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Ubiquitination regulates many aspects of host immunity and thus is a common target for infectious agents. Recent
studies have revealed that members of the SidE effector family of the bacterial pathogen Legionella pneumophila
attack several small GTPases associated with the endoplasmic reticulum by a novel ubiquitination mechanism that
does not require the E1 and E2 enzymes of the host ubiquitination machinery. In this case, ubiquitin is first activat-
ed by ADP-ribosylation at Arg,, by a mono-ADP-ribosyltransferase activity; the intermediate is then cleaved by a
phosphodiesterase activity also residing within SdeA, concomitant with the attachment of ubiquitin to serine residues
of substrate proteins via a phosphoribosyl linker. Here we demonstrate that the effect of SidEs is antagonized by
SidJ, an effector encoded by a gene situated in the locus coding for three members of the SidE family (SdeC, SdeB
and SdeA). SidJ reverses ubiquitination of SidEs-modified substrates by cleaving the phosphodiester bond that links
phosphoribosylated ubiquitin to protein substrates. SidJ also displays classical deubiquitinase activity but does not
require catalytic cysteine residues. Further, these deubiquitinase activities of SidJ are essential for its role in L. pneu-
mophila infection. Finally, the activity of SidJ is required for efficiently reducing the abundance of ubiquitinated
Rab33b in infected cells within a few hours after bacterial uptake. Our results establish SidJ as a ubiquitin-deconju-
gating enzyme that functions to impose temporal regulation on the activity of SidE effectors. SidJ may be important
in future studies of signaling cascades mediated by this unique ubiquitination, one that also potentially regulates cel-
lular processes in eukaryotic cells.
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Introduction

The ubiquitin network constitutes one of the most im-
portant signaling mechanisms in eukaryotes; post-trans-
lational modification by the 76-residue peptide normally
is catalyzed by the E1, E2 and E3, three-enzyme cascade,
which is tightly regulated by various factors including
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deubiquitinases that function to remove ubiquitin from
modified substrates [1]. Ubiquitination is essential for the
execution of many essential cellular processes such as
cell cycle, development and immunity [2]. Thus, effec-
tive interference with host ubiquitin signaling is critical
for the success of many infectious agents.

The study of virulence factors involved in the per-
turbation of the host ubiquitin network has provided
insights into not only the mechanism of infection, but
also the mechanism of ubiquitination. For example, the
discovery of the HECT family of E3 ligases largely was
due to the study of the E6 oncogenic protein from human
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papillomavirus (HPV) [3]. Similarly, many bacterial
virulence factors have been shown to interfere with the
ubiquitin network by functioning as E3 ligases or deu-
biquitinases; such studies have been important for eluci-
dating the mechanism of action and substrate selection of
these enzymes [4].

Legionella pneumophila, the etiological agent of Le-
gionnaires’ disease, is a ubiquitous bacterial pathogen
that exists largely as a parasite of freshwater unicellular
eukaryotes such as amoebae [5]. After phagocytosis the
bacterium resides in a phagosome called the Legionel-
la-containing vacuole (LCV). This pathogen employs
similar strategies for the interactions with amoebae or
with human alveolar macrophages, resulting in a unique
trafficking route that allows the LCV to bypass the
endocytic pathway [6]. During this process, the LCV
sequentially recruits several host organelles including
the endoplasmic reticulum (ER), mitochondria and ribo-
somes, resulting in the conversion of the phagosome into
a compartment with features of the ER [6]. It is within
this ER-like compartment that the bacterium extensively
replicates. Successful establishment of the LCV permis-
sive for L. pneumophila replication requires the Dot/Icm
type IV secretion system, which delivers into the host
cell hundreds of effectors that modulate various cellular
processes such as vesicle trafficking, cell death, autoph-
agy, phospholipid metabolism and ubiquitination, which
benefit the bacterium [6].

Modulation of host ubiquitination pathways by Dot/
Icm substrates has emerged as an important theme in
the pathogenicity of L. preumophila [7]. Ubiquitinated
species are enriched on the LCV and genetic or chemi-
cal interference with such associations disturbs bacterial
intracellular replication [8]. Among the ~300 effectors
injected into host cells by L. pneumophila [9-11], eight
appear to possess F-box or U-box domains typical of
ubiquitin E3 ligases, and such activity has been demon-
strated for LegU1, LegAU13/AnkB, LubX and GobX
[12-15]. Ubiquitin E3 ligase activity catalyzed by mech-
anisms that differ from the typical members of the HECT
or the RING finger families has been documented for
SidC, SdcA [16], which contribute to the enrichment of
ubiquitinated proteins on the LCV [16].

The SidE family (SdeA, SdeB, SdeC and SidE) of
effectors are distinguished from the majority of other ef-
fectors by their importance for intracellular bacterial rep-
lication in the protozoan host Dictyostelium discoideum
[17, 18]. These large proteins appear to contain multiple
functional domains that possess distinct biochemical ac-
tivities involved in ubiquitin signaling. The N-terminal
200-residue domain of all members is a deubiquitinase
conferred by a Cys-His-Asp catalytic triad capable of

recognizing both ubiquitin and NEDDS [19]. The central
domain is an all-in-one ubiquitin ligase that catalyzes
ubiquitination of several Rab small GTPases without
requiring the E1 and E2 enzymes [20]. In this ubiq-
uitination reaction, ubiquitin is activated by ADP-ribo-
sylation at Arg,, at the expense of nicotinamide adenine
dinucleotide (NAD) to form ADP-ribosylated ubiquitin
(ADPR-Ub) [20]. Activated ubiquitin is attached to ser-
ine residues of the substrate via a phospho-ribose bridge
formed by a reaction catalyzed by a phosphodiesterase
(PDE) domain harbored by the same proteins [21, 22].
Members of the SidE family also regulate the morphol-
ogy of the ER by ubiquitinating reticulon 4 (Rtn4), lead-
ing to its oligomerization and enrichment on the bacterial
phagosome [22].

The activity of the SidEs appears to be affected by
SidJ (Lpg2155), an effector encoded by a gene situated
in the locus coding for some members of the SidE fam-
ily [23]. SidJ suppresses the yeast toxicity conferred by
members of the SidE family, suggesting that it affects the
activity of the SidEs [24]. Here we demonstrate that SidJ
functions to remove ubiquitin from proteins modified
by the SidEs. We also show that SidJ has deubiquitinase
activity against ubiquitination induced by the conven-
tional three-enzyme cascade. During bacterial infection,
the effects of SidJ do not become apparent until 4 h after
uptake, indicating that this effector imposes a temporal
regulation on the activity of the SidE family.

Results

Residues in three regions of SidJ are important for its
ability to suppress the effects of SdeA on eukaryotic cells

Members of the SidE family are toxic to eukaryotic
cells such as yeast [24] in a way that entirely depends
on a mono-ADP-ribosyltransferase (mART) motif in the
central region of each of these proteins [20]. Mutations
in this motif such as those in the SdeAg,, mutant in which
E860 and E862 were substituted with alanine completely
abolished its activity [20]. Similar to the close proximity
seen in other effector pairs with opposite biochemical
activity [6], SidJ is adjacent to SdeA, SdeB and SdeC of
the SidE family and is able to suppress SdeA toxicity to
yeast [24]. To gain insights into the mechanism of ac-
tion of SidJ, we isolated substitution mutants defective
in their ability to suppress the yeast toxicity of SdeA.
To this end, plasmid DNA carrying sid.J treated with hy-
droxylamine [25] was introduced into a yeast strain ex-
pressing SdeA from a galactose-inducible promoter [20].
Transformants unable to grow on inducing (galactose)
medium harbor candidate SidJ mutants that have lost
the suppressor activity. By screening 200 candidate mu-
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tants defective in such activity, we obtained five mutants
which still encoded full-length proteins. Sequencing
analysis revealed that these mutations (P290L, R536G,
G544R, G569E, G719R) mapped onto three regions
of SidJ, localized around the 290th, the 540th and the
719th residues, respectively (Figure 1A). Three of these
mutations mapped to positions close to D542 and D545,
which are critical for the ability of SidJ to rescue the
yeast toxicity of SdeA [24] (Figure 1B). None of these
mutations affected the stability of SidJ, but all had lost
the ability to suppress yeast toxicity by SdeA (Figure
1B). In addition, these mutants also failed to suppress
SdeA-mediated inhibition of the secretion of the secreted
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embryonic alkaline phosphatase (SEAP) by mammalian
cells (Figure 1C). These residues are either critical for
the catalytic activity of SidJ or are important for SidJ to
maintain its conformation.

SidJ is a member of a two-gene family; its homolog
SdjA which shares 52% identity and 60% similarity to
SidJ is also a substrate of the Dot/Icm transporter [23].
Importantly, all of the residues critical for the suppressor
activity of SidJ are conserved in SdjA. We thus examined
whether SdjA has activity similar to that of SidJ. Unex-
pectedly, although SdjA was expressed, it did not rescue
yeast from SdeA toxicity (Supplementary information,
Figure S1A), suggesting that these two proteins may
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Figure 1 Identification of SidJ substitution mutants unable to suppress SdeA yeast toxicity. (A) Distribution of substitution
mutations that abolished the ability of SidJ to suppress the yeast toxicity of SdeA. Note the clustering of mutations around the
540th residue of SidJ. (B) Yeast strain expressing chromosomally integrated SdeA controlled by a galactose-inducible pro-
moter was transformed with plasmids carrying WT or mutated SidJ controlled by the alcohol dehydrogenase (ADH) promoter.
Serially diluted yeast cells were spotted onto glucose or galactose medium. Images were acquired 3 days after incubation at
30 °C. Lower panel showed the expression of SdeA and SidJ, yeast cells grown in medium supplemented with glucose (1)
were induced with galactose (2) for 8 h, and the total proteins separated by SDS-PAGE were detected by immunoblotting
with antibodies for SdeA or SidJ, respectively. The 3-phosphoglycerate kinase (PGK) was probed as a loading control. (C)
293T cells were transfected with the plasmid that directs the expression of the secreted embryonic alkaline phosphatase
(SEAP), GFP-SdeA and SidJ or its mutants for 24 h. The activity of SEAP in culture supernatant or the cells was measured
to calculate the SEAP index. GFP and GFP-SdeAg,, that expressed the SdeA mutant defective in Egg, and Egg,, two residues
critical for the mono-ADP-ribosyltransferase activity important for the activation of ubiquitin by ADP-ribosylation were used as
controls. Lower panel showed the expression of SdeA and SidJ. Cells were lysed and total proteins separated by SDS-PAGE
were probed with antibodies against GFP or SidJ; tubulin was probed as a loading control. SidJ*, SidJ mutants. Error bars
represent s.e. from three independent experiments. **P < 0.01.
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have different functions.

SidJ removes ubiquitin from Rab ubiquitinated by SdeA
To determine the mechanism of action of SidJ, we
co-expressed this protein in mammalian cells with SdeA
and Rab33Db, one of its substrates [20]. Consistent with
an earlier observation [20], SdeA induced ubiquitina-
tion of Rab33b (Figure 2A). Importantly, the intensity

of the band representing modified Rab33b decreased in
cells co-expressing SidJ. Consistent with their inability
to suppress toxicity in yeast, mutants SidJyssysss4 and
SidJs,0r Were less effective in reducing Rab33b ubiq-
uitination induced by SdeA (Figure 2A). The effects of
SidJ on Rab33b ubiquitination in cells may be a result of
its ability to inhibit the enzymatic activity of SdeA or to
reverse the modification of its substrates. To distinguish
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Figure 2 The reversal of SdeA-induced ubiquitination by SidJ. (A) SidJ interferes with ubiquitination catalyzed by SdeA in cells.
293T cells were transfected to express Flag-Rab33b together with the indicated combinations of SdeA, SidJ or their mutants.
Relevant proteins were probed in total lysate to determine protein expression and tubulin was detected as a loading control (left
panel). Immunoprecipitated Flag-Rab33b was probed by immunoblotting with the Flag antibody, ubiquitinated Rab33b (Ub-Rab33b)
was assessed by an increase in molecular weight (right panel). Note that wild-type SidJ but not the non-suppressing mutants
reduced Rab33b ubiquitination (compare the 4th lane to the 2nd, 5th or the 6th lane). (B) The removal of ubiquitin from modified
Ub-Rab33b by SidJ. 6 uM of purified Ub-Rab33b was incubated with 1.6 pM of SidJ or its mutants for 2 h and the level of ubig-
uitination was probed by staining (upper panel) or immunoblotting with antibody specific for the Flag epitope on Rab33b (middle
panel) or for ubiquitin (lower panel). Note that mutants SidJpsssss4 @and SidJgr4er Still have detectable activity indicated by the
increase of unmodified Rab33b in reactions containing each of these mutants. (C) Ubiquitination induced by SdeA cannot be re-
moved by the conventional deubiquitinase SdeA,_i¢;. 6 pM of Ub-Rab33b was incubated with 5 uM of SdeA,_,g; or 1.6 uM of SidJ
for 2 h and activity was evaluated as described in B. (D, E) Dose- and time-dependent deubiquitination of Rab33b by SidJ. A se-
ries of reactions containing Ub-Rab33b and SidJ were established. After 2 h incubation, samples separated by SDS-PAGE were
evaluated for Ub-Rab33b as described in B (D). For time-dependent reactions, a series of identical samples containing 6 uM Ub-
Rab33b and 1.6 uM SidJ were established and each was terminated at the indicated time durations (E). (F, G) The removal of
ubiquitin from SdeA and its deletion mutant SdeA .1 oo by SidJ. 6 pM of SdeA (F) or SdeA 5., 400 (G) modified by Flag-ubiquitin
was incubated with 1.6 pM of SidJ or its mutants for 2 h. Ubiquitinated SdeA and SdeA 5 | oo Were probed by immunoblotting with
a Flag-specific antibody (top panels). SdeA, SdeA g1 400, SidJ and its mutants used in the reactions were probed by immunoblot-
ting (middle and lower panels). Note the reduction or disappearance of ubiquitin signals associated with SdeA or SdeA, 5.1 oo after
SidJ treatment. The two SidJ mutants have markedly reduced activity. Similar results were obtained in at least three independent

experiments in all panels.

SPRINGER NATURE | Cell Research | Vol 27 No 7 | July 2017



between these two possibilities, we incubated ubiquiti-
nated Rab33b (Ub-Rab33b) with recombinant SidJ or its
mutants. Under our experimental conditions, in reactions
containing 6 uM of Ub-Rab33b, 1.6 uM of SidJ was able
to completely remove the ubiquitin moiety from the sub-
strate within 2 h at 37 °C as indicated by the reversal of
gel-shifted protein bands of higher molecular weight and
an increase of unmodified Rab33b (Figure 2B). Consis-
tent with the phenotypes of suppression of toxicity and
inhibition of secretion, both SidJps,,5454 and SidJg;,0r did
not function well in releasing ubiquitin from Ub-Rab33b
(Figure 2B). The N-terminal end of SdeA harbors a deu-
biquitinase domain (SdeAp,,) that functions to remove
ubiquitin from proteins modified by the canonical path-
way [19]. SdeA,,, did not detectably deubiquitinate Ub-
Rab33b (Figure 2C). This is consistent with our earlier
finding that SdeA,,, does not interfere with its ubiquitin
ligase activity [20].

Deubiquitination of Ub-Rab33b by SidJ was both
dose- and time-dependent. Under the reaction condition
employed, 1.6 uM of SidJ was able to almost completely
remove ubiquitin from 6 uM of Ub-Rab33b in 2 h (Figure
2D). Similarly, in reactions containing 1.6 uM of SidJ
and 6 uM of Ub-Rab33b, deubiquitination became ap-
parent within 30 min, and 2 h incubation was required to
completely remove ubiquitin from the modified substrate
(Figure 2E). Importantly, SidJ also removed ubiquitin
from self-modified SdeA and from its truncation mutant
SdeA 54 o00 lacking the Dub domain In contrast, the two
non-suppressing mutants SidJpsssisa and Sidlg . Were
less active in deconjugating Ub-SdeA and Ub-SdeA 5, 40
(Figure 2F-2Q).

The ability of SidJ to remove ubiquitin from Ub-
Rab33b prompted us to determine whether this protein
interacts with the modifier. Under the conditions em-
ployed, no protein complex was detected in reactions
containing GST-ubiquitin and SidJ (Supplementary in-
formation, Figure S2B). Thus, these results suggest that
SidJ either does not bind ubiquitin or such binding, if it
occurs, cannot be detected by affinity pull-down.

We attempted to further define the domain structure of
this protein by deletion analysis. Removal of 100 amino
acids from the N-terminal end of SidJ gave rise to a mu-
tant that retained the ability to antagonize SdeA-induced
ubiquitination of Rab33b; further deletion of an addition-
al 100 residues completely abolished the activity (Sup-
plementary information, Figure S2A). Deletion of 100,
200, 300 or 400 amino acids from the C-terminus were
all inactive (Supplementary information, Figure S2A).
Our deletion analyses confirm the importance of residues
between 200 and 720 for SidJ activity (Figure 1); these
results also suggest that multiple regions of SidJ partic-
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ipate in the formation of its functionally important sites,
presumably through catalytic pockets.

We also examined the activity of SdjA on Ub-Rab33b.
Consistent with the observation that SdjA failed to rescue
the inhibition of yeast growth, it did not detectably affect
the ubiquitination of Rab33b when co-expressed with the
ligase in mammalian cells (Supplementary information,
Figure S1B). Furthermore, recombinant SdjA was unable
to deconjugate ubiquitin from Ub-Rab33b modified by
SdeA (Supplementary information, Figure S1C).

SidJ has canonical deubiquitinase (Dub) activity

To examine whether SidJ has activity against proteins
ubiquitinated by the canonical pathway, we incubated
recombinant SidJ with ubiquitinated proteins purified
from mammalian cells expressing HA-Ub [19]. The ad-
dition of recombinant SidJ to reactions containing these
proteins led to the removal of ubiquitin (Figure 3A). In
this in vitro reaction, the efficiency of deubiquitination
catalyzed by SidJ against ubiquitinated proteins modified
by the conventional mechanism was considerably lower
than that of SdeAp,,. The mutant SidJyssy/s454, Which is
incapable of suppressing SdeA toxicity, exhibited mark-
edly lower activity (Figure 3A). These results suggest
that SidJ possesses canonical deubiquitinase activity.

To determine whether SidJ prefers specific linkage
types formed by canonical ubiquitination, we exam-
ined its ability to cleave diubiquitin formed by K48 and
K63 linkages, respectively. SidJ completely hydrolyzed
these substrates in a 2 h incubation; the activity of both
mutants SidJ;;ox and SidJps,sas4 Was greatly reduced
(Figure 3B). In addition, SidJ was able to complete-
ly cleave diubiquitin linked by K11 but only partially
cleave that linked by K33 under this experimental con-
dition (Supplementary information, Figure S3A). We
further examined the potential linkage type preference
of SidJ by shortening the reaction time. After 10 min in-
cubation, more than 60% of the K63-linked diubiquitin
was cleaved. However, less than 10% cleavage occurred
in reactions containing K11- or K48-linked diubiquitin.
In either case, further incubation led to more extensive
cleavage of diubiquitin (Supplementary information, Fig-
ure S3B-S3C). Thus, SidJ can recognize the isopeptide
bond in K11-, K33-, K48- and K63-linked diubiquitins
with a preference for the K63-linked bond.

Because deubiquitination is often catalyzed by the
Cys-His-Asp catalytic triad whose cysteine residue is
critical for activity [26], we determined the effects of the
alkylating reagent N-ethylmaleimide (NEM), a known in-
hibitor of cysteine proteases [27] on the activity of SidJ.
The addition of NEM completely abolished the activity
of SidJ against diubiquitins and cellular proteins ubig-
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Figure 3 The activity of SidJ against ubiquitinated proteins and diubiquitins. (A) 2 pM of recombinant SidJ or its mutants
was added to ubiquitinated proteins purified from 293T cells transfected to express HA-Ub and the reactions were allowed to
proceed for 1 h before SDS-PAGE separation. The level of ubiquitinated proteins was evaluated by immunoblotting with an
HA-specific antibody. SdeA,_q;, the Dub domain of SdeA was included as a control. The alkylating reagent N-ethylmaleimide
(NEM) was added to 2 mM. Note that NEM effectively inhibited the activity of both SidJ (5th lane) and SdeA,, (7th lane). (B)
The cleavage of isopeptide bond by SidJ. 3 uM of SidJ, its mutants or 5 pM of SdeA,,, was incubated with diubiquitin of K48
(upper panel) or K63 (lower panel) linkage for 2 h and the products of the reactions were detected by Coomassie staining.
Note the complete digestion by SidJ and SdeA,,, and their sensitivity to NEM. Both SidJpsszsss @and SidJgz19r retained detect-
able activity (compare the remaining diubiquitin in lanes 4 and 5 to the control or the reaction containing NEM). (C) The remov-
al of ubiquitin from Ub-Rab33b by SidJ is sensitive to the alkylating reagent NEM. 2 mM NEM was added to reactions used to
examine the removal of ubiquitin from Ub-Rab33b by SidJ and ubiquitination status of Rab33b was detected by Coomassie
staining. Note the release of ubiquitin by SidJ from Ub-Rab33b. (D) Detection of potential reactive cysteine residues in SidJ
by the HA-Ub-VME probe. SidJ, SdeA,_ ;q; 0r SdeA, ;g3c115n Was mixed with the probe for 1 h and the formation of the ubiquitin
adduct was detected by staining (left panel) or by immunoblotting with an HA-specific antibody (right panel). Note that SdeA,.
193 but not SidJ or SdeA_1g3c1184 reacts with the probe to form a complex with higher molecular weight. Similar results were ob-
tained in at least two independent experiments in all panels.

uitinated by the canonical mechanism (Figure 3A-3B). In
controls, SdeA,, effectively cleaved these diubiquitins
and was also sensitive to the alkylating reagent [19] (Fig-
ure 3B). When Ub-Rab33b was used as substrate, SidJ
effectively removed ubiquitin from the modified protein,
leading to the accumulation of free ubiquitin. Intrigu-

ingly, inclusion of NEM in the reactions also completely
abolished such activity (Figure 3C). Similar to its inabil-
ity to reverse SdeA-induced ubiquitination on Rabb33b,
SdjA did not remove ubiquitin from proteins modified by
conventional ubiquitination (Supplementary information,
Figure S1D).
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The sensitivity of SidJ to NEM suggested the in-
volvement of one or more cysteine residues in catalysis.
We thus created mutants of SidJ that lacked each of the
three cysteine residues and examined their activity in
several different assays. When transformed into the yeast
strain inducibly expressing SdeA, these mutants still ef-
fectively suppressed the toxicity of the ubiquitin ligase
(Supplementary information, Figure S4A). Consistent
with this observation, these mutants were still active in
counteracting the ability of SdeA to ubiquitinate Rab33b
when co-expressed with SdeA in mammalian cells, albeit
at a detectably lower level (Supplementary information,
Figure S4B). In agreement with the partial loss of activ-
ity seen in the co-transfection experiments, the cysteine
mutants were able to remove ubiquitin from Ub-Rab33b
at a low efficiency (Supplementary information, Figure
S4C). Similarly, these mutants were still active in remov-
ing ubiquitin from proteins modified by the canonical
ubiquitination (Supplementary information, Figure S4D).
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Furthermore, these mutants were still active in hydrolyz-
ing K63-linked diubiquitin but at a considerably lower
efficiency (Supplementary information, Figure S4E).

Overall, these results indicate that none of the three
cysteine residues is essential for the enzymatic activity of
SidJ. These residues may contribute to the structure and
stability of the protein, features that are important but not
essential for the activity of the enzyme.

We further examined the potential involvement of the
cysteine residues in the activity of SidJ using the HA-
Ub-VME probe, which is designed for the detection of
active canonical Dub domains containing a catalytic cys-
teine [28], but there were no detectable covalent adducts
formed (Figure 3D). In control experiments, the SdeA,,,
domain displayed a cysteine-dependent reactivity charac-
terized by an approximate 8 kDa molecular weight shift
resulting from the formation of a ubiquitin adduct (Fig-
ure 3D). Thus, the deubiquitination reaction catalyzed
by SidJ against canonical ubiquitination is achieved by
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Figure 4 SidJ deconjugates ubiquitin by cleaving the phosphodiester bond that links phosphoribosylated ubiquitin to the
substrate. (A) The chemical bonds that link ubiquitin to its substrate. The three arrows indicate the site of cleavage that can
lead to the release of ubiquitin from the substrate. * indicates the cleavage site of SidJ. (B) The ubiquitin species released
from Ub-Rab33b by SidJ contains phosphate. 6 uM of Ub-Rab33b was incubated with 1.6 uM of SidJ or its mutants; samples
resolved by SDS-PAGE were detected by Coomassie staining (left panel) or by Pro Q diamond phosphoprotein stain (right
panel). PR-Ub and His-Ub used for the modification were included as controls. The red * denotes the protein band used for
mass spectrometric analysis. (C) Mass spectrometric analysis of the ubiquitin species released from Rab33b by SidJ. The
extracted ion chromatograms at m/z 627.64 correspond to the triply-charged peptide from ubiquitin -E;,GIPPDQQRLIFAGK ,¢-
containing the phosphoribose moiety. Note that the signal was present in PR-Ub and ubiquitin species released from Ub-
Rab33b by SidJ but not in free ubiquitin. (D) Ultraviolet photon dissociation (UVPD) mass spectrum of the peptide -E;,GIP-
PDQQRLIFAGK - showing the attachment of the phosphoribose moiety to Arg,, of ubiquitin. Similar results were obtained in

three independent experiments in each panel.
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a mechanism different from those used by classic Dubs
[26]. The inability to react with HA-Ub-VME also sup-
ports the notion that cysteine residues are not directly
involved in the catalysis by SidJ.

We also examined the effects of several protease in-
hibitors on the activity of SidJ. At concentrations sug-
gested by the manufacturer, none of the four inhibitors,
including 4-(2-aminoethyl)benzenesulfonyl fluoride
(AEBSF, an irreversible serine protease inhibitor), Bes-
tatin (an aminopeptidase inhibitor), Pepstatin A (an as-
partyl proteases inhibitor) and E-64 (a cysteine protease
inhibitor) detectably blocked the activity of SidJ against
Ub-Rab33b (Supplementary information, Figure S5A).
Thus, the cleavage of chemical bonds by SidJ is cata-
lyzed by a mechanism different from proteases sensitive
to these inhibitors.

Finally, we examined the substrate specificity of SidJ
using neddylated proteins obtained from transfected cells
expressing Flag-NEDDS. In controls, the Dub domain of
SdeA deconjugated NEDDS modification (Supplementary
information, Figure S5B), which was similar to previous
results [19]. In contrast, SidJ did not detectably remove
NEDDS from modified proteins (Supplementary infor-
mation, Figure S5B).

SidJ removes ubiquitin from substrates of SdeA by cleav-
ing the phosphodiester bond

Ubiquitination induced by SdeA occurs by attaching
phosphoribosylated ubiquitin (PR-Ub) via a phospho-
diester bond to serine residues of substrates such as
Rab33b [21]. Cleaving one of the two phosphodiester
bonds or the N-glycosidic bond that directly links the
ribose moiety to Arg,, of ubiquitin will release the ubiq-
uitin moiety (Figure 4A). To determine the mechanism
of SidJ-mediated deubiquitination from substrates of
SidEs, we incubated Ub-Rab33b with SidJ and detected
products by staining with Coomassie brilliant blue and
Pro-Q Diamond phosphoprotein stain, respectively. Re-
action with SidJ but not SidJyyssy/545401 SidJ 7,0 led to the
accumulation of ubiquitin species that migrated in a way
similar to PR-Ub and the ubiquitin molecule (Figure 4B,
left panel). Importantly, similar to PR-Ub produced by
SdeA together with ubiquitin and NAD [21], the products
released from Ub-Rab33b by SidJ were detected by the
Pro-Q Diamond phosphoprotein stain (Figure 4B, right
panel), suggesting that SidJ cleaves the phosphodiester
bond that links PR-Ub to its substrate.

To determine more unequivocally the site of cleavage,
we performed mass spectrometric analysis of the ubiqui-
tin species released by SidJ from Ub-Rab33b. We chose
to perform the analysis using ultraviolet photon dissocia-
tion (UVPD) because it is selective for the peptide bond,

without strong fragmentation of often labile post-transla-
tional modifications, thus providing a more informative
tandem mass spectrum compared to collision-induced
dissociation [29]. A phosphoribose moiety attached to
Arg,, of ubiquitin was detected in the tryptic peptide —
E,,GIPPDQQRLIFAGK (Figure 4C-4D). If SidJ-medi-
ated cleavage occurs at the second site or simultaneously
at both the first and third sites, ribosylated ubiquitin and
free unmodified ubiquitin should be produced. Yet, nei-
ther molecule was detected in the released ubiquitin spe-
cies (Figures 4A and Supplementary information, Figure
S6). These results establish SidJ as a phosphodiesterase
that specifically recognizes and cleaves the phosphodi-
ester bond that links PR-Ub to its substrate (Figure 4A,
first arrow).

The observation that SidJ cleaves two different chem-
ical bonds prompted us to examine whether SidJ prefers
phosphoribosylated Ub linkages over isopeptide bonds.
In reactions containing SidJ and equimolar K63-linked
diubiquitin and Ub-Rab33b, a 15 min incubation led to
complete hydrolysis of the diubiquitin. However, deubiq-
uitination from Ub-Rab33b was minimal (Supplementary
information, Figure S5C). Thus, under our experimental
conditions, SidJ displayed a preference for K63-linked
diubiquitin over Ub-Rab33b.

The phosphodiesterase activity of SidJ is important for
its role in bacterial infection

SidJ is required for optimal intracellular growth of L.
pneumophila in bone marrow-derived macrophages and
for efficient recruitment of ER resident proteins such as
calnexin to the bacterial phagosome [23]. Having iden-
tified the residues critical for its ubiquitin deconjugation
activity, we examined the ability of two mutants defec-
tive in such activity to complement the AsidJ mutant.
Expression of wild-type SidJ fully rescued the defect in
intracellular replication (Figure 5A). In contrast, neither
SidJpssa/sasanor SidJg;,0r complemented the phenotype as-
sociated with the deletion mutant (Figure 5A). Similarly,
expression of SidJ, but neither of these mutants, allowed
the AsidJ mutant to efficiently recruit the GFP-HDEL ER
marker to the bacterial phagosome in D. discoideum 2 h
post bacterial uptake (Figure 5SB-5C). Since both mutants
were expressed and translocated at levels comparable to
that of wild type (Figure 5D), the inability to comple-
ment the phenotype must be due to the loss of enzymatic
activity.

The cellular localization of SdeA is not affected by
self-ubiquitination or by SidJ

Members of the SidE family undergo self-ubiquitina-
tion, the biological significance of which is unclear [20].
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Figure 5 The phosphodiestrase activity of SidJ is important for its role in bacterial infection. (A) The enzymatic activity of SidJ
is critical for the role of SidJ in intracellular bacterial replication. Mouse bone marrow-derived macrophages were infected
with the indicated bacterial strains and the growth of the bacteria was monitored by determining the colony-forming units (CFUs)
at the indicated time points. Results shown are one representative of three independent experiments done in triplicate. Error
bars, standard error (s.e.). (B) The deubiquitinase activity of SidJ is important for efficient recruitment of ER proteins to the
bacterial phagosome. A D. discoideum strain expressing the HDEL-GFP marker was infected with the indicated bacterial
strains for 2 h. Fixed samples were differentially stained for extracellular and intracellular L. pneumophila. The association
of HDEL-GFP with the vacuoles was scored under a fluorescence microscope. Data showed were from three independent
experiments done in triplicate. Error bars, s.e. **P < 0.01. (C) Representative images displaying the enrichment of HDEL-
GFP signals on the LCV for infection with the relevant bacterial strains. Images acquired with an Olympus IX-81 fluorescence
microscope were pseudocolored with the IPLab software package. Bar, 6 um. (D) The expression and translocation of the
SidJ mutants. Expression of SidJ and its mutants in L. pneumophila strains used for infection was probed with SidJ-specific
antibodies (upper panel). Translocated protein was similarly detected in lysates of infected U937 cells prepared with saponin
(lower panel). The host protein tubulin was probed as a loading control. Similar results were obtained in three independent

experiments.
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SidJ had been shown to promote the loss of SidE family
proteins from the LCV at later times of infection [24].
The discovery of the deubiquitination activity of SidJ
prompted us to examine whether self-modification has a
role in the cellular localization of SdeA.

COSI cells transfected to express Flag-tagged SdeA or
SdeA;,, were immunostained with antibodies specific for
SdeA and the ER resident protein calnexin, respectively.
Expression of SdeA condensed the ER, and the fluores-

www.cell-research.com | Cell Research | SPRINGER NATURE

cence signal of SdeA detected by our anti-SdeA antibod-
ies extensively co-localized with that of calnexin (Figure
6A). The SdeAg , mutant defective in self-ubiquitination
[20] has largely lost the ability to induce ER morpho-
logical changes but it still extensively co-localized with
calnexin (Figure 6A). In both cases, such co-localization
was seen in all cells expressing SdeA or SdeA . Thus,
self-ubiquitination of SdeA does not alter its cellular lo-
calization.
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Figure 6 The cellular localization of SdeA is not affected by its self-ubiquitination activity. (A) COS-1 cells were transfected to
express Flag-SdeA or Flag-SdeAg,, for 24 h. Permeabilized fixed cells were sequentially immunostained with antibodies spe-
cific for the ER resident protein calnexin and SdeA; secondary antibodies conjugated to fluorescein and Texas red were used
to label calnexin and SdeA, respectively. Note that in both cases, the red fluorescence signals indicative of SdeA co-localized
well with those of calnexin. Images were acquired with an Olympus 1X-81 fluorescence microscope and were pseudocolored
with the IPlab software. Bar, 5 um. (B) Cellular localization of SdeA or SdeAg,, during bacterial infection. Macrophages infect-
ed with L. pneumophila strains expressing SdeA or the SdeAg,, mutant for 2 h were used to determine the cellular localization
of translocated SdeA by biochemical fractionation. The ER resident protein calnexin and the cytosolic protein tubulin were
used as references. Note that SdeA co-fractionated with calnexin regardless of its ubiquitin ligase activity. Similar results were
obtained from three independent experiments. (C) SidJ does not affect the cellular localization of SdeA during bacterial infec-
tion. Macrophages infected with wild-type L. pneumophila or a mutant lacking sidJ and sdjA for 2 h were used to determine
SdeA distribution in cells by fractionation with sucrose gradient centrifugation. Note that in both samples, SdeA co-fractionat-

ed with the ER resident protein calnexin. Similar results were obtained in three independent experiments.

We further investigated the organelle targeting of
SdeA under more physiologically relevant conditions by
discontinuous sucrose gradient centrifugation of cells
infected by L. pneumophila and found that SdeA and
SdeA, distributed indistinguishably in infected macro-
phages (Figure 6B). Together, these results indicate that
the localization of SdeA in cells infected by L. pneu-
mophila is independent of its ubiquitin ligase activity.
This indicates that self-ubiquitination does not change
the cellular localization of this effector.

To determine the role of SidJ in the cellular local-
ization of SdeA, we compared the fractionation pattern
of SdeA translocated into host cells by wild-type L.
pneumophila or a strain defective in sidJ. In both cases,
SdeA co-fractionated with the ER resident protein cal-
nexin (Figure 6C). Thus, SidJ activity did not impact the
cellular distribution of SdeA. We also determined the
cellular localization of SidJ by expressing RFP-SidJ with

GFP or GFP- fused to the Legionella phosphoinositide
3-phosphatase SidF, an effector known to localize to the
ER [30, 31]. RFP signals representing SidJ co-localized
extensively with GFP-SidF (Supplementary information,
Figure S7). Co-localization with GFP in the cytosol was
also detectable (Supplementary information, Figure S7).
Thus, in host cells, SidJ localizes to both the ER and the
cytoplasm, with a preference for the ER.

We have also attempted to detect the effects of SidJ on
the cellular localization of SidEs during L. pneumophila
infection by immunostaining. Despite extensive efforts
with purified antibodies specific for SdeA or SdeC under
the described experimental procedures [18, 24] and a
number of conditions modified from these procedures,
we were unable to detect the association of SidEs with
bacterial phagosomes in infected cells or isolated LCVs.
This was despite the use of antibodies against SdeA or
SdeC that were able to specifically detect endogenous

SPRINGER NATURE | Cell Research | Vol 27 No 7 | July 2017
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Figure 7 SidJ is required for efficient removal of ubiquitin from Rab33b several hours post bacterial uptake. (A) HEK293
cells transfected to express Flag-Rab33b were infected with relevant bacterial strains. At the indicated time points, lysates
of infected cells were subjected to immunoprecipitation with Flag antibody and the products were probed by a Flag-specific
antibody. Ubiquitinated Flag-Rab33b was distinguished by an increase in molecular weight. Bacterial strains used: 1, wild
type; 2, Lp02AsidE (lacking all members of the sidE family); 3, Lp02AsidJ/sdjA; 4, Lp02 Lp02AsidJ/sdjA(pSidJd); 5, Lp02AsidJ/
SAjA(pSidJpsszssa)- (B) Quantitation of ubiquitinated Flag-Rab33b. The ratio of Ub-Flag-Rab33b was calculated by dividing
the intensity of the band corresponding to Ub-Flag-Rab33b by that of Flag-Rab33b obtained by Image J. Results shown were
from three independent experiments. Scale bars represent s.e. NS, not significant. *P < 0.05. (C) Expression and transloca-
tion of SidJ or its mutant by L. pneumophila. Lysates of bacteria (left panel) or U937 cells infected with the relevant bacterial
strains for 2 h (right panel) were probed for SidJ; the bacterial metabolic enzyme isocitrate dehydrogenase (ICDH) and the
host protein tubulin were probed as loading controls for bacterial and host cells, respectively. (D) The levels of translocated
SidJ and SdeA in the first 6 h of bacterial infection. U937 cells infected with wild-type L. pneumophila were lysed with saponin
at the indicated time points and the presence of SidJ and SdeA was probed by immunoblotting. The host protein tubulin was
detected as a loading control (lower panel). The intensity of bands of protein of interest in three independent experiments was
measured by Image J and the ratios of SidJ to SdeA were plotted for each time point examined (right panel). Bars represent s.e.

**P<0.01.

proteins in immunoblotting when used at dilutions as
high as 1:100 000 (Supplementary information, Figure
S8); these antibodies also robustly detected proteins ec-
topically expressed in mammalian cells by immunostain-
ing (Figure 6A), suggestive of a comparable sensitivity
to those used in earlier studies [18, 24].

SidJ temporally regulates the effects of the SidE family
during bacterial infection

Since SidJ does not appear to alter the cellular local-
ization of SdeA, we considered the possibility that it has a
role in the temporal regulation of these ubiquitin ligases.
HEK293 cells expressing 4% Flag-Rab33b infected with
pertinent L. pneumophila strains were examined for the
extent of Rab33b ubiquitination at different times after
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bacterial uptake. Similar to earlier results [20], infection
with wild-type bacteria but not the AsidEs mutant result-
ed in ubiquitination of Rab33b 2 h after bacterial uptake
(Figure 7A-7B). Consistent with the deubiquitinase ac-
tivity of SidJ, the amount of Ub-Rab33b in cells infected
with a strain lacking sidJ was considerably higher, as was
also the case for infections with the mutant complement-
ed with the enzymatically inactive SidJ (Figure 7A-7B,
strains 3 and 5). Of note, these mutations affect neither
the expression nor the translocation of SidJ into infected
cells at 6 h post infection (Figure 7C), indicating that the
persistence of Ub-Rab33b in cells infected with these
strains was due to the loss of enzymatic activity.

At 4 h post infection, the level of Ub-Rab33b became
lower in samples infected with the wild type. When the
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infection was extended to 6 h, the Ub-Rab33b in these
samples became barely detectable (Figure 7A-7B, strain
1). Consistent with the notion that SidJ functions to re-
move ubiquitin from the substrate, in infections with the
complementation strain in which SidJ was expressed
from a multicopy plasmid, the level of Ub-Rab33b was
considerably lower even at 2 h postinfection and became
further reduced at 4 h (Figure 7A-7B, strain 4).

Since the relative abundance of two proteins with
opposite biochemical activities can influence the status
of modification of the target molecule, we examined the
ratio between SidJ and SdeA over time in cells infected
with L. pneumophila. In the first 2 h, translocated SdeA
increased but appeared to become constant 2 h after bac-
terial uptake. In contrast, the amount of translocated SidJ
increased within the duration of the entire experiment
duration (Figure 7D, left panel). As a result, the ratio of
SidJ to SdeA increased as infection proceeded beyond
4 h postinfection (Figure 7D, right panel). Clearly, this
change would allow the activity of SidJ to overwhelm
that of the SidEs at later phases of infection, thus con-
tributing to the reduction of ubiquitinated substrates.

Intriguingly, in cells infected with bacterial strains
lacking SidJ activity, the levels of Ub-Rab33b also de-
clined as the infection proceeded, especially at 6 h post-
infection (Figure 7A-7B, strains 3 and 5). This decrease
may result from host enzymes with activity similar to
that of SidJ. Taken together, these results establish that
SidJ temporally regulates ubiquitination imposed by
SidE proteins during L. pneumophila infection.

Discussion

The study of the SidE family effectors of L. pneu-
mophila has revealed a novel mechanism of ubiquitina-
tion that does not require the E1 and E2 enzymes. In this
two-step reaction, ubiquitin is first activated by ADP-ri-
bosylation at residue Arg,, by an mART motif in SdeA
[20]. Then a PDE domain upstream of the mART cata-
lyzes the subsequent attack of a substrate serine residue
(or water) with ADPR-Ub at the B phosphate of the ADP
group, resulting in the attachment of phosphoribosylated
ubiquitin to serine residues of substrates (or the produc-
tion of PR-Ub) [21]. Our results demonstrate that this
unique ubiquitination can be reversed by a specific en-
zyme, which is a functional equivalent of deubiquitinases
involved in regulating signaling cascades controlled by
the canonical ubiquitination mechanism [26].

The concentration of translocated SidJ in infected cells
during L. pneumophila infection is conceivably much
lower than that used in in vitro experiments. Yet, it is able
to effectively antagonize the effect of all four members

of the SidE family. The requirement of a higher concen-
tration of SidJ to deconjugate ubiquitin from Ub-Rab33b
in in vitro experiments can very likely be attributed to
factors such as low protein stability, non-optimal reaction
conditions and the incorrect folding of the protein after
purification, or a combination of these factors.

We found that SidJ cleaves both the phosphodiester
bond and the isopeptide bond (canonical Dub activity) by
a mechanism that differs from those attributed to previ-
ously described enzymes. Although the cleavage of these
two chemical bonds seems to require a common set of
residues in SidJ, it is not clear whether such cleavage is
carried out by a single catalytic motif or by two indepen-
dent motifs. Cysteine residues do not appear to be criti-
cal for the catalytic activity of SidJ. First, Sid]J mutants
lacking one of the three cysteine residues are still able
to effectively suppress the yeast toxicity of SdeA. Sec-
ond, co-expression of these mutants with SdeA still led
to reduction in SdeA-induced ubiquitination of Rab33b.
Yet, recombinant proteins produced by these mutants
displayed reduced ability to deconjugate ubiquitin from
Ub-Rab33b and in hydrolyzing diubiquitins, suggesting
an accessory role of these residues in the activity of SidJ.
This may explain the strong inhibitory effects of the
alkylating agent NEM capable of simultaneous inactiva-
tion of these cysteine residues. Alternatively, alkylation
of these cysteine residues may cause steric hindrance of
the formation of the catalytic pocket(s). This possibility
is especially relevant for Cysy,, which localizes in the re-
gion that harbors many residues important for the activ-
ity of SidJ (Figure 1A). The exact roles played by these
cysteine residues in the activity of SidJ will be better
understood by future studies based on detailed structural
information.

In contrast to the observation that members of L.
pneumophila effector families with high levels of homol-
ogy, such as those in the SidC and SidE families, possess
similar biochemical activity [16, 20], SdjA, the homolog
of SidJ did not exhibit detectable activity for proteins
ubiquitinated by either SdeA or via the conventional
mechanism (Supplementary information, Figure S1). In-
terestingly, all of the residues known to be important for
the activity of SidJ are conserved in SdjA. Whether SdjA
is involved in the regulation of SidEs or for ubiquitin
signaling remains to be determined.

Members of the SidE family are toxic to yeast and
mammalian cells [24]. On the basis of the ability of PR-
Ub to inhibit ubiquitination catalyzed by the classical
three-enzyme cascade, Bhogaraju et al. proposed that
the modified Ub contributes to cytotoxicity and that SidJ
overcomes the lethality by inactivating SidEs in the early
stages of infection [21]. Yet, in infections with wild-type
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bacteria, the modification of Rab33b was more extensive
in early stages (Figure 7), which argues against the in-
hibition of SidEs activity by SidJ. Furthermore, a SdeC
mutant unable to ubiquitinate but still toxic to eukaryotic
cells failed to complement the defect in intracellular
growth of the sidEs mutant [22], indicating that host
cell toxicity per se is not sufficient to support bacterial
virulence. It is important to note that the cytotoxicity
of PR-Ub was observed only when SdeA was ectopi-
cally expressed. Cells infected with L. pneumophila are
more resistant to cell death stimuli and do not exhibit
the cytotoxicity phenotype [30, 32, 33]. Furthermore,
under physiological conditions, it is unlikely that PR-Ub
accumulates to levels sufficient to inhibit the canonical
ubiquitination machinery due to the presence of the sub-
strates. Ubiquitination by SidEs appears to inhibit the
activity of its targets such as Rab33b [20]; it is possible
these effectors also target other proteins important for
essential host processes, which accounts for the toxicity
seen in ectopic expression. Nevertheless, SidJ may con-
tribute to the accumulation of PR-Ub in infected cells
via its phosphodiesterase activity on modified substrates
such as Rab33b. The lack of detectable effects in infect-
ed cells may be attributed to low levels of PR-Ub during
infection. Alternatively, PR-Ub may be further converted
into free ubiquitin and phosphoribose by enzymes from
the host and/or the pathogen.

Based on the observation that SidJ is required for the
disappearance of proteins of the SidE family from the
LCV detected by immunostaining, Jeong et al. [24] pro-
posed that SidJ spatially regulates the activity of these
Ub ligases. The identification of the enzymatic activity of
these effectors has allowed us to more carefully examine
this model. Since the SidEs undergo extensive self-ubiq-
uitination, it is possible that this modification allows
them to be associated with specific organelles in the host
cell and that SidJ alters such targeting by removing one
or more of the ubiquitin moieties. However, the ubiquitin
ligase activity of SdeA did not play a role in its cellular
localization nor does the activity of SidJ since SdeA frac-
tionated identically between cells infected with the AsidJ
mutant and those with wild-type bacteria (Figure 6). For
unknown reasons, we were unable to detect the associa-
tion of SidEs with the LCV despite extensive efforts with
antibodies specific for SdeA or SdeC following a previ-
ously described procedure [18, 24].

Ectopic expression of SdeA has been shown to lead
to the formation of punctate foci and severe disruption
of the Golgi apparatus, both of which can be relieved
by co-expressing SidJ [24]. This reversal by SidJ very
likely is due to its deubiquitinase activity, as was SidJ’s
suppression of the inhibition of host secretion imposed
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by SdeA (Figure 1C). These results are reminiscent of
the activity of Lem3, the dephosphorylcholinase that
suppresses the effects induced by the phosphorylcholine
transferase AnkX in eukaryotic cells [34]. For example,
Lem3 effectively suppresses the severe Golgi structure
disruption caused by AnkX [34].

At least two lines of evidence support the conclusion
that the role of SidJ is to impose temporal regulation on
the activity of the SidE family. First, within hours after
bacterial uptake, SidJ is required for efficient removal of
ubiquitin from Ub-Rab33b, the substrate of SidEs (Figure
7). Second, the ratio between SidJ and SidEs becomes
higher at later times after bacterial uptake (Figure 7),
which allows the activity of SidJ to become dominant,
converting substrates of SdeA to their unmodified form.

Temporal regulation of effector activity by effectors
with antagonizing activity has been well documented in L.
pneumophila infection. For example, the ubiquitin E3 li-
gase LubX terminates the activity of SidH by targeting it
for proteasomal degradation several hours after bacterial
uptake [14]. Similarly, the deAMPylase SidD participates
in the removal of the small GTPase Rabl from the LCV
2 h after infection. In each case, temporal regulation is
achieved by different expression patterns of the relevant
effectors. The LubX protein was not detectable until after
several hours postinfection [14]. Similarly, whereas the
amount of SidD in infected cells is constant, the amount
of the AMPylator SidM decreases as infection proceeds
beyond a few hours [35, 36]. Interestingly, in the absence
of SidD, the association of Rab1 with the LCV only per-
sists for a few extra hours [35, 36], suggesting the pres-
ence of host deAMPylases that remove the modification
with lower efficiency. In support of this possibility, it has
been reported that the mammalian Fic protein FICD pos-
sesses deAMPylase activity [37]. Thus, it is possible that
one or more host phosphodiesterases capable of revers-
ing SidEs-induced ubiquitination are responsible for the
reduction of Ub-Rab33b in cells infected with the AsidJ
mutant. The identification of SidJ forms the foundation
for the study of proteins of similar activity, which is of
considerable interest if eukaryotic cells also utilize this
mechanism of ubiquitination for signaling.

Materials and Methods

Media, bacterial strains, plasmid construction and cell lines

L. pneumophila strains used in this study were derivatives of
the Philadelphia 1 strain Lp02 [38] and were grown and main-
tained on CYE (charcoal-yeast extract) plates or in ACES-buffered
yeast extract (AYE) broth as previously described [38]. The con-
struction of AsidEs or sidJAsdjA strains was described previously
[17, 23]. Genes were cloned into pZL507 [39] for complementa-
tion experiments. For infection experiments, L. pneumophila was
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grown to the post-exponential phase (ODg,, = 3.3-3.8) in AYE
broth. For ectopic expression of proteins in mammalian cells,
genes were inserted into pEGFPC1 (Clontech) or a 4x Flag vec-
tor [20]. All constructs were sequenced to verify the integrity of
the inserted genes. HEK293, 293T or COS-1 cells were cultured
in Dulbecco’s modified minimal Eagle’s medium in the presence
of 10% FBS. U937 cells were cultured in RPMI 1640 medium
supplemented with 10% FBS and differentiated into macrophages
as described [40]. D. discoideum strains AX4-HDEL-GFP were
cultured in HL-5 medium as described earlier [23]. 2 x 10° cells
seeded in 24-well plates were infected with an MOI of 5 for im-
munostaining. Bone marrow-derived macrophages were prepared
from 6-week old female A/J mice with L-cell supernatant-condi-
tioned medium as described previously [23]. Macrophages were
seeded into 24-well plates 1 day before infection. Cells seeded at
4 x 10° per well were used for intracellular growth experiments.
In all cases, 1 h after adding bacteria to cultured cells, infections
were synchronized by washing the infected cells three times with
warm PBS buffer. Total bacterial counts at indicated time points
were determined by plating serially diluted saponin lysates onto
bacteriological media.

Yeast toxicity assays

All yeast strains used in this study were derived from W303 [34];
yeast was grown at 30 °C in YPD medium or in appropriate amino
acid dropout media in the presence of 2% of glucose or galactose
as the sole carbon source. Yeast transformation was performed
according to a standard procedure [34]. The yeast strain W303
(pSB157::SdeA), which consistently exhibits a galactose-induc-
ible toxicity has been described earlier [20]. SidJ and its mutants
were cloned into p415ADH [41] and transformed into W303(pS-
B157::SdeA) for further experiments. To determine the suppressor
activity of SidJ, yeast cells cultured in liquid selection medium
containing glucose were serially diluted in sterile water (five-fold),
and were spotted onto selective medium containing glucose or ga-
lactose. Images were acquired after 3-day incubation at 30 °C.

For random mutagenesis of SidJ, DNA of plasmid p415ADH::S-
idJ was treated with hydroxylamine as previously described [25].
Treated DNA was purified with an affinity column before intro-
ducing into the yeast strain W303(pSB157::SdeA). Transformants
grown on selective medium containing glucose were tested for the
ability to grow on galactose medium. Those failing to grow were
screened for the ability to express full-length SidJ by immunoblot-
ting with antibodies specific for SidJ [23]. To eliminate the effects
of potential mutations on the plasmid backbone, each mutant was
inserted into the vector and the mutations were confirmed by se-
quencing.

Transfection, infection, immunoprecipitation, immunostain-
ing and the measurement of secretion by mammalian cells

Lipofectamine 3000 (Thermo Fisher Scientific) was used to
transfect cells grown to about 80% confluence. To determine the
role of SidJ on the SdeA-mediated modification of Rab33b, GFP-
SdeA and 4x Flag-Rab33b were co-transfected with plasmids
harboring sidJ or its mutants into 293T cells. Cells were collected
and lysed with the RIPA buffer [30] 24 h post transfection. Lysates
were subjected to immunoprecipitation with beads coated by the
Flag antibody (Sigma-Aldrich) followed by immunoblotting anal-
ysis with specific antibodies.

To determine the modification of Rab33b during bacterial
infection, HEK293 cells were transfected to express 4x Flag-
Rab33b and the FCyRII receptor. 24 h after transfection, cells were
infected with opsonized bacteria at an MOI of 10. At the indicated
time points, cells were collected and lysed with RIPA buffer [30].
Lysates were subjected to immunoprecipitation with Flag antibody
beads as described [20].

For immunostaining, COS-1 cells were transfected to express
Flag-SdeA or Flag-SdeA,,,. Cells were fixed 24 h post transfection
with paraformaldehyde for 15 min at room temperature. Anti-SdeA
antibodies were used at 1:2 000 together with Texas red-conjugat-
ed secondary antibody (Invitrogen) to label ectopically expressed
SdeA or its SdeAg, mutant. The ER resident protein calnexin was
similarly labeled with a mouse monoclonal antibody and a second-
ary antibody linked to fluorescein (Invitrogen).

The secretion of SEAP was measured 24 h after cells were
transfected with plasmids carrying the relevant genes and the
plasmid construct for SEAP expression [42]. Alkaline phosphatase
activity was determined with the Tropix phosphalight System kit
(Applied Biosystems) per the manufacturer’s instructions.

Protein purification

The Escheria coli strain BL21(DE3) was used as the host for
expression and purification of recombinant Hiss-4x Flag-Rab33b,
Hisg-SdeA and Hisg-sumo-SdeA and Hisg-sumo-SdjA. 30-ml
overnight cultures were transferred to 750-ml LB medium supple-
mented with 100 pg/ml of ampicillin or 30 pg/ml of kanamycin,
and was grown to ODg, of 0.6~0.8 prior to the addition of IPTG
(isopropyl thio-D-galactopyranoside) to 0.2 mM. The cultures
were further incubated at 18 °C in a shaker for 16-18 h. Cells har-
vested by centrifugation at 12 000x g were lysed by sonication
in PBS containing protease inhibitors. The bacterial lysates were
cleared by centrifugation twice at 12 000x g at 4 °C for 15 min.
Recombinant proteins were purified with Ni*’-NTA beads (Qia-
gen), and eluted by PBS containing 300 mM imidazole; Purified
proteins were dialyzed twice with buffer containing 25 mM Tris-
HCI, pH7.5, 150 mM NacCl, 5% glycerol, 1 mM DTT. Protein
concentrations were determined by the Bradford assay. GST fu-
sions were similarly purified with glutathione beads. The purity of
proteins was greater than 95% as assessed by Coomassie brilliant
blue staining. When necessary, the Hisc-sumo tag was removed by
ULP1 to produce untagged SdeA [16].

His,-SidJ and its mutant forms were purified from L. pneu-
mophila strains harboring pZL507 [39] carrying SidJ or the mu-
tants. Bacteria were grown in 1 1 of AYE broth to the post-expo-
nential phase (ODg,, = 3.3-3.8) in the presence of 0.1 mM IPTG.
Cells collected by centrifugation were lysed and protein was puri-
fied by the same procedure as described above for E. coli.

In vitro de-ubiquitination assays

Ub-Rab33b was produced by incubation of SdeA, His¢-4Flag-
Rab33b and ubiquitin in a buffer containing 50 mM Tris-HCI (pH
7.5), 0.4 mM B-nicotinamide adenine dinucleotide (B-NAD) (Sig-
ma-Aldrich) and 1 mM DTT. The reaction was allowed to proceed
at 37 °C for 4 h. Ub-Rab33b was purified by Ni*-NTA beads. Ub-
SdeA or Ub-SdeA 5., oo Was purified by a similar method from a
reaction containing His-SdeA, Flag-ubiquitin and B-NAD. The
resulting products were used for SidJ deubiquitination assays as
follows: 6 uM of Ub-Rab33b or Ub-SdeA was incubated with 1.6
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uM of SidJ or SidJ mutants in 50 mM Tris-HCI (pH 7.5) plus 1
mM DTT. The reaction was allowed to proceed at 37 °C for 2 h
or for the indicated times. Reactions were terminated by adding
5xSDS loading bufter.

To test whether SidJ had canonical de-ubiquitination activity,
20 uM suicide inhibitor HA-Ub-VME [19] was incubated with 0.5
uM of SidJ or 5 pM SdeA, ,5;in 25 mM Tris-HCI (pH 7.5) at 37
°C for 1 h. Protein samples were resolved by SDS/PAGE and the
formation of ubiquitin adducts was visualized by either Coomassie
brilliant blue staining or immunoblotting with an HA-specific an-
tibody. The cleavage of canonical polyubiquitinated proteins by
SidJ was performed as previously described [19]. In brief, poly-
ubiquitinated and neddylated proteins were produced from 293T
cells transfected with pcDNA3-expressing HA-Ubiquitin and Flag-
NEDDS, respectively. Cells were lysed and immunoprecipitated
with agarose beads coated with a-HA or a-Flag. The beads were
resuspended in a cleavage buffer (50 mM Tris-HCI pH 7.5, 100
mM NaCl and 1 mM DTT) and then were divided into aliquots
and left untreated or treated with 2 uM of SdeA, o3, SidJ or SidJ
mutants for 1 h at 37 °C. The beads were then washed twice using
the cleavage buffer and boiled for 5 min at 100 °C in 1xXSDS-
PAGE loading buffer. Proteins were resolved by SDS-PAGE, and
polyubiquitinated or neddylated proteins were probed by HA or
Flag antibody. For the diubiquitin cleavage assay, 3 uM of SidJ
were incubated with 16 uM of diubiquitin in a buffer containing
50 mM Tris-HCI (pH 7.5), 100 mM NaCl, and 1 mM DTT at 37
°C for 2 h. When required, NEM (Sigma) was added at a final
concentration of 2 mM. To test the effects of protease inhibitors
(ABESF, Bestatin, Pepstatin A and E-64, all from Sigma) on the
activity of SidJ, each compound was added at the indicated con-
centrations to reactions containing 6 uM Ub-Rab33b and 1.6 uM
SidJ and the reactions were allowed to proceed for 1 h at 37 °C.

Saponin extraction and sucrose density gradient ultracen-
trifugation

To determine protein translocation by L. pneumophila, ~1.0 x
107 of differentiated U937 cells were infected with relevant bacteri-
al strains at an MOI of 5. Infected cells were incubated at 37 °C for
2 hin a 5% CO, incubator. Infected cells were collected and lysed
with 0.2% saponin. The lysates were subjected to SDS-PAGE fol-
lowed by immunoblotting with antibodies against SdeA or SidJ.

To assess the cellular localization of SdeA, 1 x 10%of differenti-
ated U937 cells were infected with relevant L. pneumophila strains
at an MOI of 5. At the indicated time, the infected cells were sus-
pended in 1 ml of homogenization buffer (20 mM HEPES-KOH,
pH 7.2-250 mM sucrose-0.5 mM EGTA) and disrupted in a 7-ml
Dounce homogenizer (Wheaton). Unbroken cells and nuclei were
removed by centrifugation at 4 °C (3 min, 200g). The postnuclear
supernatants were layered onto a 20% - 65% sucrose gradient and
centrifuged at 100 000g for 1.5 h at 4 °C. Fractions were collected
and analyzed by immunoblotting after SDS-PAGE.

Antibodies and immumoblotting

His,-SdeC was used to raise rabbit specific antibodies using a
standard protocol (Pocono Rabbit Farm & Laboratory). The anti-
bodies were affinity purified as described [17]. For immunoblot-
ting, samples resolved by SDS-PAGE were transferred onto nitro-
cellulose membranes. After blocking with 5% milk, membranes
were incubated with the appropriate primary antibody: anti-GFP

www.cell-research.com | Cell Research | SPRINGER NATURE

Jiazhang Qiu et al.

(Sigma, cat# G7781), 1:10 000; anti-Flag (Sigma, Cat# F1804), 1: 2
000; anti-PGK (Life Technology, cat# 459250), 1:3 000; anti-SdeA
[20], 1:10 000; anti-Ub (Santa cruz, cat# sc-8017), 1:1 000; anti-His
(Sigma, cat# H1029), 1:10 000; anti-tubulin (DSHB, E7), 1:10 000;
anti-SidJ, 1:5 000; rabbit anti-calnexin (Abcam, cat# ab22595 for
immunoblotting), 1:5 000; mouse anti-calnexin (Thermo Fisher,
cat# MA3-027 for immunostaining), 1:200; anti-HA (Santa cruz,
cat# sc-7392), 1:1 000; anti-ICDH [39], 1:20 000. Membranes were
then incubated with an appropriate IRDye infrared secondary anti-
body and scanned using an Odyssey infrared imaging system (Li-
Cor’s Biosciences). Quantitation of band intensity was performed
using Image J.

Liquid chromatography-tandem mass spectrometry analysis

Protein bands were excised from gels and digested as described
previously [43]. The resulting peptides were separated on a C18
reversed phase column connected to a UPLC (ACQUITY, Waters)
with a gradient acetonitrile (solvent B) in water (solvent A) both
containing 0.1% formic acid: 1% B to 8% B over 5 min and 8%
B to 40% B over 95 min at 300 nl/min. The eluted peptides were
directly analyzed in a Q-Exactive HF mass spectrometer (Thermo
Fisher Scientific), using a 193 nm UVPD (Coherent Existar XS
ArF excimer laser) as described previously [44]. The full mass
spectra were collected in a range of 350-1 800 m/z with a 60 k res-
olution and the top 15 most intense ions were submitted for UVPD
using a single 2 mJ pulse per MS/MS spectrum, before being dy-
namically excluded for 10 s.
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