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Resistance-nodulation-division (RND) efflux pumps are as-
sociated with multidrug resistance in many gram-negative
pathogens. The genome of Vibrio vulnificus encodes 11 pu-
tative RND pumps homologous to those of Vibrio cholerae
and Escherichia coli. In this study, we analyzed three putative
RND efflux pumps, showing homology to V. cholerae VexAB
and VexCD and to E. coli AcrAB, for their functional roles in
multidrug resistance of V. vulnificus. Deletion of the vexAB
homolog resulted in increased susceptibility of V. vulnificus
to bile acid, acriflavine, ethidium bromide, and erythromycin,
whereas deletion of acrAB homologs rendered V. vulnificus
more susceptible to acriflavine only. Deletion of vexCD had
no effect on susceptibility of V. vulnificus to these chemicals.
Upon exposure to these antibacterial chemicals, expression
of tolCV1 and tolCV2, which are putative outer membrane
factors of RND efflux pumps, was induced, whereas expre-
ssion levels of vexAB, vexCD, and acrAB homologs were not
significantly changed. Our results show that the V. vulnifi-
cus homologs of VexAB largely contributed to in vitro anti-
microbial resistance with a broad substrate specificity that
was partially redundant with the AcrAB pump homologs.

Keywords: AcrAB, multidrug resistance, resistance-nodul-
ation-division, VexAB, VexCD

Introduction

Gram-negative bacteria such as Escherichia coli, Pseudomonas
aeruginosa, Salmonella enterica, and Vibrio cholerae use tri-
partite efflux pumps to extrude antibacterial drugs and other
toxic compounds from the inner cytoplasm or periplasmic
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space to the outer environment. Well-studied examples of
efflux pumps are the E. coli MacAB-TolC and AcrAB-TolC
pumps, and the P. aeruginosa MexAB-OprM pumps (Zgur-
skaya and Nikaido, 1999; Koronakis et al., 2004).

Tripartite efflux pumps are typically comprised of an outer
membrane factor (OMF), a periplasmic membrane fusion
protein (MFP), and an inner membrane transporter (IMT).
The IMT belongs to one of three structurally dissimilar pro-
tein super-families, including the major facilitator family, re-
sistance-nodulation-cell division (RND) family, and the ATP
binding cassette (ABC) family (Misra and Bavro, 2009). E.
coli shares a single OMF encoded from a tolC allele, whereas
many other bacteria encode cognate TolC homologs for their
tripartite efflux systems (Li et al., 1995; Poole et al., 1996;
Kohler et al., 1997; Bina et al., 2000; Song et al., 2014). The
OMEF connects to the IMT through MFP in the periplasmic
space, providing a continuous conduit to the extracellular
environment. Several models for the assembly of the tripar-
tite pump have focused on the direct interaction between
the IMT AcrB and the OMEF TolC, which was detected only
when cross-linking was induced (Tamura et al., 2005; Bavro
et al., 2008; Symmons et al., 2009). However, the mutants
that were used for in vivo cross-linking appeared to be non-
functional (Kim et al., 2010; Xu et al., 2011b), and therefore,
these studies need to be reevaluated. In contrast, a recent as-
sembly model for tripartite efflux pumps proposes a direct
interaction between the a-barrel of MFPs with the a-barrel
of OMFs in a tip-to-tip manner, like intermeshing cogwheels
(Kim et al., 2010; Xu et al., 2011a, 2011b; Lee et al., 2012, 2013,
2014; Song et al., 2014). A conserved structural motif at the
a-barrel of MFPs called the RLS motif has been shown to
be important for this interaction. In addition, direct inter-
action between AcrA and TolC has recently been confirmed
by crystal structures of the AcrAB-TolC pump (Du et al.,
2014).

RND-type efflux pumps are important for survival of patho-
genic bacteria, particularly during infections. Six RND type
efflux pumps have been identified in the human pathogenic
bacterium V. cholerae (Bina et al., 2006; Rahman et al., 2007),
whereas the marine pathogenic bacterium V. vulnificus en-
codes 11 putative RND pumps that are homologous to those
of V. cholerae and E. coli (Park et al., 2011; Kawano et al.,
2014). However, little is known about the functional role of
these putative V. vulnificus RND pumps. In this study, we
analyzed the functional role of V. vulnificus RND efflux
pumps that were composed of MFPs with an RLS-like motif,
which are homologous to V. cholerae VexAB and VexCD
and to E. coli AcrAB.



Materials and Methods

Bacterial strains and plasmids

The bacterial strains and plasmids used in this study are
listed in Table 1.

Deletion of vexAB, vexCD, and acrABI genes in V. vulnificus

Regions of the vexAB untranslated region (UTR) (upstream
750 bp, downstream 750 bp), vexCD UTR (upstream 750 bp,
downstream 750 bp), and acrABI UTR (upstream 750 bp,
downstream 750 bp) were amplified by overlap extension
polymerase chain reaction (PCR) from V. vulnificus MO6-
24/0 genomic DNA using the following 12 primers: vexAB-
5'UTR-F (5-TTCTGCAGCTCATTGACAAGATTTTTAC-
3), vexAB-5'UTR-R (5'-CGTTTATATTGCATCGCAATC
TATTAAGAACTCCAATT-3'), vexAB-3'UTR-F (5-AATTG
GAGTTCTTAATAGATTGCGATGCAATATAAACG-3"),
vexAB-3'UTR-R (5'-AAACTAGTGACACTCATTGCCGT
AAATG-3"), vexCD-5'UTR-F (5-TTCTGCAGCTTACGA
TTTACGCTTGCCCAT-3'), vexCD-5UTR-R (5'-CAGAC
CGAACATGATGGTGTGCATCCCACCACCAGCAA-3"),
vexCD-3'UTR-F (5'-TTGCTGGTGGTGGGATGCACACC
ATCATGTTCGGTCTG-3'), vexCD-3'UTR-R (5'-AAACT
AGTTTCTTGCAGACGCTGCAATCCT-3'), acrABI-5"UTR-
F (5-TTCTGCAGGTTTGAATAATCTTT GCAGCA-3),
acrAB1-5'UTR-R (5'-TGGGATCAAGAAGGTACCGGCC
AACAGAGCCGAAGCCA-3'), acrABI-3'UTR-F (5'-TGG
CTTCGGCTCTGTTGGCCGGTACCTTCTTGATCCCA-3"),
and acrABI-3'UTR-R (5-AAACTAGTTGGCGGCGCGG
TCGAGATCAT-3'). PCR products were digested with PstI
and Spel and ligated into the same sites of vector pSW7848 to
produce pSW7848-vexAB, -vexCD, and -acrABI UTRs. These
constructs were used to transform 3914 cells, and transfor-
mants were selected from LB plates containing 300 uM dia-
minopimelic acid and 20 pg/ml chloramphenicol. Overnight
cultures of donor and recipient cells were diluted 1:100 in
culture medium without antibiotics and grown at 30°C in LB
medium supplemented with an additional 2% NaCl (LBS) to
an ODsoo of 0.6. Experiments were performed using a mating
procedure with a donor to recipient ratio of 1:10. Conjugation
was performed overnight on LB agar medium supplemented

Table 1. Bacterial strains and plasmids used in this study
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with diaminopimelic acid and 2% NaCl at 30°C. Counter-
selection of dapA donors was performed by plating on a me-
dium lacking diaminopimelic acid but supplemented with
5 ug/ml chloramphenicol. Antibiotic-resistant colonies were
isolated and grown in LB medium containing 2% NaCl to
late logarithmic phase and spread on plates containing 0.2%
arabinose. Mutants were screened by PCR using primers
-5'"UTR-F and -3'UTR-R of each targeted operon.

Measurement of minimum inhibitory concentration (MIC)

The procedure for MIC measurement has been previously
described (Lee et al., 2012, 2013). Briefly, overnight cultures
grown in LBS medium were diluted 1:100 in the same me-
dium. At an optical density at 600 nm (ODgg) of 0.6, appro-
ximately 10" cells were added to the same medium containing
acriflavine, bile acid, erythromycin, ethidium bromide (EtBr),
novobiocine, and sodium dodecyl sulfate (SDS) in increasing
concentrations. The cultures were grown for an additional
16 to 18 h, and the lowest concentrations of these chemi-
cals that completely inhibited growth were designated as
the MICs.

RNA preparation and semi-quantitative reverse transcription
polymerase chain reaction (RT-PCR)

The procedure for RT-PCR has been previously described
(Lim et al., 2014). Overnight cultures grown in LBS medium
were diluted 1:100 in the same medium. At an ODgq of 0.1,
each chemical was added at 10 and 20 pg/ml for bile acid, 1
and 2 pg/ml for acriflavine, and 0.5 and 1 ug/ml for erythro-
mycin to the cultures, and they were incubated for 2 more
hours. Total RNA was isolated using RNeasy Miniprep Kit
(Qiagen). One pg of total RNA from each sample was used
for cDNA synthesis using PrimeScript 1st strand cDNA
Synthesis Kit for RT-PCR (TaKaRa). The primers used for
RT-PCR were 5-AGCAAAACGATCCACAGTTATTGA-3’
and 5'-ACGTTCAGGTTTTTATGCTCTTGA-3' for tolCV1,
5-AAGCTAAACAAAACGATCCGAATT-3" and 5'-TCA
GAGTGTCGGTGCGAATTTGAT-3 for tolCV2, 5-TGA
AATGACCAATACCGTCGTAAC-3" and 5-ACTGCCGT
TGTACAGGACAAATTC-3' for vexAB, 5'-GATTTGAAG
ACCCTGAATTTGTCA-3" and 5-CAACAGTAATCAGG

Strains or plasmids

Relevant characteristics

References

E. coli
n3813 B462 AthyA::(erm-pir-116), Em"
p3914
V. vulnificus
MO6-24/0 Clinical isolate
AvexAB MQO6-24/0, vexAB deleted
AvexCD MO6-24/0, vexCD deleted
AacrAB1 MQO6-24/0, acrAB1 deleted
Plasmids
pSW7848

Pir dependent replication, Cm"
pSW7848-vexAB UTR
pSW7848-vexCD UTR
pSW7848-acrAB1 UTR

F-RP4-2-Tc:Mu AdapA::(erm-pir) gyrA462 zei-298:Tn10, Km', Em', Tc'

A ccdB containing derivative of pPSW4426T ; R6K oriV, RP4 oriT, ccdB-araC;

pSW7848 with 1.5 kb upstream and downstream region of vexAB, Cm"
pSW7848 with 1.5 kb upstream and downstream region of vexCD, Cm"
pSW7848 with 1.5 kb upstream and downstream region of acrABI, Cm"

Le Roux et al. (2007)
Le Roux et al. (2007)

Wright et al. (1985)
This study
This study
This study

Val et al. (2008)

This study
This study
This study
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Table 2. Putative RND-type efflux systems in V. vulnificus MO6-24/0

Identity against

VV gene - Designation Characteristics
E. coli AcrA or AcrB V. cholerae pumps
VVMO6_00057 27% 83% VexA MFP / conserved RLS motif
VVMO6_00056 33% 88% VexB IMT
VVMO6_03480 25% 52% VexC MFP / conserved RLS motif
VVMO6_03481 25% 81% VexD IMT
VVMO6_00577 very low 61% VexE MFP
VVMO6_00578 24% 84% VexF IMT
VVMO6_02100 25% 68% VexG MFP
VVMO6_02099 30% 86% VexH IMT
VVMO6_01821 25% 72% VexI MFP
VVMO6_01820 24% 65% Vex] MEFP
VVMO6_01819 23% 88% VexK IMT
VVMO6_03819 29% 66% VexL MEFP
VVMO6_03818 26% 82% VexM IMT
VVMO6_03994 34% n.d. AcrAl MFP / conserved RLS motif
VVMO6_03993 39% n.d. AcrB1 IMT
VVMO6_03693 24% n.d. AcrA2 MFP / conserved RLS motif
VVMO6_03694 24% n.d. AcrA2 MFP / conserved RLS motif
VVMO6_03695 24% n.d. AcrB2 IMT
VVMO6_04219 26% n.d. AcrA3 MFP
VVMO6_04220 25% n.d. AcrB3 IMT
VVMO6_04320 22% n.d. AcrA4 MFP
VVMO6_04319 22% n.d. AcrB4 IMT
VVMO6_03130 22% n.d. AcrA5 MFP / conserved RLS motif
VVMO6_03129 22% n.d. AcrB5 IMT
*n. d.; not determined
TTTTGCTTCT-3" for vexCD, 5-GAACATGATCTACAT Results

GTCGTCCAA-3" and 5'-TAAACGCTTGAACCATCTGA
ATTG-3' for acrABI, and 5-TTGATTGGCCAGAATTGG
AGTTTG-3" and 5-TGTGGTCGTCGGGATCAAGCTCA
T-3' for gapNAD as an endogenous loading control (Kim
etal,2013).

Detection of total protease activity

Total protease activity was observed using a 1.5% skim milk-
agar plate, as previously described (Hwang et al., 2011). Briefly,
overnight cultures grown in LBS medium were diluted 1:100
in the same medium. At an optical density at 600 nm (ODggo)
of 0.6, approximately 10 cells were spotted on LBS-agar plates
containing 1.5% skim milk. The cleared zones around bac-
terial colonies were monitored after 16 h of incubation at
30°C.

Ec AcrA
Ve VexA
Ve VexC
Vv VexA
Vv VexC
Vv AcrAl

Consensus

QL TVNRYQKLcT-0YIHKQEYDOQ
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2WEQEYRIJAKATFEKTQAIPKAELDK
2EAKYKRYQGFKK-GS IJKEAYDE
124QAEYAAKATFEKSRAITKSDLDA
wELDHQIGKNLPR-Gs IfJesEFDA
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Fig. 1. Sequence comparison of the a-hairpins with the antiparallel coiled-
coil RLS motif (Ec, E. coli; V¢, V. cholera; and Vv, V. vulnificus).

Sequence analysis of putative RND pumps in V. vulnificus

The genome of V. vulnificus contains DNA segments encod-
ing genes for 11 putative RND pumps homologous to those
of V. cholerae and E. coli (Table 2). All of these homologs
showed an amino acid sequence similarity to E. coli AcrA
and AcrB that ranged from ~20% to ~40%. We, therefore,
tentatively assigned those showing a higher sequence homo-
logy (> ~50%) to V. cholerae RND pumps to V. cholerae no-
menclature, designated by VexA-M. Those having no se-
quence homology to V. cholerae RND pumps were desig-
nated as AcrAB1-AcrABS. Further sequence analysis of these
putative RND pumps indicated the existence of putative
RLS motifs in MFP proteins homologous to V. cholerae VexA
and VexC and to E. coli AcrA (Fig. 1). Among them, in this
study, we characterized three putative RND pumps with an
RLS-like motif in MFP proteins with a relatively high ho-
mology to those of V. cholerae and E. coli.

Effects of putative vexAB, vexCD, or acrABI deletion on
susceptibility of V. vulnificus to antibacterial compounds

In order to examine whether these pump homologs were
involved in the resistance of V. vulnificus to antibacterial
drugs and other toxic compounds, we constructed V. vul-
nificus strains with a deletion of putative vexAB (VVMOG6_

00057 and VVMOG6_00056), vexCD (VVMO6_03480 and
VVMO6_03481), or acrABI (VVMOG6_03994 and VVMO6_
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Fig. 2. Characterization of vexAB-, vexCD-, or acrAB1-deleted V. vulni-
ficus strains. (A) Verification of vexAB, vexCD, or acrABI deletions in V.
vulnificus by PCR. PCR products amplified from four different V. vulni-
ficus chromosomes purified from wild-type (WT) and vexAB-, vexCD-,
or acrABI-deleted strains. The expected lengths of DNA fragments am-
plified from WT and mutants are approximately 5-6 kb and 1.5 kb,
respectively. (B) Growth rates of WT V. vulnificus and vexAB-, vexCD-,
or acrABI-deleted strains. V. vulnificus strains were grown in LBS me-
dium and the growth was monitored by measuring ODgg at 30 min
intervals. (C) Effects of vexAB, vexCD, or acrABI deletion on total pro-
tease activity of V. vulnificus. V. vulnificus cells were spotted on a 1.5%
skim milk-agar plate, and the cleared zones around bacterial colonies were
monitored after 16 h of incubation at 30°C.

03993) genes. To confirm deletion, DNA segments encom-
passing the targeted genes were PCR-amplified (Fig. 2A).
Next, these strains were tested for susceptibility to various
antibacterial agents. The results showed that deletion of pu-
tative vexAB genes rendered V. vulnificus cells more suscep-
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Table 3. In vivo effects of vexAB, vexCD, or acrABI deletion on suscepti-
bility of V. vulnificus’ to antibacterial agents

MIC (pg/ml)

WT AvexAB AvexCD  AacrAB1
Chemical Detergents
Bile acid" 40 30 40 40
SDS* 12,800 12,800 12,800 12,800
Intercalating agents
Acriflavine 10 8 10 8
EtBr° 32 16 32 32
Antibiotics
Erythromycin' 4 0.5 4 4
Novobiocin® 0.4 0.4 0.4 0.4

V. vulnificus strains MO6-24/O wild-type (WT), AacrABI, AvexAB, and AvexAB
were used.

P The following concentrations of chemicals were used to measure minimum in-
hibitory concentrations (MICs).

" Bile acid: 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 pg/ml

°SDS: 0, 12.5, 25, 50, 100, 200, 400, 800, 1,600, 3,200, 6,400, and 12,800 pg/ml

¢ Acriflavine: 0, 2, 4, 8, 10, 12, 14, and 16 pg/ml

‘EtBr: 0, 1,2, 4, 8, 16, 32, 64 and 128 pg/ml

[Erythromycin: 0,0.1,0.5, 1, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 ng/ml
#Novobiocin: 0, 0.1, 0.2, 0.3, 0.4, and 0.5 pg/ml

The experiments were repeated three times.

tible to bile acid, acriflavine, ethidium bromide, and eryth-
romycin (Table 3). In contrast, deletion of putative acrABI
genes resulted in moderately increased susceptibility of V.
vulnificus cells to acriflavine, while deletion of putative vexCD
had no effect on the susceptibility of V. vulnificus to these
chemicals. Notably, the deletion of putative vexAB genes re-
sulted in dramatically increased susceptibility of V. vulnificus
cells to erythromycin. Deletion of these genes did not affect
the susceptibility of V. vulnificus cells to other chemicals,
including sodium dodecyl sulfate (SDS) and novobiocin,
which are known substrates of other tripartite drug efflux
pumps. The degrees of resistance to various antimicrobial
chemicals that we observed did not stem from a difference
in proliferation, as wild-type and vexAB, vexCD, or acrABI-
deleted cells showed comparable growth rates (Fig. 2B).

Effects of vexAB, vexCD, or acrABI deletion on total pro-
tease activity of V. vulnificus

A previous report indicated a functional role for the secre-
tion pump proteins in the protease activity of Pseudomonas
fluorescens (Son et al., 2012). For this reason, we examined
the effects of vexAB, vexCD, or acrAB1 deletion on the pro-
tease activity of V. vulnificus. The results showed that the
vexAB, vexCD, or acrABI deletion mutants had no signifi-
cant changes in protease activity compared to wild-type cells
(Fig. 2C).

Effects of antibacterial chemicals on expression of RND
protein-encoding genes

We investigated the regulation of the RND protein-encod-
ing genes upon treatment with antibacterial chemicals that
were associated with vexAB, vexCD, or acrABI deletion mu-
tants. Semi-quantitative RT-PCR was performed with total
RNA from wild-type cells grown in LBS medium in the pre-
sence of bile acid (10 and 20 pg/ml), acriflavine (1 and 2
pg/ml), erythromycin (0.5 and 1 pg/ml), or with no addi-



I 260 Leeetal

CT BA AF Erm
(bp) 10 20 1 2 05 1 (ug/ml)
700 -
L e — — ;
500 —— T — N (0ICV1
400 ==
100 175 178 220 216 242 261 Relative amount
+000 £016 £023 £022 + 013 £0.16 £007 of tolCVI mRNA
700 ==
ggg—' T — — — — — — 10 [
400—=
1.00 145 157 179 177 178 1.88  Relativeamount
+000 +008 £0.14 £0.11 £0.16 +0.05 £0.11 of t/CV2 mRNA
700—
ggg: —-__————I'PXAB
400—
1.00 1.02 095 097 103 104 110 Relativeamount
+000 £ 008 +009 £014 010 +002 007 of vexdB mRNA
700 —=mum
600—

e el L T )
400—=

100 117 105 099 117 117 098 Relativeamount
+000 005 £009 +0.11 £008 +005 +006 of vexCD mRNA

700 -=NN

600 =S '- — e —— —— acrABI

500 ==
400 ==

100 086 088 093 091 086 090 Relativeamount
£000 £0.14 018 009 +0.04 £0.11 £008 of acrdB] mRNA

700—=

600— p—— ,
0o gapNAD

400=—

Fig. 3. Effects of antibacterial chemicals on expression of the RND
pump- encoding genes Steady-state levels of each mRNA were assessed us-
ing semi- quantitative RT-PCR (CT, control; BA, bile acid; AF, acriflavine;
and Erm, erythromycin). The relative amounts of mRNA transcripts were
measured by setting the amount of each mRNA in wild-type V. vulnificus
cells grown in LBS medium in the absence of additional chemicals to 1. The
abundance of gapNAD was measured as an internal standard to evaluate
the total amount of RNA in each reaction. The experiments were repeated
three times and averaged. The error bars (standard errors of the mean)
were used to indicate the range of assay results.

tional chemicals. We observed that the steady-state mRNA
levels of tolCV1 and tolCV2 were increased by approxi-
mately 1.5-2.6 fold in the presence of all of these chemicals.
However, the expression levels of vexAB, vexCD, and acrABI
mRNA were not significantly affected upon exposure to
these chemicals (Fig. 3).

Discussion

Our study shows that the V. vulnificus homologs of VexAB
largely contribute to in vitro antimicrobial resistance with a
broad substrate specificity that was partially redundant with
the AcrAB pump homolog. We were not able to ascribe a
function to the homolog of the VexCD efflux system. This
result does not exclude the possibility that this efflux system
may function in antimicrobial resistance under conditions
different than those used in this study.

The broad substrate specificity of the putative VexAB ef-
flux system and the degree of increase in the susceptibility of

vexAB-deleted cells to various antimicrobial chemicals sug-
gest that this efflux system may utilize TolCV1 as an OMF.
Deletion of tolCV1 has previously been shown to render V.
vulnificus more susceptible to chemical detergents, DNA inter-
calating agents, and antibiotics (Lee et al., 2014). Considering
that TolCV2 plays a limited role in V. vulnificus resistance to
erythromycin, novobiocin, and tetracycline (Lee et al., 2014),
it is unlikely that the putative VexAB and AcrAB efflux sys-
tems use TolCV2 as an OMF.

Unlike V. cholerae vexAB and vexCD (Bina et al., 2006), we
were unable to detect induced expression of putative vexAB,
vexCD, and acrABI genes in response to acriflavine, bile acid,
or erythromycin. In contrast, the expression levels of tolCV1
and tolCV2 were 1.5-2.6 times higher in cells exposed to
these chemicals than in untreated cells. These results indicate
that V. vulnificus has an expression mechanism for these RND
efflux systems that is different from V. cholerae.

RND efflux systems contribute to the development of mul-
tidrug resistance in other pathogenic bacteria (Webber and
Piddock, 2003; Nishino et al., 2006). Our study provides the
first step toward understanding the functional role of RND
efflux pumps in the antimicrobial resistance of V. vulnificus.
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