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Background: The type II secretion system is a multiprotein complex spanning both membranes of Gram-negative bacteria.
Results: We studied organization of the GspC and GspD subunits and map their interaction sites within the functional

machinery.

Conclusion: GspC and GspD subunits are organized in a dynamic network, involving multiple transient interactions.
Significance: These findings are crucial to understand the mechanism of this secretion machinery.

The type II secretion system (T2SS) secretes enzymes and
toxins across the outer membrane of Gram-negative bacteria.
The precise assembly of T2SS, which consists of at least 12
core-components called Gsp, remains unclear. The outer
membrane secretin, GspD, forms the channels, through
which folded proteins are secreted, and interacts with the
inner membrane component, GspC. The periplasmic regions
of GspC and GspD consist of several structural domains,
HR®PC and PDZPC, and NOPP to N3G*PP, respectively,
and recent structural and functional studies have proposed
several interaction sites between these domains. We used cys-
teine mutagenesis and disulfide bonding analysis to investi-
gate the organization of GspC and GspD protomers and to
map their interaction sites within the secretion machinery of
the plant pathogen Dickeya dadantii. At least three distinct
GspC-GspD interactions were detected, and they involve two
sites in HREP€, two in NO®P?, and one in N2%*P, None of
these interactions occurs through static interfaces because
the same sites are also involved in self-interactions with
equivalent neighboring domains. Disulfide self-bonding of
critical interaction sites halts secretion, indicating the tran-
sient nature of these interactions. The secretion substrate
diminishes certain interactions and provokes an important
rearrangement of the HR*PC structure. The T2SS compo-
nents OutE/L/M affect various interaction sites differently,
reinforcing some but diminishing the others, suggesting a
possible switching mechanism of these interactions during
secretion. Disulfide mapping shows that the organization of
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GspD and GspC subunits within the T2SS could be compati-
ble with a hexamer of dimers arrangement rather than an
organization with 12-fold rotational symmetry.

The transport of proteins and nucleoprotein complexes
across the two membranes of the Gram-negative bacteria
requires specialized secretion machineries. The type II secre-
tion system (T2SS)? is widely employed by pathogenic Gram-
negative bacteria to secrete toxins and lytic enzymes facilitating
host invasion (1, 2). The plant pathogen Dickeya dadantii (ex
Erwinia chrysanthemi) uses this system, called Out, to secrete
several cell wall-degrading enzymes. Dependent on bacteria,
the T2SS consists of 12—15 proteins, generally called GspA to
GspO and GspS, and certain of them constitute large oligo-
meric assemblies. The T2SS spans the two bacterial mem-
branes and ensures secretion of folded proteins across the outer
membrane pore formed by GspD. GspC, GspL, GspM, and
GspF constitute together the inner membrane complex (3-6).
The cytoplasmic domains of GspL and GspF interact with an
ATPase, GspE. GspE is thought to energize the formation of a
short pseudopilus by several pilin-like proteins, GspG to GspK.
This pseudopilus probably pushes the proteins through the
outer membrane pore, constituted by GspD. The opening of
this pore would need to be tightly regulated to allow for an
efficient secretion of large folded proteins but, at the same time,
prevent any leakage of the periplasmic constituents. GspD and
GspC possess large periplasmic regions that are thought to
interact and to be involved in the recognition of the secretion
substrate (7-10).

The secretin GspD is the unique outer membrane core com-
ponent of the T2SS (1, 11). In some T2SSs, an outer membrane
lipoprotein, pilotin GspS, ensures proper targeting and assem-
bly of the cognate secretin (12—14). Secretins are also involved

3 The abbreviations used are: T2SS, type |l secretion system; ETEC, enterotoxi-
genic Escherichia coli; HR, homology region; PDB, Protein Data Bank; T4P,
type IV pili.
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TABLE 1
Bacterial strains and plasmids used in this study
Strain Genotype/phenotype Reference

Escherichia coli

NM522 supE thi-1 A (lac-proAB)A (mcrB-hsdSM)S (ri~ my ") Stratagene
[E’ proAB lacl"ZAM15]

Dickeya dadantii
A350 rafR ganB (42)
A3556 rafR ganB AoutC 9)
A3558 rafR ganB AoutD 9)
A5274 rafR ganB outC (V143C) This work
A5176 rafR ganB outC (V144C) This work
A5177 rafR ganB outC (L145C) This work
A5211 rafR ganB outC (V153C) This work
A5212 rafR ganB outC (L154C) This work

Plasmids
pTdB-oC” pT7-6 carrying outC under PpelC ©
pTdB-oD* pT7-6 carrying outD under PpelC (24)
pTdB-oCoD” pT7-6 co-expressing outC and outD under PpelC This work
pTPLB-0CoD” pT7-6 carrying pelB followed by outC and outD under PpelC This work
pACT3 Cloning vector, p15A ori, the tac promoter, Cm® (43)
pACT3-0S pACTS3 carrying outS under Ptac This work
pACYC184 Cloning vector, p15A ori, Tc®, Cm"® (44)
pACPLB pACYC184 carrying pelB (24)
pBADIK Cloning vector, pBAD24 derivative, K, * (45)
pK-ELM pBADIK co-expressing HA-OutE, VSV-OutL and cMyc-OutM B. Py

“ Plasmids expressing cysteine variants of OutC and OutD are listed in supplemental Table S1.

in certain other transport machineries, namely the type III
secretion system (T3SS), type IV pili (T4P) and the filamentous
phage assembly (15-18). Secretins form pore-like toroidal
structures composed of 12-14 protomers, through which
secretion substrates can be translocated (16, 18 —21). The pore-
forming activity has been attributed to the conserved C-termi-
nal portion of secretins, whereas their variable N-terminal part
is thought to span the periplasm and to be involved in the rec-
ognition of the secretion substrate (9, 22-25). In the secretin
GspD, this region consists of four domains, NO-N3. The
recently elucidated crystal structure of the NO-N1-N2 domains
from ETEC revealed their structural homology with several
domains from certain other bacterial and phage machineries
(26 -28). Specifically, the NO domain is found in secretins from
T2SS, T3SS, and T4P and is structurally similar to certain
domains from T4SS, T6SS, and from a TonB-dependent recep-
tor FpvA (18). The N1 and N2 domains both exhibit a similar
KH-like fold and show a significant structural homology with
several ring-forming proteins from T3SS. The four periplasmic
domains of GspD together form a vestibule-like structure, in
which the secretion substrate could be loaded prior to being
secreted (20, 25).

GspC is an inner membrane protein consisting of a short
N-terminal cytoplasmic sequence and an a-helical transmem-
brane segment, followed by two periplasmic domains: a
so-called homology region (HR) and a C-terminal PDZ domain
(29, 30). The transmembrane segment of OutC drives the pro-
tein oligomerization (31). The PDZ domain seems to be
involved in the recognition of certain secretion substrates (9),
but it may be substituted by a coiled-coil domain or it may even
be absent in some GspCs (30). The structural analysis supposed
that the PDZ domain of GspC could exhibit a particular mode
of substrate recognition (7). The structure of the HR domain
from Escherichia coli and D. dadantii has recently been eluci-
dated and revealed a B-sandwich fold consisting of two
B-sheets each composed of three anti-parallel B-strands (32,
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33). HR was shown to interact with the periplasmic region of
GspD (7, 8), but the molecular mechanisms of this interaction
remain elusive. Truncation analysis, combined with pulldown
assays, revealed that a short segment of HR, consisting of
strands B6™® and B7'%, interacts with two distinct sites of
GspD, one located in the NO domain and another in the N2-N3
domains (8). Recent structural studies have addressed this
question by crystallographic and NMR analysis, and they indi-
cate another mode of interaction. Both the crystal and the solu-
tion HR/NO interfaces involve strand 81"'™® of HR but with two
different sites in NO, strands B1N° and B3™°, respectively (32,
33).

In this study, we have exploited these recent structural data
and used cysteine mutagenesis and iz vivo disulfide bonding
analysis to map the interactions between the HR domain of
OutC (GspC) and the periplasmic region of OutD (GspD) in
their native environment, namely the T2SS of the plant patho-
gen D. dadantii. We have found at least three relevant sites of
interaction, we have demonstrated that some other T2SS com-
ponents and the secreted proteins affect these interactions, and
we have revealed some important features of organization of
the GspD and GspC protomers within the secretion machinery.

EXPERIMENTAL PROCEDURES

Strains, Plasmids, and Growth Conditions—The bacterial
strains and plasmids used in this study are listed in Table 1 and
supplemental Table S1. The bacteria were usually grown in
Luria-Bertani (LB) medium at 30 °C with shaking at 150 rpm.
When required, antibiotics were used at the following final con-
centrations: 50 pug/ml chloramphenicol, 150 pug/ml ampicillin,
100 pg/ml kanamycin.

DNA cloning and manipulation were carried out using
standard methods. Site-directed mutagenesis was performed
with the QuikChange kit (Stratagene) and the primers listed in
supplemental Table S2. The sequences of mutant genes were all
checked (Eurofins MWG Operon). Plasmids pTdB-oC and
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pTdB-oD, expressing outC or outD genes, respectively, under
the control of PpelC, were constructed earlier (9, 24). The
pTdB-0CoD plasmid, co-expressing outC and outD genes, was
constructed by cloning the corresponding DNA fragment
under the control of PpelC. To co-express the pectate lyase PelB
with outC and outD, pelB was cloned upstream of PpelC, thus
creating pTPLB-oCoD.

D. dadantii mutant strains, carrying chromosomic mutant
outC alleles that code for cysteine variants, were constructed by
marker exchange-eviction mutagenesis, as described previ-
ously (9). Briefly, the D. dadantii A2365 strain, sucrose-sensi-
tive and secretion-deficient because it carries the nptl-sacB-
sacR (Km®) cartridge into the chromosomic outC, was
transformed with a pTdB-oC plasmid bearing the required
mutant outC gene. Then, the mutant allele was exchanged for
the chromosomal allele by selecting for sucrose tolerance and
sensitivity to kanamycin. A correct recombination of the outC
mutant alleles into the chromosome was systematically
checked by PCR using OuC and ROuC primers (supplemental
Table S2).

Functional Tests and in Vivo Disulfide Cross-linking Analysis—
To assess the functional relevance of single cysteine substitu-
tions in OutC and OutD, each mutant allele was introduced
into either a pTdB-oC or a pTdB-oD plasmid and expressed in
D. dadantii AoutC or AoutD mutant strain, respectively. The
level of pectinase secretion, which reflects the functionality of
the respective variants, was assessed by immunoblotting with
anti-PelD and anti-Pell antibodies, as described (31).

To assess the extent of disulfide cross-linking, the spontane-
ous formation of disulfide bonds in steady-state cultures was
examined. We considered that the oxidative environment of
the periplasm is adequate for generating disulfide bonds
between proximal residues during bacterial growth. Prelimi-
nary experiments showed that induction of disulfide bonding
by the addition of an external oxidant, copper phenanthroline,
increased the extent of cross-linking but drastically reduced its
specificity (data not shown). Briefly, bacteria were grown over-
night at 30 °C in LB supplemented, if necessary, with 1 mm
isopropyl 1-thio-f-p-galactopyranoside, 0.3 mg/ml arabinose,
and appropriate antibiotics. Cells from 1 ml of culture (A, of
2.0) were spun at 10,000 X g for 1 min and washed with TBS (50
mM Tris-HCI, pH 7.5, 100 mm NaCl). Next, to block the free
thiol groups and prevent further disulfide bond formation, the
cells were incubated in the same volume of 20 mm iodoacet-
amide in TBS for an additional 30 min at 25 °C. The cells were
then pelleted, resuspended in 200 ul of Laemmli sample buffer,
without 2-mercaptoethanol, and lysed in boiling water for 10
min. The samples were subsequently incubated for 15 min at
30 °C with benzonase (Sigma-Aldrich), separated using 10%
SDS-PAGE, and then analyzed by immunoblotting with anti-
OutC and anti-OutD antibodies, as described previously (9, 24).

Molecular Modeling—The N-terminal part of OutD (resi-
dues 28 —262) was modeled with the homology molecular mod-
eling program MODELLER 9v10 (34). The software identified
the following two crystal structures as templates, allowing a
confident modeling of the studied region: PDB ID 3EZ] (N-ter-
minal domain of the secretin GspD from E. coli ETEC H10407)
and PDB ID 30SS (GspC-GspD complex from the type Il secre-
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tion system of E. coli ETEC H10407). Twenty distinct models
have been generated, and their geometry was assessed by a
Ramachandran plot calculated with the program PROCHECK
(35). The most satisfying model was then retained. It has 92.4%
of nonproline and nonglycine residues in the most favored
regions, 7.6% in additionally allowed regions, and none in dis-
allowed regions.

RESULTS

Experimental Strategy of Cysteine Scanning Mutagenesis of
OutC and OutD—OutD and the periplasmic region of OutC are
naturally lacking cysteines. The only endogenous Cys-27 is
located in the transmembrane segment of OutC and does not
form disulfide bonds in vivo (31). Therefore, we first introduced
single cysteine substitutions into several selected sites of OutC
and OutD and assessed the functionality and disulfide cross-
linking pattern of each of these single variants in D. dadantii
AoutC and AoutD strains, respectively. Then, combinations of
OutC and OutD variants were co-expressed, and the extent of
disulfide cross-linking between them was systematically
assessed to estimate the proximity of the corresponding sites.
Based on previous studies, we restricted this analysis to certain
positions selected in the HR domain of OutC and the NO, N2,
and N3 domains of OutD. Notably, recent structural studies
have indicated that the HR/NO interface involves strand g1}
and could include either strand B1N° or B3™° (32, 33). Thus,
some residues involved in these putative interfaces were exam-
ined, namely Gly-99 and Val-100 (B1Y®), Ser-33 and Phe-34
(B1M°), and Ile-64 and Ser-65 (83™°) (Fig. 1). In a previous in
vitro study (8), the OutC-OutD interaction sites had been
mapped to a short segment of the HR domain, consisting of
strands B6"'® and B7''%, and to two distant, but less definite
sites of OutD, involving the NO and N2-N3 domains, respec-
tively (8). To examine this site of HR, cysteines were introduced
into the B6"™® and B7"'® strands to replace Val-143, Val-144,
Leu-145, Tyr-151, Val-153, and Leu-154 (Fig. 1). Because the
HR domain and the presumed structural HR/NO interfaces are
composed exclusively of B-strands, a plausible mode of HR-
OutD interactions could be the “B-strand addition” mechanism
(36). The NO, N1, and N2 domains have mixed «/B-folds, and
several B-strands could be potentially involved in such interac-
tions. Consequently, in addition to the OutD variants men-
tioned above, several residues located in strands 82™° (Thr-53,
Val-54, Ile-55, and Ile-56), B10N? (Val-232), B11N? (Val-241)
and in the presumed strand 812" (Val-271 and Ile-272) were
selected for this study (Fig. 1). Strand B2"° was investigated in
particular because it was thought to bind an extra B-strand
from another protein (26).

Periplasmic Domains of OutD Form Homodimers—To exam-
ine the relevance of the selected cysteine substitutions in OutD,
the corresponding variants were expressed in the D. dadantii
AoutD A3558 strain. Although all of these OutD variants were
produced at the wild-type level (Fig. 2B, lower), some of them
were fully or partially defective in secretion. More precisely,
secretion was fully arrested with F34C, T53C, I55C, 164C, and
V232C variants and partially impaired with S33C, S65C,
V241C, and G190C, but it was at the wild-type level with the
other cysteine variants (Fig. 24). Nonreducing gels revealed a
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FIGURE 1. Overview of the positions in OutC and OutD selected for cysteine mutagenesis. A and C, sequence of the HR domain of OutC (A) and of NO-N1-N2
domains of OutD (C) from D. dadantii, with positions of secondary structure elements. The positions of the cysteine substitutions analyzed in this study are
highlighted. B and D, structure of the HR domain of OutC (B) and of the NO-N1-N2 domains of OutD (D). The residues supplemented with cysteine are
represented as sticks. Band D were produced using PyMOL. The HR structure is from Ref. 33 (PDB 2LNV), and the N-terminal part of OutD (residues 28 -262) was
modeled with the homology molecular modeling program MODELLER 9v10 (34) by using the structure of peri-GspD from ETEC as template (PDB ID 3EZJ and
30SS) (26, 32). The solvent-exposed side chains are shown in magenta, and the buried ones are in green. To visualize the substituted residues more clearly, the
structures were rotated around the y axis by 180°.

variable quantity of homodimers with the tested OutD variants, tity of dimers than those of the adjacent, but buried, residues
except for L127C, V271C, and 1272C which remained mono- Val-54 and Ile-56 (Fig. 2B, compare lanes 5 and 7 with 6). Con-
meric (Fig. 2B). Consistent with the structural data, cysteine sistent with the contrasting cross-linking patterns, the latter
substitutions of residues with solvent-exposed side chains, e.g  two OutD variants were functional whereas T53C and I55C
Thr-53 and Ile-55 (strand B2M°), generated a far greater quan-  were completely defective in secretion (Fig. 24, lanes 7-10).
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FIGURE 2. Functionality and disulfide bonding patterns of cysteine variants of OutD. A, secretion activity of OutD variants. D. dadantii A3558 AoutD cells,
carrying a pTdB-oD plasmid with a mutant outD allele (indicated on top), were grown aerobically to steady state, and then the culture supernatant (s) and cells
(c) were separated and analyzed by immunoblotting with PelD and Pell antibodies. The quantity of secreted proteins presentin the culture supernatant reflects
the efficiency of secretion. B, disulfide bonding analysis of OutD variants. Cells from the same cultures as in A were treated with iodoacetamide, to block any
remaining free thiol groups, and the extent of disulfide bonding was assessed using nonreducing SDS-PAGE, followed by immunoblotting with OutD anti-
bodies. To estimate the amounts of OutD loaded onto the gels, the same samples were analyzed in reducing conditions with 2-mercaptoethanol (lower).
C, secreted protein PelB effect on self-bonding of OutD variants: disulfide bonding analysis of the periplasmic domains of OutD. E. coli NM522/pACoS (outS+)
cells, carrying a pTdB-oD plasmid with a mutant allele of outD and either an empty pACYC184 vector (—) or pACPLB (pelB) (+) were grown, treated, and
analyzed with OutD antibodies as in B. An equivalent amount of cells was loaded into each well. The positions of OutD monomers (7-m) and dimers (2-m) are
indicated by arrowheads. The relative amount of homodimer formed by each variant reflects the proximity of the respective residue to the same residue of a
neighboring OutD protomer. Note that the homodimers formed by cysteine substitutions close to the protein terminus migrate faster than those located in the
middle portion of the protein. Such an altered mobility could result from a different overall shape of these dimers, V-like for the first and X-like for the latter.

Notably, the two other nonfunctional variants, F34C and
V232G, also efficiently generated homodimers (Fig. 2B, lanes 4
and 10). Supporting the view that the loss of function is due to
cross-linking of neighboring domains as opposed to a problem
of protein folding, alanine substitutions of Thr-53 and Val-232
were functional (Fig. 24, lanes 13 and 14). A prominent self-
cross-linking of certain OutD variants indicates that the corre-
sponding residues are close to the equivalent residues of the
neighboring OutD subunit. An explanation for this could be
that neighboring NO domains interact via two distinct sites
involving, on the one hand, the B1™° strand (F34C) and, on the
other hand, the 82N° strand (T53C and 155C) (Fig. 1, C and D,
and supplemental Fig. S1).

When the OutD variants were co-expressed with the pilotin
OutsS, in E. coli cells lacking a T2SS, the respective cross-linking
patterns were roughly similar to those in D. dadantii (Fig. 2C).
However, the difference between the solvent-exposed and bur-
ied residues was slightly less obvious (compare the extent of
dimerization of T53C and V54C in Fig. 2, B and C). This sug-
gests that in the absence of the functional T2SS, the interdo-
main contacts of OutD subunits are more flexible and disor-
dered. The recent model suggests that the GspD periplasmic
domains form a vestibule where the secretion substrate could
be loaded (20, 25). We, therefore, investigated whether the
secreted protein PelB affects the extent of self-bonding of
OutD. In the presence of PelB, most analyzed variants, except
for S33C, F34C, 164C, and S65C, generated a smaller amount of
homodimer (Fig. 2C). These data suggest that the secreted pro-
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tein weakens the mutual proximity of certain sites, implying
rearrangements of the periplasmic domains of OutD within the
dodecameric complex.

Disulfide Bonding Analysis of HR Domain of OutC—To eval-
uate the relevance of cysteine substitutions in the HR domain of
OutC, corresponding mutant alleles were first expressed from a
plasmid in the D. dadantii AoutC A3556 strain. The abundance
of all of the mutants was equivalent to that of the wild-type
OutC (Fig. 3B, lower) and functionality was only lost in G99C
(B1™®) (Fig. 34, lane 9). This variant generated a huge amount
of homodimer, which appeared in form of three major specie
(Fig. 3B, lane 9). Consistent with the HR structure, cysteine
substitutions of the adjacent, but buried, residues Val-100 and
Ile-113 produced only a small quantity of homodimer (Figs. 3B
and 4B, lane 3). In contrast, cross-linking of the substitutions
located in the second B-sheet (strands B6™™® and B7®) was
inconsistent with the published HR structure. A significant
amount of homodimer was generated by the buried L145C and
L154C but not the solvent-exposed V144C and V153C (Fig. 3B,
lanes 5—8). An efficient dimerization of L145C and L154C cor-
relates with a reduced functionality of these variants (Fig. 34,
lanes 6 and 8). These data suggest that neighboring HR domains
can interact through two opposite sites, one including the sol-
vent-exposed face of the first B-sheet (G99C, f1''%) and the
other involving the side chains of Leu-145 and Leu-154 (B6"'%
and B7"'%, respectively) (supplemental Fig. S2).

It cannot be excluded that unexpected disulfide bonding pat-
terns of the latter OutC variants could be caused by their

VOLUME 287+NUMBER 23+JUNE 1, 2012


https://doi.org/10.1074/jbc.M112.346338
https://doi.org/10.1074/jbc.M112.346338

GspC-GspD Disulfide Bonding Analysis

A D. dadantii C E. coli
O O L O O L O
OutC: vector W.T. 1113C V143C V144C L145C V153C L154C G99C ouc: & cg?o&\@ 7 A,\v'”&vb‘ '\@4’@% &
|S CIIS C“S CIIS C”S C“S CIIS CIIS CIIS CI N \/. \/:(Z:
PelD/E > o e ‘,,r__...- -——-am e - R, - )
POl M o e g S e - S— —— — OutC o= - 55
alone 43
1 2 3 4 5 6 7 8 9 s 34
= -~ e —
a-PelD + a-Pell - sl
1 2 3 4 5 6 7 8 9 kDa
95
B D. dadantii ot _[ —— -,
S O L O E L Lo OutC+ S T, e
NS S XS u 55
out: & & JFFFT TS s OutE/L/M a3
95 1-my| ~— - s G e A e 34
2-m} FShat 2ud g gz T 2 3 4 5 6 7 8 9 kDa
55 95
- L
43 2-m‘[ - e
1-m» MM OutC+ - 55
1 2 3 4 5 6 7 8 9 PelB Y
reducing gel LAl T S ——— k-
OutC» = - 1 2 3 4 5 6 7 8 9

a-OutC

a-OutC

FIGURE 3. Functionality and disulfide bonding patterns of cysteine variants of OutC. A, secretion activity of OutC variants. B, disulfide bonding analysis of
OutC variants. D. dadantii A3556 AoutC cells, carrying a pTdB-oC plasmid with a mutant outC allele (indicated on top) were grown, treated, and analyzed with
either PelD and Pell antibodies (A) or with OutC antibodies (B), as in Fig. 2. The positions of OutC monomers (7-m) and dimers (2-m) are indicated by arrowheads.
C, secreted protein PelB and the T2SS components OutE/L/M effect on self-bonding of OutC variants. E. coli NM522 cells, carrying a pTdB-oC plasmid with a
mutant allele of outC and either an empty pACYC184 vector (top) or pBAD-ELM (outE/L/M; middle), or pACPLB (pelB; bottom), were grown and treated as in Fig.
2B but with OutC antibodies. The three panels were exposed for different times to ensure an equivalent intensity of the wild-type OutC (lane 7). The positions

of monomers and dimers are indicated by arrowheads and/or brackets.

expression from plasmids. In this way, mutant outC genes, cod-
ing for certain cysteine variants, were recombined into the D.
dadantii chromosome in place of the wild-type allele. The
secretion efficiency and disulfide bonding patterns of these
mutant strains were similar to those of the corresponding vari-
ants expressed from a plasmid (supplemental Fig. S3). Notably,
homodimers of OutC were only detected in A5177 and A5212
strains expressing L145C and L154C variants, respectively
(supplemental Fig. S3B), that supports functional relevance of
these self-bondings.

The inner membrane T2SS components, OutL and OutM,
and the secretion substrates are thought to interact with OutC
(5,9, 37, 38). To test whether these proteins could influence the
arrangement of adjacent HR domains, selected OutC variants
were expressed in E. coli cells. In comparison with that in D.
dadantii, a greater quantity of dimers were detected (compare
the dimer/monomer ratio in Fig. 3, B and C) that suggests more
disordered interdomain contacts. Nevertheless, the dimer ratio
remained most significant with G99C, L145C, and L154C vari-
ants (Fig. 3C, top, lanes 2, 7, and 9). The co-expression of OutE,
OutL, and OutM did not significantly affect the cross-linking
patterns, except G99C produced a single cross-linking product
(Fig. 3C, middle, lane 2). This suggests that OutE/L/M signifi-
cantly affect the B1"®-B1"® contact. In contrast, the co-expres-
sion of PelB mostly affects the second $-sheet; namely, L145C
variant became more abundant and generated a far greater
quantity of dimer (Fig. 3C, bottom, lane 7). Thus, the secreted
protein reinforces the 86'*%-B6™% contact.
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Interface between HR Domain of OutC and NO domain of
OutD Seen in Crystal Structure Is Biologically Relevant—The
recent structural studies suppose that the HR/NO interface
involves strand B1™® and may include two different, but adja-
cent, sites in NO, namely strand B1™° or 83™° (32, 33). To assess
the biological relevance of the presumed crystal interface,
which includes the S17®-81N° contact, the cysteine substitu-
tions in HR (G99C and V100C) were combined pairwise with
those in NO (S33C and F34C), and, subsequently, the cross-
linking patterns of respective OutC-OutD pairs were analyzed
in E. coli and D. dadantii AoutC and AoutD strains. A quantity
of the OutC-OutD complex was detected with the OutCS*“-
OutD"3*“ pair but not with the other three combinations (Fig.
4, A and B, compare lane 6 with 2-5 and 7). These results are
consistent with the orientations of the corresponding side
chains in the crystal HR/NO interface and indicate its biological
relevance. In contrast, the QutC%**“-OutD%%* couple, which
would link the modeled solution structure HR/NO interface
(B1N°-B3NY), generated only low amounts of OutC-OutD com-
plex (Fig. 4, A and B, compare lanes 9 and 10 with 6), suggesting
that this interface may not be biologically relevant. However, in
all cases, homodimers of the respective OutC and OutD vari-
ants were the main cross-linking products (Fig. 4, B and D),
indicating that self-interactions of the HR and NO domains
were much more prevalent than any interaction between these
two domains. The functional impact of the OutCS%¢-
OutD"?*¢ complex remains unclear. Because both Out
and OutD"*“ single substitutions were defective in secretion

CG99C
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FIGURE 4. Disulfide bonding and functional analysis of the HR-NO interaction sites deduced from structural studies. E. coli NM522/pACoS (outS+) (A) or
D. dadantii A3556 AoutC (Band C) or D. dadantii A3558 AoutD (D) cells, carrying a pTdB-oCoD plasmid co-expressing mutant alleles of outC and outD (indicated
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panel, to reveal the high molecular mass forms more clearly. Among the combinations of G99C and V100C variants of OutC with S33C, F34C, and S65C variants
of OutD, only G99C/F34C provokes an efficient OutC-OutD bonding, bothin E. coliand D. dadantii (A and B, lane 6). A comparable degree of OutC-OutD bonding
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(Figs. 24 and 3A) the OutC-OutD combinations, including one
of these variants, were also nonfunctional (Fig. 4C).

Mapping of Two Other OutC-OutD Interaction Sites—Next,
the relevance of the OutC-OutD interactions suggested by the
previous in vitro study (8) was examined. These two presumed
interfaces include a short segment of the HR domain, consisting
of strands B6"™® and B7"'%, and two distinct sites of OutD,
located in the NO and N2-N3 domains, respectively. Therefore,
the cysteine substitutions of Val-143, Val-144 (86"'%), Val-153,
and Leu-154 (87"%) in HR were combined pairwise with those
in OutD, Thr-53, Val-54, Ile-55, Ile-56 (82N°), Val-232 (310™?),
Val-241 (811N?), Val-271, and Ile-272 (812"?), and then co-ex-
pressed in E.coli. A quantity of OutC-OutD complex was
detected with the OutCV'**“-OutD™*“ and OutCV'*3“-
OutDY?*2€ pairs, both including the same variant, QutC""*3“
(B7™™®) (Fig. 5, lanes 5 and 13). The nature of these complexes
was confirmed by immunoblotting with both OutC and OutD
antibodies (supplemental Fig. S4). In contrast, OutCY'**“
(B7™) did not form a complex with V241C (811N?) or V271C
(B12™?), indicating that strand B7"'® is proximal to strand
B10N? but not to B11N?* or B12™3 (supplemental Figs. S4 and
S5). Conversely, no complex was detected when V144C (86'%)
was used instead of V153C (B87"®), indicating that contrary to
strand B7"'%, B6™® is not close to strand B2N° (T53C) or to
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B10N? (V232C) (Fig. 5, lanes 1 and 9). Consistent with the HR
structure, the extent of cross-linking decreased when the bur-
ied L154C was used instead of the solvent-exposed V153C (Fig.
6A, lanes 3 and 4). Similarly, consistent with the NO structure,
cysteine substitutions of Thr-53 and Ile-55 (solvent-exposed)
but not of Val-54 (buried) gave prominent cross-links with
OutCY'*3C (Fig. 6A, lanes 1-3). To further characterize the
mutual orientation of the 7% and 2™ strands, the proximity
of Y151C and V153C (B7"™®) to T53C and I55C (82™°) was
estimated. The cross-linking patterns suggest that Y151C is
closer to T53 than to 155 whereasV153 has a similar proximity
to T53 and I55 (Fig. 6A4). This is consistent with a parallel
arrangement of the two B-strands (Fig. 6B).

Thus, these data suggest the presence of at least three inter-
actions between the HR domain of OutC and the periplasmic
domains of OutD, namely (i) OutC%**“-OutD"**¢ (B1"~-
BINY), (i) OutCV'®*>“-OutD™3*¢ (B7"R-B2N%), and (iii)
OutCV'*3“.0utDV?*?< (B7"R-B10N?). More unexpectedly,
these results indicate that the same faces of the 82N° and B10™?
strands (Thr-53 and Val-232) could control the self-interaction
of OutD subunits and their interactions with HR.

Secreted Proteins and Inner Membrane Components of T2SS
Have Different Effects on OutC-OutD Interacting Sites—To
investigate whether the secreted proteins could influence
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the OutC-OutD interactions, combinations of OutC-OutD actingsites, respectively, diminished (Fig. 5, A and C, lanes S,
variants were systematically co-expressed, either alone or 6, 17, and 18). In contrast, PelB did not have any obvious
together with the pectate lyase PelB, in E. coli. In the pres- effect on the OutCY'**“-OutD">>“ couple, representative of
ence of PelB, the extent of cross-linking with the OutC%°“-  the second interacting site (87"'%-B2"°) (Fig. 5B, lanes 13
OutD"?* and OutCV'**“-OutDV?32“ pairs, representative and 14). Thus, it seems likely that the secreted substrate has
of the first (81"™-B1N° and the third (87"™®-B10™?) inter- a different effect on the interactions of strand B7"™® with
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FIGURE 7. Cysteine variants of OutC and OutD interfere differently with
pectinase secretion. D. dadantii wild-type strain was transformed with a
plasmid expressing various alleles of outC and outD (indicated on top). The
bacteria were grown, treated, and analyzed with either PelD and Pell antibod-
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secretion. A, positions of OutC monomers (7-m), dimers (2-m), and OutC-OutD
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strands B10N* and B2N° (Fig. 5, compare lanes 5 and 6 with
13 and 14).

Co-expression of OutE, OutL, and OutM with OutC-OutD
pairs, in E. coli cells, provoked a significant increase in the
quantity of OutC but not of OutD, and so the ratio of OutC
increased in the presence of OutE/L/M. (supplemental Fig. S5).
Because to assess the cross-linking between OutC and OutD, an
equivalent amount of OutC was systematically loaded onto the
nonreducing gels, the samples with OutE/L/M contained a
slightly smaller amount of OutD (Fig. 5, reducing gel panels).
Despite this, in the presence of OutE/L/M, the extent of cross-
linking with the OutCY***“-OutD™**“ pair (87"%-B2N° site)
was obviously increased (Fig. 5B, compare lanes 13 and 15).
Remarkably, the largest cross-linked species (apparent mass of
120 kDa) became very abundant, suggesting that OutE/L/M
enhanced this OutC-OutD interaction and/or improved stabil-
ity of the complex. In contrast, OutE/L/M generated an oppo-
site effect on the other two OutC-OutD interacting sites and
the level of cross-linking with OutCY'**<-QutDY?32< (B7"R-
B10M?) and OutCe**“-OutD"**< (B1™R-B1N°) decreased sig-
nificantly (Fig. 5, A and C compare lanes 5 with 7 and 17 with
19). Thus, the secreted proteins and OutE/L/M components
differently affect on the tested OutC-OutD interactions.

Various OutC and OutD Variants Interfere Differently with
Functional T2SS of D. dadantii—Certain OutC (G99C) and
OutD (F34C, T53C, and V232C) variants efficiently formed
homo- and heterodimers and were fully nonfunctional when
expressed in AoutC or AoutD D. dadantii strains (Figs. 2—4). At
least in the case of T53C and V232C, dimerization likely is the
direct cause of the loss of function (Fig. 2A). To estimate the
interference of the cross-linked complexes with the functional
T2SS, these variants were expressed in the wild-type D. dada-
ntii. The three tested OutD variants significantly impaired
secretion (Fig. 7A, lanes 2—4), indicating that they are inte-
grated in the T2SS and compete efficiently with the wild-type
OutD. In contrast, OutCG99C did not produce any negative
trans-dominant effect, suggesting that this variant does not
compete with the wild-type OutC. Co-expression of the vari-
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ants, representative of the three interaction sites, produced
variable effects. Secretion was fully arrested with the
OutCe?“-OutD"*“ and OutCV***“-OutDY?*2 pairs but par-
tially retained with OutC¥'**<-OutD">*“ (Fig. 74, lanes 7-9).
Thus, it seems likely that the two former complexes, even if
produced at a small quantity (Fig. 7B), interfere very efficiently
with the functional T2SS and completely block it. In contrast,
the OutCY'**“-OutD >3 complex seems to be unable to inter-
fere with the secretion system.

DISCUSSION

We have used cysteine scanning and disulfide bonding anal-
ysis to study the organization of OutC and OutD subunits in the
T2S machinery and the interactions between these compo-
nents. Although this analysis is not comprehensive, it does
reveal some important features of the assembly of this secretion
machinery. The disulfide bonding assays suggest the presence
of at least three distinct sites of interactions between the
periplasmic domains of OutC and OutD, namely 1) B1"%-g1™°,
2) B7™R-B2N° and 3) B77R-B10N? (supplemental Fig. S6).
Interfaces 2 and 3 were already suggested in our previous study
(8), and the first is consistent with the recently established crys-
tal structure of the HR/NO-N1 complex (32). In contrast, disul-
fide bonding analysis suggested that the HR/NO interface,
detected in our recent NMR study (81"%-B3N°), is much less
prevalent in vivo (33). However, it is also possible that an opti-
mal arrangement of the cysteine substitutions has not been
achieved in the latter case. Moreover, it should be noted that in
the corresponding crystal and solution structures, the HR/NO
interface involves the same B1™®-strand of HR but two differ-
ent, though adjacent, B-strands of N0, 81N°, and B3™°, respec-
tively. This apparent discrepancy could result from the varied
composition of the OutD derivatives used in these studies, the
NO-N1 domains and the isolated NO domain, respectively (32,
33). Indeed, in the NO-N1 derivative, strand 83", is involved in
the NO/N1 interface and interacts with S6™" (26, 32), and con-
sequently, it is not well accessible for an interaction with HR.
Alternatively, the different affinities of NO for HR in the Vibrio
cholerae and D. dadantii proteins could be the origin of the
discrepancy. Finally, dissimilar experimental approaches used
in different studies can also contribute to the data conflict.
Indeed, this report and the previous pulldown analysis (8) indi-
cate an HR-N2 interaction (877%-B810™?); however, the recent
NMR analysis (33) did not reveal any interaction of the HR
domain with the isolated N1-N2 domains. Similarly, the recent
systematic surface plasmon resonance analysis of the T2SS of
Pseudomonas aeruginosa has indicated that the periplasmic
region of GspC interacts with N3 but not with NO domain of the
cognate secretin (10). Once again, particular experimental
approaches employed in this study (surface plasmon resonance
and affinity chromatography) could be the cause. Alternatively,
because the P. aeruginosa GspC and GspD is much more dis-
similar from those of D. dadantii and E. coli, the observed dis-
crepancies could reflect some subtle mechanistic differences
between these T2SSs.

The OutC-OutD interactions, 2) B7"%-82N° and 3) p7"%-
B10™?, involve the same site of HR (87'') and, hence, seem to
be mutually incompatible (supplemental Fig. S6). In contrast,
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interaction 1), B17®-B1N°, seems to be compatible with the two
others because it involves distinct sites of HR and NO (supple-
mental Fig. S6, B and C). However, in the GspD crystal struc-
ture, B1N° and B10™? are far apart (Fig. 1D). Thus, even if steric
constraints would allow a simultaneous interaction of HR with
these two sites of OutD, this would necessitate substantial rear-
rangements of the periplasmic domains of OutD (supplemental
Fig. S6B). Interactions 1) and 2) involve two opposite faces of
the HR domain (81"® and 87"®) and two distinct sites of the NO
domain (B1N° and B2™°) and, hence, they look spatially com-
patible with each other (supplemental Fig. S6C, left). However,
the inner membrane components, OutE/L/M, have opposite
effects on these interactions, reinforcing 2) but reducing 1)
(supplemental Fig. S6C, right). Therefore, the three OutC-
OutD interactions are not at all, or only poorly, compatible
simultaneously, and this implies an alternation of their activity
during the process of secretion.

In addition, the transient nature of various OutC-OutD
interactions is suggested by the fact that the same sites of these
proteins are also involved in self-interactions. For example,
both OutCS*°¢ (817%) and OutD™*“ (81N°) produce homo-
dimers when expressed separately but, once combined, they
create a heterodimer. Similarly, both OutD™>*¢ (82™°) and
OutDV#2¢  (B10™?) self-interact but also interact with
OutCY'*3¢ (B7''®), Thus, none of these interactions occurs
through static interfaces. It is striking that disulfide self-bond-
ing at positions involved in multiple interactions abolishes the
protein function, e.g. OutD variants F34C, T53C, and V232C
were all shown to be completely defective for secretion. In
contrast, some OutD variants, which have not been shown to
interact with OutC, are dimeric but remain functional (e.g.
G190C and V241C), indicating that homodimerization of
OutD per se may be compatible with the protein function.

Equivalent amounts of OutC-OutD complexes were ob-
served with the three interacting sites, suggesting that they have
a similar functional relevance. It seems, however, symptomatic
that the extent of OutC-OutD cross-linking was rather low
compared with that of self-bonding of the corresponding OutC
and OutD variants. This suggests that self-interactions of HR
and NO-N3 domains are more prevalent and could constitute
the initial or “basal” interactions within the secreton, whereas
heterogeneous contacts between these domains are transient
and loose. Indeed, efficiency of disulfide cross-linking is
dependent on the proximity and proper orientation of the sites
studied but also on the prevalence of these contacts. Thus, the
interactions representative of the “stand-by” state of the system
would generate more efficient cross-linking than the transient,
but functionally important, contacts.

Experiments with E. coli demonstrated that the equilibrium
between various homo- and heterogeneous interactions could
be altered by the presence of the secreted substrate and/or the
inner membrane components. Co-expression of PelB with cer-
tain variants of OutC or OutD provoked effects suggesting
direct interactions of the secreted substrate with these compo-
nents and so, indicating some individual sites that are particu-
larly affected by the secreted protein. More precisely, the quan-
tity of homodimers and/or the total amount of OutD decreased
significantly with T53C, G190C, V232C, V241C, and 1272C
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variants indicating that, in these positions, self-interactions
between subunits of OutD are poorly compatible with the pres-
ence of PelB. The three-dimensional reconstruction of the
GspD dodecameric complex assumes that the ring-like struc-
tures, formed by the N1 and N2 domains, constitute a vestibule
in which the secretion substrate is loaded prior to being
secreted, whereas the N3 domain builds up a form of constric-
tion which closes the pore (20, 25). Thus, it seems reasonable
that the secreted protein PelB affects multiple sites of the secre-
tin. Remarkably, in the NO domain, PelB apparently affects only
one of the two self-interacting sites (supplemental Fig. S1C).
This site, involving strand 82 (Thr-53), could indicate a point of
entry of the secretion substrate.

In addition, PelB provokes a striking effect on certain OutC
variants, namely, it increases the self-bonding of L145C (sup-
plemental Fig. S2C). This suggests that some local unfolding or
B-strand switching occurs; i.e. PelB causes 6% strand to move
out in the way that Leu-145 (buried in the HR structure)
became accessible for disulfide cross-linking. This self-interac-
tion was also observed in D. dadantii, and hence, it could indi-
cate mode of interaction of the secreted substrate with HR.
Indeed, the recent surface plasmon resonance analysis showed
that the periplasmic region of the P. aeruginosa GspC interacts
with the secreted substrate (10). Alternatively, it cannot be
completely excluded that substitution of the hydrophobic Leu
by nucleophilic Cys affects hydrophobic core of the HR domain
and provokes such an behavior. However, analysis of the double
and triple cysteine substitutions in HR shows that even multiple
cysteine substitutions per se are well compatible with OutC
function and, thus, do not affect drastically the folding of HR
(supplemental text and supplemental Fig. S7).

The T2SS components OutE/L/M produce another signifi-
cant effect on OutC, as they improve its dimerization via the
B1MR/B1R (G99C) interface (supplemental Fig. S2C). Indeed,
G99C generated three species on nonreducing gel, whereas the
protein itself was not degraded (Fig. 3B). Because electropho-
retic mobility of dimers dependent on their overall shape (see
Fig. 2 legend), these species may correspond to three different
conformations. In fact, Gly-99 is located on a tight bend of
B1M%, and G99C mutant may have two conformations, named
A and B. Next, they can generate AA, BB, AB, and BA dimers,
where the two latter have the same shape. If this suggestion is
true, the presence of OutE/L/M imposes only one conforma-
tion of G99C and, thus, only one type of dimers.

Certain other disulfide bonding patterns seem to be poorly
consistent with the structural data; namely, both 1N°-g1™N°
and B1N°-B1™R interactions involve Phe-34. This residue, how-
ever, appears as buried on the OutD model (Fig. 1D) and on the
structure of isolated NO-N1-N2 domains from ETEC, which
has been used as a template (Phe-34 corresponds to Phe-9 on
PDB 3EZJ) (26). On the other hand, in the structure of the
HR/NO-N1 complex from ETEC (PDB 30SS) (32), 81" forms
a mixed B-sheet with 817® at the manner that the side chain of
Phe-9 (Phe-34) is involved in the HR/NO interface. Thus, the
latter study shows that apparently buried Phe-34 remains
accessible and suggests a way by which the side chains of two
Phe-34 residues can interact in the B1N°-B1N° interface pre-
sumed by disulfide bonding assays. This example can also illus-
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trate how some other buried residues, namely, L145C and
L154C variants of OutC, may be involved in interdomain
contacts.

Another rather unexpected observation may be drawn from
this cysteine bonding analysis. Notably, homodimers were pre-
dominant with several of the OutD variants, both in E. coli and
in D. dadantii. Such efficient self-bonding could not be
straightforwardly attributed to the sporadic movements of the
periplasmic domains of OutD because no dimers were observed
with some variants (L127C and V271C), and cysteine substitu-
tions of buried side chains generated significantly less
homodimers than those of adjacent, but solvent-exposed, resi-
dues (e.g. V54C and I56C versus T53C and I55C). An efficient
self-cross-linking of certain OutD variants indicates that the
corresponding residues are close to the same residues of an
adjacent OutD protomer (e.g. Phe-34 to Phe-34, Thr-53 to Thr-
53, Val-232 to Val-232, etc.) and also suggests a juxtaposition of
the corresponding structural elements (31 to 31, 32 to 52, B10
to B10, etc.) (supplemental Fig. S1). Such an arrangement of
adjacent OutD domains is poorly compatible with C12 rota-
tional symmetry suggested for the GspD dodecamer (20, 26),
which implies the same arrangement of each OutD subunit. In
the latter case, the distance between the equivalent side chains
and their mutual orientation would not allow for an efficient
self-bonding of OutD. Our data therefore suggest an alternative
organization of the OutD subunits. The equivalent periplasmic
domains of two adjacent OutD protomers may be arranged
with 2-fold symmetry to allow for proximity and the appropri-
ate orientation of the equivalent structural elements. Similarly,
cysteine bonding analysis of the HR domain suggests a juxtapo-
sition of two neighboring OutC protomers, either via the f1-81
self-interaction (G99C) or via substrate-induced contacts of
strands B6 and B7 (L145C and L154C, respectively) (supple-
mental Fig. S1B). Once again, a 2-fold arrangement of each pair
of OutC subunits would account for the observed disulfide-
linked species. Interestingly, initially the GspE hexamer was
also modeled with P6 symmetry, assuming the same conforma-
tion for each GspE subunit (39). However, based on the recent
structural data on PilT, a GspE ortholog from the T4P (40),a C2
hexameric model of GspE was generated which involves three
different conformations of the GspE subunits (41). It is, there-
fore, plausible that the GspD and GspC subunits could also
have different conformations within the secreton, compatible
with a high level of disulfide self-bonding of various cysteine
variants. Consequently, the periplasmic domains of the GspD
dodecamer may be arranged as a hexamer of dimers (6-fold
rotational symmetry) rather than a dodecamer with 12-fold
rotational symmetry (supplemental Fig. S1A). The same
arrangement might extend to the GspC subunits. Moreover,
considering the transient nature of many of the interactions,
elucidated in this study, such conformations could also be tran-
sient, varying according to the interactions with other T2SS
components and/or secreted proteins.
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