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The bacterial pathogen Legionella pneumophila creates an intracellular niche permissive for 

its replication by extensively modulating host cell functions using hundreds of effector 

proteins delivered via its Dot/Icm secretion system1. Among these, members of the SidE 
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family (SidEs) regulate multiple cellular processes by a unique phosphoribosyl 

ubiquitination mechanism that bypasses the canonical ubiquitination machinery2-4. The 

activity of SidEs is regulated by SidJ, another Dot/Icm effector5, but the mechanism of such 

regulation is not completely understood6,7. Here we demonstrate that SidJ inhibits the 

activity of SidEs by inducing covalent attachment of glutamate moieties to E860 of SdeA, 

which is one of the catalytic residues for the mono-ADP-ribosyltransferase activity involved 

in ubiquitin activation2. The inhibition by SidJ is spatially restricted in host cells because its 

activity requires the eukaryote-specific protein calmodulin (CaM). We solved a structure of 

SidJ-CaM in complex with adenosine monophosphate (AMP) and found that the ATP 

utilized is cleaved at the α phosphate position by SidJ which in the absence of glutamate or 

modifiable SdeA undergoes self-AMPylation. Our results reveal an unprecedented 

mechanism of regulation in bacterial pathogenicity in which a glutamylation reaction that 

inhibits the activity of virulence factors is activated by host factor-dependent acyl-

adenylation.

Ubiquitination regulates many aspects of immunity, pathogens have thus evolved various 

strategies to co-opt the ubiquitin network to promote their virulence88,9. One such example 

is the SidE family effectors from Legionella pneumophila, which ubiquitinate structurally 

diverse proteins associated with the endoplasmic reticulum2,4. Ubiquitination by SidEs is 

initiated via ADP-ribosylation at R42 of ubiquitin catalyzed by the mono-ADP 

ribosyltransferase (mART) activity2. The activated ADP-ribosylated ubiquitin (ADPR-Ub) is 

then utilized by a phosphodiesterase(PDE)-like domain also harbored by SidEs, which 

ligates phosphoribosylated ubiquitin (PR-Ub) to serine residues of substrate proteins2,3. 

Because both ADPR-Ub and PR-Ub impair the function of eukaryotic cells by inhibiting 

canonical ubiquitination3, which is pivotal for bacterial virulence10, factors of either 

bacterial or host origin that function to prevent potential cellular damage caused by these 

molecules likely exist.

The activity of members of the SidE family such as SdeA is regulated by SidJ5 which 

suppresses its yeast toxicity6. SidJ purified from L. pneumophila also appears to remove 

ubiquitin from modified substrates7. Despite these observations, questions about the 

mechanism of action of SidJ remain. For example, the SdeAH277A mutant defective in the 

PDE activity still is toxic to yeast but cannot ubiquitinate substrates3, but whether SidJ can 

suppress its toxicity is unknown. Furthermore, it is not clear why the deubiquitinase activity 

is only observed in SidJ purified from L. pneumophila7.

We set out to address these questions by constructing a yeast strain which inducibly 

expressed SdeAH277A, and found that SidJ effectively suppressed its toxicity (Fig. 1a). Thus, 

SidJ may neutralize the toxicity of ADPR-Ub or target the ADP-ribosylation activity of 

SdeA. In addition, SidJ severely reduced protein modification induced by SdeA and 

effectively relieved SdeA-induced inhibition of the hypoxia-inducible factor 1-α 
degradation3 (Fig. 1b-c). However, SidJ purified from E. coli or mammalian cells failed to 

remove ubiquitin from modified proteins nor did it detectably affect SdeA-induced Rab33b 

ubiquitination (Fig. 1d-e). Together, these results suggest that SidJ affects the function of 

SdeA but the in cellulo activity cannot be recapitulated by biochemical reactions.

Gan et al. Page 2

Nature. Author manuscript; available in PMC 2020 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Differing from Flag-SdeA coexpressed with GFP or the SidJDD/AA mutant defective in 

suppressing SdeA yeast toxicity6 that robustly modified Rab33b, Flag-SdeA obtained from 

cells coexpressing GFP-SidJ (Flag-SdeA*) failed to ubiquitinate Rab33b (Fig. 2a). We next 

examined whether SidJ affects the mART activity in reactions that measure the ability of 

Flag-SdeA* to use ubiquitin or ADPR-Ub for ubiquitination. Flag-SdeA* lost the ability to 

catalyze ubiquitination from ubiquitin, but retained the ability to use ADPR-Ub for 

ubiquitination (Fig. 2b). Consistently, Flag-mART (SdeA563–910)11 purified from HEK293T 

cells expressing GFP-SidJ (Flag-mART*) also failed to ubiquitinate Rab33b with the PDE-

competent SdeAE/A mutant3,4 (Fig. 2c). Thus, SidJ targets the mART activity of SdeA.

Liquid chromatography tandem mass spectrometric (LC-MS/MS) analysis identified a mass 

shift of 129.04 Da (m/z =129.04, z=1) on the peptide -

H855GEGTESEFSVYLPEDVALVPVK877− in Flag-mART* (Fig. 2d-e). The modification, 

likely by the addition of a glutamate was mapped to E860, one of the catalytic residues for 

the mART2 (Fig. 2e). Approximately 93.7% of E860 was modified in samples coexpressed 

with GFP-SidJ and a modification of 258.09 Da (m/z =258.09, z=1), presumably 

diglutamate was also detected on a small portion of the same peptide (Extended data Fig. 1). 

Thus, SidJ may be a glutamylase that ligates one or multiple glutamate moieties to E860 of 

SdeA.

We did not detect SidJ activity in reactions containing ATP, the energy source for known 

glutamylases12 and L-glutamate, or its structural isomers N-acetylserine and N-methyl-

aspartate (Extended data Fig. 2a). Because the inhibitory effects of SidJ was evident only 

when it is expressed in mammalian cells, we tested the hypothesis that its activity requires 

one or more factors of eukaryotic origin by including lysates of E. coli or HEK293T cells in 

the reactions. Lysates of HEK293T cells (native or boiled) caused a decrease in Rab33b 

modification (Extended data Fig. 2b), indicating that one or more heat-stable factors specific 

to eukaryotic cells are required for the activity of SidJ.

Pfam analysis13 found an IQ-like motif involved in calmodulin (CaM) binding near the 

carboxyl end of SidJ (Fig. 3a). Yeast toxicity of SidJ14 was suppressed by mutations in I841 

and Q842, two residues in IQ motifs important for CaM-binding15 or by the yeast CaM gene 

cmd1 (Fig. 3b), validating the IQ motif. Indeed, binding between SidJ and CaM occurred in 

cells infected with relevant L. pneumophila strains or coexpressing these two proteins, and 

the IQ motif is needed for optimal binding (Fig. 3c-d).

CaM, SidJ together with L-glutamate, but not the two glutamate isomers abolished SdeA-

mediated ubiquitination (Fig. 3e). Consistent with the heat-insensitivity seen in mammalian 

cell lysates, boiled CaM was partially active (Extended data Fig. 2c). Importantly, we found 

that SdeA can be modified by 14C-glutamate only in reactions containing CaM, and that 

SdeAE860A cannot be modified by 14C-glutamate, establishing that E860 is the major 

modification site (Fig. 3f). Similar to other glutamylases12, ATP binds SidJ (Kd=1.45 μM) 

and is required for SidJ activity (Extended data Fig. 2d-e). CaM-dependent inhibition by 

SidJ occurred to all SidE family members (Extended data Fig. 2f). Under our experimental 

conditions, 0.006 and 0.055 μM of CaM was required to activate SidJ and SidJIQ/DA, 

respectively, which explained the observation that SidJIQ/DA still complemented the 
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phenotype associated with the ∆sidJ mutant (Extended data Fig. 3). Together, these results 

establish that SidJ is a CaM-dependent glutamylase that catalyzes the ligation of glutamate 

moieties to E860 of SdeA.

We further probed the mechanism of the CaM-dependent glutamylase activity of SidJ by 

structural analysis. A SidJ truncation lacking its first 99 residues (SidJ∆N99) was 

indistinguishably active compared to full-length protein. Biophysical analysis indicated that 

it formed a stable heterodimer with CaM at the ratio of 1:1 (Extended data Fig. 4). We 

solved a 2.71 Å structure of the SidJ∆N99-CaM complex using a 2.95 Å structure of the 

SidJSe-Met-CaM derivative as the search model (Extended data Table 1). Two SidJ-CaM 

heterodimeric complexes are found in one asymmetric unit (ASU) (Extended data Fig. 5a). 

Intersubunit contacts analysis in the ASU suggests that the interface between the two SidJ 

molecules in the structure results from crystal packing. SidJ∆N99 in the complex folds into 

three distinct domains which we designated as the N-terminal domain (NTD), the Central 

domain (CD), and the C-terminal domain (CTD) (Fig. 4a). CaM docks onto the carboxyl end 

that contains the IQ motif (Fig. 4b). The interface area between SidJ and CaM is about 1574 

Å2, which accounts for 17.6% of the surface of CaM.

SidJ∆N99 interacts extensively with CaM via hydrogen bonds and salt bridges. Specifically, 

Q830 and Q842 of SidJ engage in hydrogen-bonding interactions with E85 and S102 of the 

CaM C-lobe, respectively. Other hydrogen bonds include S808(SidJ) and 

E812(SidJ):R38(CaM), R804(SidJ):S39(CaM), R660(SidJ) and R796(SidJ):E15(CaM) (Fig. 

4b). Mutations in these residues reduced the binding affinity of SidJ for CaM (Fig. 4c).

We determined the role of ATP in SidJ activity by crystallizing the SidJ∆N99-CaM complex 

in the presence of ATP and obtained a structure to 3.11 Å resolution (Extended data Table 

1). We observed an AMP moiety bound in a pocket formed in the CD. This domain along 

with approximately a hundred additional residues is designated as the kinase domain in a 

recent study16, where the same pocket is shown to be occupied by pyrophosphate and Mg2+ 

ions. The AMP moiety, likely a product of ATP breakdown induced by SidJ, is coordinated 

by R352, K367, Y532, N534, R536 and D545 (Fig. 4d). Ala substitution of R352, K367, 

N534, R536 or D545 abolished the activity of SidJ, whereas a mutation in the distal Y443 

had no effect (Fig. 4e). The binding of AMP does not cause obvious conformational changes 

in the SidJ∆N99-CaM complex (Extended data Fig. 5b). In our structures, we observed CaM 

in a relatively closed conformation17 with one Ca2+ coordinated in the EF1 site of CaM 

(Extended data Fig. 6a). However, Ca2+ in our structures exhibited a relatively high B-factor 

indicating partial occupancy of the ion, which is consistent with the partial disorder in the 

CaM polypeptide in the crystals. CaM remained active even after dialysis against EGTA or 

inclusion of this chelator in the reactions (Extended data Fig. 6b-c).

The presence of AMP in the structure suggests that ATP was cleaved at the α site during 

reaction. Indeed, ATP analogs adenylyl-imidodiphosphate and ATP-γ-S, which cannot be 

effectively hydrolyzed at the γ site, still activated SidJ (Fig. 4f). ADP, but not AMP or 

adenosine, potently induced the activity of SidJ, and ATP-α-S, which can be slowly 

hydrolyzed at the α-site18, partially supported SidJ activity. In contrast, ApCpp harboring an 
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uncleavable α-site failed to detectably activate SidJ (Fig. 4g). Thus, the SidJ-catalyzed 

reaction involves the cleavage of ATP between the α and β phosphates.

SidJ-induced cleavage of ATP is akin to the reaction involved in AMPylation19, we thus 

examined whether SidJ catalyzes AMPylation using 32P-α-ATP. Robust self-AMPylation of 

SidJ was detected in reactions containing CaM; such modification also occurred in 

glutamylation reactions lacking glutamate or modifiable SdeA (Extended data Fig. 7a-b). 

Furthermore, residues important for binding AMP are required for the self-modification 

activity (Fig. 4h). We detected AMP in reactions containing SidJ, CaM and ATP, and the 

release of AMP was accelerated by SdeA but not SdeAE860A (Extended data Fig. 7c). We 

propose a model in which SidJ activates E860 of SdeA by acyl-adenylation, which is 

followed by nucleophilic attack of the amino group of free glutamate on the activated 

carbonyl of the unstable E860-AMP intermediate, leading to glutamylation of E860 and 

AMP release (Extended data Fig. 7d).

Overexpression of SdeA in the ∆sidJ mutant severely affected intracellular bacterial 

replication6,20, so did SdeAML/AA defective in substrate recognition11 and such defects can 

be rescued by simultaneous expression of SidJ (Extended data Fig. 8). We attempted to 

separate the ubiquitin ligase activity from being the substrate for SidJ by constructing 

SdeAE860D. SidJ can neither modify this mutant nor suppress its yeast toxicity. Similarly, its 

ubiquitin ligase activity is insensitive to SidJ. Most relevantly, its inhibition of intracellular 

growth of the ∆sidJ strain cannot be rescued by SidJ (Extended data Fig. 9).

The AMP-binding site in our structure is critical for the activation step, but it remains 

unclear how free Glu is recognized. The E860-AMP intermediate produced at this site may 

transit to a second nucleotide-binding site in the same domain for glutamylation16. It is also 

not clear how SidJ selectively targets E860 of SdeA, but not nearby E857 and E862 or 

whether it modifies proteins beyond SidEs by glutamylation or AMPylation. Glutamylation 

of SidEs by SidJ expands the strategies employed by L pneumophila to ensure balanced 

modulation of host function1. SidJ represents a unique glutamylase that bearing no similarity 

to mammalian glutamylases12,21. The requirement of CaM for its activity will ensure that 

SidEs will not be inactivated prior to modifying host targets7. CaM also activates the edema 

factor of Bacillus anthracis and CyaA of Bordetella pertussis22,23, both catalyzing the 

synthesis of the important signaling molecule cyclic AMP24. Further study of the 

mechanism of CaM-induced activation of SidJ and the relationship between the AMPylation 

and glutamylation reactions will likely reveal insights into regulation and function of 

glutamylases.

Methods

Media, bacteria strains, plasmid constructions and cell lines

L. pneumophila strains used in this study were derivatives of the Philadelphia 1 strain 

Lp0225 and were grown and maintained on CYE plates or in ACES buffered yeast extract 

(AYE) broth as previously described25. The sidJ in-frame deletion strain had been decribed5. 

sidJ and sdeA genes and their mutants were cloned into pZLQ26 or pZL50727 for 

complementation. The E. coli strains XL1-Blue and BL21(DE3) were used for expression 
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and purification of all the recombinant proteins used in this study. E. coli strains were grown 

in LB. Genes for protein purifications were cloned into pQE30 (QIAGEN), pGEX-6P-1 

(Amersham) and pET-21a (Novagen) for expression. For ectopic expression of proteins in 

mammalian cells, genes were inserted into the 4xFlag CMV vector2 or the 3xHAcDNA3.1 

vector28. HEK293T cells was cultured in Dulbecco’s modified minimal Eagle’s medium 

(DMEM) supplemented with 10% Fetal Bovine Serum (FBS). U937 cells were cultured in 

Roswell Park Memorial Institute 1640 (RPMI 1640) medium supplemented with 10% FBS. 

The yeast strains BY4741 and W303 were used for toxicity assays. Yeast strains were 

cultured in YPD media containing yeast extract, peptone and glucose, or SD minimal media 

containing yeast nitrogen base, glucose and amino acid drop-out mix for selection of 

transformed plasmids. For GAL1 promoter induction, 2% galactose was used to replace 2% 

glucose as the sole carbon source in minimal media. To examine the yeast toxicity of SidJ 

and its mutants, each allele was cloned into pYES1NTA (Invitrogen) which contains GAL1 

promoter for inducible expression in yeast14. cmd1 gene was cloned into p415ADH29 for 

expression in yeast. For the suppression of SdeA yeast toxicity by SidJ, sdeA and its mutants 

were expressed from pYES1NTA and SidJ was expressed from p425GPD29. All mammalian 

cell lines were regularly checked for potential mycoplasma contamination by the universal 

mycoplasma detection kit from ATCC (cat# 30–1012K).

Transfection, infection, immunoprecipitation

Lipofectamine 3000 (Thermo Fisher Scientific) was used to transfect HEK293T cells grown 

to about 70% confluence. Different plasmids were transfected into HEK293T cells 

respectively. Transfected cells were collected and lysed with the Radioimmunoprecipitation 

assay buffer (RIPA buffer, Thermo Fisher Scientific) at 16–18 h post transfection. Or 

infected with indicated bacterial strains. When needed, immunoprecipitation was performed 

with lysates of transfected cells with HA-specific antibody coated agarose beads (Sigma 

cat#A2095), Flag-specific antibody coated agarose beads (Sigma cat#F1804), or CaM-

coated agarose beads (Sigma cat#A6112) at 4°C for 4 h. Beads were washed with pre-cold 

RIPA buffer or respective reaction buffers for 3 times. Samples were resolved by SDS-PAGE 

gels and followed by immunoblotting analysis with the specific antibodies, or silver staining 

following the manufacturer’s protocols (Sigma cat#PROTSIL1).

For infection experiments, L. pneumophila strains were grown to the post-exponential phase 

(OD600=3.3–3.8) in AYE broth. When necessary, complementation strains were induced 

with 0.2 mM IPTG for 3 h at 37°C before infection. U937 cells were infected with L. 
pneumophila strains correspondingly. Cells were collected and lysed with 0.2% saponin on 

ice for 30 min. Cell lysates were resolved by SDS-PAGE and followed by immunoblotting 

analysis with the specific antibodies, respectively. L. pneumophila bacteria lysates were 

resolved by SDS-PAGE followed by immunoblotting with the SidJ and SdeA specific 

antibodies to examine the expression of SidJ and SdeA, and isocitrate dehydrogenase 

(ICDH) was probed as loading controls with antibodies previously described27.

For intracellular growth in Acanthamoeba castellanii cells, infection was performed at an 

MOI of 0.05 and the total bacterial counts were determined at 24 h intervals as described20. 
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A. castellanii was maintained in HL5 medium. For infection, HL5 medium was replaced by 

MB medium with 1 mM IPTG added to overexpress indicated proteins.

Protein purification

Ten mL overnight E. coli cultures were transferred to 400 mL LB medium supplemented 

with 100 μg/mL of ampicillin and the cultures were grown to OD600 of 0.6~0.8 prior to the 

induction with 0.2 mM IPTG. Cultures were further incubated at 18°C for overnight. 

Bacteria were collected by centrifugation at 4,000g for 10 min, and were lysed by sonication 

in 30 mL PBS. Bacteria lysates were centrifuged twice at 18,000g at 4°C for 30 min to 

remove insoluble fractions and unbroken cells. Supernatant containing recombinant proteins 

were incubated with 1 mL Ni2+-NTA beads (Qiagen) or glutathione agarose beads (Pierce) 

at 4°C for 2 h with agitation. Ni2+-NTA beads with bound proteins were washed with PBS 

buffer containing 20 mM imidazole for 3 times, 30x of the column volume each time. 

Proteins were eluted with PBS containing 300 mM imidazole. Glutathione agarose beads 

were washed with a Tris buffer (50 mM Tris-HCl (pH 8.0)) and eluted with 10 mM reduced 

glutathione in the same buffer. Proteins were dialyzed in buffer containing 25 mM Tris-HCl 

(pH 7.5), 150 mM NaCl and 1 mM dithiothreitol (DTT) for 16–18 h. The native SidJ∆N99 

was purified by similar protocol and the CaM proteins purification is similar with this 

process with 2 mM CaCl2 and 10% Glycol added. For crystallization, the SidJ-CaM 

complex formed by mixing these two proteins in 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 

2 mM CaCl2.

For protein purifications from mammalian cells. HEK293T cells were transfected with 

corresponding plasmids to express Flag tagged proteins. Cells were lysed with the RIPA 

buffer, and subjected immunoprecipitation with the Flag specific antibody coated beads. 

Then proteins were eluted from beads by using 3xFlag peptides following the 

manufacturer’s protocols (Sigma cat#F4799).

Crystallization

The purity of SidJ∆N99-CaM was ~ 95% as assessed by SDS-PAGE and initial crystallization 

screens of native SidJ-CaM were conducted via sitting-drop vapor diffusion using 

commercial crystallization screens. The protein concentration used for crystallization was 5–

7 mg/ml. Hampton Research kits were used in the sitting drop vapor diffusion method to get 

preliminary crystallization conditions at 16°C. Crystallization drops contained 0.5 μL of the 

protein solution mixed with 0.5 μL of reservoir solution. Diffraction quality crystals of 

SidJ∆N99-CaM and its complex with ATP (SidJ∆N99-CaM-ATP) were grown in the presence 

of 0.1 M HEPES (pH 6.5–7.5), 20% (v/v) PEG 4000, and 0.2 M NaCI. To solve the phase 

problem, Se-Met was incorporated into SidJ and the SidJSe-Met was purified similarly to 

native SidJ except with inclusion of 5 mM DTT added to the buffer during all the 

purification process. The protein concentration of SidJSe-Met-CaM used for crystallization 

was also ~7 mg/ml. Diffraction quality crystals of SidJSe-Met-CaM were grown and 

optimized in the same condition. All crystals were flash frozen in liquid nitrogen, with 

addition of 20%−25% (v/v) glycerol as cryoprotectant.
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Data collection and Structure determination

X-ray diffraction for Se-Met SidJ∆N99-CaM, native SidJ∆N99-CaM and SidJ∆N99-CaM-ATP 

were collected at the beamline BL-17U1 of the Shanghai Synchrotron Radiation Facility 

(SSRF). All data were indexed and scaled using HKL2000 software30. The initial phase of 

SidJ∆N99-CaM was determined by using the single-wavelength anomalous dispersion (SAD) 

phasing method. Phases were calculated using AutoSol implemented in PHENIX31. 

AutoBuild in PHENIX was used to automatically build the atom model. Molecular 

Replacement was then performed with this model as a template to determine the structure of 

other complexes. After several rounds of positional and B-factor refinement using Phenix. 

Refine with TLS parameters alternated with manual model revision using Coot32, the quality 

of final models were checked using the PROCHECK program (https://www.ebi.ac.uk/

thornton-srv/software/PROCHECK). The quality of the final model was validated with 

MolProbity33. Structures were analyzed with PDBePISA (Protein Interfaces, Surfaces, and 

Assemblies)34, Dali (http://ekhidna2.biocenter.helsinki.fi/dali), and Details of the data 

collection and refinement statistics are given in Extended data Table 1. All of the figures 

showing structures were prepared with PyMOL (http://www.pymol.org). In the final models, 

the one for the SidJ∆N99-Se-Met-CaM complex contained 91.05%, 8.58%, and 0.16% in the 

favoured, allowed and outlier regions of the Ramachandran plot, respectively. The one for 

the SidJ∆N99-CaM complex contained 93.25%, 6.63%, and 0.10% in the favoured, allowed 

and outlier regions of the Ramachandran plot, respectively. The final model for the 

SidJ∆N99-CaM-AMP complex contained 92.10%, 7.76% and 0.00% in the favoured, allowed 

and outliers regions, respectively of the Ramachandran plot.

Analytic Ultracentrifugation (AUC)

Sedimentation velocity experiments were used to assess the molecular sizes of the SidJ∆N99-

CaM complex at 20°C on a Beckman XL-A analytical ultracentrifuge equipped with 

absorbance optics and an An60 Ti rotor (Beckman Coulter, Inc; Fullerton, CA). Samples 

were diluted to an optical density at 280nm (OD280) of 1 in a 1.2-cm path length. The rotor 

speed was set to 30,000 rpm for all samples. The sedimentation coefficient was obtained 

using the c(s) method with the Sedfit Software.

In vitro ubiquitination assays

For SdeA-mediated ubiquitination reaction, 0.1 μg His6-SdeA, 1 μg GST-SidJ were 

preincubated in a 25 μL reaction system containing 50 mM Tris-HCl (pH 7.5) and 1 mM 

DTT, 1 mM β-NAD+ for 2 h at 37°C. When needed, 5 mM MgCl2, 1 mM L-glutamate, 1 

mM ATP and 1 μM CaM (Sigma cat# C4874) were supplemented. After 2 h preincubation, a 

cocktail containing 1 mM β-NAD+, 0.25 μg 4xFlag-Rab33b, 5 μg ubiquitin were 

supplemented into reactions and the reaction was allowed to proceed for another 2 h at 37°C.

In vitro glutamylation assays

0.1 μg His6-SdeA, 1 μg GST-SidJ were incubated in a 25 μL reaction system containing 50 

mM Tris-HCl (pH 7.5) and 1 mM DTT, 5 mM MgCl2, 1 mM L-glutamate. 1 mM ATP and 1 

μM CaM for 2 h at 37°C. To measure the glutamylase activity of SidJ using 14C-glutamate, 

2 μg His6-SdeA and 0.5 μg GST-SidJ were incubated in a 25 μL reaction system containing 
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50 mM Tris-HCl (pH 7.5), 1 mM DTT, 5 mM MgCl2, 1 μCi 14C-L-glutamate (Perkin Elmer 

cat# NEC290E050UC), 1 mM ATP and 1 μM CaM for 2 h at 37°C. Products were resolved 

by SDS-PAGE gel and stained with Coomassie brilliant blue. Gels were then dried and 

signals were detected with x-ray films with a BioMax TranScreen LE (Kodak) for 3 d in 

−80°C.

In vitro AMPylation assays

Two μg GST-SidJ was incubated in a 25 μL reaction system containing 50 mM Tris-HCl (pH 

7.5), 1 μM CaM, 1 mM DTT, 5 mM MgCl2 and 5 μCi ATP-α−32P (Perkin Elmer cat# 

BLU003H250UC) for 2 h at 37°C. When needed 3 μg His6-SdeA, 1 mM L-Glu were 

supplemented. Products were resolved by SDS-PAGE gel and stained with Coomassie 

brilliant blue. Gels were then dried and signals were detected with x-ray films.

HPLC analysis of glutamylation reactions

Fourty μg SidJ∆N99 was incubated with 1 mM ATP in a 100 μL reaction system containing 

50 mM Tris-HCl (pH 7.5) 50 mM NaCl for 4 h at 37°C. When needed 1 mM CaM, 2 mM L-

Glu, 80 μg SdeA or SdeAE860A were supplemented. Samples were injected into a Waters 

Acquity UPLC equipped with a C18 reversed-phase column and a UV detector. Components 

were eluted isocratically with 100% H2O for 2 minutes followed by a 10-minute gradient to 

95% H2O and 5% acetonitrile. 1 mM ATP and AMP were run as standards.

Antibodies and Immunoblotting

Purified His6-GFP was used to raise rabbit specific antibodies using a standard protocol 

(Pocono Rabbit Farm & Laboratory). The antibodies were affinity purified as describe20. 

Antibodies specific for SidJ and SdeA had been described2,5. Commercial antibodies used 

are listed as below: anti-Flag (Sigma, Cat# F1804), 1: 2000; anti-HA (Roche, cat# 

11867423001 1:5,000), anti-ICDH27, 1:10,000, anti-tubulin (DSHB, E7) 1:10,000, anti-

HIF-1α (R&D systems, cat#MAB1536 1:1,000), anti-PGK1 (Abcam, cat# ab113687 

1:2,500), anti-CaM (Millipore, cat#05–173 1:2,000). Membranes were then incubated with 

an appropriate IRDye infrared secondary antibody and scanned using an Odyssey infrared 

imaging system (Li-Cor’s Biosciences).

Constitution of the SidJ-CaM complex and size exclusion chromatography

Proteins purified as described above were further purified using a size exclusion 

chromatography column (Superdex 200 increase 10/300; GE Healthcare) equilibrated with a 

washing buffer (20 mM Tris-HCl pH 8.0,150 mM NaCl) on an AKTA pure system (GE 

Healthcare). To constitute the protein complex, purified SidJ and CaM were mixed at a 1:1.2 

molar ratio at 4°C for 1 h on a rotatory shaker, and the complex was purified by size 

exclusion chromatography using the above column. In each case, the proteins were eluted 

with the washing buffer. Fractions containing the protein of interest were pooled and used 

for further analysis.

Gan et al. Page 9

Nature. Author manuscript; available in PMC 2020 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Liquid chromatography-tandem mass spectrometry analysis

Flag-mART domain was purified from HEK293T cells coexpressing GFP-SidJ, or GFP. 

After separation by SDS-PAGE, gel slices containing the protein detected by silver staining 

were digested as described previously35. The digested peptides were analyzed in C18 

reversed phase column connected to a UPLC (ACQUITY, Waters) coupled to an Orbitrap 

mass spectrometer (Q-Exactive Plus, Thermo Fisher Scientific), using the same conditions 

as described previously36. Tandem mass spectra were converted to peak lists using 

DeconMSn37 and submitted blind modification search using MODa38 against the L. 
pneumophila sequences from GenBank. Post-translational modification candidates were 

confirmed by manual inspection, looking for consistent mass shifts in b and y fragment 

series, and by reprocessing the data with MaxQuant39 considering the specific 

modifications.

Microscale Thermophoresis

The interaction between SidJ and CaM and the ATP binding activity of SidJ were measured 

by Microscale thermophoresis using the NanoTemper Monolith NT.115 instrument set at 

20% LED and 20–40% IR-laser power. Laser on and off times were set at 30 and 5 s, 

respectively. Each measurement consists of 16 reaction mixtures where fluorescent-labeled 

SidJ concentration was set constant at 150 nM and two-fold diluted CaM ranging from 20 

μM to 0.61 nM was used. For ATP binding, the concentrations of ATP used were from 100 

μM to 3.05 nM, respectively. The NanoTemper Analysis 2.2.4 software was used to fit the 

data and to determine the Kd.

Data availability

The atomic coordinates and structure factors of the SidJSe-Met-CaM, SidJ-CaM and SidJ-

CaM-AMP have been deposited in the Protein Data Bank (PDB) under the accession codes 

6K4L, 6K4K and 6K4R, respectively.

Extended Data
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Extended Data Fig. 1. Determination of the modification rate on E860 of SdeA.
a. Peak areas of the extracted-ion chromatograms (XIC) were normalized based on the area 

of the unmodified peptide -I608IQQILANPDCIHDDHVLINGQK630−. The occupancy rate 

of glutamylation on residue was calculated based on the consumption of the unmodified -

H855GEGTESEFSVYLPEDVALVPVK877− in samples from cells cotransfected to express 

GFP-SidJ compared to those of controls from cells transfected to express GFP.

b. SidJ induces a 258.09 Dalton post-translation modification on E860 within the mART 

motif of SdeA. 4xFlag-mART purified from HEK293T cells coexpressing SidJ detected by 

silver staining (Fig. 2d) was analyzed by mass spectrometric analysis. Tandem mass 

(MS/MS) spectrum shows the fragmentation profile of the modified peptide -

H855GEGTEGluGluSEFSVYLPEDVALVPVK877−, including ions b5 and b6 that confirms the 

modification site at the E860 residue. In each case, similar results were obtained in three 

independent experiments.
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Extended Data Fig. 2. The effects of cell lysates, ATP, heat treatment on CaM on the activity of 
SidJ and its inhibition of the activity of all members of the SidE family.
a. Inhibition of SdeA activity does not occur in in vitro reactions containing L-glutamate or 

each of its two structural isomers. L-glutamate, N-acetylserine or N-methyl-aspartate was 

incubated with SdeA, SidJ and ATP for 2 h before assaying for the activity of SdeA.

b. A molecule(s) from mammalian cells is required for SidJ to inhibit SdeA. Lysates from E. 
coli or HEK293T cells were added to reactions containing SdeA and SidJ for 2 h before 

measuring the activity of SdeA.

c. Heat treatment does not completely abolish CaM activity. CaM or CaM treated by heating 

at 100°C for 5 min was included in reactions that allow glutamylation of SdeA for 2 h. A 

cocktail containing 4xF-Rab33b, NAD+ and ubiquitin was added to each reaction. Samples 

were resolved by SDS-PAGE and detected for Rab33b ubiquitination after another 2 h 

incubation at 37°C.

d. The activity of SidJ requires ATP. His6-SdeA was incubated with GST-SidJ, L-glutamate 

and CaM in reactions with or without 1 mM ATP for 2 h, 4xF-Rab33b, NAD+ and ubiquitin 

were added to each reaction. After another 2 h incubation, the activity of SdeA was 

evaluated by the production of ubiquitinated Ra33b. Protein components in the reactions 

were detected by immunoblotting with specific antibodies.

e. The binding of ATP by SidJ. Binding of ATP by purified SidJ was evaluated using 

Microscale thermophoresis in which the concentration of SidJ was kept constant. The 

dissociation constant (Kd) was determined by the NanoTemper Analysis 2.2.4 software.

f. SidJ inhibits the activity of members of the SidE family. Recombinant protein of each of 

SidE family protein was incubated with ATP, L-glutamate and GST-SidJ in the presence or 

absence of CaM for 2 h, a cocktail containing 4xF-Rab33b, NAD+ and ubiquitin was added 

to the reactions. After additional 2 h incubation, modification of Rab33b was detected by 
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immunoblotting with a Flag-specific antibody. The formation of Ub-4xF-Rab33b is 

indicated by a shift in molecular weight. In each panel, data shown were one representative 

from at least three independent experiments that had similar results.
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Extended Data Fig. 3. The IQ motif of SidJ is required for its optimal response to CaM
a-b. The IQ motif is required for the optimal activity of SidJ in response to CaM. Serially 

diluted CaM were preincubated with SidJ (a) or the SidJIQ mutant (b) and SdeA in the 

glutamylation buffer at 37°C for 2 h. A cocktail containing 4xFlag-Rab33b, NAD+, and 

ubiquitin was added to the reactions. After incubation for another 2 h at 37°C. Proteins 

separated by SDS-PAGE were probed with the indicated antibodies. SidJIQ/DA, I841, Q842 

were mutated to Asp and Ala, respectively. In each panel, data shown were one 

representative from at least three independent experiments that had similar results.

c. The SidJIQ mutant complements the intracellular growth defect of the ΔsidJ mutant. 

Acanthamoeba castellanii was infected with the indicated bacterial strains and intracellular 

bacteria were determined at the indicated time points. Each strain was done in triplicate and 

similar results were obtained in two independent experiments. Results are from one 

representative experiment done in triplicate from three independent experiments; error bars 

represent s.e.m. (n = 3).
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Extended Data Fig. 4. SidJ forms stable heterodimer with CaM at the molar ratio of 1:1
a. SidJ∆N99 maintains the ability to inhibit SdeA activity at levels comparable to full-length 

SidJ. SdeA was incubated with GST-SidJ or SidJ∆N99 at indicated molar ratios in reactions 

containing ATP, L-Glu, CaM for 2 h at 37°C. A cocktail containing 4xFlag-Rab33b, NAD+, 

and ubiquitin was added to each reaction for additional 2 h at 37°C, proteins resolved by 

SDS-PAGE were probed with the indicated antibodies. SdeA activity was measured by the 

production of ubiquitinated Rab33b as indicated by a shift in molecular weight.

b. Size exclusion chromatography profiles of SidJ-CaM. Purified proteins were separated by 

a Superdex 200 increase 10/300 column (GE Healthcare) on an AKTA pure system (left). 

Fractions with strong absorbance at OD260 were collected and analyzed by SDS-PAGE 

followed by detection with Coomassie brilliant blue staining (right).

c. The heterodimer formed between SidJ∆N99 with CaM is a monomer. Analytical 

ultracentrifugation analysis yielded a sedimentation coefficient of 5.770 S, and a molecular 

mass of approximately 96.12 kDa, indicating the heterodimer of SidJ∆N99 and CaM. In each 

panel, data shown were one representative from at least three independent experiments that 

had similar results.
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Extended Data Fig. 5. Overall structure of SidJ-CaM complex in one asymmetric unit and the 
comparison of complex structures with or without AMP
a. Two views of the structure of the SidJ-CaM heterodimer in the asymmetric unit (ASU) 

displayed as ribbon diagram (upper panel) and surface rendering (lower panel), one of the 

SidJ-CaM heterodimer is colored as shown in Fig. 4 and the other one is colored in grey.

b. Superimposition of the structures of the SidJ-CaM and SidJ-CaM-AMP. The SidJ-CaM-

AMP ternary complex is colored as shown in Fig. 4d and SidJ-CaM binary complex is 

colored in grey.
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Extended Data Fig. 6. Interactions between CaM and Ca2+ from the crystal structures and the 
role of Ca2+ on the activation of SidJ by CaM
a. Key residues of CaM involved in the interaction with Ca2+. Ca2+ is coordinated by D21, 

D23, D25 and T27 of CaM are shown in red sticks. Ca2+ is shown in pink sphere. Electron 

density of an SA Fo-Fc omit map for Ca2+ contoured at 3.0 σ.

b. Dialysis against 20 mM EGTA does not abolish the activity of SidJ. All proteins used in 

the reactions were dialyzed against a buffer containing 20 mM EGTA for 14 h. SdeA was 

incubated with SidJ in reactions containing ATP and dialyzed CaM for 2 h at 37°C. 

Reactions without SidJ were established as a control. A cocktail containing 4xFlag-Rab33b, 

NAD+, and ubiquitin was added to each reaction. After further incubation for 2 h at 37°C, 

proteins resolved by SDS-PAGE were probed with the indicated antibodies. SdeA activity 

was measured by the production of ubiquitinated Rab33b as indicated by a shift in molecular 

weight.

c. The activity of SidJ is not sensitive to 10 mM EGTA. SdeA was first incubated with SidJ 

for glutamylation with indicated amounts of EGTA for 2 h at 37°C. NAD+, 4xFlag-Rab33b 

and ubiquitin were then supplemented to the reactions, which were allowed to proceed for 2 

h at 37°C before being resolved by SDS-PAGE. Rab33b modification was detected as 

described in b. Proteins in the reactions were detected by immunoblotting with specific 

antibodies. In panels b-c, similar results were obtained in at least three independent 

experiments.
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Extended Data Fig. 7. The mechanism of SidJ induced CaM dependent self-AMPlyation and 
SdeA glutamylation
a. SidJ induces self-AMPylation in a CaM dependent manner. SidJ was incubated with 32P-

α-ATP, Mg2+, with or without CaM for 2 h at 37°C. After separation by SDS-PAGE, the 

incorporation of 32P-α-ATP was detected by autoradiography.

b. SdeA glutamylation by SidJ interferes with SidJ self-AMPylation. SidJ was incubated 

with 32P-α-ATP, Mg2+, CaM for 2 h at 37°C. When needed L-Glu, SdeA, SdeAE860A were 

supplemented. After separation by SDS-PAGE, the incorporation of 32P-α-ATP was 

detected by autoradiography.

c. SdeA glutamylation by SidJ accelerates ATP hydrolysis and AMP release. SidJ was 

incubated with indicated components for 2 h at 37°C. Samples were analyzed by HPLC. 

AMP and ATP were used as standard. In panels a-c, data shown were one representative 

from at least three independent experiments that had similar results.

d. Schematic model of SidJ induced glutamylation and AMPylation. SidJ incudes 

glutamylation on SdeAE860 when ATP and L-Glu are supplemented in reaction. In reactions 

missing L-Glu or modifiable SdeA, SidJ induces self-AMPylation.
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Extended Data Fig. 8. Intracellular growth phenotypes associated the sidJ mutant expressing 
SdeA and its mutants.
a. Intracellular defects of the L. pneumophila ∆sidJ mutant can be complemented by SidJ 

expressed from a multicopy plasmid. The indicated strains were used to infect A. castellanii 
at an MOI of 0.05 and the growth of the bacteria was evaluated at 24 h intervals. Fold 

growth was calculated based on total bacterial counts at the indicated time points and those 

of the 2 h point.

b. Overexpression of a SdeA mutant defective in substrate recognition inhibits intracellular 

growth of the ∆sidJ mutant. Intracellular growth of the indicated L. pneumophila strains in 

A. castellanii was evaluated as described in a. In each panel, the expression of SidJ, SdeA 

and its mutants in bacterial cells and their translocation into infected cells was determined 

by immunoblotting from total bacterial cell lysates and the saponin-soluble fraction of 

infected cells, with ICDH and tubulin as loading controls, respectively (right panels). In each 
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case, results are from one representative experiment done in triplicate from three 

independent experiments; error bars represent s.e.m. (n = 3).
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Extended data Fig. 9. SidJ functions to regulate the activity of SdeA during L. pneumophila 
infection
a. SdeAE860D is resistant to glutamylation catalyzed by SidJ. SdeA, SdeAE860A or 

SdeAE860D was added to reactions containing GST-SidJ, 14C-glutamate ATP and CaM and 

the reactions were allowed to proceed for 2 h at 37°C. After separation by SDS-PAGE, the 

incorporation of 14C-glutamate was detected by autoradiography.

b. Yeast toxicity induced by SdeAE860D cannot be suppressed by SidJ. A plasmid that directs 

the expression of SidJ was introduced into yeast strains expressing SdeA or SdeAE860D from 

a galactose inducible promoter, serially diluted yeast cells were spotted onto glucose or 

galactose medium for 2 d and the growth of the cells was evaluated by imaging (upper 

panels). The expression of SidJ, SdeA and SdeAE860D was determined by immunoblotting 

with specific antibodies. The PGK1 (3-phosphoglyceric phosphokinase-1) was probed as a 

loading control (lower panels).

c. SdeAE860D still ubiquitinates Rab33b. Reactions containing the indicated components 

were allowed to proceed for 2 h at 37°C, samples were then resolved by SDS-PAGE and 

ubiquitination of Rab33b was probed by immunoblotting with a Flag-specific antibody to 

detect the production of modified Rab33b with a higher molecular weight.

d. SdeAE860D-mediated protein ubiquitination in mammalian cells is insensitive to SidJ. 

HEK293T cells were transfected to express the indicated proteins for 16-18 h. Cleared cell 

lysates were subjected to SDS-PAGE and immunoblotting with an HA specific antibody to 

detected proteins ubiquitinated by 3xHA-Ub-AA. The levels of SdeA, SdeAE860D and SidJ 

were assessed by antibodies specific for these proteins. Note that coexpression of SidJ 

reduced the ubiquitination induced by SdeA but not SdeAE860D. In panels a-d, data shown 

were one representative from at least three independent experiments that had similar results.

e. The effects of SidJ on intracellular growth defect caused by overexpression of SdeA or 

SdeAE860D. The indicated L. pneumophila strains were used to infect Acanthamoeba 
castellanii at an MOI of 0.05 and the growth of the bacteria was evaluated at 24 h intervals. 

Fold growth was calculated based on total bacterial counts at the indicated time points. Note 

that the difference between strain ∆sidJ (pSdeA) and ∆sidJ (pSdeA, pSidJ). The growth 

defect caused by overexpressing the SdeAE860D mutant cannot be rescued by SidJ. The 

levels of relevant proteins in bacterial cells and in infected cells were probed by 

Gan et al. Page 21

Nature. Author manuscript; available in PMC 2020 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



immunoblotting from total bacterial cell lysates and the saponin-soluble fraction of infected 

cells, with ICDH and tubulin as loading controls, respectively (right panels). Results showen 

are from one representative experiment done in triplicate from three independent 

experiments; error bars represent s.e.m. (n = 3).

Extended Data Table 1

Data collection and refinement statistics

SidJse-Met-CaM
(PDB 6K4L)

SidJ-CaM
(PDB 6K4K)

SidJ-CaM-AMP
(PDB 6K.4R)

Data Collection

Space group P 1 21 1 P 1 21 1 P 1 21 1

Cell dimensions

 a, b, c (Å) 61.06, 159.25, 135.81 60.96, 159.53, 135.61 60.85, 159.18, 135.03

 α, β, γ (°) 90.00, 101.68, 90.00 90.00, 101.89, 90.00 90.00, 101.78,90.00

Wavelength (Å) 0.9792 0.9792 0.9792

Resolution (Å) 66.50-2.95 (3.01-2.95)* 55.46-2.71 (2.81-2.71) 66.09-3.11 (3.22-3.11)

Rmerge 0.158 (0.959) 0.176 (1.401) 0.230 (1.131)

I/σI 12.8 (2.5) 12.1 (2.2) 12.5 (2.3)

Completeness (%) 99.90 (100.00) 96.87 (97.82) 92.45 (99.80)

Redundancy 6.8 (7.1) 12.9(12.2) 6.5 (5.4)

Refinement

Resolution (Å) 2.95 2.71 3.11

No. reflections 53475 66262 41852

Rwork/Rfree 0.252/0.278 0.205/0.243 0.239/0.279

No. atoms

 Protein 12936 12738 12640

 Ligand/ion 2 2 100

 Water 16 2 0

B factors (Å2)

 Protein 58.30 69.39 65.00

 Ligand/ion 64.10 128.39 75.65

R.m.s. deviations

 Bond lengths (Å) 0.005 0.006 0.003

 Bond angles (°) 0.89 0.93 0.63

*
For each structure one crystal was used. Values in parentheses are for highest-resolution shell.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. SidJ antagonizes the effects of SdeA in eukaryotic cells
a. SidJ suppresses the yeast toxicity of SdeAH277A. Diluted cells from yeast strains inducible 

expressing SdeA or SdeAH277A that harbor the vector or a SidJ construct were spotted onto 

the indicated media and grew for 2 d (top). The expression of relevant proteins was probed 

by immunoblotting (bottom). The 3-phosphoglyceric phosphokinase-1 (PGK1) was probed 

as a loading control. V, vector.

b. SidJ abrogates SdeA-mediated ubiquitination in mammalian cells. Lysates of HEK293T 

cells expressing the indicated proteins were detected by immunoblotting with an HA-

specific antibody to detect 3xHA-Ub-AA and proteins modified by 3xHA-Ub-AA. The 

expression of Flag-SdeA and Flag-SidJ was also probed.

c. SidJ rescues HIF-1α degradation blocked by SdeA. Lysates of HEK293T cells expressing 

the indicated proteins were resolved by SDS-PAGE and probed with antibodies specific for 

the epitope tags or relevant proteins.

d. SidJ from E. coli or HEK293T cells cannot deubiquitinate proteins modified by SdeA. 

Proteins modified by 3xHA-Ub-AA obtained by immunoprecipitation were treated with 

GST-SidJ from E. coli, Flag-SidJ from HEK293T or SdeA1-193. Note that none of these 

proteins caused a reduction in the ubiquitination signals.

e. GST-SidJ does not inhibit SdeA-induced ubiquitination in vitro. SidJ was co-incubated 

with SdeA for 2 h at 37°C and SdeA activity was assayed. A Flag-specific antibody was 

used to detect modified and unmodified 4xFlag-Rab33b, judging by a shift in its molecular 

weight. SdeA and SidJ were probed with specific antibodies. SdeAE/A is a SdeA mutant 
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defective in the mART activity carrying E860A and E862A mutations. The experiment in 

each panel was performed independently for at least 3 times with similar results.
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Fig. 2. SidJ post translationally modifies SdeA in mammalian cells and inhibits its activity to 
catalyze the production of ADP-ribosylated ubiquitin
a. Flag-SdeA coexpressed with SidJ fails to modify Rab33b. Flag-SdeA from HEK293T 

cells coexpressing relevant proteins was used to ubiquitinate 4xFlag-Rab33b. Ub-Rab33b 

was detected as described in Fig. 1. SidJDD/AA is a SidJ mutant defective in suppressing the 

yeast toxicity of SdeA that carries D542A and D545A mutations.

b. Flag-SdeA coexpressed with SidJ retains the ability to ubiquitinate Rab33b with ADPR-

Ub. ADPR-Ub or ubiquitin was incubated with Flag-SdeA purified from HEK293T cells 

coexpressing GFP or GFP-SidJ. NAD+ was included in reactions receiving ubiquitin. 

Rab33b modification was detected with a Flag-specific antibody.

c. SidJ attacks the mART activity of SdeA. 4xFlag-mART (SdeA563-910) purified from 

HEK293T cells coexpressing GFP or GFP-SidJ was incubated with 4xFlag-Rab33b, 

ubiquitin, NAD+ and His6-SdeAE/A for 2 h at 37°C before ubiquitination detection.

d-e. SidJ induces a 129.04 Dalton post-translational modification on E860 of SdeA. Mass 

spectrometric analysis of 4xFlag-mART* (d) identified a posttranslational modification in 

the fragment -H855GEGTESEFSVYLPEDVALVPVK877− (e, left panel). Tandem mass 

(MS/MS) spectrum shows the fragmentation profile of the modified peptide -

H855GEGTEGluSEFSVYLPEDVALVPVK877−, including ions b5 and b6 that confirm the 

modification site at E860 (e, right panel). The experiment in each panel was repeated three 

times with similar results.
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Fig. 3. Calmodulin is the host cofactor required for the glutamylase activity of SidJ
a. SidJ harbors an IQ motif. Alignment of the IQ domain of SidJ and that of several CaM-

binding proteins. Conserved residues were highlighted in red. The accession number for 

each protein was included.

b. The cmd1 gene suppresses the yeast toxicity of SidJ. Top two panels: Images of serially 

diluted yeast cells inducibly expressing sidJ or its IQ mutant spotted onto the indicated 

media for 2 d. Lower two panels: The suppression of SidJ toxicity by cmd1. The expression 

of SidJ in each strain was examined and PGK1 was probed as a loading control (right 

panels).

c-d. The interactions between SidJ and CaM. Beads coated with CaM were incubated with 

lysates of macrophages infected with the indicated bacterial strains to probe its binding to 

SidJ (c, top). SidJ in bacteria (c, middle) or translocated into the host cytosol (c, lower panel) 

was also examined. The bacterial isocitrate dehydrogenase (ICDH) and tubulin were probed 

as loading controls, respectively. Lysates of HEK293T cells transfected to express GFP-SidJ 

or GFP-SidJIQ/DA were incubated with CaM-coated beads (d). SidJ or SidJIQ/DA bound to 

CaM was probed by immunoblotting (lower panel). TCL, total cell lysates.

e. Inhibition of SdeA activity by SidJ requires glutamate and CaM. CaM was added to a 

subset of a series of reactions containing SdeA, GST-SidJ and L-glutamate, N-acetylserine 

or N-methyl-aspartate. The activity of SdeA was measured by Rab33b ubiquitination.

f. SidJ is a CaM-dependent glutamylase that modifies SdeA at E860. A series of reactions 

containing the indicated proteins, 14C-glutamate and ATP were allowed to proceed for 2 h at 

37°C. The incorporation of 14C-glutamate was detected by autoradiography. Data shown in 

panels b-f were one representative from at least three experiments with similar results.
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Fig. 4. Structural analysis of the mechanism of SidJ-catalyzed glutamylation
a. Domain organization of SidJ. SidJ consists of the N-terminal domain (orange), the Central 

domain (yellow) and the C-terminal domain (green).

b. Ribbon diagram representation of the SidJ-CaM complex. In top panels, the N-terminal 

domain (orange), Central domain (yellow), C-terminal domain (green) of SidJ and CaM 

(red) are shown. The view on top right is generated by rotating the structure shown on the 

top left by 180° around the indicated axis. The N and C termini of SidJ are labeled with 

letters. The missing residues are shown in dashed lines. Lower panels depict interactions 

between SidJ and the N-lobe/C-lobe of CaM. Residues important for binding are shown in 

sticks and hydrogen bonds are indicated by dashed lines.

c. Binding of CaM to SidJ and its mutants. The binding affinity was evaluated using 

microscale thermophoresis. The dissociation constant (Kd) was calculated by the 

NanoTemper Analysis 2.2.4 software. Data shown were one representative from three 

experiments with similar results.

d. Ribbon representation of the SidJ-CaM-AMP complex. Key residues of SidJ involved in 

AMP binding are shown in yellow sticks, AMP is labeled in magenta sticks. Hydrogen 

bonds are shown as dashed lines. Electron density of an SA (simulated annealing) Fo-Fc 

omit map for AMP contoured at 3.0 σ.

e. Mutational analysis of residues important for binding AMP. Each SidJ mutant was 

incubated with SdeA, ATP, L-glutamate and CaM for 2 h before measuring SdeA’s ubiquitin 

ligase activity.

f-g. Activation of SidJ by ATP analogs. The indicated compounds were incubated with 

SdeA, GST-SidJ, L-glutamate and CaM for 2 h at 37°C before monitoring SdeA’s activity in 

ubiquitinating Rab33b. Note that analogs defective in hydrolysis at the α site cannot activate 

SidJ.

h. The role of residues important for AMP binding in SidJ self-AMPylation. Each SidJ 

mutant was incubated with 32P-α-ATP, Mg2+ and CaM for 2 h at 37°C and the incorporation 

of 32P-α-ATP was detected by autoradiography. In panels c, e-h, data shown were one 

representative from at least three independent experiments with similar results.
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