Check for
updates

Structural basis for effector recognition by an
antibacterial type IV secretion system

Gabriel U. Oka?, Diorge P. Souza®"(®, William Cenens?, Bruno Y. Matsuyama?, Marcus V. C. Cardoso®? (),
Luciana C. Oliveira®3(, Filipe da Silva Lima®*, lolanda M. Cuccovia®(®, Cristiane R. Guzzo®®, Roberto K. Salinas®®, and

Chuck S. Farah®®

2Department of Biochemistry, Institute of Chemistry, University of Sao Paulo, Sao Paulo 05508-000, SP, Brazil; and PDepartment of Microbiology, Institute of

Biomedical Sciences, University of Sao Paulo, Sao Paulo 05508-000, SP, Brazil

Edited by Patricia Zambryski, Department of Plant and Microbial Biology, University of California, Berkeley, CA; received July 13, 2021; accepted November 19,

2021

Many soil-, water-, and plant-associated bacterial species from the
orders Xanthomonadales, Burkholderales, and Neisseriales carry a
type IV secretion system (T4SS) specialized in translocating effec-
tor proteins into other gram-negative species, leading to target
cell death. These effectors, known as X-Tfes, carry a carboxyl-
terminal domain of ~120 residues, termed XVIPCD, characterized
by several conserved motifs and a glutamine-rich tail. Previous
studies showed that the XVIPCD is required for interaction with
the T4SS coupling protein VirD4 and for T4SS-dependent translo-
cation. However, the structural basis of the XVIPCD-VirD4 interac-
tion is unknown. Here, we show that the XVIPCD interacts with
the central all-alpha domain of VirD4 (VirD4aap).- We used solution
NMR spectroscopy to solve the structure of the XVIPCD of
X-Tfe*A%6%° from Xanthomonas citri and to map its interaction
surface with VirD4,p. Isothermal titration calorimetry and in vivo
Xanthomonas citri versus Escherichia coli competition assays using
wild-type and mutant X-TfeXA26%° and X-Tfe*A<3¢34 jndicate that
XVIPCDs can be divided into two regions with distinct functions:
the well-folded N-terminal region contains specific conserved
motifs that are responsible for interactions with VirD4,ap, While
both N- and carboxyl-terminal regions are required for effective
X-Tfe translocation into the target cell. The conformational stabil-
ity of the N-terminal region is reduced at and below pH 7.0, a prop-
erty that may facilitate X-Tfe unfolding and translocation through
the more acidic environment of the periplasm.
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ype IV secretion systems (T4SSs) are evolutionarily ver-

satile multiprotein complexes that translocate macromo-
lecular effectors (proteins or nucleoprotein conjugates) into
target cells. They have important roles in bacterial pathogen-
esis in animal (1-4) and plant (5, 6) hosts, plasmid conjuga-
tion (7, 8) and other horizontal gene transfer processes (9,
10), bacteriophage uptake (11, 12), and interspecies bacterial
competition (13-16). While there is a large diversity in the
number of different subunits, overall size, and complexity,
most T4SSs share a conserved core architecture best exem-
plified by the canonical type A systems consisting of 12 subu-
nits: VirB1-VirB11 and VirD4. Multiple copies of these sub-
units come together to build a nanomachine that spans the
envelope of gram-negative bacteria (17, 18). The VirD4
ATPase, also called the type IV coupling protein (T4CP),
recruits substrates for secretion and delivers them to the
inner membrane complex made up of two more ATPases,
VirB4 and VirB11, plus the integral proteins VirB3, VirB6,
VirB8, and the N-terminal domain of VirB10. The outer
membrane or core complex is composed of 14 copies each of
VirB9, the small lipoprotein VirB7, and the carboxyl-
terminal domain of VirB10, which forms a pore in the outer
membrane. The external pilus is a polymer of VirB2 pilin
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subunits and the associated VirB5. Finally, VirB1 is a peri-
plasmic lytic transglycosylase thought to be involved in pepti-
doglycan remodeling during T4SS biogenesis (19-21).

We have previously demonstrated that Xanthomonas citri,
the phytopathogen that causes citrus canker in citrus plants,
and the soil bacterium Stenotrophomonas maltophilia, a com-
mon opportunistic human pathogen, both carry a chromo-
somally encoded class A T4SS that mediates interspecies
bacterial killing by transferring a mixture of antibacterial
effector proteins into competitor cells (13-15, 22, 23).
Homologous systems, termed X-T4SSs (for Xanthomona-
dales-like T4SSs), have been identified in many Xanthomo-
nadales species from the Xanthomonas, Stenotrophomonas,
Pseudoxanthomonas, Luteimonas, Lysobacter, Thermomonas,
Rhodanobacter, Dyella, Frateuria, and Luteibacter genera of
Gammaproteobacteria as well as a more limited number of
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Type IV secretion systems (T4SSs) have been studied for
more than 70 y because of their roles in mediating horizon-
tal DNA transfer, responsible for the spread of antibiotic
resistance, and the injection of virulence factors into animal
and plant hosts. Another important function is the contact-
dependent injection of toxic effectors into competing bacte-
ria of different species during bacterial warfare. The present
study reveals how T4SSs use a specific domain of the VirD4
coupling protein to recruit antibacterial toxins for secretion
by recognizing conserved carboxyl-terminal secretion signal
domains. The molecular structure of the secretion signal
domain described in this work will serve as a model for
thousands of homologs encountered in several hundred
distinct bacterial species.
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Betaproteobacteria species (genera Hydrogenophaga, Vario-
vorax, Neisseria, and Morococcus) (14). We have shown that
the closely related Xanthomonas citri and Stenotrophomonas
maltophilia can use their X-T4SSs to kill each other, as well
as more distant gram-negative bacterial species of different
classes (13, 15), thereby demonstrating the potentially
important role of this secretion system for interspecies com-
petition in a wide variety of niches. All these systems share
features that distinguish them from other class A T4SSs,
including larger VirB7 and VirB8 subunits and specific gene
order within the chromosomally located vir locus (14, 24, 25).

Another feature shared by X-T4SSs is the cohort of secreted
effectors, called X-Tfes (Xanthomonadales-like T4SS effec-
tors), that present a large variety of N-terminal catalytic
domains, responsible for their toxic activities, as well as a ~120-
residue carboxyl-terminal region, termed Xanthomonas VirD4
interacting protein conserved domain (XVIPCD) (13, 14, 25).
The genes coding for these X-Tfes are always found in operons,
paired with upstream genes that code for their cognate inhibi-
tors, called Xanthomonadales-like T4SS immunity proteins
(X-Tfis) (13, 15). The X. citri genome codes for 13 potential
X-Tfes. Three of these (XAC0323, XAC3404, XAC1165) are
very small proteins (127-136 residues) made up of only an
XVIPCD, and two others (XAC4264, XAC0151) may be trun-
cated or inactivated proteins because of deletions or frameshift
mutations in their N-terminal domains (13, 14, 25). Of the
remaining eight X-Tfes, seven carry N-terminal catalytic
domains that potentially target glycosidic and/or peptide bonds
in the peptidoglycan layer (XAC2609, XAC0466, XAC3634,
XAC1918, XAC0096) or are predicted to have phospholipase
activity (XAC0574, XAC2885), while the eighth, XAC3266, is a
predicted nuclease (13, 14, 25).

X-Tfes are identifiable by the presence of their common
XVIPCDs, which were first revealed through their common abili-
ties to interact with VirD4 (25) and later shown to be absolutely
required for the secretion of X-Tfes by X. citri (13) and S. malto-
philia (15). XVIPCDs are characterized by an N-terminal region
containing several conserved sequence motifs and a glutamine-rich
carboxyl-terminal region (25), though the structural basis of their
interaction with VirD4 is not known. In the present stu)((?lz, we
solved the three-dimensional structure of the X-Tfe*"20%
XVIPCD by solution NMR. We employed NMR, isothermal titra-
tion calorimetry (ITC), and in vivo bacteria-killing assays of
XTfeXAC? and XTfeXA%* mutants to identify specific resi-
dues and structural features involved in the XVIPCD interaction
with the central all-alpha domain (AAD) of VirD4 as well as those
features required for subsequent secretion by the X-T4SS.

Results

X-Tfe XVIPCDs Interact with the VirD4 AAD. In VirD4 proteins
from Agrobacterium tumefaciens and Enterococcus faecalis plas-
mid pCfl10, the central alpha-helix-rich domain (called the
AAD) has been shown to mediate interactions with substrate
molecules (26). ST Appendix, Fig. S1 presents an alignment of
the VirD4 proteins from X. citri, A. tumefacens, pCf10, and
TrwB from the Escherichia coli plasmid R388, the last of which
has had its structure determined (27). We have shown that full-
length X. citri VirD4 interacts with the XVIPCD region of
X-Tfes (25) and that the translocation of the X-Tfe coded by
the xac2609 gene (X-Tfe**“**") is dependent on the presence
of its XVIPCD (13). SI Appendix, Fig. S2 A and B show that
when se&)arate bacterial cell cultures expressing the X-
TfeXAC2% XVIPCD (XAC2609xvipep) and the X. citri VirD4
AAD (VirD4ap) carrying a His-tag (VirD4ys aap) are com-
bined and lysed together, a stable XAC2609xvipcp-VirD4yis.
aap complex is obtained by affinity purification. Similar results
are obtained when a complete VirD4 cytosolic fragment

20f 12 | PNAS
https://doi.org/10.1073/pnas.2112529119

(VirD4g;3 s57) is coexpressed with XAC2609xyipcp carrying an
N-terminal His-tag (SI Appendix, Fig. S3). Size-exclusion chro-
matography (SEC) coupled to multiangle light scattering
(MALS) analyses of purified VirD4sap and XAC2609xvipcp
on their own and when mixed at a 1:1 ratio show that both iso-
lated polypeptides are monomers and that they can form a
stable 1:1 complex at pH 7.0 and 8.0, but the complex is desta-
bilized as the pH is lowered to 6.0 and 4.5 (Fig. 14; SI
Appendix, Fig. S2C and Table S1). XAC2609xvpcp at pH 8.0
presents a small-angle X-ray scattering (SAXS) Kratky plot
characteristic of partially unfolded proteins (Fig. 1B) (28).
SAXS analysis of VirD4aap and the VirD4,,p—XAC2609x.
vipcp complex, on the other hand, reveals that they are pre-
dominantly folded and globular in solution (Fig. 1B), suggesting
that XAC2609xv1pcp folds, at least partially, upon interaction
with VirD4ap. We then used X. citri VirD4,p as a bait in
yeast two hybrid assays against a library of proteins and protein
fragments coded by the X. citri genome (29). Nine preys
derived from four different proteins (XAC0151, XAC0096,
XAC3266, XAC2885) were isolated (Table S2), all of which had
been previously identified as X-Tfes (13, 25). The previous
observations all confirm that the XVIPCDs of different X-Tfes
interact with the VirD4,,p. We therefore decided to investi-
gate the structural basis of the interaction of XAC2609xv1pcp
with VirD4ap in more detail.

The Glutamine-Rich Carboxyl-Terminal Tails of XVIPCDs Present
Regions with Conserved Physicochemical Properties but Are Not
Required for Interaction with the VirD4 AAD. X-Tfes with charac-
teristic XVIPCDs have been identified in a large number of
proteobacterial species concentrated in the Xanthomonadales,
Burkholderiales, and Neisseriales orders (13, 14). Fig. 2 4 and
B present the amino acid conservation profile of an alignment
of 4756 XVIPCD sequences identified in the protein sequence
databases in more than 350 different bacterial species and
strains (Table S4). The alignment is divided into two parts: 1)
The N-terminal oo region (see the section titled NMR struc-
ture of XAC2609xy1pcpA20 below) has the most well-conserved
positions corresponding to His315, Gly336, Asp363, His364,
Val365, Phe375, Val377, GIn378, (3}(137379, Pro384, Arg38s,
Ala396, Pro400, and Ser404 in X-Tfe**“*%% (Fig. 24; Dataset
S1), while ii) after the position corresponding to Ser404, we
observe a large divergence in both sequence and length of what
we will now call the XVIPCD carboxyl-terminal tail. Fig. 2B
shows the size distribution of carboxyl-terminal tails in the
XVIPCD dataset counting from the position corresponding to
Serd04 in X-TfeXA%% The length varies from 2 to 88 resi-
dues, with the maximum of the distribution at 34 residues (12%
of sequences) and 90% of the sequences falling within the
range of 26-42 residues (Fig. 2B; Dataset S2).

Since the results we will present below (see section titled
XVIPCD Features Required for Secretion of X-TfeX1¢2%° ) and
studies on other T4SS substrates have pointed to the contribution
of their carboxyl termini as secretion recognition signals, we ana-
lyzed the chemical properties of the carboxyl-terminal tails in the
XVIPCD dataset (Fig. 2B). This analysis shows that they can be
divided into an N-terminal region, from the conserved serine to
position —8 counting from the carboxyl terminus, that is rich in
glutamine, alanine, and charged residues (usually glutamate and
arginine), while the extreme carboxyl-terminal region (positions
—6 to —1) carries one or more arginines, lacks negatively charged
residues, and is enriched in both hydrophobic (Met, Pro, and
Leu) and/or small volume residues (Ala, Gly, and Ser).

In the case of X-TfeXA“?%  the last 20 residues of the carboxyl-
terminal tail contain five glutamine residues as well as six serines
or threonines, two arginines, and one glutamate (Fig. 2C). To study
the importance of the XVIPCD carboxyl-terminal tail, we cloned,
expressed, and purified a XAC2609xvipcp construction lacking
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Fig. 1. Complex formation between the VirD4aap domain and XAC2609xvipcp. (A) SEC-MALS analysis of purified recombinant XAC2609xvipcp,
XAC2609xy1pcpA20, VirD4aap, and purified VirD4aap—XAC2609xyipcp and VirD4xap—XAC2609ypcpA20 complexes at pH 8.0 (20 mM Tris-HCI, 200 mM Nadl,
2% glycerol). Normalized absorbances at 280 nm (black lines, left axis) and molecular mass distributions (gray dots, right axis) are plotted as a function of
elution volume. (B) SAXS Kratky plot [I(q),q? versus q] of XAC2609xpcp (black), VirD4aap (dark gray), and the VirD4aap-XAC2609xyipco complex (light
gray). X-ray scattering intensity (I(q)) is in arbitrary units (au), and the scattering vector (q) is shown in A~". Curves are the mean of two or three indepen-
dent assays; error bars represent the SD. (C) Superposition of ">N-'"H HSQC spectra of '°N-labeled XAC2609xyipcpA20 at different pHs: 4.5 (blue), 6.0
(green), 7.0 (yellow), and 8.0 (black). /nset shows the region containing cross-peaks of glycine residues. (D) Ribbon representation of the ensemble of the
20 lowest-energy NMR structures of XAC2609yypcpA20 (residues 311-411). Highly flexible N- and carboxyl-terminal regions (residues 311-314 and
397-411) are shown as narrow ribbons. (E) The lowest-energy NMR model of the well-folded aofpp region (residues 315-396) colored according to degree
of conservation (lowest, cyan; highest, purple) within the XVIPCD superfamily (see Fig. 24). (F) Superposition of the XAC2609xypcp2A20 NMR model (red)
and the predicted XAC2609xypcpA20 structure generated by the RaptorX server (green) that uses evolutionary coupling and sequence conservation
information to predict contacts between pairs of residues in a family of related proteins (36, 37).

these last 20 residues (XAC2609xv1pcpA20). SEC-MALS analysis
shows that this 11.5 kDa fragment is a monomer and is still able to
form a 1:1 heterodimeric complex with VirD4,ap (Fig. 14; SI
Appendix, Fig. S2C and Table S1). SI Appendix, Fig. S4B compares
the "H-"N heteronuclear single quantum coherence (HSQC)
NMR spectra of XAC2609xvipcp (residues 311-431) and
XAC2609xyipcpA20 (residues 311-411) at 25°C and pH 8.0. We
observe that the shorter XAC2609xv1pcpA20 polypeptide presents
a greater number of cross-peaks than the full-length domain, sug-
gestive of a more folded and well-ordered structure. Based on the
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previous considerations, we chose to employ XAC2609xy1pcpA20
in subsequent NMR studies aimed at determining its structure in
solution.

The XVIPCD Is Partially Unfolded at Neutral and Slightly Acidic pH.
Interestingly, the 'H-""N HSQC spectrum of XAC2609xyipcpA20
collected at pH 4.5 presents 125 cross-peaks (124 expected), simi-
lar to the number observed at pH 8.0 (119 peaks) but with a much
narrower chemical shift range (Fig. 1C; SI Appendix, Fig. S4A).
This suggests a less-ordered three-dimensional structure at low
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Fig. 2. The XVIPCD superfamily. (A) Sequence alignment (Top) and sequence conservation profile (Bottom) of the XVIPCD N-terminal aofpp region,
derived from 4,750 nonidentical sequences obtained from the nonredundant National Center for Biotechnology Information (NCBI) protein database
(72). The conservation profile is aligned to the X-Tfe*A<25%9 XVIPCD sequence (residues 315-404), with insertions removed. Residues are colored as follows:
S, T (cyan); E, D (red); Q, N (purple); R, K, H (blue); A, F, L, M, I, V, W, Y (green); C, G, P (black); and gaps due to deletions with respect to X-Tfe*A2609
(white). Secondary structure elements in the XAC2609xypcpA20 structure are shown: a-helices (red rectangles), p-strands (blue rectangles), loops (gray
lines), and nonassigned regions (dotted gray lines). The complete alignment is provided in Dataset S1. (B) Alignment of the carboxyl-terminal tail portions
of members of the XVIPCD superfamily. Here, sequences were ordered according to their length starting from the last highly conserved position in the
XVIPCD superfamily, corresponding to Ser404 in X-Tfe*A2%%° and aligned with respect to their carboxyl-terminal residues, considered here as position
—1. Residues are colored as in A. The inset presents the relative frequencies of the lengths of carboxyl-terminal tails in the XVIPCD superfamily. The com-
plete alignment is provided in Dataset S2. (C) Sequences of the carboxyl-terminal tails of X. citri X-Tfe XVIPCDs.
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pH. However, at intermediate pH values, the number of cross-
peaks increases substantially to 212 at pH 6.0 and 200 at PH 7.0
(Fig. 1C; SI Appendix, Fig. S4A4). Superposition of the 'H-"N
HSQC spectra collected at pH 4.5, 6.0, 7.0, and 8.0 suggests that
data acquired at pH 6.0 and 7.0 can be interpreted as linear com-
binations of the spectra collected at pH 4.5 and 8.0 (Fig. 1C).
These observations suggest that at neutral and slightly acidic pH,
XAC2609xv1pcpA20 undergoes a slow exchange between folded
and partially unfolded states. This conclusion is supported by the
observation that as the pH is lowered from 8.0 to 7.0, 6.0, and 4.5,
both XAC2609XVIPCD and XAC2609XVIPCDA20 remain mono-
meric while migrating through SEC columns with apparently
larger hydrodynamic radii (SI Appendix, Fig. S2 and Table S1).

In order to determine whether this pH-dependent conforma-
tional instability is a characteristic of only the XVIPCD domain
or extends to other regions of the X-Tfe**“*%% protein, we used
circular dichroism to perform thermal denaturation assays on
XAC2609xvipcn, full-length X-TfeXAC%0% and its N-terminal
fragment (X-Tfe**“%% ;) lacking the XVIPCD at pH 8.0 and
pH 5.0. ST Appendix, Fig. S5 shows that all three polypeptides
present significant secondary structure at pH 8.0 and clear ther-
mal denaturation isotherms. At pH 5, however, the full-length
protein and its N-terminal fragment present significant secondary
structure and denaturation isotherms with transition midpoint
temperatures very similar to those observed at pH 8.0 (all
between 35 and 40°C). On the other hand, the XVIPCD frag-
ment at pH 5.0 presents a circular dichroism (CD) spectrum
characteristic of a random-coil polypeptide at room temperature,
and no significant change in CD signal is observed as the temper-
ature is raised. Furthermore, at both pH values, the raw denatur-
ation isotherm of the full-length protein is very similar to the sum
of denaturation isotherms of the N-terminal and C-terminal frag-
ments (SI Appendix, Fig. S5C). These pH-dependent conforma-
tional transitions in the XVIPCD could be physiologically rele-
vant as X-T4SS substrates are translocated through the
periplasm, where the pH, determined in part by the external
environment, may be significantly lower than in the bacterial
cytosol (cytosolic pH in E. coli is estimated to be between 7.6 and
7.8; refs. 30-32).

NMR Structure of XAC2609xyv;pcpA20. The XAC2609xvipcpA20
backbone and side-chain (1H, 15N, and 13C) resonances were
assigned (SI Appendix, Fig. S6) and 2,383 NMR distance and
154 dihedral angle restraints were used to calculate a family of
the 20 lowest-energy structures at pH 8.0 (Fig. 1D). Data col-
lection and structural refinement statistics are presented in
Table S3. The XAC2609xy1pcpA20 structure presents two well-
ordered N-terminal antiparallel alpha-helices (al and o2; resi-
dues 316-331 and 340-357, respectively) that pack against a
carboxyl-terminal three-stranded antiparallel beta sheet (1, p2,
p3; residues 363-367, 373-378, and 387-392, respectively).
Analysis of chemical shifts using the TALOS-N algorithm (33)
showed that these five secondary structure elements all have
high random coil index (RCI) order parameters, while the
amino and carboxy-terminal regions of XAC2609xvipcpA20
(residues 311-318 and 393-411, respectively) are conformation-
ally heterogeneous, which is consistent with the observation of
{'"H}-"°N heteronuclear nuclear Overhauser effects (NOEs)
lower than 0.8 at the carboxyl and the N termini (Fig. 1D; SI
Appendix, Fig. S4C). Resonances of 8 of last 19 residues from
the carboxyl terminus of XAC2609xvipcpA20 (residues
397-399 and 403-407) could not be identified during backbone
assignment, while the side-chain atoms of the remaining 11 res-
idues were only partially assigned. The only medium- or long-
range NOEs observed for this region involve Pro400 with the
side chains of Asp372, Phe390, Asp392, Arg393, and Asn394
(81 Appendix, Fig. S4D). We note that residues Ala396, Pro400,
and Ser404 within this region that links the aappp region with
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the carboxyl-terminal tail are among the most well-conserved
positions in the XVIPCD alignment (Fig. 24).

XVIPCD sequences are not similar to any other protein fam-
ilies with known structures (see SI Appendix, Supplementary
Text; refs. 34, 35). We therefore asked whether the alignment of
the large number of XVIPCD sequences could be used to iden-
tify coevolution of residue pairs and predict contacts in the
three-dimensional structures of members of this superfamily.
For this, we employed the RaptorX server (http://raptorx.
uchicago.edu/) (36, 37). Fig. 1F shows that the model predicted
by RaptorX is strikingly similar (rmsd of 2.0-A Ca atoms of resi-
dues 315-396) and has the same topology as the
XAC2609xyipcpA20 NMR structure, with the most significant
deviations in the flexible loops connecting secondary structure
elements. The success of RaptorX in predicting the fold of the
XVIPCD is an independent validation of the experimentally
determined XAC2609xvipcpA20 NMR structure, and similar
results were obtained using inputs of XVIPCD sequences from
all other X-Tfes tested (examples of RaptorX predictions for
XVIPCDs from nine taxonomic genera are shown in S/
Appendix, Fig. S7).

XVIPCD Features Required for Interaction with VirD4,,p. We next
carried out a set of experiments to determine in more detail
which features of the well-folded N-terminal oo domain and
conformationally flexible, less-conserved carboxyl-terminal tail
are required for interaction with VirD4 and/or subsequent trans-
location by the X-T4SS into the target cell. Fig. 34 shows the
SN-'H HSQC spectrum of N-labeled XAC2609xvipcpA20 on
its own (black) and in the presence of a stoichiometric excess
(2:1) of unlabeled VirD4ap (red), which induces a large set of
chemical shift perturbations. The changes in the spectra at inter-
mediate  VirD4sap: XVIPCDxac2600A20 ratios are consistent
with slow exchange on the NMR time scale (titration points are
shown in SI Appendix, Fig. S8). In the absence of definitive
assignments for the backbone of XAC2609xy1pcpA20 in complex
with VirD4,4p, we quantified the changes in the spectra in two
different manners. Firstly, we measured the ratios of the peak
heights in the "N-'H HSQC spectra collected in the presence
versus absence of unlabeled VirD4sap at the frequencies of
the centers of the "N-'H cross-peaks for the 79 assigned
XAC2609xv1pcpA20 backbone amides in the absence of Vir-
D4aap (Fig. 3B, black bars). Here, in addition to cross-peak
broadening due to increased correlation times, any shift in cross-
peak position upon addition of VirD4,p will result in a reduced
intensity ratio. Secondly, in many cases, very moderate frequency
shifts were observed, which allowed us to tentatively assign a frac-
tion of the cross-peaks in the spectrum of the XAC2609x.
vipcpA20-VirD4ap complex. In these cases, we measured the
ratio of the heights at the cross-peak centers in both the presence
and absence of VirD4,ap (Fig. 3B, gray bars). For the remaining
residues, the addition of VirD4aap either caused the cross-peak
to broaden so much as to be undetectable or its chemical shift
was perturbed so much as to create an ambiguity in its assign-
ment (in these ambiguous cases, the gray bars repeat the zero or
near-zero values of the black bars). The residues whose resonan-
ces suffered significant (>90%) reductions in "H-""N cross-peak
height can be considered strong candidates for participating in
the interaction with VirD4sap and are mapped on the
XAC2609xy1pcpA20 structure in Fig. 3C (red to yellow scale), in
which it can be seen that they cluster mainly on the surface of
the three-stranded beta sheet and its associated loops with a few
residues in the hydrophobic core of the protein also showing per-
turbations. Comparison of Figs. 1E, 24, and 3C shows a good
correlation between the most highly conserved residues and those
with the most significant VirD4,ap-induced perturbations in the
'H-N-HSQC spectrum.
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Fig. 3. Mapping of the VirD4sap binding site on XAC2609xypcpA20. (A) Superposition of '>N-"H HSQC spectra of '>N-labeled XAC2609xyipcpA20
(160 pM) on its own (black) and in the presence of a twofold excess of unlabeled VirD4aap (red). XAC2609x1pcpA20 "°N-"H cross-peak assignments are
indicated. (B) Quantification of changes induced in the ">N-'H HSQC spectrum of ">N-labeled XAC2609xpcpA20 by addition of unlabeled VirD4aap. Two
methods of quantification are shown. Black bars show the ratio of peak heights observed in the presence versus the absence of VirD4sap, both measured
at the center of the 79 backbone amide cross-peaks observed in the absence of VirD4aap. Here, in addition to cross-peak broadening due to increased
correlation times, shifts in cross-peak position upon addition of VirD4ap will result in a reduced intensity ratio. Cross-peaks that underwent only very
moderate or no frequency shifts upon addition of VirD4aap Were tentatively assigned in the spectrum of the XAC2609xypcpA20-VirD4aap complex. Gray
bars show the peak height ratio measured at the centers of the XAC2609xypcpA20 cross-peaks in the presence of VirD4aap versus the peak height mea-
sured at the center of the cross-peak in the absence of VirD4aap. Residues whose black and gray bars are both below 0.05 or 0.1 are colored red or
yellow, respectively. Red and yellow horizontal lines are drawn at peak height ratios of 0.05 and 0.1, respectively. (C) Cartoon (Left) and surface (Right)
representation of the XAC2609xyipcpA20 structure with residues with the greatest reductions in peak intensities upon addition of VirD4sap colored on a

scale from red (0) to yellow (0.1). Residues with peak intensity ratios above 0.1 are colored white.

We then investigated the effect of mutating specific
XAC2609xvipcp residues on the interaction with VirD4,,p. We
expressed and purified a set of XAC2609xvpcp polypeptides in
which one or more conserved residues in the aaBpp region were
mutated. We also produced XAC2609xy1pcpQ(397-431)A, in
which all eight glutamine residues in the carboxyl-terminal tail of
XAC2609xy1pcp (positions 397, 399, 407, 413, 415, 418, 420,
422) were simultaneously changed to alanine. In addition to the
XAC2609xyipcpA20 deletion mutant, we also produced the
XAC2609xvipcpA6 deletion mutant that lacks the last six resi-
dues (426-431) corresponding to the positively charged zone of
the carboxyl-terminal tail. A fragment corresponding to the
last 40 residues of the XVIPCD (XAC260939, 431) Was also pro-
duced. These XAC2609xvipcp mutants were used along with
XAC2609xvipcep and full-length X-TfeXAC%% in ITC experiments
to determine their dissociation constants with VirD4sap (S
Appendix, Fig. S9 and Table S5). We observed that XAC2609x.
VIPCD> the XAC2609XVIPCDA20 and XAC2609XVIPCDA6 deletion
mutants, and XAC2609xv1pcpQ(397-431)A all had only slightly
greater dissociation constants (between 0.5 + 0.1 pM and 0.6 +
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0.1 uM) than that observed for full-length X-Tfe**“*** (0.4 uM
nM =+ 0.1 uM) (Table S5). On the other hand, no interaction was
observed for XAC2609395 431 With VirD4aap in ITC experiments
(SI Appendix, Fig. S9A4) or with VirD4g; ss7 in pull-down experi-
ments (SI Appendix, Fig. S3). These results are all consistent with
the idea that the carboxyl-terminal tail contributes very little or
not at all to the interaction with VirD4,4p. Finally, since some
T4CPs have carboxyl-terminal extensions that they use to interact
with substrates (38-40), we produced an X. citri VirD4 fragment
corresponding to residues 487-557. SI Appendix, Fig. S9A
shows that no significant interaction was detected between
VirD4,g; 557 and XAC2609xy1pcp in ITC experiments.

Turning our attention to conserved residues in the ooffp
region, the point mutations G336W and A396M also only pro-
duced very moderate increases in Kp values (0.5 + 0.3 pM and
0.7 £ 0.3 pM, respectively). Two other mutants produced more
significant increases in Kp values: P400A (0.9 + 0.6 pM) and
H315A/P316A/D317A (1.2 + 0.1 pM). Finally, the three
mutants that caused the greatest decrease in affinity (55-fold or
greater increases in Kp values) were D383/P384A (28 + 25
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pM), D363A (29 + 7 pM), and F375A/V377A, for which no
interaction could be detected (SI Appendix, Fig. S9 and Table
S5). Phe375 and Val377 are both surface-exposed hydrophobic
residues in the central strand (f2) of the B-sheet and are in
close proximity to the surface-exposed Asp363 at the N termi-
nus of B1, and Asp383 and Pro384 are located in the loop
between P2 and B3 (SI Appendix, Fig. S9B). The backbone
amides of Asp363, Phe375, Val377, and Asp383 all underwent
significant chemical shift perturbations induced by VirD4aap
binding (Fig. 3B). Furthermore, in pull-down experiments using
the His-tagged XAC2609xvipcpF375A/V377A mutant, no
interaction with VirD4sap (SI Appendix, Fig. S10) or with
VirD4g3 557 (SI Appendix, Fig. S3) was observed. Taken
together, the NMR, calorimetry, and pull-down experiments
point to the beta sheet of XAC2609xvipcp as the principal
structural feature involved in its interaction with VirD4 4 op and
that this interaction involves both exposed hydrophobic
(Phe375, Val377) and negatively charged (Asp363 and Asp383)
residues that are relatively well conserved in the XVIPCD
superfamily (Fig. 24). Finally, no interaction was observed in
ITC experiments (SI Appendix, Fig. S9C) and pull-down experi-
ments (SI Appendix, Fig. S10) between the X. citri VirD4aap
and T4SS substrates PcfF and PcfG from E. faecalis and VirD2
from A. tumefaciens.

XVIPCD Features Required for Secretion of X-Tfe*A<%%% We have
previously shown that the XVIPCD region of X-TfeXAC2009 g
required for its X-T4SS—dependent transfer into target cells (13).
In order to determine which specific XVIPCD structural features
are required for transfer, we employed the X. citri A7TA2609-GFP
strain in which seven X-Tfe/X-Tfi effector/immunity protein pairs
(XAC2885/XAC2884, XAC0574/XAC0573, XAC0096/XAC0097,
XAC3634/XAC3633, XAC1918/XAC1917, XAC0466/XAC0467,
XAC4264/XAC4263/XACA4262) were deleted and the gene for
X-Tfe® 2% was exchanged with the gene for superfolder GFP.
The A7A2609-GFP strain therefore lacks eight X-Tfe genes pre-
dicted to target the peptidoglycan or lipid bilayer in the target
cell envelope. When equal numbers of X. citri and E. coli are
mixed and grown as a coculture on agar plates, 14 times more
wild-type X. citri cells are recovered than E. coli, while the
AT7A2609-GFP:E. coli ratio (0.008) is ~3 orders of magnitude
less, similar to that observed for X. cifri with a nonfunctional
X-T4SS (AvirB7). Competitiveness is significantly recovered
when the A7A2609-GFP strain is transformed with a plasmid
expressing X-Tfe**“**% (X citri:E. coli = 0.23; Fig. 44). Time-
lapse fluorescence microscopy experiments show that while the
ATA2609-GFP strain is not able to induce contact-dependent
lysis of target E. coli RFP cells (Fig. 4B; Movie S1), killing activity
is recovered by the complemented A7A2609-GFP + X-
TfeX %% strain (Fig. 4B; Movie S2). Moreover, Movie S2 shows
that X. citri A7A2609-GFP complemented with X-Tfe**“**" fre-
quently induces spheroplasts in target E. coli cells before their
eventual lysis. These results demonstrate that in the absence of
seven other X-Tfes, the secretion of X-Tfe**“**" by the X-T4SS
confers an advantage to X. citri cells grown in coculture with E.
coli. Similar results have been obtained using the X-TfeSm!3024
toxin from S. maltophilia secreted by the related ASA2609-GFP
X. citri strain (15).

To correlate the effect of a mutation in the XVIPCD on the
efficiency of X-Tfe*A“?*" transfer, we transformed X. citri
A7A2609-GFP with plasmids directing the expression of X-
Tfe*A%% with mutations in the XVIPCD and used these
strains in chlorophenol red B-D-galactopyranoside (CPRG)-
based colorimetric assays to quantitatively monitor real-time
killing of E. coli cells (22, 23). Fig. 4C and SI Appendix, Fig.
S11 show the time-dependent hydrolysis of the CPRG reagent
by beta-galactosidase released from lysed E. coli cells, Fig. 4D
presents the instantaneous slopes (first derivatives) of these

Oka et al.
Structural basis for effector recognition by an antibacterial type IV secretion system

curves, and Fig. 4F presents histograms of the maximum slope
for each X. citri strain tested. The maximum slopes can be inter-
preted as a measure of the killing efficiency of that particular
strain. Under the conditions tested, X. citri A7A2609-GFP
expressing wild-type X-Tfe*XAC25% kills with an efficiency ~90%
of that of X. citri wild-type cells. On the other hand, X. citri
with a nonfunctional X-T4SS (AvirB7), A7A2609-GFP carrying
an _em tgy vector, and A7A2609-GFP expressing X-
TfeXAC2009, . that lacks the XVIPCD do not induce E. coli
lysis, as expected (Fig. 4 C-E). The X-Tfe* % G336W,
A396M, and P400A mutations do not significantly compromise
E. coli killing, while H315A/P316A/D317A, D363A, and
D383A/P384A mutations result in partial reductions in killing
(48, 28, and 54% of wild-type levels, respectively; Fig. 4 C-E).
Interestingly, the F375A/V377A double mutant of two surface-
exposed residues important for binding to VirD4ap drastically
reduced E. coli killing (<5% with respect to wild type).

We then turned our attention to the glutamine-rich carboxyl-
terminal tail of the XVIPCD of X-Tfe*A“*"%  Interestingly,
changing the last eight glutamines to alanines only resulted in a
slight reduction in killing activity (92% of wild—tgf(pe levels),
while deletion of the last 20 residues (X-Tfe*AC200%(220)) apo]-
ishes E. coli killing (Fig. 4 C-E). We note that in addition to
being rich in glutamines, the large majority of XVIPCDs have a
positively charged residue (most often arginine), one or more
hydrophobic residues, and very often a serine residue within
the last few positions of the carboxyl-terminal tail: the last
six residues of X-Tfe*A“*"? are SRSMSM (residues 426-431;
Fig. 2B). Fig. 4 C-E and SI Appendix, Fig. S11 shows that dele-
tion of the last six residues drastically reduces killing to 5% of
wild-type levels, while the simple R427A mutation does not
reduce E. coli killing.

In summary, all of the mutations that significantly impaired
XVIPCDxac2609A20 binding to VirD4,ap also compromised
the ability of X-Tfe*A“*%% to be transferred into and lyse target
E. coli cells, as could be expected. Of particular interest is the
six-residue deletion in the carboxyl-terminal tail that impaired
E. coli killing even though it did not significantly affect binding
to VirD4xap. Thus, the extreme carboxyl terminus of the
XVIPCD is apparently involved in an essential step in the
secretion pathway that may be distinct from binding to
VirD4AAD.

XVIPCD Features Required for Secretion of X-TfeXA®3634 Ag men-
tioned in the introduction above, X. citri codes for five X-Tfes
with N-terminal domains that potentially target the X)eptidogly-
can lazer. Three of these, X-TfeXAC2009 X TfeXAC066 and X-
Tfe*A5%3 have additional peptidoglycan-binding domains
(Pfam accession PF01471), and the first two have been shown
to hydrolyze Micrococcus luteus peptidoglycan in vitro because
of the presence of N-terminal GH19 domains (Pfam accession
PF00182) with predicted lysozyme activity (13, 14). X-
TfeXAC303 has an N-terminal soluble lytic transglycosylase
domain (Conserved Domain Database accession cd00254) (41)
with a conserved glutamate residue at position 35 predicted to
participate in catalysis (Fig. 54) (42, 43). Fig. 5B shows that
purified recombinant X-TfeXAC3634 i indeed able to cleave M.
luteus peptidoglycan in vitro and that the E35Q mutation abol-
ishes this activity. Furthermore, the addition of the purified sol-
uble recombinant X-THXAC3633 (lacking the N-terminal signal
peptide and lipobox), predicted to be the cognate immunity
protein of X-Tfe*A*%3* (13), inhibits the in vitro peptidoglycan
hydrolase activity of the effector (Fig. 5B). Fig. 5C shows that
A7A2609-GFP cells carrying a )glasmid that directs the expres-
sion of the X-TfeXACOHM_XTRRACI33 pair increases the X. cit-
ri:E. coli ratio in cocultures by two orders of magnitude, and
Fig. 5D and Movie S3 show time-lapse fluorescence microscopy
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Fig. 4. XVIPCD features required for X-Tfe*A“%%%° secretion. (A) The ratio of the number of viable X. citri and E. coli RFP cells after 36 h of interbacterial com-
petition during coculture on Luria-Bertani (LB) agar. X. citri strains used: wild type (WT), AvirB7 (AVirB7), and A7AXAC2609-GFP carrying the empty pBRA vector
or the pBRAXAC2609 vector expressing X-Tfe*A“2%%°_ Error bars represent the SD of three experiments. A representative image from a 36-h coculture assay is
shown. (B) Time-lapse fluorescence microscopy showing E. coli expressing RFP (red) in coculture with X. citri A7AXAC2609-GFP (green) carrying the pBRA empty
vector (Right) or pBRAXAC2609 (Left) at time points 0 min (Top) and after 20 min of incubation (Bottom). White and semitransparent arrows point to E. coli
cells that underwent lysis during this 20-min interval. (Scale bar, 3 um.) Movies S1 and S2 present time-lapse videos over more extended periods of time. (C-E)
CPRG-based bacterial competition assay. (C) Mixed cultures of E. coli expressing p-galactosidase and X. citri strains were grown on agar media supplemented
with CPRG for 500 min at 25°C, and absorbance at 572 nm was measured at 10-min intervals. (D) The instantaneous slope of the data shown in (C). (E) Histo-
gram plotting the maximum slope values determined for each X. citri strain: WT, AvirB7 (AVirB7), and A7AXAC2609-GFP carrying the empty pBRA vector, the
vector expressing X-Tfe*A“%%%% (XAC2609), or the indicated mutants. Colors and symbols used for each X. citri strain in C and D are shown in E. Three to five

independent experiments were performed for each strain. Error bars represent SD of the mean. CFU, colony forming unit.

images of A7A2609-GFP + X-TA*AC633/X TfeXA%34 inducing
contact-dependent lysis of E. coli cells.

Fig. SE shows an alignment of the XVIPCD sequences of
X TfeX % and X-Tfe* ") which share 45% sequence
identity over 120 residues. We then investigated whether muta-
tions in the XVIPCD of X-TfeXA“63* result in phenotypes
similar to those observed for the corresponding mutations in
X-TfeXAC2% Fig 5 F and G show the results of CPRG-based
E. coli lysis assays for X. citri A7A2609-GFP cells containing
plasmids coexpressing X-TA¥A3%33 and wild-type or mutant
versions of X-TfeXAC3634 The complemented A7A2609-GFP
strain expressing the wild-type effector kills with an efficiency
~87% of that of wild-type X. citri cells. The P597A mutation in
X-TfeXAc3634 produced no significant decrease in killing effi-
cieanX as observed for the corresponding P4A00A mutation in X-
TfeXAC2% The P514A/D515A and D560A mutations resulted
in partial reductions in killing (46 and 51% of wild-type levels,
respectively; Fig. 5 F and G), very similar to that observed for
the equivalent X-TfeXA2%0 H315A/P316A/D317A and D363A
mutations, respectively. Two double mutations in X-Tfe*A3%34
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(F572A/V574A and DS580A/PS81A) resulted in significant
reductions in E. coli killing (11 and 10% of wild-type values), as
was observed for the corresponding mutations in X-Tfe*XA260?
(F375A/V377A and D383A/P384A). Finally, when the last nine
residues of X-Tfe*A*%3* (QRSQTRSVG) were deleted, no sig-
nificant E. coli killing was observed, again pointing to an impor-
tant role for the extreme carboxyl terminus of XVIPCDs in
X-Tfe transfer to the target cell. The results obtained from the
XAC2609xvipcp—VirD4aap binding assays ()EFC experiments
in S/ A(E endix, Fig. S9) and the X-Tfe® . and X-
TfeXA3%34 dependent E. coli killing experiments (Figs. 4 and
5) are summarized and compared in SI Appendix, Fig. S12.

Discussion

The X-Tfe XVIPCD secretion signal can be divided into two gen-
eral regions. The N-terminal ~80 residues adopt an aafff fold
and seem to be necessary and sufficient for interactions with the
VirD4 AAD, since point mutations in highly conserved residues
strongly diminish the stability of the complex. This well-folded
domain is required but is not itself sufficient for substrate
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Movie S3. (E) Pairwise sequence alignment of the XVIPCD domains of X-Tfe*A2%0% (XAC2609) and X-TfeXA3634 (XAC3634). Mutated residues in bold.
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translocation. One interesting feature of this region is its sensitiv-
ity to pH. At slightly basic pH 8.0, which most closely mimics the
conditions in the bacterial cytosol (30-32), its structure is rela-
tively stable, which may be necessary for its interaction with
VirD4. However, at more acidic pHs, which may correspond to
conditions in the periplasm, the aappp region seems to become
at least partially unfolded. In a manner analogous to the observa-
tion that the TrwC relaxase needs to be unfolded to pass through
the conjugative R388 T4SS (44), the pH-dependent instability of
the XVIPCD may facilitate its unfolding and translocation
through the periplasmic portion of the X-T4SS channel.

Efficient X-Tfe translocation into the target cell requires a
carboxyl-terminal tail portion of the XVIPCD that varies in
length among X-Tfes and has no discernable sequence motifs,
except for a high glutamine content in its N-terminal portion and
a mixed hydrophobic and positively charged extreme carboxyl ter-
minus. Interestmg Iy, ) while deletion of the last 20 or last 6 resi-
dues in X-Tfe*A“%% or the last nine residues in X-TfeXA363
abolished their translocation, mutating the last nine glutamines
to alanine in X-Tfe**“*" (from positions 397-431) did not
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significantly affect X-Tfe*A“?"’ translocation into target cells.

Therefore, the precise function of the glutamine residues in
XVIPCDs remains enigmatic. It may be that the glutamines favor
the formation of a specific structure during translocation or that
they participate in an unknown protein—protein interaction that
is not disrupted by their mutation to alanines.

Type IV secretion systems employ a T4CP or type IV cou-
pling complex (T4CC) for initial substrate recognition, and the
translocation signals recognized by them are very diverse (45).
Recognition can involve direct interactions with the VirD4
AAD, as is the case for A. tumefaciens VirD2, E. faecalis
pCF10 PcfF (26), and X. citri X-Tfes, or may require the partici-
pation of adaptor proteins and/or VirD4 C-terminal extensions,
as is the case for Legionella pneumophila (38, 39) and F-family
plasmids (40, 46). It is therefore relevant to ask whether X-Tfe
XVIPCDs share common structural or sequence features with
the secretion signals of other T4SS substrates.

Ubiquitous substrates of T4SSs are the relaxases that recog-
nize, nick, and form covalent conjugates at specific DNA
sequences of mobilizable elements (usually plasmids). The
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bifunctional Tral relaxase of F and related plasmids contains
two homologous internal translocation signal domains (TSA
and TSB), plus a carboxyl-terminal domain that binds to the
tetrameric adapter protein TraM, which in turn binds to a
carboxyl-terminal extension of the T4CP TraD (40, 47-50).
None of these domains present topological similarity with
XAC2609xy1pcpA20 (40, 47, 51, 52).

In Bartonella species, relaxases involved in plasmid transfer
as well as Bartonella effector proteins (BEPS) have one or
more carboxyl-terminal BID (Bep intracellular delivery)
domains that are thought to be necessary for recognition by the
T4CP (53, 54). The four-helix bundle topology observed for
BID domains (53) is structurally distinct from that of the
XVIPCD. However, these BID domains are followed by a dis-
ordered, positively charged carboxyl-terminal tail, the deletion
of which was shown to almost completely abolish translocation
of one effector, BepD (55), an intriguing parallel with our
observations of the effects of carboxyl-terminal deletions in X-
TfeXA2% and X-Tfe*A%3*, Similarly, in A. tumefaciens, the
transport signal for T4SS protein substrates has been shown to
include a structurally disordered hydrophilic and positively
charged carboxyl terminus. Vergunst et al. (56) tested specific
characteristics of the transport signal in one A. tumefaciens
T4SS substrate, VirF, and found that deletion of any one of sev-
eral positively charged arginine residues resulted in severe
reductions in translocation efficiency. Also, deletion of one,
two, or three of the last residues (Arg, Gly, Leu) abolished
VirF transfer.

In the case of the much larger and structurally elaborate
Legionella Dot/Icm T4SS that secretes several hundred effectors,
substrate recognition is mediated by a large T4CC that is thought
to contain six copies of a DotLMNXY pentamer plus the IcmSW
chaperone (38, 57). Here, the VirD4 homolog DotL has a large
carboxyl-terminal extension that interacts with many other compo-
nents, and substrates are recognized and prepared for secretion
via IemSW-dependent and IemSW-independent mechanisms (38,
39, 57, 58-62). The crystal structure of the VpdB-LvgA effector—
adapter complex bound to IcmSW-DotL-DotN has been solved,
but none of the components have topologies similar to that of the
X-TfeX % XVIPCD. Among Icm-independent substrates,
some contain a carboxyl-terminal glutamate-rich signal peptide
(Glu-rich SP) that interacts with the T4CC subunit DotM (38,
63). Interestingly, the last 20 residues of this Glu-rich SP can be
divided into two regions: a Glu-rich acidic region between posi-
tions —20 to —8&, which transitions into a positively charged region
between positions —7 and —1 that is also rich in serine and hydro-
phobic residues (63), a pattern somewhat similar to what we
observe for the carboxyl-terminal tail of XVIPCDs (Fig. 2B).
Another L. pneumophila IcmSW-independent effector, RalF, lacks
a Glu-rich SP but rather requires a hydrophobic residue at
the third position before the carboxyl terminus for translocation,
while changing a neighboring positively charged lysine to alanine
or to a negatively charged glutamate residue had relatively little
effect (64).

We can conclude that the folded aaffp N-terminal region of
the XVIPCD is structurally distinct from previously described
secretion signals of T4SS substrates or adapter proteins from
other organisms. Conserved residues that map to the surface of
the three-stranded beta sheet and its associated loops are
strong candidates for directly participating in its interactions
with VirD4. In addition to this folded module, efficient X-Tfe
translocation into the target cell requires an intact carboxyl-
terminal tail portion of the XVIPCD. This region seems to
share some general features with the secretion signals found in
the substrates of some other T4SSs. Here, what seems to be
important are the physical properties of the carboxyl terminus
rather than any specific sequence.
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Fig. 6. Schematic of the association of an X-Tfe with VirD4. The model of
the VirD4 hexamer is based on the TrwB structure (PDB code: 1GKI (27),
with AADs colored red and the rest of the protein colored green. Below is
shown a composite model of X-Tfe*A?6% in which the region containing
the GH19 and PGBs [residues 1-311; blue; modeled based on the crystal
structure of SItB3 from P. aeruginosa (PDB ID 5ANZ; 66)] is followed by the
XVIPCD (residues 315-431), which is divided into the aafpp region and the
unstructured carboxyl-terminal tail (orange dotted line) containing
glutamine-rich (Q) and hydrophobic/positively charged zones (+). IM, inner
membrane.

The previous considerations point to a separation of function
for the structured and more conserved N-terminal and the
unstructured and more variable carboxyl-terminal regions of
the XVIPCD; the former directs the initial docking of the effec-
tor with the coupling protein, while the latter is necessary for
an essential though as yet unknown step in the secretion pro-
cess, as depicted in Fig. 6. This step could be related to effector
recognition by unidentified adapter proteins before binding to
VirD4 or at some stage subsequent to VirD4 binding such as
activating ATPase activity or initiating the threading of the
unfolded polypeptide chain through the inner membrane, peri-
plasmatic, and/or outer membrane complexes of the T4SS
channel.

Materials and Methods

Detailed procedures and sources of reagents are described in S/ Appendix.

SAXS. SAXS experiments were carried out at the SAXS 2 beamline of the Bra-
zilian Synchrotron Light Laboratory using 1.55-A radiation and a sample to
detector distance of 935.5 mm.

NMR Spectroscopy and Structure Calculation. NMR experiments were per-
formed on a Bruker Avance Ill 800 MHz NMR spectrometer at 25 °C equipped
with a TCI cryogenic probe. All NMR samples consisted of ">N-labeled or "*N
and "3C doubly labeled XAC2609xyipcpA20 at a concentration of 1.6 mM in
NMR buffer [20 mM Tris-HCl (pH 8), 100 mM NaCl, 0.1% glycerol, 7% D,0,
0.05% sodium azide] unless otherwise stated. Backbone resonance assign-
ments were obtained for most residues, except for 318-319, 333, 340,
369-370, 381-382, 397-399, and 403-408. These assignments were obtained
from the analysis of a set of triple-resonance NMR experiments implemented
using NMRLib (65). Side-chain resonances were obtained from the analysis of
3D (H)CCH (TOCSY) and 3D H(C)CH-TOCSY (total correlation spectroscopy)
experiments using nonuniform sampling (66, 67). All NOE spectroscopy
(NOESY) experiments were recorded using a mixing time of 100 ms. The fol-
lowing NOE experiments were recorded in H,O: 3D >N NOESY-HSQC, '3C
NOESY-HSQC, and 'H-'H 2D NOESY. NOEs from aromatic residues were
obtained from the analysis of a '>*C NOESY-HSQC experiment recorded as a 2D
plane and with the '3C carrier frequency centered in the aromatic region.
Additionally, H(C)CH-TOCSY, (H)CCH-TOCSY, '>C NOESY-HSQC, "N NOESY-
HSQC, and 2D NOE spectra were collected using a lyophilized sample resus-
pended in deuterated buffer. The NMR titration was carried out by recording
TH-">N-HSQC experiments of '°N-'3C-XAC2609xypcpA20 at a concentration of
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160 uM in the absence or presence of VirD4aap at 40, 80, 120, 160, and 320 uM
protein concentrations. Ratios of the 'H-'N-HSQC peak heights at the last
titration point [XAC2609xyipcpA20 (160 pM):VirD4aap (320 pM)] with respect
to the first titration point [XAC2609pcpA20 (160 pM)] were mapped on the
NMR structure of XAC2609xypcpA20. NMR spectra were processed with
NMRPipe (68) and analyzed with CcpNmr Analysis (69); data analysis and
graphs were made using Origin (2020). Automated NOE assignment and struc-
ture calculation were performed with the Ariaweb server at https:/ariaweb.
pasteur.fr/login?next=/ (70) by simulated annealing molecular dynamics in tor-
sion angle space (71), based on the assignments for 81.9% of backbone reso-
nances and 73.8% of 'H side-chain resonances, 5,462 manually picked NOESY
cross-peaks, and 154 dihedral angle restraints obtained using TALOS-N (33).
The precision of the final ensemble is 0.69 A for the backbone coordinates
within residues 316-393. (Table S3).

CPRG Bacteria-Killing Experiments. CPRG bacteria-killing assays were per-
formed as previously described (22), with some adaptations. The 5-pL mixtures
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