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The outer-membrane protein TolC of Vibrio cholerae serves as
a second cell-surface receptor for the VP3 phage
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Receptor recognition is a key step in the initiation of phage
infection. Previously, we found that VP3, the T7 family phage of
the Vibrio cholerae serogroup O1 biotype El Tor, can adsorb the
core oligosaccharide (OS) of lipopolysaccharides of V. cholerae.
However, some wildtype strains of V. cholerae possessing the
intact OS gene cluster still have VP3 binding but are resistant
to VP3 infection. Moreover, an OS gene—deletion mutant still
exhibits weak VP3 binding, suggesting multiple factors are pos-
sibly involved in VP3 binding to V. cholerae. Here, we report
that the outer-membrane protein TolC of V. cholerae is involved
in the host adsorption of VP3. We observed that TolC directly
interacts with the VP3 tail fiber protein gp44 and its C-terminal
domains, and we also found that three amino acid residues in the
outside loops of TolC, at positions 78, 290, and 291, are critical
for binding to gp44. Among the VP3-resistant wildtype V. chol-
erae strains, frequent amino acid residue mutations were
observed in the loops around the sites 78, 290, and 291, which
were predicted to be exposed to the cell surface. These findings
reveal a co-receptor—binding mechanism for VP3 infection of
V. cholerae and that both outer-membrane TolC and OS are
necessary for successful VP3 infection of V. cholerae. We con-
clude that mutations on the outside loops of the receptor may
confer V. cholerae strains with VP3 phage resistance, enabling
these strains to survive in environments containing VP3 or
related phages.

Cholera is an acute diarrheal disease caused by Vibrio chol-
erae. Although 210 serogroups in V. cholerae have been identi-
fied according to its O antigen variability, only serogroups O1
and O139 are associated with known cholera epidemics and
pandemics. Serogroup O1 includes two biological types, classi-
cal and El Tor (1). Subtyping protocols of bacterial pathogens,
including serotyping, phage typing, and molecular typing, are
widely used in microbiological and epidemiological studies. A
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phage-biotyping scheme for El Tor strains of V. cholerae sero-
group O1 was established in the 1970s to divide the epidemic
strains into subtypes and distinguish them from environmental
non-toxigenic strains (2). Five lytic phages (VP1 to VP5) are
included in the phage-typing scheme, and four other biotypes
are included in the biotyping scheme. The phage-biotyping
scheme has played an important role in cholera surveillance in
China since the 1970s (3).

As the largest viral group in nature (4), phages are notable not
only for their abundance but also for their specific interaction
with specific bacterial hosts (5, 6). The first step of the phage
infection process is its recognition of and adsorption onto one
or more cell-surface constituents (7), which is followed by ejec-
tion of phage DNA into the host cell. In the course of phage—
host interactions, phages tend to use easily accessible structures
located on the outer membrane of the host and exposed to the
environment as receptors (8, 9). As surface structures facing the
surrounding environment, lipopolysaccharides (LPS)? and out-
er-membrane proteins (OMPs) are the most common compo-
nents acting as receptors for tailed phages that infect Gram-
negative bacteria (10, 11). LPS is the receptor for many phages
of the T7 family (12—-14). Some phages infect hosts by interact-
ing with the O antigen (13, 15), and others bind to the host
through a core oligosaccharide (OS) (14, 16). OMPs forming
trans-membrane channels (17-19) are important components
involved in phage infection, and they include examples such as
OmpA, OmpW, LamB, and OmpC (20 -25). For some phages,
LPS and OMPs are both necessary for binding to the host cell
surface (26 -31).

In phage-host interactions, host receptor mutations can
confer phage resistance to the bacteria and improve survival in
environments with phage. This bacteria—phage competition is
relevant to ecological niches, food industries, and even phage
therapy. Identification of host receptors allows us to under-
stand the host specificity of a phage and the genetic basis of
phage typing. Among the typing phages in the phage-biotyping

2The abbreviations used are: LPS, lipopolysaccharide; OS, oligosaccharide;
OMP, outer-membrane protein; IPTG, isopropyl B-p-thiogalactopyrano-
side; aa, amino acid; gRT-PCR, quantitative real-time reverse transcription-
PCR; pfu, plague-forming unit; GST, glutathione S-transferase; cfu, colony-
forming unit; ST, sequence type; BACTH, bacterial adenylate cyclase
two-hybrid; Sm, streptomycin; Amp, ampicillin; Kan, kanamycin; Cmm,
chloramphenicol.
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Figure 1. Adsorption of phage VP3 to its host cells observed with elec-
tron microscopy. VP3 particles were indicated with the solid arrow and the
open arrow (empty particles).

scheme for the V. cholerae El Tor strains, our previous studies
have identified the O antigen portion of LPS as receptor for VP4
(15) and OmpW as receptor for VP5 (24). The typing phage
VP3isalytic V. cholerae phage belonging to the T7 superfamily
(32). VP3 employs the OS component of LPS as a receptor (16),
but a core oligosaccharide mutant strain was still bound by VP3
at lower efficiency under high VP3 concentrations. In addition,
some wild El Tor V. cholerae strains have intact OS compo-
nents butare resistant to VP3. These findings raise the question
whether additional components on the V. cholerae cell surface
play a role in VP3 adsorption. In this study, our data show that
the successful infection of VP3 requires the outer-membrane
protein TolC in addition to the OS of LPS, TolC may interact
directly with the tail fiber protein of VP3. Our study reveals a
complicated two-receptor adsorption process with the phage of
T7 family to V. cholerae.

Results

Outer membrane protein TolC is needed for phage VP3
infection

VP3 is used as a typing phage for the subtype of V. cholerae
O1 El Tor strains. Its adsorption on the surface of its host cell
was observed by electron microscopy (Fig. 1). The head of VP3
has an icosahedral structure. In our previous study (16), the
V. cholerae wav genes VC0229 and VCO0231, involved in the
synthesis of core oligosaccharides (OS) of lipopolysaccharide,
were identified to be related to the resistance to VP3 infection,
and OS was recognized as the receptor of VP3. However, we
found that some wildtype El Tor strains possessing intact OS
gene clusters can bind the tail fiber protein gp44 of VP3 but are
still resistant to VP3 by the double-layer plaque assay; addition-
ally, using a phage-binding assay, it was observed that VP3 still
bound to the OS gene mutant strain C29 at lower efficiency.?
We thus suspected that other bacterial surface components of
V. cholerae might be involved in VP3 infection.

In this study, we newly constructed a larger transposon
mutant library to screen the mutants generating resistance to
VP3 infection. More than 7,000 transposon insertion mutants

3 F.Fan, J. Zhang, and B. Kan, unpublished data.
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of the El Tor strain N16961 were generated with the plasmid
pSC123. During the co-incubation of the individual mutant
strain with phage VP3, five mutants (24-H5, 61-A10, 17-B3,
26-A5, and 53-D9, see Table 1) showed growth rates compara-
ble with that of the control (strain N16961 with no VP3 added).
The sensitivity of these mutants to VP3 was further verified
by double-layer plaque assays. Then, the transposon insertion
sites in the genomes of these five strains were identified by
arbitrary PCR. Five inserted genes other than the previously
reported genes (16) were found (Table 1). One mutant (24-H5)
had a transposon insertion within gene VC2436, which encodes
the outer-membrane protein TolC. In Gram-negative bacteria,
TolC forms a conserved, negatively charged entrance for viru-
lence proteins and is also involved in antibiotic efflux to the
external environment during infection (33—36). TolC confers
Escherichia coli resistance to detergent, bile salts, and organic
solvents (37—40) but sensitivity to colicin and phage (31, 41, 42).
In V. cholerae, TolC has multiple functions in bile salt resis-
tance, intestinal colonization, and RTX toxin protein secretion
(43) and serves as the receptor for T7 and TLS phages (31).
Therefore, in this study we focused on the validation of the
possible role of TolC in VP3 infection.

To exclude polar effects exerted by transposon insertion or a
spontaneous mutation as a simultaneity and to confirm further
the role of to/C during VP3 infection, the mutant strain NAzo/C
with an in-frame deletion of to/C was constructed from the wild
strain N16961 (Table 2). NAtolC was resistant to VP3 when
detected with the double-layer plaque assay, consistent with the
transposon mutant strain 24-H5. When the plasmid pSRKTc-
TolC was transformed into NAzo/C, the complementary strain
NAtolC-Cre-acquired VP3 sensitivity (Fig. 2), thereby confirm-
ing its indispensable role in VP3 infection.

Both TolC and OS of V. cholerae are necessary for host cell
adsorption of VP3

In our previous study, deletion of the OS gene of V. cholerae
strain N16961 may effectively block the binding and infection
by VP3 (16). However, when the OS gene VC0231 deletion
mutant (renamed as NAOS in this study) was mixed with a high
concentration of VP3 (10° cfu/ml, 10 times higher than in the
previous study (16), with a multiplicity of infection >10), VP3
could still bind to NAOS to some extent (Fig. 3). To validate the
possible joint roles of TolC and OS in VP3 infection, a double-
mutant strain NA£o/C-OS and complementary plasmids carry-
ing gene tolC, VC0231, and both genes, respectively, were con-
structed (Table 2). The transcription of plasmid-carrying genes
tolC and VC0231 in all the complementary V. cholerae strains
was confirmed by reverse transcription-PCR. The sensitivity of
each strain to VP3 was detected through growth rate and dou-
ble-layer plaque assays (Table 3). All gene mutants, including
NAzolC, NAOS, and NAzo/C-OS, had VP3-resistant pheno-
types with no plaque formation and normal growth, whereas
strains NAtolC-C, NAOS-C, and NA¢0/C-OS-C supplemented
with the corresponding recombinant plasmids were all VP3-
sensitive (Table 3). When either single gene, t0/C or VC0231,
was replenished into the double mutant NAzo/C-OS, the result-
ing strains NA£o/C-OS-CtolC and NA¢olC-OS-COS were still
resistant to VP3 (Table 3), showing that deletion of either gene
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Table 1

Transposon mutants from V. cholerae strain N16961 with VP3 resistance phenotype

Strains Description Gene function

24-H5 N16961 (Sm"), VC2436 (tolC)::Tn, Sm" Kan" VP3"  Outer membrane protein TolC

61-A10 N16961 (Sm"), VCA0781::Tn, Sm" Kan" VP3" VCAO0781 encodes a protein of unknown function with one MacB-PCD and two FtsX domains

that were highly homologous to inner membrane protein MacB (ATP-binding-cassette-type
efflux transporter)

17-B3 N16961 (Sm"), VC0050::Tn, Sm* Kan" VP3" DNA topoisomerase I-related protein

26-A5 N16961 (Sm"), VC0034:Tn, Sm" Kan® VP3" Disulfide interchange protein

53-D9 N16961 (Sm"), VC0177:Tn, Sm" Kan" VP3" Hypothetical protein

Table 2
Strains and plasmids used in this study
Strains or plasmids Relevant property Refs.
V. cholerae

2477¢ O1 El Tor, Ogawa Lab collections stock
N16961 Spontaneous mutant of N16961, Inaba, Sm" Lab collections stock
ICDC-VC5029 O1 El Tor, Ogawa, with natural resistance phenotype resistant phenotype control Lab collections
NAOS Core OS mutant strain, VC0231 deletion of N16961 (Sm*) 1
NA¢tolC tolC (VC2346) deletion of N16961 (Sm") This study
NA¢0lC-OS tolC and OS deletion of N16961 (Sm") This study
NAtolC-C NA¢olC strains were complemented with pSRKTc-TolC This study
NAOS-C NAOS strains were complemented with pPBAD33-VC0231 This study
NA¢0lC-OS-CtolC NA?0lC-OS strains were complemented with pSRKTc-TolC This study
NAt0lC-OS-COS AAVC2436A NAtolC-OS strains were complemented with pPBAD33-VC0231 This study
VC0231C0231
NA¢0lC-OS-C NA?0lC-OS strains were complemented with pSRKTc-TolC and pBAD33-VC0231 This study
NAt0lC-C g1 NAz0lC strains were complemented with pSRKTc-TolC, g1, This study
NA?0IC-C 5590201 NAtolC strains were complemented with pSRKTc-TolC, 9059, This study

E. coli
SM10 \pir Km, thi thr leu tonA lacY supE recA:: RP4-2-TC:Mu Apir 2
DHb5a Apir sup E44, Alacl169 (PlacZAM15), recAl, endAl, hsdR17, thi-1, gyrA96, relAl, Apir Lab collections stock

gyrA96, relAl, Apir
XL1blue endAl gyrA96 thi-1 hsdR17 supEd4 relAl lac Lab collections
BTH101 F—, ¢ya-99, araD139, galE15, galK16, rpsL1 (Strr), hsdR2, mcrAl, mcrB1 3
Plasmids

pSC123 Suicide plasmid carrying transposon; Kan" Cm " 4
pWMI1 Suicide plasmid; oriR oriT lacZ tetAR sacB 5
pWMI1-AtolC pWMOI1 carrying upstream and downstream fragments flanking t0l/C This study
pWM91-AVC0231 pWMO1 carrying upstream and downstream fragments flanking VC0231 This study
pUT18C (abbreviated as pT18C) pUT18C-derived vector, designed to create C-terminal heterologous protein fusion, Amp* 3
pKT25 (abbreviated as pT25) lac promoter and the T25 fragment for C-terminal heterologous protein fusion. Km* 3
pSRKTc lac promoter and laclf, Tet" 6
pSRKTc-TolC pSRKTc-derived, VC2436 (TolC), Tet" This study
pSRKTc-TolC g pSRKTc-derived, TolC,gp, Tet" This study
PSRKTc-TolC 090201 pSRKTc-derived, TolC,,90_o91, Tet" This study
pBAD33-VC0231 pBAD33-derived, VC0231, Cm" This study
pT18C-TolC pUT18C-derived, TolC,, 4, Amp® This study
pT25-TolC pKT25-derived, TolC,; .4 Kan® This study
pT25-TolC 5 pKT25-derived, TolC 4, Kan® This study
pT25-TolC 5p90_201 pKT25-derived, TolC ,,00_0;, Kan® This study
pT25-gp44 pKT25-derived, gp44, Kan" This study
pT25-gp44(245-753) pKT25-derived, gp44 (245-753), Kan" This study
pT25-gp44(451-753) pKT25-derived, gp44 (451-753), Kan* This study
pT25-gp44(1-450) pKT25-derived, gp44 (1-450), Kan" This study
pT18C-TolC g pUT18C-derived, TolC 4, Amp" This study
pT18C-TolCrs00 001 pUT18C-derived, TolC,,0_29;, Amp* This study
pGEX-6p-1-TolC pGEX-6p-1-derived, TolC,, .4, Amp" This study
pGEX-6p-1-TolC 4, pGEX-6p-1-derived, TolC,.45,, Amp* This study
PGEX-6p-1-TolC 150_s01 pGEX-6p-1-derived, TolC ,,50_s0;, AMp" This study
pET30a-gp44 pET30a-derived, gp44 (245-753), Kan* This study
pET30a-gp44(451-753) pET30a-derived, gp44 (451-753), Kan® This study
pET30a-gp44(1-450) pET30a-derived, gp44 (1-450), Kan* This study

of VC0231 or tolC conferred VP3 resistance to N16961, and
both the VC0231 product and TolC would be necessary for VP3
infection.

Furthermore, phage-binding assays were performed to detect
the binding ability of VP3 to the cell surface of various mutants
and their corresponding complementary strains. After a short
incubation of bacterial cells with SYBR Gold-labeled VP3, fluo-
rescence values were measured in precipitated cells resus-
pended in SM buffer, and the remaining phage titer in the
supernatant of each sample was subsequently determined by

4002 J Biol. Chem. (2018) 293(11) 40004013

the plaque formation unit assay. Inverse correlations were
observed with the phage titer in the supernatant of each sample
and the fluorescence in the corresponding cell precipitate (Fig.
3). VP3 exhibited high adsorption to wildtype strain N16961,
and most phages were removed from the suspension by binding
to N16961. The complementary strains NA#/C-C and NAOS-C
showed VP3 binding comparable with N16961, The double
mutant NAzo/C-OS had no binding to VP3, whereas partial
binding ability to VP3 was found for the single-gene mutants
NAz0lC and NAOS, Single gene complementation for NAzo/C-
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Figure 2. Detection of VP3 infection to the V. cholerae mutants by dou-
ble-layer plaque assay. A, wildtype V. cholerae El Tor strain ICDC-VC5029,
which has natural VP3 resistance, was used as the resistance control (no
plaque formation). B, VP3-sensitive wildtype strain N16961 was used as VP3-
sensitive control with plaque formation. C, to/C mutant strain NAto/C showed
VP3 resistance. D, strain NAtol/C-C, carrying tolC expression plasmid cloned
into strain NAtolC, was sensitive to VP3.

OS, referred to as NA£o/C-OS-CtolC or NAtolC-OS-COS, only
partially rescued adsorption to VP3. The double-gene comple-
mentary strain NAzo/C-OS-C behaved similarly to N16961 (Fig.
3). All these data indicated that both TolC and VC0231 are
required for full adsorption of VP3.

TolC interacts directly with the C-terminal domains of tail
protein gp44 of VP3

The phage VP3 of V. cholerae belongs to the T7 family. The
T7 tail protein anchors phage onto its host cell surface (44, 45),
and VP3 adsorbs to the OS of LPS through its tail fiber protein
gp44 (16). We suspected that gp44 may also interact with TolC,
and as such utilized the bacterial adenylate cyclase two-hybrid
(BACTH) system (46) to detect the possible interaction
between TolC and gp44. Previously, BACTH has been used to
determine the interactions of TcpP-ToxR (47) and TcpP-
TcpP in response to bile salt signals (48). In this study, we first
fused the complementary fragments, T25 and T18, of the cata-
lytic domain of adenylate cyclase (CyaA) from Bordetella per-
tussis (46, 49), with TolC lacking the signal peptide (22 amino
acid residues in length) and with gp44, respectively, to generate
the recombinant plasmids pT25-gp44 and pT18C-TolC (Table
2). Both plasmids were co-transformed into an E. coli Acya
mutant strain BTH101, and the 3-galactosidase activities were
measured in the presence of different concentrations of isopro-
pyl B-p-thiogalactopyranoside (IPTG) as the inducer. The
interaction between TolC and gp44 will bring the two Cya frag-
ments together, generate cAMP, and increase 3-galactosidase
activity. It has been demonstrated that TolC can interact with
itself to form polymersin V. cholerae (35). In this study, we used
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Figure 3. Analysis of the binding capacity between isolates and VP3
phage. The VP3 phage (10° cfu/ml) was labeled with SYBR Gold and mixed
with fresh N16961 culture (Ago, = 0.1) in a 1:1 (v/v) ratio for 5 min, and each
sample was centrifuged at 4,000 rpm for 5 min. The remaining bacterial pre-
cipitation was resuspended in 200 ul of SM, and the fluorescence value was
determined at 490 nm excitation/537 nm emission. Binding capacity
between the strain and VP3 is measured via total fluorescence value/Ag. The
remaining phage titer in the supernatant of each sample was determined
using a double-layer plaque assay. LB culture medium containing only wild-
type strain or VP3 phage was used as a negative control, and the phage titerin
the control supernatant was set to 100%. Error bars indicate ranges. +, VP3
present; —, VP3 not present, the detailed information of strains in Table 2.

pT25-TolC and pT18C-TolC-transformed BTH101 as a posi-
tive control in addition to the leucine zipper of GCN4 (46) as a
second positive control (Fig. 44). Our results showed that gp44
could interact with TolC and that the interaction was IPTG
concentration-dependent: 0.5 mm IPTG induced the maxi-
mum f3-galactosidase activity, similar to both positive con-
trols (Fig. 4A4).

Three domains for gp44 can be predicted by searching the
Pfam database, including N-terminal phage_T7_tail domain
(15—244 aa), Collar domain (260-306 aa), and Pfam-B_57397
(483-586 aa) following the nomenclature in Pfam (Fig. 4B). (16)
The N-terminal domain of gp44 of phage VP3 shows high sim-
ilarity to those of the T7 tail fiber protein gp17 and the other tail
fiber proteins of T7-like phages such as T3, YeO3012, and gh-1
(16), whereas the homology of their C-terminal domains is
notably low (16, 50). To evaluate the gp44 domain(s) interacting

J. Biol. Chem. (2018) 293(11) 40004013 4003
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Table 3
Sensitivity of strains to VP3 detected by double-layer plaque assay
The following symbols and abbreviation were used: +, indicates strain with no plaque formation confirmed as VP3-resistant phenotype; —, indicates strain with plaque
formation confirmed as VP3-sensitive phenotype; PC, N16961 (wildtype) without VP3 used as positive control (PC); NC, N16961 (wildtype) with VP3 used as negative
control (NC).
Growth rate Double-layer Growth rate Double-layer
Strains (Ago0) plaque assay Strains (Ago0) plaque assay
PC 0.880 + NAtolC-OS 0.921 +
NC 0.021 - NAtolC-OS-C 0.017 -
NAOS 0.889 + NAz0lC-OS-CtolC 0.888 +
NAOS-C 0.016 - NAtolC-OS-COS 0.904 +
NAwlC 0.865 + NAtolC-C 0.021 -
A B
1*
2 o il
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Figure 4. Detection of the interaction between TolC and gp44 or its derivatives by BACTH. A, analysis of gp44-TolC interaction by BACTH. PC, positive
control (leucine zipper of GCN4); NC, negative control (vector plasmid only); TolC/TolC, positive control (trimeric protein from V. cholerae); vector/TolC,
negative control (vector pT18C and pT25-TolC). B, motif illustration of gp44 protein. Boxes represent fragments, and the numbers on the fragment denote the
amino acid positions. C, C-terminal domains of gp44 have significant interactions with TolC. The plasmids pT25-TolC and pT18C-gp44 or their derivatives with
truncations of gp44 were co-transformed into BTH101 separately and incubated to log phase at 37 °C, and -galactosidase activity was measured. D, qRT-PCR
assays of transcriptions of gp44 and its truncations in BTH101. Strains BTH101 (pT25-TolC and pT18C-gp44), BTH101 (pT25-TolC and pT18C-gp44(245-753)),
and BTH101 (pT25-TolC and pT18C-gp44(1-450)) were grown in LB medium in the presence of T mm IPTG and incubated to log phase at 37 °C, and total RNA
was extracted and determined by qRT-PCR. Each value is the average of three independent cultures. Error bars, standard deviations.

with TolC, three fragments spanning different regions of gp44
were constructed in pT25 and co-transformed with pT18C-
TolC into BTH101, and the interaction between TolC and each
gp44 derivative was measured by the 3-galactosidase activity
(Fig. 4C). The gp44(245-753) and gp44(451-753) fragments
showed significant interactions with TolC, whereas gp44(1—
450), which includes two domains corresponding to the N-ter-

4004 J Biol. Chem. (2018) 293(11) 40004013

minal phage T7_tail and Collar domains (Fig. 4B), did not
interact with TolC. To determine whether the low B-galacto-
sidase activity in the gp44(1-450)/TolC pair was due to lower
expression of gp44(1-450), we compared the transcript levels
of gp44(1-450), gp44, and gp44(245-753) in BTH101 using
qRT-PCR, and no obvious transcription differences were
observed for these three genes (Fig. 4D). Thus, it could be
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Figure 5. Analysis of the interactions of TolC with gp44 in vitro. Western
blot analyses of GST pulldown experiments were performed with GST-TolC
immobilized on glutathione-Sepharose resin and His-tagged protein extracts
of full-length gp44 (lane 1), gp44(451-753) (lane 2), and gp44(1-450) (lane 3);
the protein mixture (full-length gp44, gp44(451-753) and gp44(1-450))
described above was incubated with GST for pulldown analysis as a negative
control (lane 4). Lane M indicates mass.

- + +

deduced that the interaction domains of gp44 with TolC are
located in the C-terminal domain of gp44 and that deletion of
N-terminal domain does not affect the interaction of gp44 with
TolC.

To further confirm the BACTH assay results, GST pulldown
experiments were performed with GST-tagged TolC immobi-
lized on glutathione-Sepharose resin and His-tagged trunca-
tions of gp44. The final samples from pulldown assays were
separated on two SDS-polyacrylamide gels and transferred
onto PVDF membranes, where anti-GST and anti-His mono-
clonal antibodies were used for protein detection. The results
showed that both full-length gp44 and gp44(451-753) inter-
acted with TolC, whereas no interaction was observed between
gp44(1-450) and TolC (Fig. 5), which were consistent with the
corresponding BACTH results, and indicated that gp44 inter-
acts with TolC directly, and the C-terminal fragment gp44
(451-753) is necessary for interaction with TolC.

Ala-78 and Gly-290-Glu-291 sites of TolC are required for the
interaction with gp44

To determine the possible amino acid residues of TolC,
which may have roles in its interaction to gp44, we first
sequenced the £0/C genes of the O1 El Tor VP3-sensitive and
VP3-resistant strains to search the commonly different amino
acid residues between both groups of strains. Here, 192 strains
were selected, including 108 VP3-sensitive and 84 VP3-resist-
ant strains. Of these, the genomes of 71 strains were previously
sequenced (51), and the to/C sequences were retrieved directly
from their genome sequence data, and the f0/C sequences of
remaining strains were amplified by PCR and sequenced. Ten
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TolC amino acid sequence types of these strains were obtained
by alignment (Fig. 6A4). Within them, all VP3-sensitive strains
had the identical TolC sequences, as shown in sequence type
(ST) no. 1. However, 96% (81/84) of the VP3-resistant strains
had TolC amino acid variations compared with the VP3-sensi-
tive strains. These variations clustered in the 76 -90 and 278 —
291 regions (Fig. 64). Among them, the common differences
between the sensitive and resistant strains were the amino
acid alterations A78D, G290S, or a Gly-290-Glu-291 deletion
located in these two hypervariable regions (Fig. 6A).

Then two plasmids, pT18C-TolC, s, and pT18C-
TolC 090 29 (Table 2), were constructed to change the 78th
amino acid Ala to Asp and to delete the Gly-290 -Glu-291 of
TolC from a VP3-sensitive strain. Each plasmid was co-trans-
formed into BTH101 with pT25-gp44. Very weak -galactosid-
ase activity was detected for both mutations (Fig. 6B), suggest-
ing that alteration of either site disabled the interaction
between TolC and gp44. The recombinant plasmids pSRKTc-
TolC,.sp and pSRKTc-TolCy,gy 5o, (Table 2) were con-
structed and transformed into strain NAzol/C, and the sensitivi-
ties of the resulting strains NA£0IC-C -4, and NA20IC-C 500 59,
to VP3 were not restored when observed with the double-layer
plaque assay (Fig. 6C).

To detect whether the A78D mutation or Gly-290-Glu-291
deletion of TolC possibly impedes the TolC trimerization, we
first evaluated the homotypic oligomerization of TolC,.sp
and TolCy,90_59; With BACTH. The constructed plasmid
pair pT25-TolC ,,4,/pT18C-TolC g1, 0r pT25-T0lC s 590 201/
pT18C-TolCy 500 o0 Was transformed, respectively, into BTH101,
and their B-galactosidase activities were as high as the positive
control pT25-TolC/pT18C-TolC (Fig. 7A), suggesting that
TolC 4. ¢p and TolC 454 o4, could still form oligomers. Second,
SDS-PAGE and blue native-PAGE (52) were performed to
detect the mass and oligomeric states of the proteins. The
plasmids pEGX-6p-1-TolC .4 and pEGX-6p-1-TolCy 590 291
were constructed and overexpressed in the E. coli strain
BL21(DE3). TolC ,.p-GST and TolC 560 _59,-GST were puri-
fied and analyzed by SDS-PAGE and native-PAGE. Both
TolC,,5p-GST and TolCysg_59;-GST showed the same
molecular weight as TolC-GST by SDS-PAGE (~74 kDa, Fig.
7B). On the native-PAGE, all proteins migrated close to 240
kDa (Fig. 7C), showing that TolC,.gp or TolC 590 19, could
form polymers similar to the TolC control.

Third, the sensitivity of the mutant V. cholerae strains encod-
ing TolC -, and TolC .4, _50; against bile acids and SDS was
examined as well. Growth of the strains NAtol/C-C,q and
NA20lC-Cyo90 29, Was assessed in LB media supplemented
with 0.1% SDS or bile salt. Compared with the wildtype strain,
NAt0lC exhibited hardly any growth in LB with SDS, whereas
the growth of both strains NA£o/C-C ¢, and NA20/C-C 560 591
was ~80% survivors (Fig. 7D). In LB supplemented with bile
salt, growth of NAzo/C was inhibited, but NAzo/C-C,, and
NA20IC-Cyo90 91 grew vigorously, similar to the wildtype
strain (Fig. 7E). These data showed that the mutations of Ala-78
or Gly-290-Glu-291 do not influence the oligomeric state of
TolC. Both sites are necessary for the interaction of TolC with
gp44 and VP3 infection.
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Figure 7. Analysis of the mass, oligomeric states, and the physiological function of TolC,,5p 0r TOIC 4 500 _291- A BACTH assays of the trimerization of each
TolC mutant protein with A78D and Gly-290-Glu-291 deletion, respectively. The resulting recombinant plasmid pair pT25-TolC,,55/pT18C-TolC,,gp OF pT25-
TolCx560-201/PT18C-ToIC y 590597 Was co-transformed into BTH101, and the B-galactosidase activity was measured. TolC/TolC was used as the positive control.
B, TolC-GST, TolC,;gp-GST, and TolC,90_59:-GST protein were separated by SDS-PAGE. A 74-kDa band representing the single subunit of TolC is shown. C,
protein samples were separated by native-PAGE (4-15%, Solarbio). A 240-kDa band showing the trimer of TolC is shown. Lane M indicates mass. D, analysis of
the SDS sensitivity of strains expressing TolC,,gp Or TolC 560507 Proteins. The cfu of each sample was normalized by cfu counting without SDS. E, growth
kinetics of wildtype strain N16961 (WT), NAtolC, NAtolC-C5gp, and NAtolC-Cy,60_50, in the presence of 0.1% bile salt.

Sequence alignment showed that TolC of V. cholerae has
46% identity and 77% similarity with the TolC of E. coli (Fig. 8A)
(53). The result showed that the corresponding sites of Ala-78
and Gly-290 —Glu-291 all locate to the loop regions of TolC that
are exposed to the cell surface.

Discussion

Specific adsorption mediated by a receptor—ligand pair is the
first step in phage infection. Bacterial envelope components
such as LPS and OMP are the commonly recognized receptors

for phages (54, 55). Many phages in the T7 family adsorb LPS
for their infection (12-14), but for the Vibrio phage VP3, OS
deficiency did not cause complete loss of VP3 adsorption. In
this study, we identified TolC as another receptor for VP3 that
mediates its nearly complete adsorption to V. cholerae O1 El
Tor strains with OS, revealing a co-receptor—binding mecha-
nism for Vibrio phage.

Our quantitative adsorption tests showed that in addition to
the previously reported receptor OS (16), TolC is required for
the complete binding of VP3 with V. cholerae. Mutation of

Figure 6. Sequence alignment of TolC of the VP3-sensitive and -resistant strains and the interaction analysis between gp44 and TolC or its amino acid
site mutants. A, all the TolC amino acid sequence fragments of the VP3-sensitive and VP3-resistant strains containing the mutation sites were aligned using
MEGA, 10 sequence types (ST1 to ST10) were found. All the VP3-sensitive strains have one sequence type, ST1. All the VP3-resistant strains belong to ST2-ST9
with the amino acid residue mutations. The common mutant residues in the VP3-resistant strains compared with the VP3-sensitive strains are marked with
black boxes. The numbers of the amino acid residue sites are shown based on the sequence of ST1. B, BACTH assays of the interactions between gp44 and TolC
or its mutants, including the mutation on A78D and the deletion of Gly-290-Glu-291. C, double-layer plaque assays were performed to detect the roles of the
TolC protein mutants for the VP3 infection. The lysis plaque was observed when VP3 was added in the culture layer of strain NAto/C-C but absent in the culture
layers of the strains NAto/C-Cy,gp OF NAtOIC-C 590 _201-
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Figure 8. Sequence alignments of TolC of E. coliand V. cholerae and the predicted motifs of VCA0781. A, comparison of TolC sequence of V. cholerae and
E. coli using program Clustal Omega. Identical amino acids are labeled in dark gray; similar amino acids are colored in light gray. The locations of the two loops
of TolC (E. coli) are labeled with a brace. Sites Ala-78 and Gly-290-Glu-291 of TolC (V. cholerae) are marked with black box. B, predicted domains of VCA0781
based on the comparison with MacB of E. coli. The domains of VCA0781 are illustrated with the square frames, and the start and end amino acid positions are

marked.

either gene reduced binding capacity with VP3, and a double
mutant completely abrogates VP3 binding. Co-receptors re-
quired for infection are also found in some members of the T7
family and other phages (26 -29). In Yersinia pestis, LPS and
OMPs (Ail and OmpF) are necessary for the infection of Yep-¢,
which is used in the typing and identification of Y. pestis strains
(30). Binding to LPS and TolC of E. coli is two separate but
necessary events that function independently during TLS
phage infection (31). The binding of the tail fiber of T7 and LPS
is weak and reversible, perhaps allowing the phage to travel over
the cell surface without dissociation (56). For some phages,
binding is followed by conformational changes in the tail fiber
(57, 58); interaction between phage and host initiates the injec-
tion of DNA into the host (59) through a channel formed by
phage proteins (56, 57, 60, 61) or host-derived proteins (62, 63).
We suspect that the binding of tail fiber protein gp44 to TolC
uses the same strategy, forming a channel composed of host and
phage proteins to transport phage DNA into the host cell.

We showed that VP3 bound to the surface of V. cholerae
through the C-terminal region of gp44. The tail protein N ter-
minus anchors the entire tail protein to the head of the phage
particle (44), and the C-terminal domain determines the host
range for T7 phage (45). The low homology of the tail protein C
terminus with the T7 family may be explained by the diversity
of receptors on different host cells. We suspect that the sequen-
tial binding to OS and TolC by different domains of gp44 medi-
ates the successful infection of VP3. When either OS or TolC is
deficient, the fibers of VP3 can bind only one site, and this

4008 J. Biol. Chem. (2018) 293(11) 40004013

weakens host cell surface adsorption efficiency. However, the
precise structure and the dynamic process of gp44 binding to
OS and TolC should be further studied.

Sequence alignment results showed that two highly variable
regions of V. cholerae TolC, 76 —90 and 278 —291 aa, are com-
posed of B-sheets located at the trans-membrane domain and
at a neighbor-loop region that is cell-surface—exposed. Ala-78
and Gly-290-Glu-291 are located at these two exposed loop
regions that are cell-surface— exposed. The surface distribution
of these sites suggests a role in binding with gp44 of VP3.

Ala-78 and Gly-290-Glu-291 of TolC are critical for its
interaction with the tail protein gp44 of VP3. The alanine at
position 78 is a non-polar hydrophobic amino acid located in
the 76 —90 loop region of TolC, and it is changed to polar, neg-
atively charged aspartic acid in most VP3-resistant strains.
Another common mutation site is the 278 —291 region of TolC,
where the simplest amino acid Gly-290 is mutated to serine, or
Gly-290-Glu-291 is deleted in the resistant strains. These
mutations prevent TolC from binding to gp44 and confer
strains with resistance to VP3 infection. The surface-exposed
loop sequences of many outer-membrane proteins involved in
phage infection, including TolC (31), OmpF (27), and FhuA
(64), show little conservation. Bacteria may thus undergo con-
version from phage-sensitive to phage-resistant via mutation of
the loop region of the receptor protein, and this may help them
to survive in the environment where the phage is present.

In addition to tolC, in this study, we identified four additional
genes that are possibly related to VP3 resistance (Table 1). The
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hypothetical protein VCA0781 has two conserved domains
(MacB-PCD and FtsX) that are similar to those of the E. coli
inner membrane protein MacB (Fig. 8B). Many channels on
bacterial membranes depend on TolC to form ABC-type trans-
porters (38, 65, 66), and the macrolide transporter MacA—
MacB-TolC was identified as the first ABC-type transporter
that actively extrudes substrates, including macrolide anti-
biotics and polypeptide virulence factors (67, 68). Therefore
VCAOQ781 probably localizes to the inner membrane, and
together with TolC and a periplasmic protein they play a role in
VP3 phage DNA injection or in the release of new phage parti-
cles from the cytoplasm. VC0050 encodes a DNA topoisomer-
ase I-related protein, which is probably involved in the proper
resolution of certain DNA structures (69, 70). We predicted
that VC0050 may affect the assembly and formation of VP3
phage particles by destabilizing DNA. The product of VC0034
is predicted to be a disulfide isomerase involved in the forma-
tion of intra-protein disulfide bonds, and it may influence ter-
tiary protein structure. The function of VC0177 is unknown.
All of these four genes were preliminarily identified by trans-
poson mutagenesis and were selected for resistance to VP3
infection. Further research is warranted to confirm the gene’s
roles in VP3 resistance.

In summary, we have identified a second receptor for phage
VP3 and revealed the co-receptor manner for VP3 infection to
V. cholerae O1 El Tor strains. Some wild VP3-resistant V. chol-
erae strains possessing mutations in the phage-binding regions
of TolC cause resistance to VP3 infection. Our findings may
help to understand the infection and anti-infection mecha-
nisms of V. cholerae to its phage and the receptor recognition of
the T7 phage family.

Materials and methods
Bacterial strains, phage, plasmids, and culture conditions

The bacterial strains and plasmids used in this study are sum-
marized in Table 2. VP3 phage was propagated on host strain
2477c as described in a previous study (16). The phage titers
were determined by double-layer plaque assay (71). N16961 is
resistant to streptomycin (Sm) and sensitive to VP3 (16). These
experiments were used in conjugation tests and distinguished
from E. coli SM10 Apir by its resistance to Sm. Unless otherwise
stated, all strains were grown at 37 °C in Luria broth (LB)
medium or on LB medium plates with 15 g/liter agar. Antibiot-
ics were used at the following concentrations: ampicillin
(Amp), 100 pg/ml; Sm, 100 pg/ml; kanamycin (Kan), 50 ug/ml.
For E. coli, we used the following: chloramphenicol (Cm), 30
pg/ml; tetracycline, 10 ug/ml. For V. cholerae, we used the fol-
lowing: chloramphenicol, 2 ug/ml; tetracycline, 2 ug/ml.

Transmission electron microscopy

To observe the interaction of VP3 and V. cholerae, the phage
suspension was mixed with an equal volume culture of its host
strain 2477c and incubated for 5 min at 37 °C. Samples were
adsorbed for 1 min onto a Formvar film on a carbon-coated 200
mesh copper grid. The adsorbed samples were washed three
times in distilled water and negatively contrasted with 2% ura-
nyl acetate (EMS, Hatfield, PA). Imaging was performed using a
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Tecnai 12 transmission electron microscope (FEI Co., Hills-
boro, OR).

Double-layer plaque assay

The assay was performed as described previously (71).
Briefly, 4 ml of 50 °C melted 0.7% LB agar was mixed with 100 ul
of cell cultures and poured onto an LB agar plate, and 10 ul of
VP3 was dropped onto the plate when the upper layer solidified.
After overnight incubation at 37 °C, plaque formation indicates
that the strain is sensitive to VP3.

Construction of a transposon insertion library and selection of
VP3-resistant mutants

Plasmid pSC123 (72) was transformed into E. coli SM10 Apir
(73) to obtain SM10-123 (Cm", Kan®). Conjugation was per-
formed between the recipient strain N16961 and the donor
strain SM10-123 according to previously published protocols
(15). Trans-conjugants were selected from LB agar plates (Kan,
50 pg/ml, and Sm, 100 pg/ml) and incubated in 96-well plates
(Corning Costar 3599) until the absorbance at 600 nm (Agq,)
reached 0.5 to 0.6. Then, 5 ul of culture was inoculated into 140
wl of LB with phage VP3 (1 X 10° pfu/ml) in new 96-well plates
and incubated for 5 h. Cultures of strain N16961 (Sm") with and
without VP3 were used as negative and positive controls,
respectively. Wells with A, significantly higher than the neg-
ative control and nearly as high as the positive control were
selected as candidates for phage-resistant mutants. These can-
didates were subsequently tested using a double-layer plaque
assay.

Arbitrary PCR (74, 75) was performed with two rounds of
amplification to identify the transposon insertion site. Primers
ARB-1, ARB-6, and 123-1 (Table 4) were used in the first round,
and chromosomal DNA extracted from each mutant was used
as a template. The PCR was performed as follows: 95 °C for 5
min; six cycles of 94 °C for 30 s, 30 °C for 30 s, and 72 °C for 1
min; 30 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for
1 min; and finally 72 °C for 5 min. In the second round of arbi-
trary PCR, the PCR product from the first round was used as the
template, and 123-2 and ARB-2 primers (Table 4) were used.
The PCR assay was performed under the following conditions:
30 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min,
followed by 72 °C for 5 min. Amplicons were sequenced using
the 123-2 primer.

Construction of mutants and complementation experiments

An in-frame tolC (VC2436) mutant of N16961 was con-
structed by homologous recombination using the suicide plas-
mid pWMO91 (76). The 1-kb flanking regions upstream and
downstream of t0/C gene were amplified by PCR from N16961
chromosomal DNA using the primers pairs VC2436-UP-Spel-
5'/VC2436-UP-3" and VC2436-DOWN-5'/VC2436-DOWN-
Xhol-3' (Table 4), respectively. The two amplicons overlapped
and were used as templates to generate the full fragment using
the primers VC2436-UP-Spel-5'/VC2436-DOWN-Xhol-3'.
The fragment was digested with Spel/Xhol and cloned into
pWMOI1, generating the plasmid pWM91-Ato/C, which was
conjugally transferred into N16961 from the donor strain E. coli
SM10 Apir. Trans-conjugants were selected on LB agar (Amp,
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Table 4
Oligonucleotide primers used in this study
Oligonucleotides Sequence (5'-3')"" Used in plasmid or reaction
VC2436-UP-Spel-5' GG ACTAGTCCTCTCCGACCTCCGGCTGC pWMOI1-AtolC
VC2436-UP-3’ AAGCAGTTTTTTCATCGGTCC

VC2436-DOWN-5’
VC2436-DOWN-Xhol-3'
123-1

123-2

ARB1

ARB6

ARB2

TolC-Ndel-R
TolC-Spel-F
VC0231-Xbal-F
VC0231-PstI-R
VC0231-UP-BamHI-5’
VC0231-UP-3’
VC0231-DOWN-5’
VC0231- DOWN-Xbal-3’
TolC-KpnI-R
TolC-Xbal-F
gp44-Xbal-F
gp44-BamHI-R
gp44,,5-Xbal-F
gp44,;,-Xbal-F
gp44(1-450)-BamHI-R
TolCy290201F
TolCpz00-201-R

TolC, e, F
TolC,,5p-R

TolC-BamHI-F
TolC-XhoHI-3T-R
gp44-Ndel-F
gp44-Xhol-R
gp44,5,-Ndel-F
gp44(1-450)-Xhol-R
Amp-F

Amp-R
gp(44-350)-F
gp(44-450)-R

CCGATGAAAAAACTGCTTGTCGCGAAGAAGTAATCCATC
CCGCTCGAGACGCTATCGTGGTGCATCGCTG
TCACCAACTGGTCCACCTAC
CGCTCTTGAAGGGAACTATG
GGCCACGCGTCGACTAGTACNNNNNNNNNNGATAT
GGCCACGCGTCGACTAGTACNNNNNNNNNNACGCC
GGCCACGCGTCGACTAGTAC

GCC CATATGAAAAAACTGCTTCCATTATTTG

CCG ACTAGTTTACTTCTTCGCGACTTTTAG
GC_TCTAGAAGGAGGAAAATC ATGTTCCTAATTATGTCT
AA CTGCAGTGATCAAGCCTCAGTAAAATTTG

CGG GGATCCTTCTCGGCTGTCTGAATC
GATGATCGTCGCCGCCAA
TTGGCGGCGACGATCATCAGCGACTTGATGCTGAAA

TCC TCTAGATGGTTTTCTGATGCTCAA

CGG GGTACCTTACTTCTTCGCGACTTTTAG

CGC TCTAGAGATGAAAAAACTGCTTCC

CGC TCTAGAGATGTCAGGCACTCGTGCTCC ATGTCAGGCACTCGTGCTCC
CCG GGATCCTTAATTTAAAGGGATAGTCC

CGC TCTAGAG GTTAAAGACCTTGGTGCTG

CGC TCTAGAG CACATGACGGTCGTCTATG

CCG GGATCCGTTTAACTTCAAGAGCACTAC
CAATGCGAAAAACACTTCA GAGTACAACGATTTCAAAATC
GATTTTGAAATCGTTGTACTC TGAAGTGTTTTTCGCATTG

CCGCAGTGATCAA [b] GACCCACGCGAAAGTGATC
GATCACTTTCGCGTGG [b] GTCTTGATCACTGCGG

CGCGGATCCGAAAACCTGGCAGAGATTTATAACC
CCGCTCGAGTTACTTCTTCGCGACTTTTAGG
GCTCATATGATGTCAGGCACTCGTGCTCC
CCGCTCGAGATTTAAAGGGATAGTCCAGTTG
GCTCATATGCACATGACGGTCGTCTATGCG
CCGCTCGAGTTTAACTTCAAGAGCACTAC
ATGAGTATTCAACATTTCCG
CAAGTCATTCTGAGAATAGTG
ATGGAAATCGGTGGTGAGTTC
CTTCAAGAGCACTACCAATC

Primers for arbitrary PCR to identify

transposon insertion sites

PSRKTc-TolC
pBAD33-VC0231

pWM91-AVC0231

pT18C-TolC or pT25-TolC
pT25-gp44

pT25-gp44 (245-753)
pT25-gp44 (451-753)
pT25-gp44 (1-450)
PSRKTc-TolCy 90 01
PT18C-TolCy00 30
PT25-TolCy 500501
PSRKTc-TolC,gp
pT18C-TolC,,5p
pT25-TolC g
pGEX-6p-1-TolC

pET-30a-gp44
pET-30a-gp44 (451-753)
pET-30a-gp44 (1-450)
RT-PCR

RT-PCR

“ Restriction sites are underlined.
? Bold letters indicate amino acid change.

100 wg/ml, and Sm, 100 ug/ml) and re-streaked onto LB agar
with 10% sucrose and without NaCl at 22 °C. Colonies from the
sucrose selection medium that failed to grow on LB agar plates
with Amp (100 ug/ml) indicated that the suicide plasmid was
absent and a double crossover had occurred. Clones were
amplified with the primers VC2436-UP-Spel-5'/VC2436-
DOWN-Xhol-3'" (Table 4), producing amplicons of 2 kb, ~1.3
kb shorter than the wildtype strain. The resulting mutants were
confirmed by sequencing.

The primers used for the construction of plasmid pWM91-
AVC0231 are listed in Table 4. The tol/C-OS double mutant of
N16961 was constructed based on t0o/C mutant in a similar
fashion.

Genetic complementation analysis

Plasmid pSRKTc was used to construct complementary
plasmids with inserted wildtype TolC or its derivatives, includ-
ing TolC,,gp and TolCp,g0_50;. When the complementary
plasmid pSRKTc-TolC was constructed, the fragment contain-
ing tolC was PCR-amplified from chromosomal DNA of
N16961 with the primers TolC-Ndel-R/TolC-Spel-F, digested
by restriction enzymes Ndel/Spel and inserted into pSRKTc.
Using the same method, the plasmids pSRKTc-TolC,.qp
and pSRKTc-TolCy,e0_59; Were constructed. The primers
TolC 00 _201-F/TOICA590 _291-R  for pSRKTc-TolCys0 291
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and the primers TolC ,-¢p,-F/T0lC,-¢p-R for pSRKTc-TolC -1
are listed in Table 4. The complementary plasmid pBAD33-
VC0231 was constructed with the primers VC0231-Xbal-F/
VC0231-Pstl-R (Table 4). The complementary plasmids were
transformed into different mutants and induced with 0.01%
arabinose for pBAD33 or 1 um IPTG for pSRKTc as mentioned
under the “Results.” The empty plasmid pSRKTc or pBAD33
was transformed into mutants as a control. Phage VP3 sensitiv-
ity analysis for the complemented mutants was performed by
double-layer plaque assay.

Phage-binding assays

Pure VP3 phage with a titer of at least 10" pfu/ml was mixed
at 100,000:1 (v/v) with a SYBR Gold nucleic acid gel stain stock
solution (S11494; Invitrogen) and incubated for 30 min in the
dark at room temperature. The mixture was filtered through
0.02-pum pore filters (6809-5002; Waterman, Germany) and
washed once using an equal volume of SM buffer (100 mm
NacCl, 8 mm MgSO,7H,0, 50 mm Tris-HCI, pH 7.5). The filters
were washed with 1 ml of SM three times to gather labeled
phage. Next, 700 ul of bacterial culture (Ao, = 0.2) was mixed
with phage (10'° pfu/ml) at 1:1 (v/v), incubated for 5 min, and
centrifuged at 5,000 rpm for 5 min. The cell precipitate was
resuspended with 200 ul of SM, and the adsorption of each
strain with VP3 phage was measured at 537 nm (490 nm blue-
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light excitation) using a Multiscan Spectrum TECAN infinite
M200 Pro and reported in fluorescence units/A 4. The residual
phage titers of the supernatant were tested by double-layer
plaque assay (3).

SDS and bile salt sensitivity assays

The SDS sensitivity assay was performed as described previ-
ously (77). Cells of the strains were grown to the A, of 1.0,
diluted with LB medium supplemented with IPTG (0.5 mm)
and SDS (0.1%) at about 10° cells/ml, and then cultured at 37 °C
for 17 h. The viable cell amounts were counted by cell plating.
The culture media were supplemented with tetracycline for
strains NA£0lC-C o, and NA£olC-C o0 o9, Percentages of
survivors of strains NAtolC, NAtolC-C,,ep, and NAtolC-
Cano0_201 Were calculated by their colony formation units to
the wildtype strain N16961.

The bile salt sensitivity assay was performed by culture of the
strains in the presence of 0.1% bile salt in LB media. Growth
kinetics were measured in the 100-well plates (Bioscreen C,
Finland). The A, was monitored every 30 min in Bioscreen C
at 37 °C with shaking for 8 h.

Bacterial two-hybrid system for analysis of the TolC and gp44
interaction

Overnight cultures of ¢yaA mutant E. coli BTH101 contain-
ing each plasmid pair pT25-gp44/pT18C-TolC, TolC deriva-
tives including pT18C-TolC,,¢, and pT18C-TolCus90_201s
plasmid pairs pT18C-TolC/pT25-gp44, or derivatives and var-
ious truncations of gp44 were subcultured in LB containing
different amounts of IPTG and grown with shaking at 220 rpm
at 37 °C until the A, reached ~0.4. The B-galactosidase activ-
ity was measured and recorded in Miller units as described
previously (78).

RT-PCR

Total RNA was isolated from the culture of BTH101 strains
by using the RNeasy kit (Qiagen). The RNA samples were ana-
lyzed by qRT-PCR using One-Step SYBR Primer script RT-PCR
kit IT (TaKaRa, Japan). Relative expression values (R) were cal-
culated ag 2~ (A< target — ACt reference) where Ct is the fractional
threshold cycle. The mRNA of ampicillin-resistant gene in
pUT18C was used as a reference. The following primer combi-
nations were used: Amp-F and Amp-R for bla mRNA, gp44—
350-F, and GP44 —450-R for mRNA of gp44 and its truncated
derivatives. A control mixture lacking reverse transcriptase was
performed in each reaction to exclude chromosomal DNA
contamination.

Protein expression and purification

TolC and gp44 genes, either wildtype or truncated, were sub-
cloned into prokaryotic expression vectors for protein produc-
tion. All primers and restriction enzymes used are included in
Table 4. Genes of TolC (encoding 22—-438 aa), TolC,¢p, and
TolCys90_291 Were cloned, respectively, into pGEX-6p-1, over-
expressed in E. coli strain BL21(DE3), and purified following
detergent extraction as described (35). Full-length gp44 and its
different truncations were cloned into pET-30a and expressed
in E. coli strain BL21 (DE3). Cells containing the expression
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plasmids were grown in LB culture supplemented with corre-
sponding antibiotics to a density of 0.5-0.6 A,,/ml and
induced with 0.5 mMm IPTG for 4 h at 37 °C. Cells were collected,
pelleted, and resuspended in buffer A (20 mm Tris-HCI, pH 9.0,
and 300 mm NaCl, supplemented with protease inhibitors). The
cells were lysed by sonication and centrifuged at 12,000 rpm for
1 h. The His,-tagged proteins, including soluble gp44 and var-
ious truncations, were first purified using Ni** resin (Invitro-
gen), and the elution samples were dialyzed using buffer B (20
mM Tris-HCI, pH 9.0, and 300 mm NaCl) and used in the inter-
action analysis with GST-tagged TolC protein. Protein concen-
tration was measured using the BCA protein assay reagent kit
(Pierce).

Protein binding assays in vitro

The proteins of His,-tagged full-length gp44 or its truncation
variant gp44(451-753), 0.3 mg in each, was mixed, respectively,
with 0.1 mg of GST-tagged TolC protein affixed to GS4B resin
and incubated for 1 h at 4 °C. GST proteins loaded onto gluta-
thione-Sepharose resin were added to a mixture of all gp44
His,-tagged proteins and used as a negative control. After an
extensive washing step to remove unbound protein, the bound
proteins were eluted with an elution buffer containing 10 mm
reduced glutathione, and 1% of each sample was subjected to
SDS-PAGE and Western blot analysis. Unless otherwise noted,
all samples were boiled for 5 min in SDS loading buffer before
separation on 12% SDS-polyacrylamide gels. After electropho-
resis, proteins were transferred to PVDF membranes (Immo-
bilon-P, Millipore). Western blottings were probed with anti-
GST and anti-His monoclonal antibodies from mouse (Tiangen
Biotech, Beijing, China). Anti-mouse peroxidase-conjugated
AffiniPure IgG (H+L) secondary antibody (Zhong Shan Jin
Qiao, Beijing, China) was used for protein detection.

Author contributions—B. K. and Fx. F. designed the study and wrote
the paper. Fx. F.,, X. L., Z. L., and Jy. Z. purified protein and per-
formed the experiments. B. P. and C. Z. contributed DNA and pro-
tein-sequence analysis. My. Y. and W1. L. provided technical assis-
tance and contributed to the preparation of the figures.J. L.and Lj. Z.
cryopreserved and saved the strains. All authors analyzed the results
and approved the final version of the manuscript.
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