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ABSTRACT

Pathogenicity islands (PAIs) are mobile integrated genetic elements (MIGEs) that contain a diverse range of virulence factors
and are essential in the evolution of pathogenic bacteria. PAIs are widespread among bacteria and integrate into the host ge-
nome, commonly at a tRNA locus, via integrase-mediated site-specific recombination. The excision of PAIs is the first step in the
horizontal transfer of these elements and is not well understood. In this study, we examined the role of recombination direction-
ality factors (RDFs) and their relationship with integrases in the excision of two PAIs essential for Vibrio cholerae host coloniza-
tion: Vibrio pathogenicity island 1 (VPI-1) and VPI-2. VPI-1 does not contain an RDF, which allowed us to answer the question
of whether RDFs are an absolute requirement for excision. We found that an RDF was required for efficient excision of VPI-2
but not VPI-1 and that RDFs can induce excision of both islands. Expression data revealed that the RDFs act as transcriptional
repressors to both VPI-1- and VPI-2-encoded integrases. We demonstrated that the RDFs Vibrio excision factor A (VefA) and
VefB bind at the attachment sites (overlapping the int promoter region) of VPI-1 and VPI-2, thus supporting this mode of inte-
grase repression. In addition, V. cholerae RDFs are promiscuous due to their dual functions of promoting excision of both VPI-1
and VPI-2 and acting as negative transcriptional regulators of the integrases. This is the first demonstration of cross talk between

PAIs mediated via RDFs which reveals the complex interactions that occur between separately acquired MIGEs.

IMPORTANCE

Deciphering the mechanisms of pathogenicity island excision is necessary for understanding the evolution and spread of these
elements to their nonpathogenic counterparts. Such mechanistic insight would assist in predicting the mobility of uncharacter-
ized genetic elements. This study identified extensive RDF-mediated cross talk between two nonhomologous VPIs and demon-
strated the dual functionality of RDF proteins: (i) inducing PAI excision and (ii) acting as transcriptional regulators. Findings
from this study may be implicated in determining the mobilome contribution of other bacteria with multiple MIGEs.

obile integrative genetic elements (MIGEs) are the vectors of
horizontal gene transfer (HGT) among bacteria via the
mechanisms of transformation, transduction, and conjugation
(1-3). Members of MIGEs include transposons, integrons, bacte-
riophages, plasmids, and integrative conjugative elements (ICEs)/
conjugative transposons and genomic/pathogenicity islands
(GEIs/PAIs). Commensal bacteria can be converted into deadly
pathogens through HGT of MIGEs that contain virulence factors,
or a pathogen may become more virulent with the acquisition of
additional virulence factors (1, 4—6). PAIs were first described for
uropathogenic Escherichia coli (UPEC) and have since been de-
scribed for many pathogenic bacteria (7-17). PAIs range in size
from 10 to 200 kb and have a guanine and cytosine (GC) content
that differs from that of the core bacterial chromosome. These
islands encode virulence factors, are found integrated in the chro-
mosome at the 3’ end of tRNA loci, and are absent from non-
pathogenic strains or closely related species (10). PAIs also contain
an integrase usually belonging to the tyrosine recombinase (TR)
family. Based on phylogenetic analysis of PAI-encoded integrases,
it was demonstrated that PAIs are a distinct class of integrative
elements and are not degenerate remnants of integrated plasmids,
prophages, integrons, or conjugative transposons (2, 18, 19).
Integrases are necessary for both integration and excision of
MIGEs by catalyzing site-specific recombination between two
DNA substrates through DNA cleavage, formation of a Holliday
junction, and rejoining of DNA fragments (20-23). In TR inte-
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grase-encoding prophages, it was demonstrated that the excision
event also requires an additional protein, an excisionase or recom-
bination directionality factor (RDF) (24-28). In fact, it is believed
that all TR integrases require an RDF to perform excision (20, 29).
RDFs are small DNA-binding accessory proteins that aid TR inte-
grases in controlling the directionality of their site-specific recom-
bination reactions (29). These proteins govern directionality by
favoring one reaction direction and interfering with the other.
While the integrases act to catalyze the site-specific recombination
reaction necessary for MIGE excision and integration, their cog-
nate RDFs have been described to perform various accessory func-
tions, such as binding and bending DNA near the att sites and
acting as positive or negative integrase transcriptional regulators
as well as offering stability to their integrase protein partners at the

Received 24 August 2015 Accepted 7 December 2015
Accepted manuscript posted online 14 December 2015

Citation Carpenter MR, Rozovsky S, Boyd EF. 2016. Pathogenicity island cross talk
mediated by recombination directionality factors facilitates excision from the
chromosome. J Bacteriol 198:766-776.doi:10.1128/JB.00704-15.

Editor: V. J. DiRita
Address correspondence to E. Fidelma Boyd, fooyd@udel.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/JB.00704-15.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

March 2016 Volume 198 Number 5


http://dx.doi.org/10.1128/JB.00704-15
http://dx.doi.org/10.1128/JB.00704-15
http://dx.doi.org/10.1128/JB.00704-15
http://crossmark.crossref.org/dialog/?doi=10.1128/JB.00704-15&domain=pdf&date_stamp=2015-12-14
http://jb.asm.org

A. Vibrio pathogenicity islands (VPIs)

PAI Cross Talk Mediated by RDFs

B. VPI Excision

VPI-1 VC0817 — VC0847 (41 kb) attL attR
IR tRNA int PAI genes vef

vpIT TCP ACF  intV1 Excision ¢ Integration

VPI-2 VC1758 — VC1809 (57 kb)

tRNA-Ser
infv2  RMS SAC vefA vefB \

VSP-11 VC0490 — VC0516 (27 kb " gftp et

::vefc tRNA-Met L L2 * R2 R

- intV3 &p_éyam;

C. Vibrio excision factor (Vef) sequence and secondary structure

VefA/1-68
Vef8/1-76
VefC/1-66

----- iloon] FLKL VIEK AI. \I xu wBEEF BBV s 18 BATA rcEKo
maL TNLREVNMBENNT L\I r r| F ovol. VA IzAQ | N RMD -
--------------- bNoESFQ

VefA

VefB

—1

VefC

FIG 1 Vibrio pathogenicity islands (VPIs), VPI excision, and Vibrio excision factors (Vefs). (A) VPI-1 inserts at the transfer-messenger RNA (tmRNA) gene and
contains genes encoding the toxin-coregulated pilus (TCP) and accessory colonization factor (ACF) as well as an integrase (intV1) and a transposase-like gene
(vpiT). VPI-2 inserts into a tRNA-serine locus and contains a restriction modification system (RMS) and a sialic acid scavenging, transport, and catabolism
(SAM) region as well as an integrase (intV2) and two recombination directionality factors (RDFs) encoded by vefA and vefB. Vibrio seventh pandemic island II
(VSP-II) contains a third RDF encoded by vefC. (B) VPIs can excise from the chromosome and form a circular intermediate containing an attP site and leaving
a unique attB site left in the bacterial chromosome. Primers used to detect the attachment (att) sites in two-stage nested PCR assays are represented by arrows on
the left and right sides of the attP and atfB sites. (C) Amino acid sequence alignment of VefA, VefB, and VefC using Clustal W with default settings in JalView. A
59% identity is shared between VefA and VefC, 46% between VefA and VefB, and 49% between VefB and VefC. Predicted secondary structures of VefA, VefB,
and VefC were generated using JNet Secondary Structure Prediction. Arrows represent sheets and cylinders represent helices.

excision site (24, 26, 30-33). Tyrosine recombinase integrases and
RDFs have not been studied extensively for PAls. Phylogenetic
analysis of E. coli RDFs and their corresponding integrases from
PAIs suggests that they evolved together (18). This coevolution
was also observed in the grouping patterns of bacteriophage and
transposon integrases with their partner RDFs (29).

Vibrio cholerae O1 serogroup El Tor, the cause of the seventh
ongoing cholera pandemic, contains four PAIs that are of partic-
ular interest due to their genetic content and unique recombina-
tion modules. Vibrio pathogenicity island 1 (VPI-1) and VPI-2 are
present in all cholera pandemic strains, both classical and El Tor
biotypes (12—14, 17, 34). The presence of two additional PAIs,
named Vibrio seventh pandemic island I (VSP-I) and VSP-II, dis-
tinguishes biotype El Tor from the classical biotype strains that
caused the first six pandemics (12—14, 34). The genes encoding the
toxin coregulated pilus (TCP), a type IV bundle-forming pilus,
critical for intestinal colonization, are found within VPI-1 (13,
35-37). Vibrio pathogenicity island 2 contains genes for the pro-
duction of sialidase as well as a sialic acid transport and catabolism
gene cluster (12, 38—40). Both VPI-1 and VPI-2 have a TR inte-
grase (intV) located adjacent to a tRNA locus, are flanked by at-
tachment (att) sites, and have a low GC content compared to that
of the V. cholerae core genome (8, 12). It was proposed that VPI-1
was actually a filamentous phage named VPI®; however, this has
proven not to be the case, and the region is indeed a PAI (41, 42).
Two RDF genes, vefA and vefB, were identified by bioinformatic
analysis in VPI-2, and a third one, vefC, is found in VSP-II; how-
ever, no RDF was identified in VPI-1 (43) (Fig. 1A).

PAI dynamics have been examined in UPEC strain 536, which
contains six PAIs (PAI I5;4 to PAI VIss). All of the PAIs were
shown to excise from the chromosome with the exception of PAI
IV5 and PAI VI, (44, 45). RDFs were not identified or exam-
ined in these studies. A more recent study, however, found by
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bioinformatics that each PAI,;, contained its own cognate puta-
tive RDF (18). In PAIs of Yersinia pseudotuberculosis and Shigella
flexneri, excision from the bacterial chromosome was demon-
strated and shown to require the cognate island integrase and
RDFs named Hef and Rox, respectively (7, 46). In V. cholerae, PAI
excision was examined in VPI-1, VPI-2, and VSP-II (8, 42, 43).
For VPI-1, it was shown that the cognate TR integrase and the
transposase VpiT both contributed to excision, since only in the
absence of both intV1 and vpiT was excision abolished (42). For
VPI-2, the integrase and an RDF were shown to be required for ex-
cision (8, 43). For VSP-II, the cognate integrase was required for
excision and formation of a nonreplicative circular intermediate
(CD) (8).

In this study, we examined the role of RDFs and their relation-
ship with integrases in the excision of both VPI-1 and VPI-2 to
address the question of whether RDFs are an absolute require-
ment for excision, since the VPI-1 region does not contain an
RDF. We have identified extensive RDF-mediated cross talk be-
tween VPIs and demonstrated dual functionality of these proteins
to aid in PAI excision and act as transcriptional regulators.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. All bacterial strains
and plasmids used in this study are listed in Table 1. Bacterial strains were
grown overnight aerobically at 225 rpm in Luria broth (LB) (Fisher Sci-
entific, Fair Lawn, NJ) at 37°C unless otherwise stated. The diamin-
opimelic acid (DAP) auxotroph Escherichia coli 32155 was grown in the
presence of 0.3 mM DAP (Sigma, St. Louis, MO). When appropriate,
antibiotics were added to media at the following concentrations: 200
pg/ml for streptomycin (Sm), 25 pg/ml for chloramphenicol (Cm), and
100 pg/ml for ampicillin (Amp) (Fisher Scientific). When selecting for the
double-crossover event, LB agar was supplemented with 10% sucrose.
Mutant strain construction. Primers were designed and purchased
from Integrated DNA Technologies (Coralville, TA) in order to create
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid

Description

Reference or source

V. cholerae strains
N16961
0395
MO2
SG-7
MC0817 (AvpiT)
MC0847 (AintV1)
CN1758 (AintV2)
MC4758 (AintV1 AintV2)
AintV1 pintV1 strain
AintV2 pintV2 strain
SAM1785 (AvefA)
SAM1809 (AvefB)
MC0497 (AvefC)
MC8509 (AvefA AvefB)
MC850997 (AvefA AvefB AvefC)
MC85099717 (AvefA AvefB AvefC AvpiT)
AvefA AvefB AvefC pvefA strain
AvefA vefB AvefC pvefB strain
AvefA AvefB AvefC pvefC strain
AvefA AvefB AvefC pintV2 strain

O1 El Tor; VPI-1 VPI-2 VSP-I VSP-II Sm*
O1 classical; VPI-1 VPI-2

0139; VPI-1 VPI-2

Environmental

N16961 AVC0817 Sm"

N16961 AVC0847 Sm"

N16961 AVC1758 Sm"

AintV1 AVC1758 Sm"

AintV1 strain harboring pBAintV1

AintV2 strain harboring pBAintV2

N16961 AVC1785 Sm"

N16961 AVC1809 Sm"

N16961 AVC0497 Sm"

AvefA AVC1809 Sm"

AvefA AvefB AVC0497 Sm"

AvefA AvefB AvefC AVC0817 Sm*

AvefA AvefB AvefC strain harboring pBBvefA
AvefA AvefB AvefC strain harboring pBAvefB
AvefA AvefB AvefC strain harboring pBAvefC
AvefA AvefB AvefC strain harboring pBAintV2

57

Laboratory strain
Laboratory strain
Laboratory strain
This study

This study

This study

This study

This study

This study

43

43

This study

This study

This study

This study

This study

This study

This study

This study

E. coli strains

DHS5aNpir Laboratory collection
B2155\pir Donor for bacterial conjugation, DAP auxotroph Laboratory collection
BL21(DE3) Expression strain Laboratory collection
Plasmids

pJET1.2 Cloning vector; Am" Fermentas

pDS132 Suicide vector; SacB Cm" 58

pBAD33 Arabinose promoter; Cm" 59

pDSAvpiT pDS132 harboring truncated vpiT gene This study
pDSAintV1 pDS132 harboring truncated intV1 gene This study
pDSAintV2 pDS132 harboring truncated intV2 gene This study

pDSAvefA pDS132 harboring truncated vefA gene 43

pDSAvefB pDS132 harboring truncated vefB gene 43

pDSAvefC pDS132 harboring truncated vefC gene This study

pBAintV1 pBAD33 with full copy of intV1 This study

pBAintV2 pBAD33 with full copy of intV2 This study

pBAvefA pBAD33 with full copy of vefA This study

pBAvefB pBAD33 with full copy of vefB This study

pBAvefC pBAD33 with full copy of vefC This study
PMALc5x-His6x Expression vector, TEV site; Am" 60
PMALc5x-His6x-VefA pMALCc5x-His6x harboring VefA This study
pMALc5x-His6x-VefB pMALCc5x-His6x harboring VefB This study

in-frame deletions of genes in V. cholerae N16961 using splicing by over-
lap extension (SOE) PCR and homologous recombination (47). The mu-
tant strains are listed in Table 1, and primers used for their construction
are found in Table S1 in the supplemental material. In order to make the
AintV1 strain, two sets of primers were designed to amplify a region flank-
ing the integrase gene, VC0847. Primer pairs VC0847A/VC0847B and
VC0847C/VC0847D were used to generate PCR fragments of 556 bp and
548 bp, respectively. The purified products from the PCRs with VC0847A/
VC0847B and VC0847C/VC0847D were used as the template for PCR
with primers VC0847A and VC0847D to form a PCR product containing
atruncated intV1 gene of 351 bp. This product was blunt-end cloned into
the vector pJET1.2 (Thermo Fisher Scientific, Pittsburgh, PA) and trans-
formed into E. coli DH5a. Following plasmid isolation (Qiagen, Valencia,
CA) and restriction digestion with Sacl and Xbal (Thermo Fisher Scien-
tific), the fragment was cloned into the suicide vector pDS132. pDSAintV1
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containing the truncated VC0847A/VC0847D insert was then trans-
formed into the DAP auxotroph strain E. coli 32155, which served as the
donor for conjugation with V. cholerae N16961. Selective plating without
DAP but with Cm allowed for detection of single-crossover events via
homologous recombination of pDSAintV1 into the chromosome of V.
cholerae; these events were confirmed by PCR with primer pair VC0847A/
VC0847D. The double-crossover event was selected for by plating on LB
agar containing 10% sucrose without Cm. Colony PCR using primer pair
VC0847A/VC0847D and flanking primers confirmed the double-cross-
over event. All mutant strains were created using the same method and
confirmed by sequencing. Primers used for each mutant construction are
listed in Table S1. The AintV1 strain (AVC0847) has a 918-bp deletion
resulting in a 351-bp truncated gene, the AvpiT strain (AVC0817) has an
816-bp deletion resulting in a 168-bp truncated gene, and the AinrV2
strain (AVC1758) has 1,065 bp deleted and a truncated intV2 gene of 171
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bp. The AvefCstrain (AVC0497) has 171 bp deleted and a 30-bp truncated
vefC gene.

Excision assays. In order to observe excision of VPI-1 and VPI-2 from
the V. cholerae genome, two excision assays were performed to detect
unique sites in the chromosome (attBl and a#tB2) and in the circular
intermediate (CI) (attP1 and attP2) formed following the excision event
(Fig. 1B). Genomic DNA was isolated from overnight liquid incubations
using the GNOME kit (MP Biomedicals, Santa Ana, CA) according to the
manufacturer’s procedure and was used as the template in the attB assays
to detect the empty chromosomal site following island excision. Addition-
ally, plasmid DNA was isolated using a Qiagen plasmid isolation kit per
the manufacturer’s instructions and was used as the template for the attP
assay in order to observe the island containing attP site following site-
specific recombination from the V. cholerae chromosome. Due to the low
rate of island excision under normal laboratory growth conditions, a two-
stage nested PCR was performed to observe excision products in the form
of attB and attP. Primers were designed based on the V. cholerae N16961
genome in order to amplify the island containing attP site or chromo-
somal attB site for VPI-1 and VPI-2 (Fig. 1B) and are listed in Table S1 in
the supplemental material. PCR was performed in 20-pl reaction mix-
tures with Taqg DNA polymerase (Denville, Holliston, MA) under the
following conditions: 95°C for 5 min followed by 30 cycles of 94°C 30 s,
60°C 30 s or 90 s, and 72°C for 30 s and then 72°C for 5 min. Genomic or
plasmid DNA (10 ng) was used as the template for the first round of PCR,
and 1 pl of PCR product from this reaction was used as the template for
the second nested round of PCR. PCR products were analyzed on a 2%
agarose gel and stained with ethidium bromide for visualization under UV
light. At least two biological replicates and three technical replicates were
performed for each assay.

Mutant strain complementation. Mutant strains which were defec-
tive for excision or which showed reduced excision were complemented
with expression plasmids containing full intact genes. The integrase gene
intV1 and its ribosomal binding site were amplified using primers
VC0847F and VC0847R with HotStar HiFidelity polymerase (Qiagen) per
the manufacturer’s instructions. The PCR product was cloned into pJET1.2
and transformed into E. coli DH5a. Following plasmid isolation and restric-
tion digestion with Xbal and Sacl, the fragment was cloned into the arabi-
nose-inducible plasmid pBAD33. The resulting plasmid, pBAintV1, was
transformed into E. coli 32155, which was used as the donor strain in a
conjugation with the AintV1 strain. The resulting AintV1 pintV1 strain was
used to observe excision. Each complementation strain was created in this
manner using primers listed in Table S1 in the supplemental material
except pBAVefA, which was cloned from pBBRIMCSVefA into pBAD33
using Xbal and Kpnl restriction enzymes. All complementation strains
were induced with 0.02% (wt/vol) arabinose unless otherwise stated.

qPCR. RNA was extracted from wild-type and AvefA AvefB AvefC V.
cholerae (N16961) cells grown to mid-logarithmic stage (optical density at
600 nm [ODg,] = 0.5 to 0.6) using TRIzol (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. RNA was subsequently
treated with Turbo DNase (Invitrogen) by following the manufacturer’s
instructions and quantified with a Nanodrop spectrophotometer. cDNA
was synthesized starting with 500 ng of DNase-treated RNA as the tem-
plate using Superscript III reverse transcriptase (Invitrogen). A 1:10 dilu-
tion of each sample was used as the template for quantitative real-time
PCR (qPCR). PCRs were performed using Fast SYBR green master mix
(Applied Biosystems, Carlsbad, CA) and run on an Applied Biosystems
7500 fast real-time PCR system. Cycling conditions were as follows: hold-
ing stage at 95°C for 25 s and cycling stage at 95°C for 3 s and 60°C for 30
s. Primers for intV1, intV2, and fopI are listed in Table S1 in the supple-
mental material. Data were analyzed using the Applied Biosystems 7500
software. Relative gene expression was determined using the threshold
cycle (AAC;) method (48).

Protein purification of VefA and VefB. Vibrio cholerae VefA and
VetB were separately cloned into the pMALc5x-His6x expression plas-
mid using primers BamHIVC1785R/NcoIVC1785F and NcolVefB-
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Fwd/BamHIVefBRev, respectively (see Table S1 in the supplemental
material), in which a 6 XHis-tagged maltose-binding protein (MBP) is
fused to VefA/VefB, separated by a tobacco etch virus (TEV) protease
cleavage site. The Q5 site-directed mutagenesis kit (New England Bio-
labs, Ipswich, MA) was used to remove a 4-bp sequence in the pMALVefA
construct, allowing in-frame translation of the fusion protein, by follow-
ing the manufacturer’s protocol. Primers VefAmutRev/VefAmutFwd
used in this reaction are listed in Table S1. Plasmid DNA was confirmed by
sequencing and transformed into E. coli BL21(DE3) using a standard
CaCl, method.

PMALCc5x-His6x-VefA and pMALc5x-His6x-VefB were expressed in
E. coli BL21(DE3). Ten milliliters of overnight culture was inoculated into
1 liter of terrific broth (TB) supplemented with glucose at 37°C and in-
duced with 1 mM isopropyl-1-thio-B-p-galactopyranoside (IPTG) at an
ODg of 0.5. Growth continued overnight at 18°C. Cells were harvested
by centrifugation (5,000 X g for 20 min at 4°C) and were resuspended in
amylose wash buffer (50 mM sodium phosphate, 200 mM NaCl [pH 7.5])
supplemented with 1 mM phenylmethanesulfonyl fluoride (PMSF) and 1
mM benzimidine. Bacterial cells were lysed on ice using a high-pressure
homogenizer (EmulsiFlex-C5; Avestin, Ottawa, Canada). Cell debris was
removed by centrifugation (15,000 X g for 1 h at 4°C). The supernatant
was passed through a column containing 30 ml of amylose resin (New
England Biolabs). The column was washed with 10 column volumes (CV)
of amylose wash buffer. The fusion protein, either MBP-VefA or MBP-
VefB, was eluted with 3 CV of amylose elution buffer (50 mM sodium
phosphate, 200 mM NaCl, 30 mM maltose [pH 7.5]).

A hexahistidine-tagged TEV protease was added to the eluentina 1:10
molar ratio (TEV to MBP-VefX), and the cleavage reaction proceeded for
45 min for MBP-VefA and overnight for MBP-VefB, at 4°C. Further TEV
cleavage reaction time resulted in significant precipitation and loss of
VefA. The cleavage mixture was centrifuged, adjusted to 30 mM imida-
zole, and subjected to immobilized metal affinity chromatography
(IMAC) using nickel resin to remove the His-tagged TEV and MBP as well
as any remaining uncleaved fusion protein. The flowthrough and first two
CV of wash with IMAC wash buffer (50 mM sodium phosphate, 200 mM
NaCl, 30 mM imidazole [pH 7.5]) contained either VefA or VefB. The
VefB IMAC flowthrough and wash contained equal parts MBP and VefB
and was subjected to further purification. Following a 2-fold dilution,
VefB was captured on a heparin column (GE Healthcare Life Sciences,
Pittsburgh, PA) using 20 mM Tris, 100 mM NaCl, 1 mM EDTA, and 1
mM dithiothreitol (DTT) (pH 8.0). A linear gradient up to 1 M NaCl was
performed to elute VefB from the column. Fractions that contained VefB
(56 to 60% NaCl) were pooled. Successive concentrations and dilutions
using 3.5-kDa-cutoff concentrators (EMD Millipore, Billerica, MA) with
20 mM Tris (pH 8.0) were performed to reduce the NaCl concentration to
115 mM. Protein molecular weight was confirmed by mass spectrometry,
and protein purity was determined to be higher than 95% by a 16% SDS-
PAGE Tris-tricine gel.

Electrophoretic mobility shift assays (EMSAs). DNA fragments
attR1 and attL2 were amplified using primers sets attR1Fwd/attR1Rev and
attL2Fwd/attL2Rev, respectively (see Table S1 in the supplemental mate-
rial). Various concentrations of purified VefA or VefB were incubated
with 30 ng of target DNA in binding buffer (10 mM Tris, 150 mM KCl, 0.1
mM dithiothreitol, 0.1 mM EDTA, 5% polyethylene glycol [PEG] [pH
7.4]) for 20 min at room temperature, and 10 .l was loaded onto a prerun
(200 V for 2 h at 4°C) 8% native acrylamide gel. The gel was run at 200 V
for 2.5 h in 1X Tris-acetate-EDTA (TAE) buffer at 4°C. Following elec-
trophoresis, gels were stained in an ethidium bromide bath (0.5 pg/ml)
for 20 min, washed with water, and imaged.

RESULTS

All three of the RDFs VefA, VefB, and VefC can induce VPI-2
excision. VPI-2 contains a TR integrase and two RDFs (Fig. 1A). A
two-stage nested PCR approach was used to confirm excision of
VPI-2 in several V. cholerae wild-type strains that contained these
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A. VPI-2 excision vef mutants B. vef mutants complemented attB2 assay
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FIG 2 RDFs promote VPI-2 excision. (A) Excision of VPI-2 was examined
using the attB2 excision assay in the single, double, and triple (AAA) RDF
mutant backgrounds. Only results of round 2 are shown, as no excision prod-
ucts were detected in round 1. (B) The triple RDF mutant was complemented
with the gene encoding each RDF, vefA, vefB and vefC, individually (pvefA,
pvefB, or pvefC) and examined for VPI-2 excision. Excision of the comple-
ments was detected in round 1 and is referred to as a superexcision phenotype.
“control” indicates sample with no template DNA.

genes through detection of both the circular intermediate attP2
and the empty attB2 site left in the chromosome following exci-
sion (Fig. 1B). Excision was detected through both the attP2 and
attB2 PCR assays in the second round of PCR for V. cholerae
strainsN16961, 0395, and MO2 (see Fig. S1A and B in the supple-
mental material). In strain SG-7, which is devoid of VPI-2, attB2 is
present in every copy of its genome, and thus, the empty site was
detected in the first and second rounds of PCR (see Fig. S1B).

Two RDFs are present on VPI-2 (encoded by vefA and vefB),
and a third RDF is present in VSP-1I (encoded by vefC) (43). These
Vef protein sequences are diverse, containing a shared sequence
identity of <50% (Fig. 1C); however, their predicted secondary
structures are similar (Fig. 1C). Each RDF contains three a-heli-
ces, with the second and third separated by a -sheet (Fig. 1C).
This conserved helix-turn-helix motif suggests that the Vefs are
capable of binding DNA (49). The RDFs share 21 conserved
amino acids, with the majority of them near the winged helix of
the C terminus (Fig. 1C).

To determine the role of all three RDFs in excision of VPI-2,
the two-stage nested PCR assay was used to detect the empty attB2
site in single, double, and triple RDF mutant strains (Fig. 2A). We
constructed in-frame nonpolar deletions of VC0497 (vefC),
VC1785 (vefA), and VC1809 (vefB) in V. cholerae N16961 and
examined excision using the attB2 excision assay. A wild-type ex-
cision product (524 bp) for VPI-2 was observed in the second
round of the attB2 PCR assay for each single RDF mutant and a
double mutant strain lacking vefA and vefB (Fig. 2A). Only the
triple RDF mutant (AvefA AvefB AvefC) gave no excision product,
which demonstrates that at least one RDF is required for excision
of VPI-2 (Fig. 2A). The triple RDF mutant was complemented
with a functional copy of each RDF individually. Each RDF re-
stored the VPI-2 excision phenotype, which was detected in the
first round of PCR, evidenced by a 1,449-bp product, indicative of
excision above the wild-type level that we termed superexcision
(Fig. 2B). These data demonstrate that an RDF is required for
VPI-2 excision and that all three RDFs can induce excision of
VPI-2.

intV2 can mediate VPI-1 excision in the absence of intV1I.
VPI-1, which contains a cognate integrase IntV1 but lacks any
RDFs, was examined for excision similarly to VPI-2, using attP1
and attBI two-stage PCR assays (see Fig. S1C and D in the supple-
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FIG 3 Role of integrases and RDFs in excision of VPI-1. (A) VPI-1 excision in
the wild type (N16961) and intV and vpiT single and double mutants. The
double intV mutant was complemented with intV2 to confirm the role of intV2
in VPI-1 excision. (B) Excision of VPI-1 using the attBI excision assay in
single, double, and triple (AAA) RDF mutant backgrounds. (C) Excision of
VPI-1 in the quadruple mutant (AAAAvpiT), which lacks all three RDFs and
the transposase encoded by vpiT. In panels A to C, the results of only round 2
are shown, as no excision products were detected in round 1. (D) VPI-1 exci-
sion in the AAA mutant complemented with each RDF individually. Excision
of the complements was detected in round 1 and is referred to as a superexci-
sion phenotype. “control” indicates sample with no template DNA.

mental material). In the attPI PCR assay, no product was detected
in the first round of PCR, indicating a low excision rate as previ-
ously suggested (42); however, a 483-bp excision product was de-
tected in the second round of PCR (see Fig. S1C). Similarly, the
attB] assay gave an attBI PCR product in the second round of PCR
for all strains examined (see Fig. S1D), indicating that VPI-1 is
capable of excision from these strains.

Next, we reexamined the role of intV1 (VC0847) in excision by
constructing an in-frame deletion in VCO0847 in V. cholerae
N16961. The excision of VPI-1 was nearly abolished in the intV1
mutant, as evidenced by a faint 217-bp PCR band present in the
second round of PCR (Fig. 3A). This suggests that there was low-
level excision occurring. In the vpiT (VCO0817) single mutant
strain, VPI-1 excision occurred at a level similar to that seen for
the wild type (Fig. 3A). However, no excision was observed in the
AintV1 AvpiT strain using our attBI assay, consistent with previ-
ous findings (Fig. 3A) (42). Interestingly, in the double integrase
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(AintV1 AintV2) mutant, excision was abolished, which suggests
that IntV2 from VPI-2 plays a role in VPI-1 excision (Fig. 3A). To
further investigate this result, we complemented the AintVi
AintV2 double mutant with a functional intV2 gene and found
that VPI-1 excision was restored in the attBI excision assay (Fig.
3A). These data indicate cross talk between the VPIs mediated by
integrases. Analysis of IntV1 and IntV2 amino acid sequences re-
vealed significant homology (53% amino acid identity) displaying
a strongly conserved C-terminal domain, typical of TR integrases,
which houses the catalytic domain. Both IntV1 and IntV2 contain
the essential tyrosine (Y) nucleophile surrounded by the highly
conserved “RHR triad” (in tertiary structure) (50), revealing
highly similar active sites (see Fig. S2A in the supplemental mate-
rial). Three conserved domains were identified in both integrases:
the N terminus contained a DUF4102 (pfam13356) domain as
well as a SAM-like domain (pfam14659) common to a wide vari-
ety of phage integrases, and the C-terminal domain contained a P4
catalytic domain (pfam00589) responsible for the breaking and
rejoining of DNA fragments during recombination (see Fig. S2A).
The data suggest that both integrases can catalyze excision of
VPI-1, which suggests that either the integrases have a more pro-
miscuous att site or there is a common att site that both integrases
act on.

RDFs are not essential for VPI-1 excision but can promote
excision. Although we were able to observe excision of VPI-1 both
in our attPI and attBI excision assays, this island contains no
annotated RDF (see Fig. S1C and D). To explore this further,
VPI-1 excision was examined in the RDF mutant strains using the
attB1 excision assay, and excision was observed in the single, dou-
ble, and triple mutants (Fig. 3B). While no RDF has been anno-
tated within VPI-1, it is possible that one with little sequence ho-
mology exists. In order to search for potential new RDFs, we used
amethod similar to one that Fogg et al. used to identify the E. coli
P24, Xis (20). The DNA sequence of the entire VPI-1 region and
flanking open reading frames (ORFs) (VC0816 to VC0848, ge-
nome coordinates 872764 to 915211) was analyzed for all ORFs
using the bacterial code which includes start codons GTG, TTG,
CTG, and ATT. This analysis identified 35 ORFs between 50 and
110 amino acids in length (typical RDF protein length). These
were further analyzed using the HHpred server, a more sensitive
analysis tool based on hidden Markov models (HMMs) (51).
None of the 35 identified ORFs yielded any similarity to previously
described excisionases. However, when the vpiT (VC0817) amino
acid sequence was submitted to HHpred, 52 amino acids near the
N terminus displayed a distant relationship to Torl, a previously
characterized excisionase (25, 31, 52). Although the shared iden-
tity in this region was 12%, with an E value 0of 0.0061, the predicted
secondary elements of these regions were nearly identical (see Fig.
S3 in the supplemental material). To eliminate the possibility of
the VpiT aiding in the excision of VPI-1, a quadruple mutant was
constructed in which the three RDFs and vpiT were deleted. The
quadruple mutant was examined, and the excision of VPI-1 was
still detected (Fig. 3C), suggesting that the VpiT is not involved
and that RDFs are not necessary for integrase-mediated VPI-1
excision.

We next examined excision of VPI-1 in the triple RDF mutant
complemented strains as described for VPI-2. In this case, we also
observed the superexcision phenotype with each RDF (Fig. 3D).
Complementation with empty pBAD33 had no effect on excision
of either island (data not shown). These data suggest that although
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FIG 4 RDFs act as transcriptional repressors of the integrases encoded by
intV1 and intV2. Expression of intVI and intV2 in wild-type (WT) versus
AvefA AvefB AvefC logarithmic cells was analyzed using real-time quantitative
PCR. Fold change values were extracted using the AAC;. method and are rep-
resented on alog 10 scale. (A) intV expression in the wild type compared to the
triple Vef mutant. (B) VPI-2 attB2 excision assay of intV2 overexpressed in the
triple Vef mutant background. Only results of round 2 are shown, as no exci-
sion products were detected in round 1. “control” indicates sample with no
template DNA.

the RDFs are not essential for VPI-1 excision, they do function to
promote excision of VPI-1.

RDFs are negative regulators of intV1 and intV2. In order
to determine if the RDFs play a role in controlling transcription
of the integrase, real-time quantitative PCR was used to deter-
mine the transcript levels of intV1 and intV2 in wild-type and
AvefA AvefB AvefC cells. We found that intVI and intV2 levels
are 4.5-fold (P < 0.005) and 2.5-fold (P < 0.05) higher in the
triple RDF mutant than in the wild type (Fig. 4A), indicating
that the RDFs act as negative transcriptional regulators of intV1
and intV2.

Overexpression of intV2 can compensate for the absence of
RDFs in VPI-2 excision. The transcriptional data revealed higher
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levels of intV1 than intV2 in the AvefA AvefB AvefC mutant. This
higher level of integrase observed in the triple RDF mutant may
explain the VPI-1 excision phenotype still observed in this strain
(Fig. 3Band 4A). To determine if increasing the levels of intV2 can
restore VPI-2 excision, in the absence of RDFs, the intV2 gene was
ectopically expressed under the control of an arabinose promoter
in the AvefA AvefB AvefCbackground. The attB2 assay was used to
examine the excision phenotype of this strain. Overexpression of
intV2 in the RDF-negative background did indeed result in resto-
ration of VPI-2 excision (Fig. 4B). These data suggest that if inte-
grase levels are high enough, they do not require an RDF to aid in
their excision function, which may explain why VPI-1 excision
still occurs in an RDF-negative background.

VefA and VefB can bind the att sites of VPI-1 and VPI-2. The
RDF-mediated mechanism of integrase control we observed has
also been proposed for the E. coli KpIE1 prophage (31), which
contains a recombination module similar to that of VPI-1 and
VPI-2, in that the integrase promoter is within the atf site (see Fig.
S3 in the supplemental material). We next sought to determine
whether the V. cholerae RDF VefA can bind at the attR1 and attL2
sites of VPI-1 and VPI-2, respectively. The DNA fragments attR1
and attL2 encompass the region between the att site and transla-
tional start site of the integrases IntV1 and IntV2, respectively
(Fig. 5A). Electrophoretic mobility shift assays (EMSAs) were
used to determine whether VefA can bind these att sites (Fig. 5B).
Increasing amounts of VefA were incubated with 30 ng of each
DNA fragment. Shifts were observed for atfRI and attL2 DNA
fragments near 10 wM and 4.1 wM VefA, respectively (Fig. 5B).
No VefA binding was detected when using Vibrio vulnificus
DNA amplified from VV1_0809 as a control under the same
DAN/protein ratios (see Fig. S4D in the supplemental material).
A DNA alignment of the attR1 and attL2 DNA fragments using
ClustalW showed 76% conservation, and repeats of up to 14 bp
were identified (Fig. 5C). Several shared motifs were also identi-
fied in the attR1 and attL2 DNA fragments near the core att sites,
suggesting that these may be RDF binding sites (Fig. 5C and D).
Additionally, the attL2 sequence possessed five repeated motif se-
quences in the predicted 5’ untranslated region (UTR) of intV2
(Fig. 5C).

We next determined whether VefB can also bind at the attach-
ment sites of VPI-1 and VPI-2. Although sharing only 40% iden-
tity at the amino acid level, the predicted secondary elements of
VefA and VefB are nearly identical (Fig. 1C). However, the num-
bers and locations of charged residues are distinctly different; the
isoelectric point of VefA is 5.31, while VefB’s is 10.44. Binding of
VefB to the DNA fragments using EMSAs was observed at 2.5 uM
for the att site and 1.4 uM for attR1 and attL2 (Fig. 5E). Both VefA
and VefB bind to the VPI-2 att site at a higher affinity than the
attR] site of VPI-1 (Fig. 5B and E). To further narrow down where
these RDFs may be binding, two DNA fragments were generated
from the attL2 sequence, named 1st half (includes core att site)
and 2nd half (includes IntV2 start codon), and were used for
EMSASs (see Fig. S4A in the supplemental material). Both VefA
and VefB were capable of binding the first half; however, only
VefB was able to bind the second half of the attL2 DNA fragment
(see Fig. S4B and C).

Distribution of RDFs among vibrios. BLAST analysis revealed
over 3,000 representatives (among 105 genera and 283 species)
with equal to or greater than 70% query cover and 40% identity to
the V. cholerae RDFs across five bacterial classes: Acidobacteria,
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Alphaproteobacteria, Betaproteobacteria, Cyanobacteria, and Gam-
maproteobacteria (see Fig. S5 in the supplemental material). The
vast majority were members of the order Enterobacteriales: E. coli
(787), Klebsiella (276), Salmonella enterica (166), Yersinia (118),
and Enterobacter cloacae (109), bacterial groups that are also dis-
proportionally represented in the genome database. These data
demonstrate that the occurrence of these RDFs is widespread
among bacteria.

In addition, we examined Vibrio species in detail to identify
island regions with IntV1 homologs and associated RDFs. From
this analysis, IntV1 was found in association with homologs of
VefA, VefB, and VefC in numerous other V. cholerae strains (see
Fig. S6 in the supplemental material), indicating that at one time
VPI-1 may have contained an RDF. For example, V. cholerae O1
strain 12129 (1) contains VPI-1 with both VefA and VefB and a
non-O1/non-0139 strain, V. cholerae HE-09, contains a VPI-1
variant with VefC. Several other examples of PAIs containing
IntV1 and Vef homologs exist within V. cholerae as well as in other
Vibrionaceae (see Fig. S6). These findings demonstrate the associ-
ation, at least in proximity, of IntV1 and all 3 RDFs found in V.
cholerae N16961, suggesting a shared evolutionary history sup-
porting their ability to cross talk.

DISCUSSION

Pathogenicity islands, which possess a wide range of virulent
genes, are widespread among bacteria but are the least examined
class of MIGEs (7-17). Excision of PAIs from the bacterial chro-
mosome is thought to be the first step in the transfer and spread of
these elements. Thus, determining the excision mechanism is es-
sential in understanding the distribution potential of the mobi-
lome and its role in the evolution of bacteria. Vibrio cholerae was
selected as a model organism for this study because it contains two
PAIs important for its virulence. Given the ability of VPIs to excise
from the bacterial genome (8, 42, 43), we sought to decipher this
mechanism, particularly how VPI-1 could excise without contain-
ing an RDF. We determined that all three RDFs, corresponding to
vefA, vefB, and vefC, have redundant roles in promoting excision
of VPI-1 and VPI-2, as overexpression of each individual RDF
resulted in superexcision of these islands. These data indicate ex-
tensive cross talk between three different islands: vefA and vefB, found
on VPI-2, can promote excision of VPI-1, and vefC, found on VSP-II,
can aid in excision of both VPI-1 and VPI-2. This is the first report of
RDF-mediated cross talk in any MIGE. The cross talk was not limited
to the RDFs: we found that the cognate integrase of VPI-2 can also
playarole in excision of VPI-1. This is not the first report of integrase-
mediated cross talk between pathogenicity islands; in UPEC, the cog-
nate integrase of PAI 55, was capable of mediating excision of PAI
V336 an island located elsewhere on the genome, and this, too, was
one-directional cross talk (44).

Once the role of RDFs in PAI excision was established, we next
examined the molecular mechanism by which these proteins act.
We performed real-time quantitative PCR to determine whether
the RDFs control integrase transcription and found that the Vefs
were negative transcriptional regulators. The unique configura-
tion of the VPI recombination modules (att sites, intV, and vef)
can provide insight into this negative regulation. The promoter
regions of intV1 and intV2 are located at the attachment sites of
the PAIL, whereas in bacteriophage X\, with which the majority of
RDF studies have been done, the integrase promoter lies within
the phage genome (see Fig. S3 in the supplemental material). The
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FIG 5 VefA and VefB bind the att sites of VPI-1 and VPI-2. (A) Representation of the DNA sequences attRI and attL2, which span from the core att site to the
translational start site of intV1 and intV2 of VPI-1 and VPI-2, respectively. (B) Electrophoretic mobility shift assays (EMSAs) of the DNA fragments attR1 (30 ng)
and attL2 (30 ng) with various concentrations of VefA (0 to 70 wM). Binding of VefA is observed at 10 uM and 4.1 uM for attR1 and attL2, respectively. (C)
Alignment of attR1 and attL2 DNA fragments used in EMSAs. Exact repeats shared between the two sequences are boxed. Core atf site sequences are boxed and
highlighted. Repeated motif sequences identified by MEME are represented with arrows and their corresponding P values. (D) Logo sequences of the three motifs
identified in the att sequences in panel C. (E) EMSA of the DNA fragments attR1 (30 ng) and attL2 (30 ng) with various concentrations of VefB (0 to 20.5 pM).
Binding of VefB is observed at 2.5 uM and 1.4 uM for attR1 and attL2, respectively.

position of the PAI integrase promoters allows for potential regu-
lation by proteins that bind at the att sites to aid in formation of
the excisive intasome (protein-DNA complex necessary for exci-
sion), which we propose are the Vefs. In the E. coli KpIE1 pro-
phage, which has a similar integrase and atf site arrangement as
the VPIs (see Fig. S3), Panis and colleagues also found that the
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RDF Torl negatively regulates expression of the intS gene (31).
Others have found RDFs to act as integrase repressors, such as the
RDF Vis from the P4 bacteriophage, which was found to repress
the P4 integrase at transcription initiation as well as posttranscrip-
tionally (53).

Our transcriptional analysis of integrase expression sheds light
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on the question of why we observe an excision product for VPI-1
and not VPI-2 in the absence of the RDFs. Expression levels of
intV1 and intV2 were both increased in the AvefA AvefB AvefC
mutant compared to the wild type; however, this effect was more
pronounced for intV1, resulting in more cognate integrase to fa-
cilitate the site-specific recombination reaction, thus allowing ex-
cision of VPI-1. The increased levels of in¢V2 in this genetic back-
ground may also aid in the excision of VPI-1, as we have shown
that there is cross talk with this integrase in VPI-1 excision. From
this observation, we next determined whether VPI-2 excision
could occur in an RDF-negative background if more intV2 was
present. Overexpressed intV2 in the AvefA AvefB AvefC back-
ground resulted in VPI-2 excision detectable at wild-type levels.
These data indicate that if enough integrase is provided, intV1 and
intV2 can facilitate site-specific recombination and excision of
VPIs without the presence of RDFs. These data highlight the im-
portance of the RDFs in regulating the amount of integrase nec-
essary for controlling VPI excision. The importance of integrase
stability has also been demonstrated in the excision of a my-
cophage (which does not appear to require an RDF for excision)
(54).

The majority of RDFs that have been described are from pro-
phages and were shown to control directionality of recombination
by playing an architectural role by binding at the att sites, to each
other, and/or to the integrase (20, 21, 24, 27-29, 55). We deter-
mined that VefA and VefB bound the att sites of both islands,
although VefB bound both sites at a higher affinity, causing a shift
with four times less protein than VefA. VefA and VefB have similar
predicted secondary elements, and their basic residues, which are
essential for DNA binding (56), are highly conserved. However,
VefA contains additional charged residues, including acidic resi-
dues in exposed loops. Furthermore, VefA contains a sole Cys at
position 70 (Fig. 1C) whose contribution to function remains un-
known and warrants further investigation. Thus, the higher affin-
ity of VefB for the atf site DNA may be due to its higher positive
charge density, allowing for favorable interaction with DNA. The
shift of the protein-bound DNA changes as the amount of protein
increases, suggesting multiple Vef binding sites and formation of
protein oligomers. Cooperative binding of the lambda Xis protein
at the att DNA sites has been reported, and formation of this
micronucleoprotein filament has been shown to drive DNA bend-
ing (26, 27, 30). Therefore, we speculate that the multiple Vef
monomers bind at the att site and act similarly to bend the DNA,
thereby driving the excision reaction.

Based on our findings, we have proposed a model for RDF
function in the control of PAI excision in V. cholerae. In the ab-
sence of the RDFs, intV1 and intV2 expression increases; however,
as RDF levels increase, the repression of int is enhanced. We
showed that RDFs bind at the att sites of VPI-1 and VPI-2 to aid in
excision. It is likely that RDF binding at the attR1 and attL2 sites
resulted in decreases of intV1 and intV2 transcription, respec-
tively. The negative regulation of intV transcription may be caused
by preventing promoter recognition either by altering DNA topol-
ogy or by direct RDF binding at the intV promoters. It is possible
that the integrase also plays a role in regulating its own transcrip-
tion and that VefB, whose promoter also overlaps with the attR2
site, may also self-regulate.

This is the first report of RDF-mediated cross talk in PAI exci-
sion. We have identified Vef homologs in more than 100 genera
and 280 species, confirming their prevalence among bacteria. Due
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to their low sequence homology, the list of included organisms is
most likely vastly underrepresented. Understanding the mecha-
nism of PAI excision is important in the evolution and spread of
these elements to their nonpathogenic counterparts. This study
reveals extensive cross talk, through RDFs and integrases, between
multiple PAIs in a single bacterium, to control the excision and
probable spread of these elements to other bacteria. It is likely that
other species which contain numerous MIGEs are also capable of
cross talk. Thus, it is important to consider the genetic content
outside an individual element when determining the inputs nec-
essary for excision and its impact on the bacterial mobilome.
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