzed '**I-ubiquitin transthiola-
tion (not shown); in addition, the resulting UbcH7~">*I-ubiq-
uitin thioesters of both point mutants were capable of binding
to and transferring their high energy intermediates to Cys®*° of
the Hect domain with kinetics qualitatively indistinguishable
from wild type UbcH7 (not shown).

The UbcH7K100A mutant supported E6AP-catalyzed '*°I-
polyubiquitin chain formation with a K,,, (32 = 18 nm) compa-
rable with that of the wild type E2 but a 10-fold lower k_,,
(0.0034 *+ 0.0004 s '); Table 1. In contrast, equilibrium binding
measured by fluorescence polarization previously showed that
the UbcH7K100A mutation has a significant effect on affinity at
the canonical E6AP binding site, increasing the K, to 45 * 15
uM (Table 1) (56). The difference in K, corresponds to a
AAGyinding Of 1.3 keal/mol and predicts a K, of 530 num for the
kinetic assay if the latter value reflected binding at the ca-
nonical site. The marked difference in binding affinity for
UbcH7K100A determined by fluorescence polarization versus
enzymatic activity requires that the two methods monitor bind-
ing at different sites, consistent with the existence of two
UbcH7~ubiquitin thioester binding sites on E6AP. In contrast,
the UbcH7F63A mutant failed to support EGAP-catalyzed *2°1-
ubiquitin chain formation even at 32 uM (not shown). The loss
of activity accompanying mutation of Phe®® did not result from
an effect on binding of the UbcH7F63~ubiquitin thioester to
E6AP but rather due to loss of catalytic competence, as shown
in Fig. 4, for which UbcH7F63A at a concentration of 950 nm
(present as its corresponding '**I-ubiquitin thioester) acts as a
competitive inhibitor of wild type UbcH?7 in supporting poly-
ubiquitin chain formation, from which a K; of 400 = 216 nm
could be calculated (Fig. 4) corresponding to a AAGy;,, g 0f 1.2
kcal/mol. In contrast, the K, for UbcH7F63A binding to E6AP
determined by fluorescence polarization is 810 * 550 um (56),
representing a AAGy;,,4ing Of 3.0 kcal/mol and predicting a K,
of 10 uM if the kinetic assay monitored binding at the canonical
site. The difference in binding effects for the UbcH7F63A
mutant is consistent with the two methods again measuring
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FIGURE 4. UbcH7F63A is a competitive inhibitor of EGAP polyubiquitin
chain formation. Initial rates of '**I-ubiquitin conjugation were measured as
in Fig. 2 under E6AP limiting conditions with 7 nm GST-E6AP in the absence
(close circles) or presence (open circles) of 950 nm UbcH7F63A, present as its
corresponding '*°l-ubiquitin thioester.

binding affinities at distinct sites. Therefore, mutation of Phe®
on UbcH7 results in loss of catalytic competence of the corre-
sponding '**I-ubiquitin thioester to support polyubiquitin
chain formation rather than quantitative abrogation of E6AP
binding.

The E6AP Carboxyl Terminus Is Required for Polyubiquitin
Chain Formation—Hect domains contain a disordered 5-6-
residue carboxyl-terminal extension peptide not resolved in the
crystal structure (26), truncation of which demonstrates that it
is essential for target protein polyubiquitination but not Hect
domain thioester formation (28). Within the carboxyl-terminal
sequence is an absolutely conserved phenylalanine residue at
the —4 or —5 position whose mutation replicates the loss-of-
function phenotype of peptide truncation (28). By introducing a
premature STOP codon, we generated E6APA847 lacking the
carboxyl-terminal pentapeptide extension. Truncation had no
qualitative effect on the rate of EGAPA847~"?*I-ubiquitin thio-
ester formation in an experiment similar to that of Fig. 2C;
however, E6APA847 was unable to form '?*I-polyubiquitin
chains (not shown). Loss of polyubiquitin chain formation
could be duplicated by mutating the conserved Phe®*® within
wild type E6AP to alanine (not shown). These results replicate
analogous observations for target protein conjugation reported
previously but now indicate that Phe®* is required for the step
of polyubiquitin chain formation rather than direct target pro-
tein conjugation as originally proposed (59). Therefore, poly-
ubiquitin chain formation recapitulates functional characteris-
tics of target protein conjugation, validating this approach as a
reporter function for ligase activity. In contrast, mutation of
Phe®* to tyrosine results in active EGAPF849Y that exhibits
hyperbolic kinetics with respect to [UbcH7],, and yields a K, of
52 * 8 nM that was nearly identical to wild type ligase, indicat-
ing that Phe®* does not participate in UbcH7~"**I-ubiquitin
thioester binding. However, E6APF849Y displayed a k_,, of
14+ 01 X 10 357! (k /K, = 2.8 X 10* M ' s77), 22-fold
lower than for wild type enzyme.

Collectively, the marked effect on k_,, but not K, suggests
that Phe®*® functions in the catalytic step of polyubiquitin chain
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FIGURE 5. The E6AP carboxyl terminus contributes to polyubiquitin chain
elongation. Initial rates of free '**I-polyubiquitin chain formation were
measured as in Fig. 2 under E6AP limiting conditions with 8 nm GST-E6AP and
the indicated concentrations of wild type UbcH7 in the absence (closed cir-
cles) or presence (open circles) of 2 mm Ac-AKGFGML peptide.

200

formation rather than target protein ligation; however, we can-
not rule out that Phe®* is required to stabilize E6AP protein.
The precise role of the carboxyl-terminal peptide and Phe®*? is
unclear in the absence of additional structural information. In
either model, the carboxyl-terminal extension peptide must be
physically anchored to the ligase to contribute to Hect domain
activity as the corresponding acetylated synthetic peptide (Ac-
AKGFGML) does not functionally complement polyubiquitin
chain formation catalyzed by E6APA847 when added to the
incubation (not shown). Instead, the data of Fig. 5 reveal that at
2 mM peptide, Ac-:AKGFGML is a noncompetitive inhibitor of
UbcH7~ubiquitin thioester during wild type E6AP-catalyzed
polyubiquitin chain formation (K; = 2.6 = 0.3 mm). At near-
saturating concentrations, Ac-AKGFGML quantitatively
blocks polyubiquitin chain formation catalyzed by E6AP (not
shown), consistent with noncompetitive inhibition. Therefore,
Ac-AKGFGML must bind to a site distinct from that of the
UbcH7~'?*I-ubiquitin substrate and ablate the apparent k._,,
for polyubiquitin chain formation.

E6AP Can Bind and Elongate Free Lys*®-linked Polyubiquitin
Chains—As will be more fully developed under “Discussion,”
the current data are consistent with a model for E6GAP compris-
ing two sites, one of which is required for Cys®**° thioester for-
mation and one of which is required for polyubiquitin chain
elongation. To test this, we asked whether EGAP was competent
to elongate an unanchored chain. When free Lys*®*-linked Ub,
chains were added to an assay similar to that of Fig. 2, complex
kinetics resulted, as shown in Fig. 6A. The presence of the free
Ub, chains resulted in parallel lines with respect to
[UbcH7~"**I-ubiquitin] ,, consistent with a pattern of apparent
activation arising from an increase in k_,,. Such an effect could
arise by the free Ub, chains serving either as sites for '**I-ubiq-
uitin chain elongation or by their ability to allosterically activate
E6AP. To distinguish between these alternate models, we
reductively methylated free Ub, chains to block conjugation at
the lysine residues (38). When the experiment of Fig. 64 was
repeated with reductively methylated Ub,, competitive inhibi-
tion with respect to UbcH7~"?*I-ubiquitin was observed (Fig.
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FIGURE 6. EGAP binds and elongates Lys*®-linked tetra-ubiquitin chains.
Double-reciprocal plots of initial rates of '?*l-ubiquitin conjugation in the
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(panel A) or 7 umreductively methylated Lys*®-linked tetra-ubiquitin (panel B).
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6B), yielding a K; of 1.1 = 0.3 uMm. The latter observation sug-
gests that E6AP can catalyze the elongation of unanchored
chains as their presence increases the k_,, for net polyubiquitin
chain formation (Fig. 6A) and that the chains bind to the ligase
before the elongation step (Fig. 6B). Consistent with this model,
the apparent V. observed in the presence of Ub, in Fig. 64
should be defined as V(1 + [Ub,],/K,), where V. is the
maximum velocity in the absence of Ub,, and K, is the dissoci-
ation constant for binding of Ub, to E6AP, equivalent to the K;
determined in Fig. 6B. The data of Fig. 6A predict a K, value of
2.3 £ 0.2 um that is in reasonably good agreement with the K; of

1.1 = 0.3 uM calculated from Fig. 6B.

ax

DISCUSSION

The original structure for UbcH7 bound to the Hect domain
of E6AP reported by Huang et al. (26) has been extremely influ-
ential in shaping our understanding of this important family of
ubiquitin ligases and the protein interactions that contribute to
E2 recognition and the mechanism of ubiquitin conjugation to
target proteins. However, the structure has proven problematic
as it fails to reconcile the restricted spatial requirements of
E2-E3 transthiolation with the observed 41 A distance between
the active site cysteines of the Hect domain and the bound
UbcH?7 (26). Recognition of significant mobility in the carbox-
yl-terminal subdomain among Hect ligase paralogs (28 -32),
empirical data demonstrating a marked loss of activity when
such conformational flexibility is restricted by mutation (28),
and a recent structure for UbcH5B-ubiquitin oxyester bound to
the small amino-terminal subdomain of Nedd4L/Nedd4 -2
(31) are thought in part to resolve these questions of geometry
and the mechanistic requirements for E2-E3 transthiolation.
Unrelated studies demonstrating that some Hect ligases conju-
gate their target proteins by first assembling an intact polyubiq-
uitin chain on the Hect domain active site cysteine before en
bloc transfer to the target protein pose additional questions
regarding the mechanism of chain assembly for this class of
enzymes (34, 60).

In the present work we have exploited enzyme kinetics to
probe molecular details of EGAP function using the innate abil-
ity of the ligase to form polyubiquitin chains in the absence of
substrate as a reporter function (Fig. 1). This approach provides
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a functional assay that allows us to address questions not exper-
imentally accessible by other methods, as discussed previously
(35). The results of these studies demonstrate for the first time
that E6AP possesses a cryptic E2~ubiquitin thioester binding
site that is responsible for initial Cys®*° thioester formation but
that is not present in the canonical structure reported by Huang
et al. (26). Other kinetic studies quantitatively identify the cog-
nate E2 for the ligase as UbcH7, although a limited number of
other E2 paralogs function with reduced efficacy that is defined
by quantitative differences in K,,, k.., or both. Finally, struc-
tural conservation among the Hect domains for members of
this superfamily suggests these conclusions are relevant for
other paralogs.

The biochemically defined E2 screen of Fig. 1 unambiguously
demonstrates that UbcH?7 is the cognate E2 for E6AP, although
other members of the Ubc4/5 superclade support the ligase
with reduced efficacies, notably the Ubc5 isoforms and the
ISG15-specific UbcHS8. The ability of isopeptidase T to disas-
semble the resulting high molecular weight conjugates that
accumulate in the stacker gel demonstrates that some of these
adducts previously defined as “autoconjugates” are, in fact, free
polyubiquitin chains as has been noted previously (35). Initial
rate studies show that E6AP displays hyperbolic kinetics with
respect to the concentration of the cognate UbcH7~ubiquitin
thioester (Fig. 2), the actual co-substrate for the ligase, and
binds with substantially greater affinity than previously
reported for the uncharged carrier protein as measured by equi-
librium binding methods (56); Table 1. The K, of 58 = 6 nm for
binding of the UbcH7~ubiquitin thioester to the EGAP Hect
domain approximates the intrinsic K, as the corresponding
isosteric substrate analog, UbcH7C86S-ubiquitin oxyester,
shows competitive inhibition and yields a K; of 64 = 18 nm that
agrees well with the empirical K, (Fig. 3A). Initial rate kinetics
account for differences in efficacy of the other E2 paralogs in
supporting E6AP-catalyzed chain formation and yield provoc-
ative conclusions regarding the basis of E2 specificity; Table 1.

The UbcHS8 family of carrier proteins is closest in sequence to
UbcH7 among the E2 families but is relatively specific for
charging by UbE1L, the activating enzyme for the interferon-
induced ISG15 ubiquitin-like protein, although it can be forced
to function with Ubal under nonphysiological conditions (54,
55). Surprisingly, UbcHS is nearly as efficient as UbcH?7 in sup-
porting E6AP-catalyzed chain formation at saturation, as
judged by their similar k_,, values; Table 1. The discrimination
against UbcH8 shown in Fig. 1 under identical conditions
results from a significant difference in binding affinity between
the ubiquitin thioesters of UbcH7 versus UbcHS8; Table 1. Con-
versely, the ubiquitin-specific Ubc5A fails to function effec-
tively with E6AP due to a 15-fold lower k_,, even though the
corresponding ubiquitin thioester binds with slightly better
affinity than that of UbcHS; Table 1. These results demonstrate
that E2 specificity is a combination of binding affinity (K,,,) and
catalytic competence (k,,) of the resulting EGAP-E2~ubiquitin
thioester Michaelis complex, the latter presumably reflecting
the degree to which the optimal geometry is achieved for the
different E2 species.

The canonical structure of UbcH7 bound to the Hect domain
and the subsequent transfer of the associated ubiquitin thioes-
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ter to the Cys®*° of the ligase predicted by the model (26)
requires that the uncharged E2 should serve as a competitive
inhibitor with respect to the corresponding E2~ubiquitin thio-
ester, as is observed for Ubc2b-dependent conjugation of Type
1 N-end rule substrates by human E3«/Ubr1 (42). Surprisingly,
the dominant negative UbcH7C86A product analog exhibits
noncompetitive inhibition with respect to UbcH7~ubiquitin
thioester and significantly reduced affinity (K; = 7 £ 0.7 um)
relative to the K, of 58 = 6 nm for the corresponding
UbcH7~ubiquitin thioester; Fig. 3B and Table 1. This observa-
tion requires a priori that UbcH7~ubiquitin thioester and
uncharged UbcH7, modeled as UbcH7C86A, bind to different
sites on the Hect domain, a conclusion also consistent with
substrate inhibition by UbcH7~ubiquitin thioester above 2 um
(Fig. 2). Observation of substrate inhibition additionally
requires ordered binding of the E2-ubiquitin thioesters to the
two sites.

Kinetic data with the Lys'° and Phe®® mutants provide addi-
tional support for the presence of two functionally distinct
E2~ubiquitin thioester binding sites on E6AP. Lys'°° of UbcH7
interacts directly with side chains donated by the canonical
small amino-terminal subdomain (26, 56). Previous work
shows that the K100A mutation has a significant effect on the
K, for binding of uncharged UbcH7 to E6AP as measured by
fluorescence polarization (56), summarized in Table 1; how-
ever, our kinetic data demonstrate that the mutation has no
effect on the affinity for binding of the corresponding
UbcH7~ubiquitin thioester to E6GAP measured directly as K,
although the mutation lowers the k., by 10-fold (Table 1). This
result requires that the UbcH7~ubiquitin thioester binding
step monitored kinetically cannot involve the canonical site. In
contrast, the F63A mutation abrogates polyubiquitin chain for-
mation but is catalytically competent to form the E6GAP Cys®*°
thioester with kinetics qualitatively similar to wild type E2. The
effect of mutating Phe®® demonstrates that thioester formation
at Cys®* of the Hect domain is functionally distinct from sub-
sequent polyubiquitin chain formation. The inability of
UbcH7F63A to support polyubiquitin chain formation is not
due to impaired affinity for binding to E6AP, as the correspond-
ing ubiquitin thioester acts as a competitive inhibitor of wild
type UbcH7~ubiquitin thioester and exhibits an affinity, mea-
sured as K}, which is considerably greater than one would pre-
dict from the corresponding AAG values derived from equilib-
rium fluorescence polarization studies; Table 1.

These observations are consistent with a model in which
E6AP harbors two spatially and functionally separate
E2~ubiquitin binding sites as part of the mechanism of poly-
ubiquitin chain formation. We propose that Site 1 (our desig-
nation) represents a cryptic binding site distinct from the
canonical structure for EGAP-UbcH?7 (26), as binding of the cor-
responding UbcH7~ubiquitin thioester is unaffected by
K100A and F63A point mutations that markedly ablate inter-
action at the canonical site (56) in addition to the observation
that the latter mutation supports kinetically competent EGAP-
ubiquitin thioester formation but not polyubiquitin chain for-
mation. The functional consequence of the latter point mutant
emphasizes that seemingly minor alterations in E2 can have
profound consequences for overall function without signifi-
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cantly affecting binding affinity. In contrast, Site 2 (our desig-
nation) represents the canonical UbcH?7 binding site identified
in the crystal structure of Huang et al. (26) as there is excellent
correspondence between the K, for binding of uncharged
UbcH7 and UbcHS to this site, determined by fluorescence
polarization (56), and the K; for noncompetitive inhibition of
the corresponding C86A point mutants with respect to wild
type UbcH7~ubiquitin thioester in the initial rate studies (Fig.
3B and text).

Kinetic identification of Site 1 potentially resolves the dis-
tance problem posed by the original structure for uncharged
UbcH?7 bound to E6AP (26). The present data do not address
the possible location of Site 1; however, because association of
E6AP with E2~ubiquitin thioester is not constrained by the
canonical UbcH7-Hect structural model, it is reasonable to pro-
pose that the binding site might be sterically close to the active
site Cys®2° of the Hect domain to allow efficient transthiolation.
We note that the structure of E6GAP and of other Hect ligases
reveals a “ledge” adjacent to Cys®*° that provides an attractive
candidate for Site 1. Moreover, if this region represents Site 1,
then one can easily envision how binding of E2~ubiquitin thio-
ester to the lower affinity Site 2 within the small amino-termi-
nal subdomain might sterically occlude binding at Site 1,
accounting for substrate inhibition at higher concentrations of
UbcH?7.

Why is the putative Site 1 not represented in the crystal
structure for UbcH7 bound to the Hect domain? This potential
caveat can be reconciled by proposing that the affinity for bind-
ing of E2~ubiquitin thioester to Site 1 is determined by com-
binatorial interactions between the Hect domain and both the
E2 and ubiquitin moieties rather than E2 alone, as appears to be
the case for Site 2. Because there are significant binding contri-
butions arising from entropic effects when linking otherwise
independent binding sites (61),° the difference in affinity
between E2~ubiquitin thioester and uncharged E2 can be sub-
stantial, accounting for Site 1 binding not being represented in
the crystal structure compared with the lower affinity canonical
Site 2. Moreover, the cryptic Site 1 is lost due to steric hindrance
on formation of the Cys®*?°~ubiquitin thioester after transthio-
lation, accounting for sequential binding at the two sites. Our
observation that UbcH7C86A is a noncompetitive inhibitor of
the corresponding thioester and binds at the canonical Site 2,
based on good agreement between the K; determined here and
the K, measured previously by fluorescence polarization (56), is
consistent with such a model as it requires the active site point
mutant to have greater affinity for Site 2 than for Site 1. Finally,
because the UbcH7F63A point mutation abrogates polyubiqui-
tin chain formation but only minimally affects binding of the
corresponding thioester to Site 1 (Fig. 4), Site 2 is likely respon-
sible for polyubiquitin chain elongation from the Cys®*°-linked
ubiquitin moiety formed at Site 1.

With these insights, a two-step minimal model emerges for
the mechanism of E6AP and, presumably, other Hect ligases: an
initial step of Hect domain~ubiquitin thioester formation aris-

¢ Similar entropic effects account for the enhanced binding of polyubiquitin
chains to tandem ubiquitin binding domains compared with that of single
ubiquitin moieties.
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ing from binding at Site 1 followed by Site 2-dependent chain
elongation. Rapid formation of the Cys®**°-ubiquitin thioester
at Site 1 sets a lower limit for the first order rate constant for
transthiolation of 3.5 s™" (Fig. 2C) that is ~100-fold greater
than the k,, for polyubiquitin chain elongation determined
under steady state conditions (Fig. 2B). This requires that Site
2-dependent chain elongation be rate-limiting under the
kinetic assay conditions employed; however, other data
have consistently indicated that the K, values determined here
reflect binding at Site 1. The apparent differences in binding
affinities and rates for the two sites suggest a burst-like
mechanism in which a rapid initial formation of the
Cys**°~ubiquitin thioester is followed by a slower steady state
elongation of the polyubiquitin chain from Site 2, with both
steps exhibiting hyperbolic binding of the E2-ubiquitin thioes-
ter substrate. Under these conditions, the rate for the chain
elongation step is determined by the steady state concentration
of the Cys®?°~ubiquitin thioester, which in turn is a function of
saturable binding at Site 1. Therefore, the K|, measured in the
present studies will reflect binding of the E2~ubiquitin thioes-
ter at Site 1 whereas the k_,, will reflect the subsequent step of
chain elongation at Site 2. The data of Fig. 6 demonstrate that
E6AP is capable of chain elongation and that the ligase harbors
alow affinity polyubiquitin chain binding site with a K, of 1 um.
Such a site is consistent with reports of a free ubiquitin binding
site within the Hect domains of Nedd4 (30) and Rsp5 (62) cor-
responding to K, values of 11 and 90 uMm, respectively. The
marked differences in affinities for polyubiquitin chain binding
(this study) versus free ubiquitin (30, 61) suggest the Hect
domain ubiquitin binding site may have a preference for the
former. Our data do not address whether chain elongation
occurs on a free chain, as modeled in the experiment of Fig. 6, or
from a Cys®**°-anchored chain as proposed by Wang et al. (33).
We favor the latter model because there is little mechanistic
rationale for the presence of two functionally distinct
E2~ubiquitin binding sites in the former model for elongation
of free chains, which requires initiation of chain formation from
a bound monomeric ubiquitin. In addition, elongation of
anchored Cys®*°~polyubiquitin chains accounts for formation
of free and conjugated chains by partitioning of this high energy
intermediate.

Although Purbeck et al. (53) were the first to examine the
rates of E6GAP-ubiquitin thioester formation, the present stud-
ies represent the first comprehensive kinetic examination of the
E6AP mechanism in polyubiquitin chain formation. The kinet-
ics of polyubiquitin chain formation functionally mirrors prop-
erties of target protein conjugation, as demonstrated by the
dependence of the former on an intact Hect domain C terminus
and the absolute requirement for Phe®*® within this sequence
(Table 1 and Fig. 5). More important, the present observations
are inconsistent with the conventional model of Hect domain
mechanism (26) and structural models predicated on cysteine
active site transthiolation from E2~ubiquitin bound at the
canonical site within the small amino-terminal subdomain (31).
The present kinetic data provide an internally consistent
empirically based model for the mechanism of polyubiquitin
chain formation catalyzed by E6AP and, presumably, other
Hect domain ligases.
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