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Structural insights into the mechanism and
inhibition of transglutaminase-induced
ubiquitination by the Legionella effector MavC
Yajuan Mu1,4, Yue Wang 1,4, Yanfei Huang1,4, Dong Li1,4, Youyou Han1, Min Chang1, Jiaqi Fu2, Yongchao Xie1,

Jie Ren3, Hao Wang1, Yi Zhang1, Zhao-Qing Luo 2 & Yue Feng 1✉

Protein ubiquitination is one of the most prevalent post-translational modifications, con-

trolling virtually every process in eukaryotic cells. Recently, the Legionella effector MavC was

found to mediate a unique ubiquitination through transglutamination, linking ubiquitin (Ub) to

UBE2N through UbGln40 in a process that can be inhibited by another Legionella effector,

Lpg2149. Here, we report the structures of MavC/UBE2N/Ub ternary complex, MavC/

UBE2N-Ub (product) binary complex, and MavC/Lpg2149 binary complex. During the ubi-

quitination, the loop containing the modification site K92 of UBE2N undergoes marked

conformational change, and Lpg2149 inhibits this ubiquitination through competing with Ub

to bind MavC. Moreover, we found that MavC itself also exhibits weak deubiquitinase activity

towards this non-canonical ubiquitination. Together, our study not only provides insights into

the mechanism and inhibition of this transglutaminase-induced ubiquitination by MavC, but

also sheds light on the future studies into UBE2N inhibition by this modification and deu-

biquitinases of this unique ubiquitination.
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Ubiquitination is one of the most widely used protein
modifications in eukaryotic cells, regulating almost every
essential cellular process1. Canonical ubiquitination is

carried out by the actions of the E1, E2, and E3 enzymes, which
function as a three-enzyme cascade to covalently attach ubiquitin
(Ub) to a lysine residue of a protein substrate2. Prokaryotes do
not contain the Ub system, however, co-option of the host Ub
network is adopted by a variety of bacterial pathogens to support
their own survivals3. This is usually executed by virulent factors,
which behave as E3 Ub ligases4, deubiquitinases (DUBs)5,6, or
enzymes that modify Ub or proteins involved in ubiquitination7,8.
Legionella pneumophila, a Gram-negative pathogen that para-
sitizes free living protozoan hosts9, is the causative agent of a
severe, potentially fatal pneumonia known as Legionnaires’ dis-
ease in humans10,11. The pathogen survives and replicates within
host cells by creating a membrane-bound vacuole (the Legionella-
containing vacuole, or LCV), the biogenesis of which requires the
activity of over 330 Legionella substrates (effectors) translocated
into host cells by the conserved Dot/Icm type IV secretion sys-
tem12–15.

Out of these effectors, many have been found to co-opt the host
Ub network14. For example, LegU1, AnkB, LubX, and GobX all
exhibit Ub E3 ligase activities16–18. SidC also defines a unique
family of E3 ligases with a Cys-His-Asp catalytic triad19. Inter-
estingly, recent studies showed that members of the SidE family
effectors directly ubiquitylate several substrates in a unique two-
step process without the need for E1 and E2 enzymes20–22. This
non-canonical ubiquitination was accomplished through succes-
sive modifications of the R42 residue of Ub by the mono-ADP-
ribosyltransferase (mART) and phosphodiesterase (PDE)
domains of this family effectors23. Members of the SidE family
effectors also contain a DUB domain, which is important for Ub
dynamics on the LCV6.

Recently, two L. pneumophila effectors MavC and MvcA, were
identified as structural homologs of cycle inhibiting factor (Cif)
effectors24. Cif from enteropathogenic Escherichia coli (EPEC)
and Cif homolog in Burkholderia pseudomallei (CHBP) could
induce mammalian cell growth arrest and actin stress fiber for-
mation7. Members of the Cif family deamidate a conserved glu-
tamine residue Q40 in Ub and the Ub-like (Ubl) protein NEDD8
(refs. 7,25). Moreover, a separate study revealed that MavC, but
not MvcA, is actually a transglutaminase that catalyzes covalent
linkage of Ub to K92 and to a less extent, K94 of the E2 enzyme
UBE2N via Q40 of Ub26. Thus, MavC could induce a mono-
ubiquitination of UBE2N through transglutamination. Trans-
glutaminases (TGs) are enzymes involved in protein cross-linking
that catalyze a transamidation reaction between the γ-
carboxamide group of a glutamine residue of one protein (the
“acceptor” substrate) and an amine (the “donor” substrate),
which can be either an ε-amino group of a lysine residue from
another protein or a small molecule amine27,28. The reaction
starts from the formation of a γ-glutamylthioester between the
active site Cys residue of the TG and the Gln-containing
“acceptor” substrate28. In the absence of an amine donor, the
thioester could be hydrolyzed to produce the glutamate residue,
which corresponds to a net deamidation reaction of the “accep-
tor” substrate. To our knowledge, this is the first report of
transglutaminase activity of a Cif effector26. In addition, MavC
differs from canonical Cif effectors in two other aspects. First,
MavC only targets Ub as its substrate, in contrary to the exclusive
preference for NEDD8 by canonical Cif effectors7,29–31. Second,
Lpg2149, another L. pneumophila effector, directly inhibits the
activity of MavC24. Although the structures of MavC, MvcA, and
Lpg2149 have been solved24, it remains elusive how this non-
canonical ubiquitination or transglutamination is carried out by a
Cif-like effector and how such activity is inhibited by Lpg2149.

Here, we report the structures of the MavC/UBE2N/Ub ternary
complex, MavC/UBE2N–Ub (product) binary complex, and MavC/
Lpg2149 binary complex, which provide important insights into the
mechanism and inhibition of this transglutaminase-induced ubi-
quitination by MavC. Moreover, we found that MavC itself also
exhibits weak activity to catalyze the reverse reaction, that is, the
deubiquitination of this non-canonical ubiquitination product
UBE2N–Ub. Taken together, this study reveals the molecular basis
of this non-canonical ubiquitination and its inhibition by Lpg2149,
and also provides a framework for future identification of enzymes
which can catalyze and remove this unique ubiquitination,
respectively.

Results
Overall structure of the MavC/UBE2N/Ub complex. To
understand the mechanism underlying MavC-catalyzed non-
canonical ubiquitination, we cocrystallized MavC, UBE2N, and
Ub, and solved the crystal structure of the MavCC74A/UBE2N/Ub
ternary complex at a resolution of 2.93 Å (Fig. 1a–d, Supple-
mentary Figs. 1a, b, 2a, 3a and Table 1). Following the nomen-
clature of the study of Valleau et al. 24, MavC comprises of a main
domain, which is further divided into head and tail regions, and
an insertion domain (residues 128–226) (Fig. 1a). The overall fold
of MavC remains largely unchanged upon binding to UBE2N and
Ub, with a root-mean-square deviation (RMSD) of 1.92 Å among
345 residues between MavC in the complex and the apo MavC
(PDB code: 5TSC). The major conformational change occurs at
their insertion domains, which show a rotation of around 34°
with respect to their main domains between the two structures32

(Supplementary Figs. 2a and 3b). This is a rigid-body movement
of the insertion domain, because the insertion domains of the two
structures could superimpose well with an RMSD of 0.64 Å
among 99 residues (Supplementary Fig. 3c). The insertion
domain of MavC contributes to interaction with UBE2N, which
also interacts with the head region of the main domain of MavC
simultaneously (Fig. 1a). Results from gel filtration assays indi-
cated that the insertion domain, but not the main domain of
MavC, could form a stable complex with UBE2N (Supplementary
Fig. 4), suggesting that the insertion domain offers the major
interacting surface for UBE2N. Structural alignments with avail-
able UBE2N structures reveal only slight conformational changes
in the loop region containing the modification sites K92 and K94
(Supplementary Fig. 3e, f). However, in the structure, this loop
region exhibits a high B-factor, indicating that this region tends to
become disordered and undergo disorganization (Supplementary
Fig. 3g). The structure of Ub in the MavC complex is also nearly
identical to that of free Ub (Cα RMSD, 0.69 Å), except for the
flexible C-terminal tail (Supplementary Fig. 3d). Different from
other Cif effectors which bind Ub with only the head and tail
regions, the insertion domain of MavC also interacts with Ub
apart from the main domain (Fig. 1a, b). Moreover, the detailed
interaction interfaces between MavC and Ub are different from
those of other Cif effectors (to be described below).

MavC binds Ub through four distinct patches. The MavC–Ub
binding buries 2580.7 Å2 surface area, including four contacting
regions (Fig. 1c, d). Although different Ub residues are engaged
by MavC when compared with CHBP30, we use similar nomen-
clature to name the four contacting areas of Ub as contact A1–C1
and the C-terminal contact (CTC). Contact A1 in Ub involves the
hydrophobic patch formed by L8/T9/H68 (Fig. 1e), but I44,
which is frequently used in protein–Ub binding, is not directly
involved. The corresponding interface involves the N-terminal
tail region of MavC, in which I31, L36, I43, and the aliphatic
chain parts of N39 and E40 form hydrophobic interactions with
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Fig. 1 Overall structure of the MavC/UBE2N/Ub complex. a Domain architecture of MavC showing interaction modes among MavC, UBE2N, and Ub.
b Overall structure of the MavC/UBE2N/Ub complex, colored as in a. Q40 of Ub, K92 and K94 of UBE2N are shown as sticks. c Overview of the interfaces
between MavC and Ub in the MavC/UBE2N/Ub complex. d Overall structure of the MavC/UBE2N/Ub complex, with Ub shown in the electrostatic surface
model. e–g Detailed interfaces of MavC–Ub interaction as marked in c, including A1 e, B1 f and C1 g. Hydrogen bonds are represented as red dashed lines.
h Detailed CTC interface of MavC–Ub interaction as marked in c. Ub in the CHBP/Ub structure is colored in blue, and aligned to that in the MavC/UBE2N/
Ub complex. i Mutations of the MavC-interacting residues in Ub decreased its ability in MavC-catalyzed ubiquitination. Ub and its mutants were incubated
with MavC and UBE2N for 1 h at 37 °C. Then the samples were subjected to Tricine gel, followed by Coomassie blue staining. Source data are provided as a
Source Data file. The experiment was repeated independently three times with similar results.
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Ub. Contact B1 mainly involves the loop linking β2 (residues
12–16) and α1 (residues 23–34) of Ub and the loop spanning
from L161 to K166 of the insertion domain of MavC (Fig. 1f).
Contact B1 from Ub might contribute to the movement of the
insertion domain of MavC in the complex structure. Contact C1
involves the α1 helix and the loop linking α1 to β3 (residues
42–44) of Ub, in which extensive hydrophilic interactions are
involved (Fig. 1g). The deamidation site Q40 is also contained in
this contact region, which may play an essential role in the pre-
sentation of Q40 to the catalytic center of MavC. Hydrogen bonds
are formed between the sidechains of UbQ31 and MavCE123, and
between the sidechains of MavCN79 and MavCR121, and the
backbone carbonyl oxygen atoms of UbE34 and UbG35, respec-
tively (Fig. 1g). Moreover, the sidechain of D39 of Ub forms
hydrophilic interactions with both the sidechains of R126 and
T230 of MavC. The sidechain of Q40 also forms hydrogen bonds
with the amide nitrogen atom of C74 (A74 here in the structure)
and the sidechain hydroxyl of MavCS73. The CTC also mainly
contains hydrogen bond interactions (Fig. 1h). In the ternary
complex structure, the density for the last three residues of Ub
(R74-G76) are lacking, suggesting that they are not involved in
the interaction with MavC.

Compared with the CHBP–Ub complex, the interaction
between MavC and Ub displays several unique features. First,
the relative positions of Ub to MavC/CHBP are different between
the two structures (Supplementary Fig. 5a). Second, due to the
different positions, many of the interactions between CHBP and
Ub are not retained in the MavC/Ub complex30. Notably, the
K11 surface in Ub, which features extensive hydrophilic
interactions with CHBP, has been identified as most critical for
CHBP interaction and deamidation30 (Supplementary Fig. 5b).
However, this surface does not form any hydrophilic interactions
with MavC (Supplementary Fig. 5c). Third, Ub also interacts with
the MavC-specific insertion domain. Last but not least, when the

Ubs in the two structures are superimposed, their C-terminal tails
lie in different orientations relative to the two enzymes (Fig. 1h).

Substrate specificity of MavC. Known Cif/CHBP family mem-
bers recognize exclusively, or show a preference for NEDD8
(refs. 30,31,33), but MavC only deamidates Ub as revealed by the
two studies24,26. To investigate the structural determinants for the
substrate specificity, we analyzed the interaction details of
MavC–Ub (Fig. 1e–h), and the structure and sequence alignment
between Ub and NEDD8 (Supplementary Fig. 6a, b). Collectively,
we hypothesized that Q31, D39, and R72 of Ub (E31, Q39, and
A72 in NEDD8, respectively) might be important for Ub recog-
nition by MavC. Then we tested the ubiquitination/deamidation
activities of the Ub mutants of these residues. Ub mutants D39A
and R72A both showed decreased ubiquitination (Fig. 1i) and
deamidation (Supplementary Fig. 7a) activities. Although the Ub
Q31A mutant itself did not show a markedly decreased activity,
the Q31A/D39A double mutant exhibited lower activities than
the D39A mutant both in the ubiquitination (Fig. 1i) and dea-
midation (Supplementary Fig. 7a) assays. These results suggest
that the three Ub residues are pivotal for being recognized by
MavC. Consistently, single or double mutations of the corre-
sponding MavC residues E123 and R126, which interact with
UbQ31 and UbD39, respectively, decreased both the deamidation
(Supplementary Fig. 6c) and ubiquitination (Supplementary
Fig. 6d) activities. Then we mutated E31, Q39, and A72 of
NEDD8 to the corresponding residues of Ub to test whether these
mutations could turn the non-targeted NEDD8 into a substrate of
MavC. However, the NEDD8 mutant E31Q/Q39D/A72R was
only a substrate with weak activity in both the deamidation
(Supplementary Fig. 7b) and ubiquitination (Supplementary
Fig. 7c) reactions catalyzed by MavC. Superimposition of the
structure of NEDD8 with Ub in the MavC/UBE2N/Ub complex

Table 1 Data collection and refinement statistics.

MavC/UBE2N/Ub MavC/UBE2N–Ub MavC/Lpg2149

Data collection
Space group C2221 C2 P212121
Cell dimensions
a, b, c (Å) 97.7, 105.9, 125.4 107.4, 97.2, 74.4 52.9, 83.8, 124.2
α, β, γ (°) 90.00, 90.00, 90.00 90.00, 103.27, 90.00 90.00, 90.00, 90.00

Resolution (Å) 50–2.92 (3.02–2.92)a 50–2.39 (2.48–2.39) 50–1.98 (2.05–1.98)
Rsym or Rmerge 0.098 (0.794) 0.072 (0.325) 0.108 (0.363)
I/σ (I) 26.6 (3.33) 22.6 (5.54) 25.9 (5.3)
Completeness (%) 100.0 (100.0) 100.0 (100.0) 99.7 (97.4)
Redundancy 12.0 (11.8) 6.1 (6.0) 10.6 (9.9)
Refinement
Resolution (Å) 38.93–2.92 (3.03–2.92) 30.94–2.39 (2.48–2.39) 36.28–1.97 (2.05–1.97)
No. of reflections 14,350 (1390) 29,359 (2853) 39,377 (3744)
Rwork/Rfree 0.2095/0.2617 0.1902/0.2448 0.1724/0.2058
No. of atoms 4753 5025 4366
Protein 4753 4816 3884
Ligand/ion 0 0 0
Water 0 209 482

B factors 53.62 43.62 32.22
Protein 53.62 43.79 31.57
Ligand/ion
Water 39.66 37.49

R.m.s. deviations
Bond lengths (Å) 0.003 0.010 0.009
Bond angles (°) 0.62 1.30 1.20

Values in parentheses are for highest-resolution shell.
aFor each structure one crystal was used.
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showed that the sidechain of UbT22 forms a hydrogen bond with
the carbonyl oxygen of MavCI163, however, the corresponding
residue in NEDD8 is K22, whose sidechain may cause steric and
electrostatic clashes with the sidechain of MavCK148 opposite to
UbT22 in the structure (Supplementary Fig. 7d). Therefore, we
mutated NEDD8K22 to the corresponding Ub residue Thr in the
background of the NEDD8 triple mutant and tested its ability as a
substrate. The result showed that it could work as a substrate
almost similar to Ub under our experimental conditions (Sup-
plementary Fig. 7c). This NEDD8 mutant can be useful in future
target discovery for MavC and other enzymes with similar
functions34.

Mechanism of UBE2N recognition by MavC. The MavC–UBE2N
binding buries 2300.6 Å2 surface area, including three contacting
regions, namely contact A2–C2 (Fig. 2a). Contact A2, involving α1
(residues 6–18) and α2 (residues 100–113) helices, and the loop
linking β3 (residues 51–57) and β4 (residues 68–71) of UBE2N,
contains both hydrophobic and hydrophilic interactions. The
sidechains of UBE2NR6 and UBE2NQ100 are hydrogen bonded to
the sidechains of MavCE207 and MavCY198 of the insertion
domain, respectively. Moreover, hydrophobic interactions between
P63/M64/P97 of UBE2N and Y192/I193 of MavC, and between
UBE2NP5 and MavCF188 further anchor the complex conforma-
tion (Fig. 2b). Contact B2 involves α2 and the long loop (residues
72–99) linking β4 to α2 of UBE2N and the head domain of MavC.
Hydrophobic interface on UBE2N, composed of I90, W95, T103,
V104, and S107, surrounds M317 of MavC. L99 of UBE2N also
forms hydrophobic interaction with F321 of MavC (Fig. 2c).

Contact C2 contains the electrostatic interaction between the
sidechains of UBE2NE127 and MavCR63 of the N-terminal tail
region (Fig. 2d).

MavC F188, Y192/I193, E203/E207, and the UBE2N P5/R6
mutations, designed to disrupt contact A2 interaction, all
decreased the ubiquitination efficiency (Fig. 2e–g and Supplemen-
tary Fig. 8). Moreover, the activity of contact B2-deficient mutant
of MavC (M317A) was decreased more severely (Fig. 2f, g).
Another contact B2-deficient mutant of MavC (F321A) also
showed a decreased activity. Contact C2 seems to play a minor
role, as the UBE2N E127K mutation only slightly decreased the
ubiquitination efficiency (Fig. 2e). Consistently, the above UBE2N
mutants showed more or less defect in MavC binding (Fig. 2h).
Notably, the UBE2N K92A mutant bound to MavC similarly as
wildtype UBE2N. None of the above mutations interfered with the
catalytic center of MavC because these mutants remained active in
Ub deamidation (Fig. 2i).

Conformational changes in UBE2N during the reaction.
Interestingly, in structure of the ternary complex, no marked
conformational change was observed for the K92-containing loop
region of UBE2N (Fig. 1b). However, B-factor analysis suggested
that this region in the structure might become disordered and
undergo disorganization (Supplementary Fig. 3g). That is, the
conformational change of this region required to accomplish the
ubiquitination reaction was not captured in the structure of
the ternary complex. To gain insights into the catalytic process of
this non-canonical ubiquitination, we purified the MavC-catalyzed
non-canonical ubiquitination product UBE2N–Ub conjugate to

P5
K132

R6

Q100

P63
P97

M64

F188

Y192

E207

Y198

I193

I90

S107L99

V104
T103

F321

W95

M317

A2

B2

C2

E127

R63

MavC, Ub

UBE2N
W

T

UBE2N
P5K

UBE2N
R6E

UBE2N
K92

A

UBE2N
E12

7K

UBE2N
P5G

/R
6E

UBE2N

UBE2N-Ub

Ub

MavC

25

10

15

35

60
45

Ni pulldown Input

UBE2N

MavC

25

10

15

35

60
45

UBE2N, Ub

M
av

C
W

T

M
av

C
F18

8A

M
av

C
Y19

2A
/I1

93
A

M
av

C
Y19

2A
/I1

93
E

M
av

C
E20

3A
/E

20
7A

M
av

C
M

31
7A UBE2N

W
T

UBE2N
P5K

UBE2N
K92

A

UBE2N
E12

7K

M
av

C
7–

38
4

UBE2N
R6E

UBE2N
P5G

/R
6E

M
av

C
F32

1A

M
av

C
W

T

M
av

C
F18

8A

M
av

C
Y19

2A
/I1

93
A

M
av

C
Y19

2A
/I1

93
E

M
av

C
E20

3A
/E

20
7A

M
av

C
M

31
7A

M
av

C
F32

1A

UBE2N

Ub 0
0

10

20

30

40

50

20 40 60 80 100

UBE2N-Ub

MavC

25

10

15

35

60
45

Time (min)

U
bi

qu
iti

na
te

d 
U

B
E

2N
 (

%
) WT

Y192A/I193A
F188A
E203A/E207A

M317A

Y192A/I193E
F321A

Ub

Ub Q40E

Ub WT

MavC

a b c d e

f g h i

kDa

kDa

kDa

Fig. 2 The interaction between MavC and UBE2N. a Overview of the interface between MavC and UBE2N in the MavC/UBE2N/Ub complex. b–d Detailed
interfaces of MavC–UBE2N interaction as marked in a, including A2 b, B2 c, and C2 d. Hydrogen bonds are represented as red dashed lines. e UBE2N and
its mutants were incubated with MavC and Ub for 10 min at 37 °C. Then the samples were treated as in Fig. 1i. f Disrupting MavC–UBE2N interactions
decreased the activity of MavC. MavC and the mutants were incubated with UBE2N and Ub for 10 min at 37 °C. Then the samples were treated as in Fig. 1i.
g Kinetic analysis of MavC and the mutants targeting the UBE2N-binding surface. The percentage of ubiquitinated UBE2N was calculated by the amount of
produced UBE2N–Ub divided by the sum of produced UBE2N–Ub and free UBE2N, at different reaction time points. Data shown are mean values ± SEM
(n= 3 independent experiments). The representative gels used for the quantification are shown in Supplementary Fig. 8. h Ni pull-down experiment,
combined with mutagenesis experiments to evaluate the roles of UBE2N residues in MavC–UBE2N interaction. i MavC mutants disrupting MavC–UBE2N
interactions did not show dampened deamidase activity. MavC and its mutants were incubated with Ub for 2 h at 37 °C. Then the samples were subjected
to native gel, followed by Coomassie blue staining. Source data are provided as a Source Data file. Experiments in e, f, h, and i were repeated independently
three times with similar results.
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homogeneity, and cocrystallized it with MavCC74A. Then we
solved the crystal structure of the MavCC74A/UBE2N–Ub complex
at a resolution of 2.39 Å (Fig. 3a and Supplementary Figs. 1c, d
and 2b and Table 1). While the overall structures of the three
proteins remain largely unchanged compared with the MavC/
UBE2N/Ub complex (Fig. 3a), an isopeptide bond was clearly
formed between the ε-amino group of UBE2NK92 and UbQ40 in
the MavCC74A/UBE2N–Ub complex (Fig. 3b). Structural align-
ment with the MavC/UBE2N/Ub complex reveals a marked
movement of K92/K94 loop region in the MavCC74A/UBE2N–Ub
structure (Fig. 3c), which forms a short helix in known structures
of free UBE2N, to our knowledge. The extension of the K92/K94
loop towards the deamidated form of UbQ40 allows the reaction to
be accomplished by MavC. Structural alignment also showed that
M317 of MavC undergoes an obvious movement during the cat-
alysis, which might play a key role in releasing the K92/K94 loop
towards the active site (Fig. 3d). Consistently, kinetic analysis of
the MavC mutants revealed that the hydrophobic and catalytically
important interface around M317 plays the most important role
in the ubiquitination (Fig. 2g), yet it is not required for Ub dea-
midation (Fig. 2i) activity of MavC. The hydrophobic interface

F188, Y192/I193, and F321 may play a minor role in its ubiqui-
tination activity (Fig. 2g). Moreover, the charged interface E203/
E207 also plays a minor role in the ubiquitination activity of
MavC. We also examined the role of M317 in UBE2N ubiquiti-
nation during L. pneumophila infection. Whereas MavC expressed
in the ΔmavC mutant induced UBE2N ubiquitination in infected
cells, expression of MavCM317A in strain ΔmavC did not cause
UBE2N modification in cells despite the mutant protein was
properly expressed and translocated into host cells (Fig. 3e).
Thus, UBE2N binding by MavC probably promotes the dis-
organization of the K92/K94 loop of UBE2N; the formation of the
isopeptide bond with Ub completes the conformational changes of
this loop.

The mechanism of inhibition by Lpg2149. Valleau et al.
reported that Lpg2149 inhibits the activity of MavC by direct
protein–protein interactions24. To investigate the inhibition
mechanism of Lpg2149, we reconstituted the MavC–Lpg2149
complex in vitro and solved its crystal structure (Fig. 4a and
Supplementary Figs. 1e, f and 2c and Table 1). The complex
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structure revealed that MavC and Lpg2149 bind as a 1:1 dimer,
consistent with the molecular weight of the complex measured by
gel filtration coupled with static light scattering (SLS) analyses
(Supplementary Fig. 9a). However, Lpg2149 crystallized as a
domain-swapped dimer in the study of Valleau et al. 24 (Sup-
plementary Fig. 9c). To verify its oligomerization state, we per-
formed SLS analyses of Lpg2149 and MavC separately, which
revealed that each of them exists as a monomer in solution
(Supplementary Fig. 9a). Therefore, the dimer conformation of
Lpg2149 in the previous study may be caused by crystal packing.

The overall fold of MavC remains unchanged upon binding to
Lpg2149, with an RMSD of 2.03 Å among 323 residues between
MavC in the complex and the apo MavC (PDB code: 5TSC).
However, in the two structures, the insertion domains of MavC
molecules display clearly different relative positions with respect
to their main domains, further suggesting the flexibility of the
tether linking the insertion and the main domain of MavC
(Supplementary Fig. 9b). Lpg2149 has an overlapped binding site
with Ub in MavC, but does not interfere with UBE2N binding
(Supplementary Fig. 9d), indicating that Lpg2149 inhibits the
activity of MavC through competing with Ub to bind MavC.
Superimposition of the MavC molecules in the MavC/Lpg2149
and MavC/UBE2N–Ub complexes also shows a rotation of
around 6° of the helical-bundle tail region (Supplementary
Fig. 9d), where both Lpg2149 and Ub bind, indicating a binding-
induced movement of the helical-bundle tail region.

Lpg2149 extensively interacts with MavC via multiple contact
points, burying a surface area of 2229 Å2. Lpg2149 interacts with
both the head and tail region of the main domain of MavC
mainly through two contacting regions, namely contact A3 and
B3. Contact A3, involving the N-terminal long α1 helix (residues
11–38) of Lpg2149, contains six pairs of hydrogen bonds: the
sidechain nitrogen of Lpg2149Q16 with the main-chain carbonyl
oxygen of MavCG30, the amide nitrogen of Lpg2149F12 with the
sidechain of MavCE344, the sidechain hydroxyl of Lpg2149S27

with the sidechain of MavCN39, the sidechain hydroxyl of
Lpg2149Y15 with the main-chain carbonyl oxygen of MavCI28,
and the sidechain of Lpg2149N19 with the main-chain carbonyl
oxygen of MavCT29 (Fig. 4b). Electrostatic interactions are
formed between the sidechains of Lpg2149D26 and MavCK76,
and between the sidechains of Lpg2149K18 and MavCD83.
Moreover, hydrophobic interactions between F11/F12 of
Lpg2149 and N341/F348 of MavC, and between V20/L23/L24
of Lpg2149 and I31/I35/N39 of MavC further anchor the complex
conformation (Fig. 4b). In contact B3 which involves the α3/α4
helix region (residues 70–77/79–82) of Lpg2149, the sidechain of
MavCQ38 forms two hydrogen bonds with the sidechain oxygen
of Lpg2149D84 and the amide nitrogen of Lpg2149A85 (Fig. 4c).
The sidechain of MavCQ376 interacts with the main-chain
carbonyl oxygen of Lpg2149K81 and the amide nitrogen of
Lpg2149D84 through two water-mediated hydrogen bonds. The
sidechains of Lpg2149R74 and MavCE42 interact with electrostatic
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interactions, and hydrophobic interactions are formed between
F71/L83/M86 of Lpg2149 and the aliphatic chain parts of I35/
E34/Q38 of MavC (Fig. 4c).

Lpg2149 F11A/F12A, F11K/F12D, Y15A/K18A/N19A, and
V20A/L23A/L24A mutations, designed to disrupt MavC–Lpg2149
interaction, all showed decreased MavC binding as detected both
by isothermal titration calorimetry (ITC) assay (Fig. 4d and
Supplementary Fig. 10) and IC50 analysis (Supplementary Fig. 11).
Ubiquitination (Fig. 4e) and deamidation (Supplementary Fig. 12a)
activity assays also indicated that these Lpg2149 mutants all show
decreased inhibition capacities. Consistently, the ubiquitination
activities of the corresponding mutants of MavC, which are
designed to disrupt MavC–Lpg2149 binding, remained unchanged
in the presence of Lpg2149 (Supplementary Fig. 12b).

Deubiquitination activity of MavC. During the co-crystallization
of MavC and UBE2N–Ub conjugate, interestingly, we found that
wildtype MavC, but not the C74A mutant, can actually cleave the
UBE2N–Ub conjugate back to UBE2N and Ub (Fig. 5a). That is,
MavC itself could reverse this modification on UBE2N. Con-
sistently, MavCC74A exhibited a relatively high binding affinity of
5.91 μM to UBE2N–Ub by the ITC assay (Fig. 5c). Due to the
binding specificity of MavC towards UBE2N–Ub, it was not
surprised to find that MavC did not exhibit DUB activity towards
canonical K48- and K63-diubiquitin (Fig. 5a). Then we examined
both the transglutaminase and DUB activities of MavC through a
series of reactions in which UBE2N or UBE2N–Ub and MavC
were added at different molar ratios (Fig. 5b, d). The results
showed that both the transglutaminase and DUB activities started
to be detected when the molar ratios between MavC and substrate
(UBE2N and UBE2N–Ub, respectively) were higher than 1:640
under our experimental conditions (Fig. 5b, d). Moreover, we
performed kinetic analysis of MavC under the same experimental
conditions as in Fig. 2g, but extended the reaction time up to 3 h
(Fig. 5e). The results showed that the quantity of UBE2N–Ub
product first increases from 0 to around 120 min, and then
slightly decreases probably due to the DUB activity of MavC.
Therefore, transglutaminase-induced ubiquitination, but not the
reverse reaction, is the dominant activity of MavC. Thus, MavC
also exhibits weak DUB activity for the ubiquitination reaction
catalyzed by itself. As this activity is also dependent on the active
site Cys74 (Fig. 5a) and based on the catalytic mechanism of
MavC, this reverse process should also first involve the γ-
glutamylthioester intermediate formed by MavCC74 and Q40 of
Ub, which was then hydrolyzed to a free glutamate residue (also
corresponds to a net deamidation of Ub) (Fig. 5f).

Discussion
MavC represents the first Cif effector to exhibit transglutaminase
activity, and therefore, it also represents a family of TGs, which is
structurally different from all known TGs of both eukaryotic and
bacterial origins35 (Supplementary Fig. 13). MavC catalyzes the
transglutamination reaction between Ub and UBE2N, leading to
UBE2N ubiquitination in an unconventional form. Importantly,
UBE2N has been suggested as the specific substrate of MavC26.
Sequence alignment between UBE2N and its homologs, in which
C87 and K92 of UBE2N are also conserved, revealed that several
of the essential MavC-interacting residues of UBE2N are not
conserved in other structurally similar E2 enzymes, explaining its
specific recognition by MavC (Supplementary Fig. 14).

Humans have about 40 E2 enzymes which are involved in the
transfer of Ub or Ubl proteins36. Apart from functioning as a
carrier of Ub during the ubiquitination cascade, E2s perform a
variety of other important functional roles, such as directly
engaging a target protein or regulating the activities of other

enzymes37,38. Moreover, the activities of E2s are regulated by
various mechanisms, including transcriptional/translational con-
trol, non-covalent interactions by other proteins, and covalent
post-translational modifications36. UBE2N forms heterodimers
with UBE2V1 or UBE2V2, in combination with a variety of E3
ligases, to catalyze the elongation of K63-type Ub chains, which
are important for various signaling pathways39. Non-canonical
ubiquitination of UBE2N by MavC abolishes its activity in the
formation of K63-type polyubiquitin chains, which dampens NF-
κB signaling in the initial phase of L. pneumophila infection24,26.
Despite extensive efforts, we were not successful in crystallizing
the UBE2N–Ub conjugate, probably due to the induced local
disorganization of the K92/K94 loop. However, we have obtained
insights into the mechanism of inhibition of UBE2N activity by
this unique ubiquitination from the MavC/UBE2N–Ub structure.
Superimposition between the structures of UBE2N–Ub conjugate
in our study and the canonically activated form of UBE2N bound
to Ub indicated that this unique ubiquitination at K92 of UBE2N
causes a steric clash to restrain Ub loading through its G76 to the
active site C87 of UBE2N (Supplementary Fig. 15), thus
explaining the inhibition of E2 activity of UBE2N by this
modification.

Of note is that MavC itself also exhibits weak activity to cleave
the UBE2N–Ub conjugate when higher amounts of protein were
included in the reactions. Given the high level similarity between
MavC and MvcA24, which was very recently found to be a DUB
specific for UBE2N–Ub40, the DUB activity of MavC is not
completely unexpected. Since the amount of MavC translocated
into host cells is extremely low and the cellular concentrations of
Ub is considered to be higher than that of the UBE2N–Ub
conjugate produced by MavC in L. pneumophila-infected cells,
the DUB activity of MavC may not be physiologically significant
during bacterial infection. Previous studies have shown that
MvcA does not catalyze the transglutamination between UBE2N
and Ub24,26. That is, MavC primarily catalyzes the non-canonical
ubiquitination with also weak activity in the opposite reaction,
but MvcA is an obligate DUB for this ubiquitination. Structural
comparisons between MavC/UBE2N–Ub and MvcA/
UBE2N–Ub40 reveal that while the main domain of MavC/MvcA
and Ub portions superimpose well between the two structures
when MavC and MvcA are aligned, the insertion domain of
MavC/MvcA and UBE2N molecules display markedly distinct
orientations between the two structures (Supplementary
Fig. 16a). This further supports the view that the surface of Ub
bound by MavC and MvcA is highly conserved24, and the active
site residues and the residues involved in Ub binding are also
relatively conserved between MavC and MvcA40. However, the
residues involved in UBE2N binding are largely different
between MavC and MvcA, especially in their insertion domains
(Supplementary Figs. 16b, c and 17a). In the meantime, the
UBE2N residues engaged by the insertion domains of MavC and
MvcA also do not overlap with each other except for R6.
Therefore, we propose that the insertion domain not only
endows the non-canonical UBE2N ubiquitination/deubiquitina-
tion activity of MavC/MvcA, but also distinguishes the ubiqui-
tination activity of MavC and the deubiquitination activity of
MvcA. Interestingly, the insertion domain also displays the
lowest residue identities among the domains of the two proteins
(Supplementary Fig. 17b). However, it still awaits further
investigation how two structural homologs could exhibit the
opposite activities.

UBE2N ubiquitination by MavC abolishes its activity, which
dampens NF-κB signaling and likely other cellular processes
regulated by K63-type polyUb chains. In macrophages, NF-κB
activation induced by PAMPs is detrimental to bacterial coloni-
zation, but for L. pneumophila, NF-κB activity appears to benefit
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the bacterium in multiple aspects41. The mavC gene is present
only in some isolates of L. pneumophila42,43. Furthermore, the
mvcA gene is present in all strains that harbor mavC and these
two genes are syntenic in all cases. The MavC gene is induced in
the exponential phase and continued to the post-exponential
phase, that is, MavC primarily function in the initial phase of the
infection24,26. The regulation of MavC imposed by MvcA, the so-

called meta-effector44,45, is achieved by the induction of theMvcA
gene in later phases of infection40. Therefore, MavC and MvcA
temporally regulate UBE2N activity during L. pneumophila
infection by the differential expression of these two genes at
different stages of its intracellular life cycle. Moreover, the reg-
ulation of MavC and MvcA is further complicated by Lpg2149,
which inhibits the activity of both enzymes by direct binding24. It
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has been reported that in bacteriological medium, the Lpg2149
expression only becomes detectable in the early exponential
phase, suggesting that it functions when the bacteria began to
replicate40. Because proteins being translocated by the Dot/Icm
system are in their unfolded forms46, Lpg2149 may inhibit the
activity of MavC and MvcA by preventing their translocation
through forming protein complexes in bacterial cells or by
blocking the activity of translocated proteins in host cells. Yet, the
exact time and the extent of its inhibition of MavC and MvcA still
needs further investigation. For the temporal regulation of MavC
by MvcA, the reversal of UBE2N ubiquitination by MvcA could
be detected at 6 h post-infection26,40, indicating that the inhibi-
tion of UBE2N is relieved during later phases of the intracellular
life cycle of the bacteria. Taken together, these results suggest that
the MavC–MvcA–Lpg2149 system is sophisticatedly regulated to
condition the cellular environment to best accommodate intra-
cellular replication of L. pneumophila. The mechanisms of the
inhibition of UBE2N activity by transglutaminase-induced ubi-
quitination by MavC and of its further inhibition by Lpg2149
revealed by our results (Fig. 6) will serve as a foundation for
future identification of enzymes that catalyze this unique
ubiquitination.

Methods
Protein expression and purification. Sequences of all the primers used in this
study are listed in Supplementary Table 1. The full-length and various segments of
L. pneumophila MavC were amplified by PCR and cloned into pGEX6p-1 vector to
produce GST-tagged fusion proteins with a PreScission Protease cleavage site
between GST and the target proteins. The MavC mutants were generated by two-
step PCR and were subcloned, overexpressed, and purified in the same way as wild-
type protein. Particularly, the MavC clone with deletion of residues 128–226 was

made by bridging PCR, and a “GSG” sequence was added between the two MavC
fragments. The proteins were expressed in Escherichia coli (E. coli) strain BL21 and
induced by 0.2 mM isopropyl-β-D-thiogalactopyranoside (IPTG) when the cell
density reached an OD600 nm of 0.8. After growth at 16 °C for 12 h, the cells were
harvested, re-suspended in lysis buffer (1 × PBS, 2 mM DTT, and 1 mM PMSF) and
lysed by sonication. The cell lysate was centrifuged at 17,940 × g for 45 min at 4 °C
to remove cell debris. The supernatant was applied onto a self-packaged GST-
affinity column (2 mL glutathione Sepharose 4B; GE Healthcare) and contaminant
proteins were removed with wash buffer (1 × PBS and 2 mM DTT). The fusion
protein was then digested with PreScission protease at 18 °C for 2 h. The protein
with an additional five-amino-acid tag (GPLGS) at the N-terminus was eluted with
buffer containing 25 mM HEPES pH 7.5, 200 mM NaCl, and 2 mM DTT. The
eluant was concentrated using an Ultrafree 5000 molecular-weight cutoff filter unit
(Millipore) and further purified using a Superdex-200 (GE Healthcare) column
equilibrated with a buffer containing 10 mM Tris–HCl pH 8.0, 200 mM NaCl, and
5 mM DTT. The purified protein was analyzed by SDS–PAGE. The fractions
containing the target protein were pooled and concentrated.

The fragment of human UBE2N cDNA (residues 1–152) was cloned into
pGEX6p-1 and pET28a vectors to produce GST-tagged fusion protein, or His-
tagged fusion protein, respectively. The fusion protein was induced in E. coli
Rosetta (DE3) similarly as MavC. Recombinant His-tagged protein was purified by
Ni-affinity column chromatography and gel filtration chromatography (Superdex-
75 column) in buffer containing 10 mM Tris–HCl pH 8.0, 200 mM NaCl, 5 mM
DTT. The UBE2N mutants were generated by two-step PCR and were subcloned,
overexpressed, and purified in the same way as wild-type UBE2N.

Wildtype and mutants of Ub and NEDD8 used in this study were cloned into
pGEX6p-1 vectors or pET28a vectors, to produce GST-tagged fusion proteins or
His-tagged fusion proteins, respectively. The proteins were purified according to
the above protocols for GST-tagged or His-tagged proteins, concentrated and
stored in −80 °C until use. Wildtype and mutants of Lpg2149 were cloned into
pGEX6p-1 vectors to produce GST-tagged fusion proteins and purified according
to the protocols for GST-tagged proteins.

Preparation of the MavC-catalyzed UBE2N–Ub product. The UBE2N–Ub pro-
duct was produced in a 20mL MavC-catalyzed reaction containing 0.08mg MavC,
3.2 mg UBE2N, and 8 mg His-tagged Ub at 37 °C for 2 h. The buffer is 50mM Tris

Fig. 5 MavC also exhibits deubiquitinase activity towards UBE2N–Ub. a Purified UBE2N–Ub made by MavC, K48, and K63 diubiquitin were incubated
with MavC or MavCC74A. MavC* in the figure indicates MavCC74A. b A series of in vitro reactions containing UBE2N, Ub, and MavC at the indicated molar
ratios were set up and allowed to proceed for 1 h at 37 °C. c MavC interacts with UBE2N–Ub with a KD of 5.91 μM. A representative binding curve by ITC
assay to test binding of UBE2N to MavCC74A is shown with the binding affinity. d A series of in vitro reactions containing UBE2N–Ub conjugate and MavC
at the indicated molar ratios were set up and allowed to proceed for 1 h at 37 °C. e Kinetic analysis of MavC-catalyzed modification of UBE2N. MavC was
incubated with UBE2N and Ub at 37 °C for the indicated amounts of time. f In the transglutamination reaction, the nucleophilic MavCC74 attacks UbQ40, to
form a thioester intermediate, which further reacts with the amine donor from UBE2NK92 (mainly) to form an intermolecular isopeptide bond between
UBE2N and Ub. In the reverse reaction, the isopeptide bond within the UBE2N–Ub conjugate is attacked by MavCC74, resulting in the release of UBE2N and
the formation of the MavC–Ub thioester intermediate, which could further react with a water molecule to give the deamidated form of UbQ40. The
transglutamination activity is the dominant activity of MavC. Source data are provided as a Source Data file. Experiments in a, b, d, and e were repeated
independently three times with similar results.

a b c d

MavC

MavC

UBE2N

MavC

UBE2N

MavC

Lpg2149
UbUb

Fig. 6 Overview of the structures in this study. a–d Overall structures of apo MavC (a, PDB: 5TSC), MavC/UBE2N/Ub complex b, MavC/UBE2N-Ub
complex c, and MavC/Lpg2149 complex d. Ub is shown in electrostatic surface model. The insertion domain of MavC and the K92 loop region of UBE2N
are marked with circles.
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pH 7.5 and 50mM NaCl. After the reaction, the reaction mix was subjected to Ni-
column followed by anion exchange and gel filtration chromatography in a buffer
containing 10mM Tris–HCl pH 8.0, 200mM NaCl, and 5 mM DTT.

Crystallization, data collection, and structure determination. For the MavC/
UBE2N/Ub ternary complex, MavC7–384 (C74A), UBE2N, and Ub were incubated
at a molar ratio of 1:1:2, in which the final concentration of MavC7–384 (C74A) was
28mg/mL. After overnight incubation, crystals of MavC/UBE2N/Ub complex were
grown at 18 °C by mixing an equal volume of the complex protein with reservoir
solution containing 0.1M lithium chloride, 20% w/v polyethylene glycol (PEG)
3350, pH 6.8. The prepared MavC-catalyzed UBE2N–Ub product was mixed with
MavC7–384 (C74A) at a molar ratio of 1:1, in which the final concentration of
MavC7–384 (C74A) was 24mg/mL. After overnight incubation, crystals of MavC/
UBE2N–Ub complex were grown at 18 °C by mixing an equal volume of the protein
complex with reservoir solution containing 0.1M KCl, 0.02M Tris pH 7.0, and 20%
w/v PEG 4000. The MavC7–384 (C74A) and Lpg214911–114 were concentrated in
10mM Tris–HCl pH 8.0, 200mMNaCl, and 5mMDTT, and mixed at a molar ratio
of 1:1, in which the final concentration of MavC7–384 (C74A) was also 24mg/mL.
After overnight incubation, crystals of MavC/Lpg2149 complex were grown at 18 °C
by mixing an equal volume of the protein with reservoir solution containing 0.2M
Ammonium nitrate, 20% w/v PEG3,350, pH 6.2. The crystals appeared overnight
and grew to full size in about one week. The crystals were cryoprotected in the
reservoir solution containing 15% glycerol before its transferring to liquid nitrogen.

All the data were collected at SSRF beamlines BL17U1 and BL19U1 (ref. 47)
with a wavelength of 0.979 Å, integrated and scaled using the HKL2000 package48.
Further processing was carried out using programs from the CCP4 suite49. All the
three structures were solved by molecular replacement with the structure of MavC
(PDB: 5TSC), UBE2N (PDB: 1J7D), Lpg2149 (PDB: 5DPO), and Ub (PDB: 1UBQ)
as templates. The structures were refined with several rounds of COOT50 and
PHENIX51. Final Ramachandran statistics: 95.76% favored, 3.73% allowed, and
0.51% outliers for MavC/UBE2N/Ub ternary complex; 98.33% favored, 1.5%
allowed, and 0.17% outliers for MavC/UBE2N–Ub binary complex; 97.9% favored,
1.89% allowed, and 0.21% outliers for MavC/Lpg2149 complex. Data collection and
structure refinement statistics are summarized in Table 1. All of the structural
illustrations were generated using the software PyMOL.

ITC binding assay. The dissociation constants of binding reactions of Lpg2149 or
Lpg2149 mutants with MavC were determined by ITC using a MicroCal ITC200
calorimeter. Proteins were desalted into the working buffer (20 mM HEPES pH 7.5,
200 mM NaCl). The titration was carried out with 19 successive injections of 2 μL
Lpg2149 at the 0.2 mM concentration, spaced 120 s apart, into the sample cell
containing the MavC (residues 7–384) at the 0.02 mM concentration at 25 °C. The
Origin software was used for baseline correction, integration, and curve fitting to a
single site binding model. The dissociation constant of binding reaction of
UBE2N–Ub with MavCC74A (residues 7–384) was determined similarly.

Multi-angle light scattering (MALS). Protein (100 μL) at 1 mg/mL was injected
into a Superdex-75 column (GE Healthcare) equilibrated with the running buffer
containing 10mM Tris–HCl pH 8.0, 200mM NaCl, 5 mM DTT. The chromato-
graphy system was coupled to an 18-angle light scattering detector (Wyatt Tech-
nology) for data collection. Data were collected every 0.5 s at a flow rate of 0.5mL/
min. Data analysis used program ASTRA 6.1. The figure was drawn using Origin 8.0.

In vitro UBE2N ubiquitination assay. All the ubiquitination reactions were car-
ried out in a 25 μL reaction system and in buffer containing 50 mM Tris pH 7.5 and
50 mM NaCl. To test the activities of the MavC and Ub mutants proposed to
disrupt MavC–Ub interaction, 0.4 μg MavC or its mutants, 4 μg UBE2N and 10 μg
Ub or its mutants were incubated at 37 °C for 1 h. To test the substrate specificity,
the reaction system was the same as above except that NEDD8 or its mutants
instead of Ub were added in the mix in several reactions and the incubation
condition is 37 °C and 2 h for all the reactions. To test the activities of the MavC
and UBE2N mutants proposed to disrupt MavC–UBE2N interaction, the reaction
system was the same as above but incubated at 37 °C for 10 min. To test the
activities of the MavC and Lpg2149 mutants proposed to disrupt MavC–Lpg2149
interaction, 0.6 μg MavC or its mutants, 4 μg UBE2N, 10 μg Ub, and 0.4 μg
Lpg214911–114 or its mutants were incubated at 37 °C for 2 h. After the reaction, all
the samples were separated by Tricine gel.

Kinetics analysis of MavC and its mutants. The kinetics analysis of MavC and its
mutants were carried out in a 25 μL reaction system and in the above buffer. 0.2 μg
MavC or its mutants, 6 μg UBE2N, and 10 μg Ub were incubated at 37 °C for the
indicated time, respectively. Then the samples were subjected to tricine gel and
visualized by Coomassie blue staining. ImageJ was used to quantify the amount of
UBE2N–Ub and the remaining UBE2N for each sample. The percentage of ubi-
quitinated UBE2N, that is, the ratio of produced UBE2N–Ub to the sum of free
UBE2N and produced UBE2N–Ub at each time point was calculated. The final
figure was produced by the Graphpad Prism 8.0.1 software.

IC50 assay for the Lpg2149 mutants. The IC50 assays for the Lpg2149 and its
mutants were carried out in a 25 μL reaction system and in buffer containing
50 mM Tris pH 7.5 and 50 mM NaCl. In the reaction, 0.3 μg MavC and 6 μg
UBE2N were first incubated with various concentrations of Lpg2149 or its mutants
obtained by serial dilutions at 37 °C for 15 min, and then 10 μg Ub was added into
the reaction system and further incubated for another 15 min. The reaction sam-
ples were subjected to tricine gel and visualized by Coomassie blue staining. ImageJ
was used to quantify the amount of UBE2N–Ub for each sample. The amount of
UBE2N–Ub generated by the reaction with Lpg2149 of indicated concentrations
was then normalized to that generated by MavC with no Lpg2149 on each gel. The
data were fitted and IC50 values were calculated by the GraphPad Prism 8.0.1
according to the dose–response model with variable slope.

In vitro deamination assay. All the deamination reactions were carried out in a
30 μL reaction system and in buffer containing 50mM Tris pH 7.5 and 50mMNaCl.
All the reactions except those containing Lpg2149 were incubated at 37 °C for 2 h.
To test the activities of the MavC mutants proposed to disrupt MavC–UBE2N
interaction, 2 μg MavC or its mutants and 10 μg Ub were added. To test the activities
of the MavC mutants proposed to disrupt MavC–Ub interaction, 3 μg MavC or its
mutants and 10 μg Ub were added. To test the activities of the Ub mutants proposed
to disrupt MavC–Ub interaction, 4 μg MavC and 10 μg Ub or its mutants were
added. To test the substrate specificity, 6 μg MavC and 20 μg His-tagged Ub/NEDD8
or its mutants were added. For the reactions testing the inhibitory effect of Lpg2149,
Lpg2149 WT, and it mutants were incubated with MavC and Ub or not, for 3 h at
37 °C. All the reaction mixtures were immediately separated on a 10% native-PAGE
gel (pH 8.8 and pH 10.0 for reactions containing MavC/Lpg2149 mutants and His-
tagged Ub/NEDD8 mutants, respectively) in an ice-water bath.

In vitro Ni-column pull-down assay. To detect the binding between MavC and
UBE2N, 15 μL Ni beads were equilibrated with 200 μL buffer (50 mM Tris, 50 mM
NaCl, pH 7.5) by two times. Then 50 μg His-tagged UBE2N1–152 or its mutants and
no-tagged WT MavC7–384 were mixed with the beads at 4 °C for 1 h. After incu-
bation, the beads were washed four times with the buffer containing 50 mM Tris
pH 8.0, 300 mM NaCl, 30 mM imidazole. And then, 35 μL SDS–PAGE loading
buffer was added into the beads and the samples were analyzed by Tricine gel. The
experiment was repeated three times.

Gel filtration-binding assay. The MavC128–226 or MavC7–127/227–384 and UBE2N
purified as described above were subjected to gel filtration analysis (Superdex-200,
GE Healthcare). They were mixed with a molar ratio of about 1:1 and incubated at
4 °C overnight before the gel filtration analysis in buffer containing 10 mM
Tris–HCl pH 8.0, 200 mM NaCl, and 5 mM DTT. Samples from relevant fractions
were applied to SDS–PAGE and visualized by Coomassie blue staining.

Deubiquitination assays. For the deubiquitination activity of MavC, 0.8 μM WT or
C74A mutant of MavC1–482, 9.2 μM UBE2N–Ub, or K63/K48 di-Ub were incubated
at 37 °C for 10min in the same buffer as the ubiquitination assay. K48 and K63 di-Ub
molecules (UC-200B and UC-300B, respectively) were obtained from Boston Bio-
chem. The transglutaminase and DUB activities of MavC were also assayed through a
series of reactions in which UBE2N (fixed at 6 μM) or UBE2N–Ub (fixed at 6 μM)
and MavC were added at different molar ratios at 37 °C for 1 h.

UBE2N ubiquitination by MavC during L. pneumophila infection. Legionella
strains used in this study were derivatives of Philadelphia 1 strain Lp02 and were
grown and maintained on charcoal-yeast extract (CYE) plates or in ACES-buffered
yeast extract (AYE) broth as described earlier52. Genes were inserted into pZL507
(ref. 53) for complementation experiments. Raw264.7 cells and U937 cells were pur-
chased from ATCC were cultured in RPMI1640 medium supplemented with 10% FBS.

For infection experiments, all L. pneumophila strains were grown overnight in
AYE broth to postexponential phase judged by the optical density of the cultures
(OD600 nm= 3.2–3.8) and by increase in bacterial motility, then 0.2mM IPTG was
added into bacterial cultures to induce the expression of MavC and its mutants on
pZL507 at 37 °C for 3 h before infection. Raw264.7 cells or differentiated U937
macrophages were infected with an multiplicity of infection (MOI) of 15 at 37 °C for
2 h. Infected cells washed three times with PBS were lysed with 0.2% saponin for
30 min on ice. Saponin-soluble fractions were probed with UBE2N andMavC-specific
antibodies for the modified UBE2N and the translocated MavC, respectively.

Antibodies: Anti-UBE2N (Thermo Fisher Scientific, cat. no. 37-1100), 1:1000;
anti-MavC26, 1:5000; anti-tubulin (Developmental Studies Hybridoma Bank, E7)
1:10,000; anti-ICDH53, 1:10,000.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.

Data availability
Coordinates and structure factors for the complexes have been deposited in the Protein
Data Bank (PDB) under accessions: 6KFP, MavC/UBE2N/Ub; 6KG6, MavC/UBE2N-Ub;
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and 6K3B, MavC/Lpg2149. Structures of MavC (PDB: 5TSC), UBE2N (PDB: 1J7D),
Lpg2149 (PDB: 5DPO), NEDD8 (1NDD), and Ub (PDB: 1UBQ) were referenced in the
manuscript. The source data underlying Figs. 1i, 2e–i, 3e, 4e, 5a, b and d, e and
Supplementary Figs. 4a, b, 6c, d, 7a–c, 8a–g, 11a–f and 12a, b are provided as a Source Data
file. Other data are available from the corresponding author upon reasonable request.

Received: 14 January 2020; Accepted: 20 March 2020;
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