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Abstract

Conventional ubiquitylation occurs through an ATP-dependent three-enzyme cascade (E1, E2, and E3) that
mediates the covalent conjugation of theC-terminusof ubiquitin to a lysine on the substrate. SdeA,which belongs
to the SidE effector family of Legionella pneumophila, can transfer ubiquitin to endoplasmic reticulum-associated
Rab-family GTPases in a manner independent of E1 and E2 enzymes. The novel ubiquitin-modifying enzyme
SdeA utilizes NAD+ as a cofactor to attach ubiquitin to a serine residue of the substrate. Here, to elucidate the
coupled enzymatic reaction of NAD+ hydrolysis and ADP-ribosylation of ubiquitin in SdeA, we characterized the
mono-ADP-ribosyltransferase domain of SdeA and show that it consists of two sub-domains termed mART-N
and mART-C. The crystal structure of the mART-C domain of SdeA was also determined in free form and in
complex with NAD+ at high resolution. Furthermore, the spatial orientations of the N-terminal deubiquitylase,
phosphodiesterase, mono-ADP-ribosyltransferase, and C-terminal coiled-coil domains within the 180-kDa full-
length SdeA were determined. These results provide insight into the unusual ubiquitylation mechanism of SdeA
and expand our knowledge on the structure–function of mono-ADP-ribosyltransferases.

© 2018 Elsevier Ltd. All rights reserved.
Introduction

Post-translational modification of proteins by ubiqui-
tin (Ub) is one of the most common protein modifica-
tions and is involved in numerous key cellular
processes in eukaryotes [1–3]. Ubiquitylation is
mediated by a three-enzyme cascade (E1 Ub activa-
tion, E2 Ub conjugation, and E3 Ub ligation) and
results in the covalent conjugation of Ub to a lysine
residue on the substrate [4–6]. Differently linked Ub
chains have unique structural features and mediate
distinct cellular functions including proteasomal deg-
radation, autophagy, innate and adaptive immunity,
and defense against pathogens [4, 6–10]. Given the
essential regulatory roles of Ub signaling pathways in
eukaryotes, invaders such as bacterial pathogens and
viruses developed mechanisms to hijack host Ub
signaling pathways to evade the immune response
[11–14]. The ubiquitylation network is therefore a
common target for diverse infectious pathogens [15].
Bacteria secrete two different types of protein to
modulate the host Ub network, namely, ubiquitylating
r Ltd. All rights reserved.
anddeubiquitylating enzymes.Ubiquitylating enzymes
catalyze the conjugation of Ub molecules to host
proteins to interfere with cellular signaling. Bacteria
use the host E1 and E2 enzymes and their own E3
Ub ligases [11]. For example, SopA from Salmonella
typhimurium mimics E6-AP Carboxyl Terminus
(HECT)-typeE3 ligases [16], and LubX from Legionella
pneumophila mimics really interesting new gene
(RING)-type E3 ligases [17]. Bacterial deubiquitylases
(DUBs) remove Ubmolecules (or Ub-linkages) against
bacterial destruction. Salmonella, Escherichia, and
Shigella possess DUB activity to cleave Ub-linkages
[18] marked for foreign invaders by the host ubiquitylat-
ing machinery.
A recent study showed that SdeA, an enzyme

belonging to theSidEeffector family of L. pneumophila,
transfers Ub to Rab-family proteins in an E1- and E2-
independent manner [19]. Furthermore, the N-terminal
region of SdeA has canonical DUB activity, indicating
that this protein has a dual function as a ubiquitylation/
deubiquitylation enzyme [20]. This novel E3 Ub ligase
does not require ATP, which is a prerequisite for
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conventional ubiquitylation [19]. The ATP-independent
reaction is powered by nicotinamide adenine dinucle-
otide (NAD+) as a cofactor for ADP-ribosylation of Ub
via Arg42 using the mono-ADP-ribosyltransferase
(mART) domain of SdeA. The phosphodiesterase
(PDE) domain then cleaves the phosphodiester bond
of ADP and attaches phosphorylated Ub to the serine
residue of protein substrates, which are usually Rab-
family proteins associated with the endoplasmic
reticulum [21].
ADP-ribosyltransferase (ART), an enzyme super-

family that catalyzes the NAD+-dependent ADP-
ribosylation of proteins [22], is involved in many
cellular processes including cell signaling, DNA
repair, and gene regulation by usingNAD+, a versatile
metabolite that is at the center of a large array of
biochemical processes [22]. TheART family is divided
into three major clades according to consensus
conserved residues: H-H-h, H-Y-[EDQ], and R-[ST]-
EXE. The first histidine (H) and arginine (R) residues
are involved inNAD+ binding; the aromatic residue (Y)
and polar residues (S or T) are also involved in NAD+

binding; and the glutamate residue (E) is important for
catalytic activity [23]. The EXE motif in the core of the
ADP-ribosylation turn–turn (ARTT) loop in arginine-
modifying enzymes is essential for catalysis as well as
for protein substrate recognition [24]. Although the first
Glu (Glu378 of iota-toxin) is required only for ART
activity and not for NAD+ hydrolysis, the second Glu
(Glu380 of iota-toxin) is essential for both ART and
NAD+ hydrolysis activity [25]. Despite the contribution
made by many structural studies of ART-family
proteins to the classification of these enzymes into
clades and identification of new members, the unique
functions of eachmember of this diverse family remain
to be determined.
The mART domain of SdeA from Legionella

possesses conserved R-[ST]-EXE triad regions that
are frequently found in bacterial ADP-ribosylating
toxins. However, it remains unclear how the mART
domain of SdeA catalyzes the NAD+-dependent
attachment of the ADP-ribosyl moiety to the primary
substrate, Ub. SdeA is a unique enzyme that
possesses the mART domain, and the product of
mART activity is targeted to the PDE domain within
the molecule for the unusual ubiquitylation of the
serine residue of substrates [21]. Therefore, biochem-
ical and structural studies of the mART domain may
contribute to our understanding of the mechanism
underlying SdeA function, which will provide insight
into novel Ub modifications and mART biology.
Results

Characterization of the mART domain

SdeA, a L. pneumophila effector protein, has four
domains: anN-terminalDUBdomain (residues1–193),
a PDE domain, a mART domain, and a C-terminal
putative coiled-coil (CC) domain (Fig. 1a). The
molecular weight of full-length (FL) SdeA is approxi-
mately 180 kDa, and it is a monomer, as confirmed by
size-exclusion chromatography coupled with multi-
angle light scattering (SEC-MALS) (Fig. 1b). Among
these domains, the mART domain plays an important
role in the activity of SidE-family effectors during
bacterial infection [19] and in the first ubiquitylation
step leading to the formation of ADP-ribosylated Ub
[21] (Fig. 1c). Therefore, we focused on investigating
the mART domain of SdeA. However, the character-
ization of the domain was difficult based on amino acid
sequences alone. To further understand the mART
domain, several putative mART constructs were
expressed and purified (Fig. 1d) based on the
secondary structure prediction (Fig. S1). The reaction
catalyzed by themARTdomain of SdeA is the covalent
attachment of ADP-ribose to the side-chain guanidine
moiety of Arg42 of Ub [21] (Fig. 1c). Themodification of
Ub in each construct was examined using a Ub
antibody that selectively recognizes the unmodified
molecule [21]. Ub without any treatment was used as a
negative control, and an SdeA H277A mutant lacking
PDEactivity (residues 226–905 covering both the PDE
and mART domains) was used as a positive control
for ADP-ribosylation of Ub [21]. To further dissect
the mART domain, four different constructs were
generated: L-mART (long-form, residues 531–905),
mART (residues 595–905), S-mART (short-form,
residues 655–905), and mART-C (residues
756–905). The mART-C contains the conserved R-S-
EXE motif in the ARTT loop and is referred to as the
mART domain in UniProt (http://www.uniprot.org/
uniprot/Q5ZTK4). Treatment of these constructs with
Ub and NAD+ showed that L-mART and mART
domain constructs performed their functions adequate-
ly, whereas S-mART and mART-C constructs had no
ADP-ribosylation activity (Fig. 1d). Detection of the
ADP-ribosylated Ub fragment, a product of mART
activity, by electrospray ionization (ESI) mass spec-
trometry confirmed the results (Fig. 1e). Therefore, the
minimal region for ADP-ribosylation activity is located
between residues 595 and 905, hereafter referred to as
the mART domain.
Structure of the mART-C domain of SdeA

Only mART-C domain crystals were obtained
despite attempts to crystallize all SdeA constructs
(Fig. 1a). The putative NAD+-binding cleft is included
in the mART-C domain [26]. Three crystal structures
were resolved: the mART-C wild type (WT) and the
catalytically inactive mutant (E860A/E862A) in the
apo state, and the double mutant in complex with
NAD+ (Table 1). The mART-C domain consists of
three α-helices and seven β-strands in a mixture of
α/β-folds with a β-sandwich and connecting loops



Fig. 1. Domain architecture of SdeA and ADP-ribosylation of Ub by mART. (a) Schematic representation of the domain
organization of SdeA and the constructs (FL: 1–1499; PDE-mART-CC: 202–1499; PDE-mART: 202–905; L-mART
(long-from): 531–905; mART: 595–905; S-mART (short-form): 655–905; mART-C: 756–905) used in the study. (b) The
oligomeric state of FL SdeA was analyzed by SEC-MALS. The horizontal line represents the measured molecular mass
(182.5 kDa) with the theoretically calculated molecular mass (169.2 kDa) value in parentheses. (c) Enzymatic reaction
schemeof themARTdomain of SdeA. The cofactor NAD+ is hydrolyzed intoNCA and ADP-ribose, and the latter is covalently
attached to the side chain nitrogen atom of Arg42 of Ub. The H277A mutant lacks PDE activity and the intermediate product,
ADP-ribosylated Ub is obtained. (d) ADP-ribosylation of Ub was tested with several different constructs of SdeA. The PDE-
mARTH277Amutant was used as the positive control for ADP-ribosylation. The sizes of ADP-ribosylated Ub and unmodified
Ub were slightly different in the 20% SDS-PAGE gel. The result was confirmed using a Ub antibody from Abcam that
recognizes only unmodified Ub. (e) The site of Ub modification was determined by ESI mass spectrometry. HCD
fragmentation spectrum of the ADP-ribosylated Ub tryptic peptide IQDKEGIPPDQQrLIFAGK. The [M + 4H]4+ peak atm/z =
674.57 in the precursor mass scan was selected as a precursor ion for HCD fragmentation. ADP-ribosylated-specific product
ions were detected atm/z 250.09 (adenosine-H2O

+), 348.07 [adenosine-mono phosphate+ (AMP+)], and 428.04 [adenosine-
di phosphate+ (ADP+)].
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(Fig. 2a). The β-sandwich core is packed in a four-
stranded mixed β-sheet (β1, β3, β6, and β7) against
a three-stranded antiparallel β-sheet (β4, β5, and
β2). The ARTT loop lies between β4 and β5, which is
known to possess catalytic activity [24]. An apparent
electron density was observed in the initial Fo–Fc
map of the NAD+-bound state between two β-sheets
(Fig. S2a). A ring structure of the nicotinamide (NCA)
moiety of NAD+ was identified in the electron density,
whereas no electron density was apparent for the rest
of the NAD+ molecule (Fig. S2b). The binding pocket
for NCA was clearly observed on the molecular
surface (Fig. 2b). Although no electron density of the
remaining ADP-ribose part was observed, the



Table 1. X-ray data collection and refinement statistics

EE/AA NCA complex EE/AA apo WT apo

Data collection
Beamlines PF, BL-17A SPring-8, BL44XU SPring-8, BL44XU
Space group C2221 P1211 P1211
Cell dimensions
a, b, c (Å) 37.9, 75.7, 84.7 43.8, 85.4, 70.8 44.0, 86.7, 71.0
α, β, γ (°) 90.0, 90.0, 90.0 90.0, 97.1, 90.0 90.0, 97.9, 90.0
Wavelength (Å) 0.97877 0.90000 0.90000
Resolution (Å) 50.0–1.55 (1.55–1.58)a 50.0–2.40 (2.44–2.40) 50.0–2.07 (2.11–2.07)
Rmerge 0.110 (0.542) 0.119 (0.405) 0.149 (0.881)
I/σI 32.4 (2.88) 34.7 (16.01) 16.5 (2.73)
Completeness (%) 99.8 (100.0) 99.2 (99.2) 99.8 (98.5)
Redundancy 6.7 (5.8) 3.6 (3.6) 4.0 (3.4)

SAD-phasing
No. of Se atoms 3
FOM before/after DM 0.27/0.35

Refinement
Resolution (Å) 34.6–1.55 (1.60–1.55) 32.4–2.40 (2.49–2.40) 43.5–2.06 (2.13–2.06)
No. reflections 18,142 (1,754) 19,830 (1,741) 32,455 (3,010)
Rwork/Rfree (%) 20.4/24.6 18.5/26.1 22.5/27.0
No. of atoms 1182 4427 4476
Protein 1141 4308 4417
Ligand 9
Water 32 119 59

B-factors (Å2) 27.08 28.17 33.27
Protein 27.03 28.12 33.34
Ligand 32.49
Water 27.25 30.05 28.30

R.m.s. deviations
Bond lengths (Å) 0.016 0.013 0.003
Bond angles (°) 1.26 1.22 0.73

Ramachandran (%)
Favored 96.53 95.90 96.34
Allowed 3.47 4.10 3.66
Outliers 0.00 0.00 0.00

PDB ID 5YSI 5YSK 5YSJ

a Values in parenthesis are the highest-resolution shell.
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surrounding region of the NCA-binding pocket was
covered by the positively charged surface, which
might be important for NAD+ recognition.
The ARTT loop consisting of residues 852–862was

located near the NCA-bound region. Structural
comparison between theNAD+-bound and apo states
identified almost identical structures except for the
ARTT loop (Fig. 2c). The loop in the NAD+-bound
structure (E860A/E862A mutation within the ARTT
motif) moves toward NAD+, which is in the closed
state in which the glutamic acid residues catalyze the
cleavage of NAD+ into NCA and ADP-ribose (Fig. 2d).
However, the loop in theWT and EE/AAmutant in the
apo state moves away fromNAD+, adopting the open
state in which the key residues are relatively far away
from the NAD+ cleavage site. Therefore, ARTT loop
flexibility plays a critical role in the cleavage of the
NAD+ molecule.

The NAD+-binding site

Key residues important for mART function are well
conserved, especially near NCA. The mART domain
of SdeA from Legionella belongs to the R-[ST]-EXE
clade, and the corresponding residues are Arg766,
Ser820, Thr821, Glu860, and Glu862 (Fig. 2d).
Arg766 is located in the first β-strand and is involved
in NAD+ binding. Although the exact mechanism
could not be defined because of the absence of the
ADP-ribose moiety, the positively charged Arg766
guanidine group likely interacts with the phosphate
moiety of ADP based on the previously reported
structures of iota-toxin and C3 exoenzyme [27, 28].
The side-chain carbon atoms of neighboring Ser820
and Thr821 located in the second β-strand make
contact with the NCA moiety through hydrophobic
interactions (Figs. 2d and S2c). In many ARTs, there
is a serine residue immediately after -[ST]-, and the
corresponding residue in SdeA was identified as a
similar threonine residue, Thr822. A non-conserved
residue, Trp832, is also involved in NCA ring binding
(Fig. 2e) and acts in a manner similar to the
phenylalanine residue frequently found at this
position in the same clade. It has been reported
[25] that the first gluatamic acid residue in iota-toxin
(corresponding Glu860 in SdeA) is required only for



Fig. 2. Structure of themART-Cdomain of SdeA. (a) Ribbon diagramof themART-Cdomainwith the boundNCAshown in
stick model. Secondary structures are labeled in numerical order, and the important ARTT loop is indicated. N- and C-termini
are also indicated asNt andCt, respectively, with the residue number in parenthesis. (b) Amolecular surfacewith electrostatic
potentials is shown. Positively and negatively charged surfaces are colored blue and red, respectively. NCA shown in stick
model binds to the hydrophobic pocket. (c) Superimposition of mART-C domain structures in apo form and complexed with
NAD+. The green ribbon represents E860A/E862A mutants complexed with NAD+, and magenta and cyan represent apo
structures of the WT and E860A/E862A mutant, respectively. (d) Close-up view of the ARTT loop. Compared with the apo
conformation, the ARTT loop of the NAD+-bound structure is located closer to the NAD+ site. (e) Molecular surface of mART
representing the hydrophobic property. The strong red color indicates stronger hydrophobicity. TheNCA-binding site is closed
up, and the residues involved in hydrophobic contacts with NCA are labeled.
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ART activity, whereas the second glutamic acid
residue (Glu862 in SdeA) is essential for both ART
and NAD+ hydrolysis activity.
The NCA ring binds to a hydrophobic pocket

composed of Phe765, Ile825, Leu827, Val828, and
Trp832 (Fig. 2e). A hydrophilic patch was observed
on the surface of the mART-C domain connected to
the hydrophobic pocket (Fig. 2b). This observation is
consistent with data indicating that NCA requires a
hydrophobic pocket for binding (Fig. S2c), whereas
the remaining NAD+ sections require a hydrophilic
patch. After NAD+ cleavage catalyzed by the mART
domain, this pocket may not accommodate the NCA
moiety, and ADP-ribose is transferred to the Ub
molecule to avoid recombination [29, 30].

Comparison of the mART domain of SdeA with
other ARTs

Compared with other ARTs, the mART-C domain of
SdeA shares a similar folding pattern with conserved
Fig. 3. Comparison of the overall structure of the mART-C d
comparing the overall structures of SdeA (a), type III effector Hop
ART from A. hydrophila (d). This orientation was obtained by an
from the view of Fig. 2a. Structural regions that match the corres
PDB ID codes and Z-scores from the DALI server for each stru
contact between the N-terminal α-helical region (gray color) and
β-strands [23], but differs in its structural details
(Fig. 3). Structurally similar molecules were identified
using the DALI server [31], including ART type III
effector HopU1 from Pseudomonas syringae (PDB
ID: 3U0J, Z = 9.5) [32], type III effector XopAI from
Xanthomonas axonopodis (PDB ID: 4ELN, Z = 6.9),
and the actin-targeting ART VahC from Aeromonas
hydrophila (PDB ID: 4FML, Z = 6.7) [33]. Despite the
similar structures, mART of SdeA is non-homologous
in sequence to HopU1, XopAI, and VahC (11.5%,
9.3%, and 11.9% sequence identity, respectively).
The N-terminal α-helical regions, particularly those
from type III effectors, formed a compact structure
with the NAD+-binding α/β-domain (Fig. 3b, c). The
α-helical region of VahC appeared to be somewhat
isolated from the NAD+-binding domain, despite
several contacts between them (Fig. 3d). However,
SdeA may contain a separate domain in its N-
terminal region, which is predicted to adopt an α-
helical structure (Fig. S1). These results combined
with biochemical data (see following sections)
omain of SdeA with those of other ARTs. Ribbon diagrams
U1 (b), type III effector XopAI (c), and VahC, actin-targeting
approximately 30° clockwise rotation along the vertical axis
ponding region of SdeA are colored green in each structure.
cture are shown below each structure. There is significant
the region structurally similar to mART-C (green color).



2849Structure of mART‐C domain of SdeA
suggested that the mART domain of SdeA exists as
two separate domains, herein termed mART-N (resi-
dues 595–755) andmART-C (residues 756–905). This
structural comparison indicates that mART-N partly
contributes to the enzymatic function of mART.

NADase and ADP-ribosylation activities of the
mART domain of SdeA

The mART domain has dual NAD+ hydrolysis and
ADP-ribosylation activity. Both reactions can be easily
monitored by FPLCat an absorptionwavelength of 260
nm. Incubation of Ub with SdeA mART (595–905) WT
and NAD+ yielded NCA as a product of the NADase
reaction (Figs. 1c and 4a). ADP-ribosylated Ub was
detected at 260 nm (Fig. 4a), which was a higher
absorption peak than that of unmodifiedUbat the same
concentration (Fig. 4). NADase activity was greatly
reduced in the absence of the substrate Ub (Fig. 4b),
suggesting that NAD+ hydrolysis and ADP-ribosylation
are coupled reactions as observed for other ARTs [27,
34]. The EXE (Glu860 and Glu862) motif contains key
residues for enzymatic activity, and the NADase and
ADP-ribosylation reactionsdid not occurwhenglutamic
acid residuesweremutated to alanine (Fig. 4c). Glu862
is particularly important for NADase activity, and
Fig. 4. In vitro ADP-ribosylation and NADase activity assa
products of mART WT (a), mART WT without Ub (b), mART
mutant (d), and mART-C domain of SdeA (e). The elution posi
and NCA were confirmed by the standard. Note that the peak o
panels c, d, and e. (f) The peaks for the NCA products for all
therefore, mutation of this residue blocks both reac-
tions. Glu860 is involved in ADP-ribosylation, and
mutation of this residue may block ADP-ribosylation
activity even in the presence of NADase activity. As
shown in Fig. 3e, the hydrophobic Trp832 residue was
important for accommodating the NCA molecule;
however, the single mutation W832A did not have a
marked effect on NADase activity (data not shown),
which could be attributed to the marginal reduction of
hydrophobic interactions (Fig. S2c). Mutation of addi-
tional residues (R766A/S820A/W832A) involved in the
recognition of NAD+ abolished the production of NCA
(Fig. 4d) similar to the effect of glutamic acid mutations
(Fig. 4c). Regarding the mART-C domain (756–905)
WT, both NADase and ADP-ribosylation activity were
eliminated (Fig. 4e, f). The mART-C domain contains
the catalytic glutamic acid residuesGlu860 andGlu862
involved in the NADase reaction; however, the target
molecule Ub is indispensable for the ADP-ribosylation
reaction. Therefore, we next investigated the role of the
mART-N domain of SdeA in Ub binding.

Binding of NAD+ and Ub to SdeA

To dissect the binding and catalytic activity of the
mART domain for NAD+ and Ub, the binding
y of the mART domain. FPLC analysis of the enzymatic
E860A/E862E mutant (c), mART R766A/S820A/W832A

tions of SdeA, ADP-ribosylated Ub (ADP-r Ub), Ub, NAD+,
f ADP-r Ub in panel a is higher than that of unmodified Ub in
panels (a–e) are amplified for clarity.
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constants were measured using the surface plas-
mon resonance (SPR) technique. The mART do-
main (residues 595–905) and the mART-C domain
(residues 756–905) were used as SdeA constructs.
Both constructs showed similar binding constants for
NAD+ (Fig. 5a, b), which was consistent with the
structural results showing that the mART-C domain
of SdeA is mainly responsible for NAD+ binding and
hydrolysis. Structural analysis demonstrated that the
catalytically important conserved residues Arg766,
Ser820, Trp832, Glu860, and Glu862 of the mART-C
domain are involved in interaction with and hydroly-
sis of NAD+ (Fig. 2). This indicated that the mART-C
domain is the minimal domain required for NADase
activity, although the presence of the target sub-
strate Ub is important for receiving the product of
enzymatic activity, ADP-ribose (Fig. 4).
The binding constant was also measured using Ub

as the substrate. Although the binding affinity for Ub
was weak at a level of several hundred micromolar, it
was within the range of affinity for Ub and Ub-binding
proteins [35]. In contrast to NAD+, the mART and
mART-C domains showed different binding constants
for Ub. The KD value of mART for Ub was approx-
imately three times lower than that of mART-C (Fig. 4c,
d), suggesting that the mART-N domain partly contrib-
utes to the recognition of Ub. The NADase and ADP-
ribosylase results indicate that mART-C functions in
NAD+ binding and hydrolysis, and mART-N increases
Fig. 5. Binding constant measurements by SPR. SPR sens
and mART-C (b) on the CM5 chip, and those for the binding of
chip. Response (RU, resonance units) is plotted against time. T
dissociation rate constant (kd) by the association rate constan
the affinity of mART-C for Ub. Therefore, both domains
utilize both NAD+ and Ubmolecule for efficient transfer
of the ADP-ribose moiety.

Overall shape and spatial orientation of domains
of SdeA

To investigate the exact molecular mechanism of
SdeA, the structure of the FL SdeA protein needs to be
resolved. To examine the structure of SdeA, purified
samples of different length constructs were prepared
(Fig. 1a). In parallel with extensive crystallization trials
of these constructs, we performed small-angle X-ray
scattering (SAXS) experiments (Table S1). SdeA
showed a somewhat compact structure despite the
multi-modular domains DUB-PDE-mART-CC of the
enzyme (Fig. 6a). To further investigate the structure of
SdeA, smaller constructs were examined by SAXS
(Fig. S3a–j). Analysis of different combinations of
molecular envelopes identified the locations of the
DUB, PDE, mART, and CC regions in the FL structure
(Fig. 6a–e).We found that the functionally isolatedDUB
domain at the N-terminal region does not exist as an
isolated domain in the FL envelope (Fig. 6a). ThePDE
domain protrudes from the remaining mART-CC
region (Fig. 6b). To confirm the location of the PDE
domain, a SAXS experiment was performed using
MBP-PDB-mART (MBP-tag at the N-terminus) (Fig.
S4). An extra envelope was detected at the tip of the
orgrams for the binding of NAD+ to immobilized mART (a)
Ub to immobilized mART (c) and mART-C (d) on the same
he dissociation constant (KD) was obtained by dividing the
t (ka).



Fig. 6. Overall shape and spatial orientation of SdeA domains. (a) Molecular envelope of the FL SdeA (DUB-PDE-mART-
CC) generated from SAXS data, which is represented as a mesh. The location of the DUB was identified by fitting the slate
opaquemolecular envelope of the PDE-mART-CCconstruct into themeshmolecular envelope of FLSdeA. (b) Themolecular
envelope of PDE-mART-CC is represented as a mesh to identify the CC domain in the C-terminus. The cyan opaque
molecular envelope of the PDE-mART was fitted into the mesh molecular envelope of the PDE-mART-CC construct. (c) The
yellow opaquemolecular envelope ofmARTwas fitted into themeshmolecular envelope of the PDE-mART construct. (d) The
grayopaquemolecular envelopeofmART-Cwas fitted into themeshmolecular envelopeof themARTconstruct. (e) Thehigh-
resolution crystal structure of mART-C (pink ribbon) was fitted into the low-resolution molecular envelope generated from
SAXS data. (f) Spatial orientation of multi-modular domains in the overall shape of SdeA FL, which is shown as a transparent
molecular envelope according to SAXS data. (g) Enlarged schematic model of the heart-shapedmART domain. In contrast to
other ART structures, SdeA is characterized by separated mART-N and mART-C domains. The Ub molecule (green ribbon)
interacts with both domains of mART, whereas NAD+ interacts primarily with mART-C.
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putative PDE domain, which shows a clear orientation
of the domains in the molecular envelope. To better
visualize the mART domain within FL SdeA, SAXS
experiments using entire mART and the mART-C
domain were performed. The mART consists of two
separate domains with a heart shape (Fig. 6d).
Discussion

Ubiquitylation is an important protein modification
involved in life and death processes in living organisms,
and plays a role in the cellular defense against invading
bacteria. L. pneumophila relies on the enigmatic
molecule SdeA to remove Ub chains for its survival,
as well as for ubiquitylating the host's Rab-family
GTPases via a novel phosphoribose linkage on serine
residues [19, 21]. Although theN-terminal DUBdomain
is well characterized [20], the detailed mechanisms
underlying the function of the remainingmulti-functional
domains PDE, mART, and CC remained elusive
because of the lack of structural information.
The present SAXS data revealed the compact

architecture of the ubiquitylating domains of SdeA
(Fig. 6a–e). The SEC-MALS, SAXS envelope, and
crystal structure data were used to propose a plausible
model for FLSdeA (Fig. 6f). TheC-terminal putativeCC
domain binds to themART domain as a scaffold, which
may affect the function of SdeA by regulating ADP-
ribosylation activity. ThemART domain is composed of
two domains, mART-N and mART-C. The NAD+

molecule is primarily recognized by mART-C and
cleaved. Although mART-C has partial affinity for Ub,
the α-helical mART-N domain also interacts with Ub to
receive the cleaved ADP-ribose moiety at a specific
position (Fig. 6g). The Arg42 on the surface of Ub is the
target site, and both mART-N and mART-C may be
important for the correct orientation of the Ubmolecule.
As shown in Fig. 4, the NADase and ADP-ribosylation
activities are tightly coupled, suggesting that the
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communication between mART-N and mART-C is
critical for the function of SdeA. Furthermore, the
binding affinity for Ub is weak, which is expected
because ADP-ribosylated Ub needs to be cleaved by
PDE and transferred to the substrate.
The location of the PDE domain near the mART

domain is necessary for efficient enzymatic activity.
SdeA attaches phosphoribosylated Ub to the serine
residue(s) of Rab-family GTPases [21]; therefore, the
substrate specificity for the ER-associated small
GTPases Rab1, Rab6A, Rab30, and Rab33b may
be determined by the PDE domain of SdeA, although
this needs to be verified experimentally. This second
reaction may be similar to the first mART reaction: the
phosphodiester bond cleavage of ADP-ribosylated Ub
and the covalent attachment to the target substrate
Rab-family GTPase must be coupled. Therefore,
similar to mART, enzymatically defective mutants
such as H277A fail to produce phosphoribosylated
Ub and AMP, resulting in the lack of transfer of
phosphoribosylated Ub to the Rab-family GTPase.
Similar to the affinity of themARTdomain forUb, that of
SdeA for Rab-family GTPase must be very weak. It
remains unclear whether the PDE domain is only
involved in recognition of the GTPase substrates or if
the mART domain is also involved in the recognition
process with the PDE domain as in the case of mART-
N andmART-Cwith regard to Ub. The next question is
why only a subset of Rab-family GTPases can be
recognized by SdeA, but not Rab5 and Rac1 [19]. To
answer this question, we need structural information
on the complex between SdeA and the target
GTPase. Notwithstanding, the present results on the
collaboration betweenmART-N and mART-C domain
for efficient enzymatic reaction, the high-resolution
structure of mART-C domain in complex with NAD+

ligand, and spatial orientation of modular domains in
overall shape of SdeA constitute an initial step toward
improving our understanding of how Legionella
interferes with host defense signaling by means of
the novel Ub modification mediated by SdeA.
Experimental Procedures

Sample preparation

The SdeA gene was amplified from L. pneumophila
genomic DNA using standard PCR methods. The
amplified PCR products were treated with the
restriction enzymes, BamHI and KpnI and inserted
into modified pETDuet-1 vectors (Novagen, 71146-3)
including tobacco etch virus and thrombin cleavage
sites for N-terminal hexa-histidine- or MBP (maltose-
binding protein)-tagged protein. The plasmids were
transformed into Escherichia coli BL21(DE3) cells.
The QuikChange site-directed mutagenesis method
(Stratagene) was used to prepare constructs express-
ing the SdeA mutants (H277A, R766A, S820A,
W832A, E860A, E862A, and E860S). Protein expres-
sion of the His-tagged constructs (SdeA FL, PDE-
mART-CC, PDE-mART, mART, and mART-C) was
induced by addition of 0.5 mM IPTG at 18 °C for 18 h.
Cells were harvested by centrifugation and resus-
pended in 50 mM Tris–HCl buffer (pH 8.0) containing
100 mM NaCl and 1 mM TCEP [tris(2-carboxyethyl)
phosphine hydrochloride]. The resuspended cells
were disrupted by sonication. The cell lysate was
loaded onto a HisTrap™ column (GE Healthcare, 17-
5255-01), and eluted using a linear gradient of
imidazole concentrations (0–500 mM). The affinity
tagwas cleaved using the tobacco etch virus protease
(lab made) by overnight incubation at 4 °C, and
the target proteinwas further purified by ion-exchange
column chromatography using a HiTrap™ Q FF
column (GE Healthcare, 17-5156-01) and eluted
using a linear gradient of NaCl concentrations
(0–1.0 M). Finally, the protein was loaded onto a
HiLoad™ 16/600 Superdex™ 75pg (GE Healthcare,
28-9893-33) or Superdex™ 200pg (GE Healthcare,
28-9893-35) gel filtration column pre-equilibrated
with 10 mM Tris–HCl (pH 8.0) containing 100 mM
NaCl and 1 mM TCEP. For purification of MBP-PDE-
mART-CC, cell lysates were applied to a column
containing amylose resin (NEB). The beads were
washed with at least five column volumes of buffer
containing 50 mM Tris–HCl (pH 8.0), 100 mM NaCl,
and 1 mM TCEP, and the MBP-fusion protein was
eluted with the same buffer supplemented with 10mM
maltose. The remaining stepswere the sameas those
described for other His-tagged constructs.

Crystallization and data collection

The purified SdeAWT or mutant was concentrated
to approximately 10–20 mg/ml and crystallized at
22 °C using the sitting drop vapor diffusion method.
The best crystals of the SdeA mART-C domain were
obtained by mixing 1 μl of protein with 1 μl of reservoir
solution containing 37%–42% (v/v)PEG400 (Hampton
Research, HR2-603) and 100 mM MES–NaOH
(pH 6.0). For the NAD complex, SdeA was co-
crystallized in the presence of 5–30 mM NAD+

trihydrate (GoldBio, N-030-10). Crystals were cryopro-
tected by adding 15% (w/v) glycerol and then frozen in
liquid nitrogen.
X-ray data of SdeA mART-C WT and E860A/

E862A double mutant in the apo state were
collected at beamline BL44XU, SPring-8, Japan,
and beamline 5C, Pohang Accelerator Laboratory,
South Korea, respectively. Crystals of the NAD+-
bound selenomethionine-derivatized SdeA mART-C,
the double mutant, were diffracted to 1.55-Å
resolution, and the data were collected at beamline
BL-17A, Photon Factory, Japan. The data sets were
integrated, and scaling was performed using
HKL2000 software [36]. Statistics for the collected
data are summarized in Table 1.
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Structure determination and refinement

Crystals of SdeA mART-C WT in the apo state were
initially obtained. Although both single-wavelength
anomalous dispersion (SAD) and multi-wavelength
anomalous dispersion data sets up to 2.1-Å resolution
were collected, we could not solve the structure of
SdeA mART-C WT. This could be attributed to the
presence of translational non-crystallographic symme-
try (tNCS) in this crystal form, whichmight be originated
from the multiple conformations of the catalytic loop (or
ARTT loop) containing catalytic glutamic acids in four
molecules of mART-C in the asymmetric unit. To solve
this problem, the double mutant E860A/E862A was
generated to inhibit NAD+ hydrolysis in the complex
crystals. This mutant was crystallized in the same
space group, and the crystal also showed tNCS. The
mutant in complex with NAD+ was crystallized in the
different space group C2221 and diffracted to a
resolution of 1.55 Å. The resulting complex crystal
had no tNCS problem, and the structure was solved by
SAD using a selenomethionine-derivatized protein.
The initial phases were obtained using a Se-SAD
data set; the model was rebuilt manually using COOT
[37], and refinement was performed using PHENIX
[38]. The phases of tNCS-containing data sets were
successfully determined by molecular replacement
using the refined coordinates of the NAD+ complexed
SdeA mART-C domain mutant. All final models of
the SdeA mART-C domain were validated using
MolProbity [39]. Statistics for the refinement are
summarized in Table 1. Structure comparisons were
performed using the DALI server (http://ekhidna2.
biocenter.helsinki.fi/dali/), and all structural figures
were drawn using PyMOL (http://www.pymol.org/).

SEC-MALS

SEC-MALS experiments were performed using a
fast protein liquid chromatography system (GE
Healthcare) connected to a Wyatt MiniDAWN
TREOS MALS instrument and Wyatt Optilab rEX
differential refractometer. The buffers used were the
same as those used in the final purification step, and
the purified protein was loaded onto a Superdex™
200 Increase 10/300 GL (28-9909-44) gel filtration
column. Ovalbumin was used as the isotropic
scatterer for detector normalization. Light scattering
from SdeA FL (5 mg/ml, 0.5 ml) was measured and
analyzed using ASTRA V software (Wyatt).

Mass spectrometry

Tryptic digest samples were analyzed with a Q
Exactive Plus mass spectrometer (Thermo Fisher
Scientific, Bremen, Germany). Nanoliter-flow RPLC
separations were performed on the Ultimate 3000
RSLCnano system (Thermo Fisher Scientific, San
Jose, CA, USA). The Q Exactive Plus mass
spectrometer was set to a data-dependent acquisi-
tion mode to automatically switch between full scan
MS (resolution of 70,000) and 10 MS/MS (HCD;
resolution of 35,000) acquisitions with a dynamic
exclusion duration of 25 s. All mass spectrometric
data were obtained with Xcalibur v.2.2 software
(Thermo Fisher Scientific, San Jose, CA, USA).
Peptide sequences were assigned using Proteome
Discoverer (version 2.2; Thermo Fisher Scientific,
San Jose, CA, USA) with the SEQUEST HT search
engine and the human UniProt/Swiss-Prot database
(release 2017_10; 26,237 entries). The following
search parameters were used: precursor ion mass
tolerance of 10 parts per million, fragment ion mass
tolerance of 0.02 Da, false discovery rate of 1% and
peptide-spectrum matching false discovery rate of
5%, and methionine oxidation and arginine ADP-
ribosylation as variable modifications.

NADase and ADP-ribosylation activity assays

Samples were prepared by adding NAD+ to Ub and
incubation at 37 °C for 2 h. The NADase activity assay
was performed using the HPLC-equipped Superdex™
30 increase column (GE Healthcare, 29219757) and
FPLC-equipped Hypersil™ BDS C18 columns (Ther-
mo Fisher, 28105-124630), with 20 mM Hepes (pH
7.5) buffer containing 150mMNaCl and1mMTCEPat
room temperature. The pure ligands, NAD+, and NCA
alone were analyzed as controls.

SPR

The binding affinity of NAD+ or Ub to SdeA (mART
or mART-C domain) WT and mutants was measured
using a Biacore T200 apparatus and phosphate-
buffered saline. Initially, SdeA proteins were immo-
bilized on series S sensor chip CM5 surfaces using
the standard amine coupling procedure. Various
concentrations of NAD+ (78.125–2500 μM) or Ub
(3.125–200 μM) were then injected at 30 μl/min
over the chip. The response of NAD+ or Ub was
calculated by subtracting that of the blank flow cell.
All experiments were performed multiple times. Data
were calculated using Scrubber2 software.

SAXS

For SAXS coupled with a size-exclusion column
(SEC-SAXS), proteins (SdeA FL, PDE-mART-CC,
MBP-PDE-mART-CC, PDE-mART, mART, and
mART-C) were loaded onto a Superdex™ 200
Increase 10/300 GL column (GE Healthcare, 28-
9909-44) and eluted with buffer containing 50 mM
MES (pH 6.0), 200mMNaCl, 1 mM TCEP, and 5% (w/
v) glycerol. Conventional SAXS experiments were
performed for the PDE-mART protein prepared using
the same gel filtration conditions, and the protein was
diluted serially from 12.5 to 3.2 mg/ml. All scattering
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data were measured at beamline BL-10C, Photon
Factory, Japan [40]. PILATUS3 2M (DECTRIS,
Switzerland) was used as the X-ray detector. Data
were collected using radiation at awavelength of 1.5 Å
and a sample-detector distance of 3.0 m. Approxi-
mately 5–10mg of SdeA proteins was loaded onto the
gel filtration column for SEC-SAXS experiments. An
X-ray scattering measurement at a frame rate of
20.001 s (exposure time: 20 s) was started when the
protein concentration began to increase. Data from
the detector were normalized, averaged, buffer
subtracted, and placed on an absolute scale relative
to water, according to standard procedures. Scatter-
ing data from STATIC were averaged circularly. Raw
data from SEC-SAXS were processed by
CHROMIXS (ATSAS program suite) and subjected
to analysis with the software package PRIMUS
(ATSAS program suite), which provided the radius of
gyration (Rg), Porod volume, and experimental
molecular weight [41]. An indirect Fourier transform
of the scattering curve I(s) calculated by GNOM was
used to obtain the distance distribution function P(r)
and the maximum particle dimensions Dmax [42]. Ab
initio modeling and averaging of these models were
performed usingDAMMIF. A SAXS electron envelope
map from the ab initioDAMMIF model was generated
using Chimera [43]. Statistics for the SAXS experi-
mental results are summarized in Table S1.

Accession numbers

The atomic coordinates and structural factors have
been deposited in the Protein Data Bank under the
PDB ID codes 5YSI (NCA complex), 5YSK (EE/AA
apo), and 5YSJ (WT apo).
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