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In eukaryotes, ubiquitination is an important posttranslational
process achieved through a cascade of ubiquitin-activating (E1),
conjugating (E2), and ligase (E3) enzymes.Many pathogenic bacter-
ia deliver virulence factors into the host cell that function as E3
ligases. How these bacterial “Trojan horses” integrate into the eu-
karyotic ubiquitin system has remained a mystery. Here we report
crystal structures of two bacterial E3s, Salmonella SopA and Escher-
ichia coli NleL, both in complex with human E2 UbcH7. These struc-
tures represent two distinct conformational states of the bacterial
E3s, supporting the necessary structural rearrangements asso-
ciated with ubiquitin transfer. The E2-interacting surface of SopA
and NleL has little similarity to those of eukaryotic E3s. However,
both bacterial E3s bind to the canonical surface of E2 that normally
interacts with eukaryotic E3s. Furthermore, we show that a gluta-
mate residue on E3 is involved in catalyzing ubiquitin transfer from
E3 to the substrate, but not from E2 to E3. Together, these results
provide mechanistic insights into the ubiquitin pathway and a fra-
mework for understanding molecular mimicry in bacterial patho-
genesis.
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In order to coexist with eukaryotic hosts, bacterial pathogens
have evolved mechanisms to alter the physiological and im-

mune response of the host. For example, many gram-negative
bacteria use the type III or type IV secretion system to deliver
a large number of virulence factors into the host cell cytosol.
These virulence factors, also known as effector proteins, play vital
roles in bacterial attachment, entry, and survival. They modulate
numerous host cellular functions such as cytoskeleton dynamics,
gene expression, and posttranslational modification. Understand-
ing how bacterial virulence factors exert their effects on host cell
processes will offer new insights into eukaryotic host cell physiol-
ogy and possibly lead to new approaches to antimicrobial therapy.

The ubiquitin (Ub) pathway is one of the host systems that
is hijacked by bacterial pathogens (1, 2). In eukaryotes ubiquiti-
nation is central to many processes such as cell cycle, immune
response, and DNA damage tolerance (3–6). The covalent at-
tachment of Ub to a target protein requires the sequential actions
of Ub-activating enzymes (E1), conjugating enzymes (E2), and
ligases (E3). An Ub molecule is first attached to E1 through a
thioester bond upon ATP hydrolysis and is subsequently trans-
ferred to the active site cysteine residue in E2. The E3 ligase
is often needed to transfer Ub from E2 to a protein substrate.
There are two major types of E3 ligases: the RING E3s that func-
tion as scaffold to bring E2 and substrate into proximity and
HECT E3s that form a thioester intermediate with the Ub before
transferring it to the substrate. Ubiquitination is absent in prokar-
yotes. However, some pathogenic bacteria deliver E3 ligases that
interfere with the eukaryotic Ub pathway. These bacterial-encoded
E3 ligases have little sequence identity to eukaryotic E3s and thus
their mechanism of action has remained unknown.

Two homologous proteins, SopA from Salmonella and NleL
from Enterohemorrhagic Escherichia coli, have been shown to
exhibit E3 ligase activity (7–10). SopA regulates an intestinal in-
flammation response induced by Salmonella (8) while NleL is in-
volved in pedestal formation in the host cell (10). Both SopA and
NleL contain a cysteine residue near the C terminus that forms a
transient thioester bond with Ub (7–10). Similar to eukaryotic
HECT E3s, SopA and NleL function with a subgroup of E2 that
contain a conserved phenylalanine residue (7, 8). The crystal
structures of SopA and NleL show a common fold consisting
of three domains: a β-helix domain that might serve as the sub-
strate binding site, a central elongated domain that resembles the
N-lobe of a eukaryotic HECT domain, and a C-terminal globular
domain that is reminiscent of the C-lobe of HECT E3s (7, 9).
Multiple structures of SopA and NleL differ in the orientation of
their C-lobe relative to the other two domains, indicating that they
possess the conformational flexibility characteristic of HECT E3
ligases (7, 9). However, the molecular surfaces of SopA and NleL
bear no similarity to that of HECT E3 ligases. Therefore, it is un-
clear how these bacterial E3s interact with eukaryotic E2s to achieve
ubiquitination. In this study we have determined crystal structures
of SopA and NleL in complex with a human E2 to reveal the
molecular details of this important microbe-host cell interaction.

Results
Crystal Structure of the UbcH7/SopA Complex. SopA functions with a
number of E2s including UbcH5a, UbcH5c, and UbcH7 (8). We
purified a complex consisting of UbcH7 and a stable fragment
of SopA (residues 163–782) and obtained crystals that diffracted
to 3.3 Å resolution. The structure was determined by molecular
replacement and the final model was refined to an R-factor of
21.1% and Rfree of 27.5% (Table S1).

The crystal contains two E2/E3 complexes per asymmetric unit
(AU), with a root-mean-square-deviation (rmsd) of 1.2 Å over
769 Cα positions, indicating no significant conformational varia-
tion between the two complexes. The overall structure of the
complex has an elongated shape with UbcH7 and the N- and
C-lobes of SopA lying in a plane; the β-helix domain protrudes
out of plane by an angle of approximately 120° (Fig. 1A). Com-
pared to the isolated SopA structure (9), the structures of each
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individual domain within the complex is essentially unchanged.
Conformational differences occur in the relative orientations
of the domains, in particular the C-lobe: In the E2/E3 complex,
the C-lobe is displaced toward the β-helix domain (Fig. 1B).

On the basis of eukaryotic HECT E3 structural studies one
would predict that UbcH7 binds close to where the β-helix do-
main is attached to the N-lobe (9). However, the crystal structure
shows that UbcH7 binds at the opposite end of the N-lobe, ap-
proximately 50 Å away from where E2 binds in eukaryotic HECT
E3s, and has a different orientation with respect to the long axis
of the N-lobe (Fig. 1C). These differences can be best appreciated
by comparing the structures through superposition of the E2,
UbcH7 (Fig. 1C). In this superposition, the bacterial E3 SopA
and eukaryotic E3 E6AP are orthogonal to each other (Fig. 1C).

Although UbcH7 binds on the opposite sides of SopA and
E6AP, it does so using the same surface in both interactions
(Fig. 1C). This surface, comprising residues on the N-terminal
helix (H1), loop 4, and loop 7 (L4 and L7), is the canonical E3
interaction surface through which UbcH7 interacts with both
HECTand RING E3 ligases (11–23). A highly conserved pheny-
lalanine residue in L4 (F63 inUbcH7) seems to be the determinant
for HECT E3 recognition. Mutations at this position abolished
the E2-HECT interaction, but had no effect on E2-RING complex
formation (14, 24). In the UbcH7/SopA structure, three polar re-
sidues from the H1 helix of UbcH7 (R5, R6, and K9) form hydro-
gen bonds with SopA residues G515, Y566, and G512, respectively
(Fig. 2A). F63 makes van der Waals interactions with SopA N564
and Y566. Additional contacts are made by residues on the L7
loop: K96 and P97 form van der Waals contacts to SopA N573
and Y566, and main chain atoms of W95 and A98 form hydrogen
bonds with SopA S575 and N573, respectively. Previously we re-
ported that replacing F63 with an alanine in UbcH7 severely re-
duces its affinity for SopA (9). Here we further tested the E2/E3
interface using mutagenesis and pulldown experiments (Fig. 2B
and Fig. S1). Consistent with the crystal structure, UbcH7 mutants

R5A did not bind to SopA in the pulldown experiment; and mu-
tating R6, K96 and P97 to alanine lowered the affinity of the com-
plex. Mutations on SopA showed that Y566, N573, and N564 play
important roles in stabilizing the UbcH7/SopA complex. Thermal
denaturation measurements indicate that these mutants are as
stable as the wild-type proteins (Fig. S2).

Crystal Structure of the UbcH7/NleL Complex. HECT E3 ligases are
known to undergo large-scale conformational changes to transfer
Ub from E2 to the target substrate (11, 21, 25, 26). Fortuitously,
an alternative conformation of the E2/E3 complex appears to
have occurred in the UbcH7/NleL structure (Fig. 3A). Superpo-
sition analysis shows that similar to SopA, individual domains of
NleL maintained the same structure upon E2 binding. However,
in the UbcH7/NleL complex the C-lobe of NleL has adopted an
entirely different orientation than in the isolated NleL structures
(Fig. 3B). Notably, the orientation of the C-lobe in the UbcH7/
NleL complex is also different than the C-lobe in the UbcH7/
SopA complex (Figs. 1 and 3). For this reason we think that the
specific orientation taken by the C-lobe is not a direct result of
UbcH7 binding, but rather a reflection of the range of conforma-
tions possible for the C-lobe because it is attached by a flexible
stalk.

E2 binds to the N-lobe of NleL at a region equivalent to the
E2-binding site in SopA. As the sequence conservation between
SopA and NleL is low (26% identity), the atomic details of the
E2/E3 interfaces are different. For example, in forming the
UbcH7/SopA complex, the H-bond between UbcH7 R5 and
SopAY517 is essential; mutating R5 to alanine abolished binding
(Fig. 2). But in the structure of UbcH7/NleL this interaction is
absent. The residue corresponding to Y517 is a cysteine and the
side chain of UbcH7 R5 is disordered, suggesting that it is not
engaged in any specific contacts. In both structures, F63 makes
critical intermolecular contacts, but with different sets of residues
(Fig. 3C). In SopA, Y566 forms van der Waals contact with F63;

Fig. 1. Crystal structure of the UbcH7/SopA complex. (A) Ribbon representation of the UbcH7 (blue) in complex with SopA (β-helix domain, cyan; N-lobe, pink;
C-lobe, yellow; hinge helix, green). The two views differ by a 90° rotation. (B) Superposition of the isolated SopA (gray, PDB code: 2QYU) and SopA in the
complex via the N-lobes (PDB code: 3SY2). An approximately 37° rotation of the C-lobes was observed about the hinge helix. (C) Comparing UbcH7/SopA and
UbcH7/E6AP by superposition of the E2 molecules (blue and cyan). SopA is rendered in pink (N-lobe), yellow (C-lobe), and green (hinge helix). E6AP is shown in
magenta (N-lobe) and orange (C-lobe). The catalytic cysteine residues are represented as red spheres.
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in NleL, F569 occupies the same position. In an in vitro multi-
turnover experiment, NleL catalyzes formation of unanchored
polyubiquitin (polyUb) chains (7). Compared with wt NleL, the
F569A mutant showed strong defects in the rates of ubiquiti-
nation, determined by quantifying the amount of the free ubiqui-
tin remaining at each time point (Fig. 3D). In contrast, mutating
F569 to tyrosine as found in SopA had no effect in the ligase
activity of NleL (Fig. 3D), suggesting that an aromatic side chain
at this position is necessary to stabilize the E2/E3 interaction.

In addition to contacting the N-lobe, E2 also contacts the
C-lobe of NleL, mainly through the active site cysteines. The Cα

atoms of the two cysteines are approximately 7 Å apart, the side
chains are orientated toward each other, and electron density in-
dicates the formation of a disulfide bond (Fig. S3). Beyond this
covalent interaction, no hydrogen bonding or van der Waals con-
tacts are observed between E2 and the C-lobe of NleL. Indeed,
residues of UbcH7 on this C-lobe-facing interface have high tem-
perature factors and poor electron density for side chains. On the
NleL C-lobe side of the interface electron density was extremely
poor. These observations suggest that the interface between the
C-lobe and UbcH7 is labile. It is likely that the disulfide bond
observed in the crystal structure will not generally occur under

Fig. 3. Crystal structure of UbcH7/NleL complex. (A) Ribbon representation of the UbcH7/NleL complex, same color theme as in Fig. 1. Catalytic cysteine
residues are represented as red spheres. (B) Superposition of the isolated NleL (gray, PDB code: 3NB2 chain C) and NleL in the complex (colored as in panel
A). An approximately 165° rotation of the C-lobes was observed about the hinge helix, and the catalytic cysteine residue C753 (gray and red spheres) is
displaced by 45 Å. (C) F63 of UbcH7 interacts with different residues in SopA (left) and in NleL (right). (D) The ligase activities of wt and mutant NleL in
multiturnover experiments, quantified by the percentages of mono-Ub usage. The error bars show the standard deviation from three independent experi-
ments. Gel insets of the mono-Ub bands are also shown.

Fig. 2. The UbcH7/SopA interface. (A) Stereo view of the interactions between SopA N-lobe (pink) and UbcH7 (cyan). Residues making protein-protein con-
tacts are shown in stick model. Hydrogen bonds are indicated by yellow dashed lines. (B) Testing the interface by mutagenesis. Top, His-tagged wt SopA was
incubated with untagged wt or mutant UbcH7. Bottom, wt UbcH7 were incubated with His-tagged wt and mutant SopA and immobilized with Co2þ beads.
Proteins immobilized by Co2þ beads were visualized by SDS-PAGE Coomassie staining.
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the reducing conditions inside a cell. However, as we will discuss
further below, the ability of these two cysteines to approach each
other is undoubtedly essential for transthiolation.

Identifying Catalytic Residues. In the Ub transfer reaction one
would expect catalytic residues to function either as a general
base to deprotonate the attacking nucleophile or as a general acid
to stabilize the negative charge on the tetrahedral intermediate.
Previously, two residues of E2 were shown to be important in
E2 catalyzed isopeptide bond synthesis, but not in HECT ligase
catalyzed Ub conjugation (21, 27–29). The “catalytic asparagine”
(N77 in UbcH5a) is important in stabilizing the oxyanion inter-
mediate during RING E3 mediated conjugation (27); and D117
in UbcH5b (or D127 in UbcH9) facilitates efficient Ub and
SUMO transfer from E2 to lysine residues of substrates (15, 17,
21, 28). In the UbcH7/NleL structure, the corresponding residues
(N78 and H119) are located within 10 Å of the E3 catalytic cy-
steine C753 (Fig. 4A). Substitution of these residues by alanine or
glutamine caused no defects in polyUb chain formation (Fig. 4B,
Left), consistent with NleL functioning through a mechanism
similar to that of eukaryotic HECT instead of RING E3s.

In the vicinity of the active site cysteine of NleL we focused our
attention on three polar/charged residues (E705, Y706, and
D707) in NleL because they are also present in SopA as E705,
H706, and D707, respectively (Fig. 4A). We tested the catalytic
functions of these residues by alanine substitution. Assayed under
multiple-turnover conditions, only the E705A mutant altered the
time course of the free ubiquitin band depletion (Fig. 4B, Right).

Fig. 4. Identify catalytic residues. (A) Stereo view of the residues in the
vicinity of NleL C753 (labeled in red), with the Cα distances indicated in Å.
(B) The ligase activities of UbcH7 and NleL mutants assayed under multiturn-
over conditions, normalized with that of thewt proteins. (C) Activities of NleL
mutants. The percentages of mono-Ub usage were calculated and plotted at
indicated time points. The error bars show the standard deviation from three
independent experiments.

Fig. 5. Single-turnover experi-
ments. (A) The schematic presenta-
tion (up) and SDS-PAGE stained
by Coomassie blue (bottom) of
the overall reaction. Lanes: 1, Pre-
charged E2 before addition of NleL;
2–7, time course of the reaction; 8,
protein standards. Lanes 9–15,
same samples as in lanes 1–7 but
with the addition of 100 mM DTT
in sample loading buffer to distin-
guish the presence of thioester
bonds from isopeptide bonds. (B)
Time-course of Ub discharging
from E2. The intensities of the
UbcH7 ∼ Ub bands were quantified
and plotted over time normalized
by the total amount of UbcH7∼
Ub. Gel insets for the plot are also
shown. (C) Gel insets showing time-
course of Ub transferring from
NleL to acceptor Ub. (D) Time-
course of polyUb chain formation.
The amount of isopeptide bond
formation was calculated based
the intensities of Ubð2Þ þ Ubð3Þ
bands (Ubð2Þ þ 2 × Ubð3Þ) and nor-
malized by that of the wt protein
at the 300 s time point. Gel insets
of Ubð2Þ bands are shown. The error
bars show the standard deviation
from three independent experi-
ments.
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At the 705 position mutation to glutamine (E705Q) also altered
the time course of the reaction while the E705H mutant was
very similar to the wild-type protein (Fig. 4C). From this assay we
conclude that E705 is involved in ligase activity. However, be-
cause free ubiquitin depletion in this assay depends on multiple
steps, in order to address whether the mutations of this site ac-
tually influence catalysis we had to develop an assay that focused
only on reactions catalyzed by the E3 ligase.

HECTcatalyzed ubiquitination involves two distinct Ub trans-
ferring steps: from E2 to E3 (transthiolation) and from E3 to the
substrate (isopeptide bond synthesis) (Fig. 5A). To investigate the
step in which E705 is involved, single turnover experiments were
carried out to quantify the effects of mutations at each step
(Fig. 5A). In this assay, UbcH7 was precharged with Ub by E1
before mixing with NleL (Fig. 5A, lane 1). E1 was then inactivated
by EDTA to prevent recharging of E2. NleL was added to the
UbcH7 ∼Ub mixtures to initiate transthiolation. The reaction
was quenched with SDS-PAGE sample buffer at indicated times
and analyzed in nonreducing and reducing SDS-PAGE (Fig. 5A).
The time courses of E2 ∼Ub hydrolysis (Fig. 5B), E3 ∼Ub dis-
charging (Fig. 5C), and polyUb chain formation (Fig. 5D) showed
that mutations at position 705 had a more pronounced effect in
the isopeptide bond synthesis step than the transthiolation step.
Furthermore, the E705H mutant was less defective compared
with the E705Q and E705A mutants (Fig. 5D). Thus it seems
that the ligase activity correlates with the relative nucleophilic
strength at this position. The F569A mutation, on the other hand,
had a much slower E2 ∼Ub discharging and polyUb formation
rates (Fig. 5B and D). Substituting F569 with alanine is likely
to reduce the affinity of the E2/E3 complex, and thus hinder
transthiolation between UbcH7 and NleL.

Discussion
In this study we present two complex structures of bacterial
HECT-like ligases binding to a human E2 enzyme. Superposition
of these structures demonstrates that the C-lobe is able to move
from one end to the other end of the E2/E3 complex (Fig. 6A),
accomplished through conformational changes of the hinge helix
(Fig. S4). The orientation of the C-lobe in the two structures dif-
fers by approximately 180° and the active cysteine is repositioned
by 65 Å. For eukaryotic HECT E3s, the flexibility of the C-lobe is
essential for catalytic activity, presumably allowing the C-lobe to
rotate from E2 to the substrate to transfer Ub (25). The scale of
the C-lobe displacement observed here is even larger than that
observed in eukaryotic HECT structures. Despite the fact that
E2 binds at a different region on the N-lobe (Fig. 6B), the ability
of the C-lobe to move over a large distance would enable it to
mediate Ub transfer through a mechanism similar to that pro-
posed for eukaryotic HECT E3s (11, 21, 25, 26).

Both SopA and NleL bind to UbcH7 on the same region as
eukaryotic HECT E3s. Therefore, the bacterial E3 ligases have
utilized a different surface but nevertheless have managed to ful-
fill the molecular requirements for E2 binding. Comparing the
structures of E2 in complex with HECT E3 ligases of eukaryotic
and bacterial origins, the consistent theme is that hydrophobic
interactions between the conserved phenylalanine in E2 and
an aromatic residue in E3 are critical for molecular recognition.
This finding contrasts with studies of SspH2, an E3 ligase from
S. typhimurium, which has a structure that is distinct from either
HECTor RING E3s but also forms a thioester bond with Ub (30,
31). NMR mapping experiments show that SspH2 only binds to
charged E2 using a surface that has little overlap with the cano-
nical E3 interaction site (30). Therefore it seems that different
bacterial E3 ligases utilize different forms of molecular trickery
to penetrate the host Ub pathway.

In the absence of substrate and Ub, it is difficult to specify
which enzymatic stages the crystal structures of UbcH7/SopA
and UbcH7/NleL each represent. Nevertheless, the structural

and mutagenesis data presented here provide insights into the
molecular mechanism of ubiquitination. In the UbcH7/SopA
structure, the C-lobe makes no contact with E2. In the conforma-
tion observed in UbcH7/NleL complex, although the C-lobe is
located close to E2, the interface seems to be labile. Instead of
engaging in H-bonds or making close complementary inter-
actions, residues located at the interface are somewhat disor-
dered. Substituting polar/charged residues in the vicinity of the
active cysteine residues had no effect on the thiotranslation
rate between E2 and E3. It is therefore possible that transthiola-
tion occurs spontaneously once the two active cysteines are in
close proximity, as observed in the UbcH7/NleL structure. The
dynamic nature of the C-lobe and the lack of strong interactions
between E2 and the C-lobe suggest that once charged with Ub,
C-lobe could move quickly away from E2 to prevent cycling Ub
between E2 and E3.

In contrast, when the high-energy E3 ∼Ub thioester bond is
presented to the acceptor lysine in the substrate, a general base
would be necessary to polarize the lysine ε-amino group for
nucleophilic attack. Our data suggest that NleL E705 is relevant
to the catalysis of isopeptide bond formation. The data presented
in this work set the stage for future studies to test if E705 func-
tions as the general base or it is only one of several residues that
contribute to catalysis, as shown in the studies of SUMO conju-
gation (17).

Methods
Crystallization and Structure Determination. Expression and purification of
SopA163–782 and NleL170–782 were described previously (7, 9). Purified
SopA163–782 and UbcH7 were mixed at 1∶5 molar ratio at 4 °C overnight
and the complex was purified by gel filtration chromatography. Crystals were
obtained by mixing protein sample with a reservoir solution containing 0.1 M
MES, pH 6.5 and 1.6 M ðNH4Þ2SO4 at 1∶1 ratio in sitting drops at 20 °C. Before
data collection, crystals were stabilized in the reservoir solution with addi-
tional 20% ethylene glycol (v∕v) and flash-frozen in liquid nitrogen. Purified
NleL170–782 was mixed with UbcH7 at 1∶1 ratio in a buffer containing 5 mM
DTTand 10 mM Tris-HCl pH 8.0. UbcH7/NleL complex (10 mg∕mL) was crystal-

Fig. 6. Conformational flexibility of HECT E3 ligases. (A) Superposition of
the two bacterial HECT/E2 structures. The β-helix domain, N-lobes, and E2
have been superimposed (shown as ribbon and transparent surface). The
C-lobes are shown in different colors: yellow for SopA and orange for NleL.
(B) Schematic comparison of eukaryotic HECT E3s and bacterial E3s, modeled
based on structures of E6AP (11), Smurf2 (26), WWP1 (25), Nedd4L (21), iso-
lated SopA (9), NleL (7), and the complex structures described in this study.
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lized using 1.5–1.7M ðNH4Þ2SO4 as precipitant at pH 5.6–6.8. UbcH7/NleL crys-
tals were flash-frozen in reservoir solution plus 30% glycerol (v∕v).

Diffraction data were collected at 100 K on beamline 23-ID at the Ad-
vanced Photon Source and processed with HKL2000 (32). The structure
was determined by molecular replacement with Phaser (33). The structure
was refined using CNS (34), Refmac (35), and Phenix (36).

Multiturnover Ubiquitination Assays. Ubiquitination reactions were per-
formed 25 °C in reaction mixtures containing 50 mM Tris-HCl pH 7.5,
50 mM NaCl, 2 mM ATP, 5 mM MgCl2, 0.1 mM DTT, 100 ug∕mL of Ub,
4 ug∕mL of E1, 3 ug∕mL of UbcH7, and 4 ug∕mL of wild-type or mutant
NleL170–782. Samples were removed from the reaction mixture at different
time points, quenched with reducing SDS-PAGE sample buffer, and analyzed
on NuPAGE Bis-Tris 4–12% gels (Invitrogen). The intensity of protein bands
on SDS-PAGE were quantified using an Odyssey Infrared Imaging System
(LI-COR Biosciences).

Single-turnover Assay. UbcH7 containing Cys17 to Ser and Cys137 to Ser mu-
tations was used in the single-turnover experiments to prevent nonspecific
cross-linking. To precharge UbcH7, a reaction mixture containing 20 ug∕mL
E1, 200 ug∕mL UbcH7, 800 ug∕mL of Ub, 50 mM Tris-HCl pH 7.5, 50 mMNaCl,
2 mM ATP, 5 mM MgCl2, and 1 mM DTTwas incubated at room temperature
for 20 min and then quenched with equal amount of 500 mM EDTA, pH 7.3
on ice. The time course experiment was performed by mixing 20 uL UbcH7 ∼
Ub mixture with 1 uL of wild-type or mutants of NleL170–782 at 3.9 mg∕mL on
ice and quenched at indicated time points with nonreducing SDS-PAGE sam-
ple buffer. The samples were analyzed by SDS-PAGE using NuPAGE Bis-Tris
4–12% gels (Invitrogen). Gels were imaged and quantified with an Odyssey
Infrared Imaging System (LI-COR Biosciences).
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