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The type III secretion system is used by pathogenic
Yersinia to translocate virulence factors into the host
cell. A key component is the multifunctional LcrV pro-
tein, which is present on the bacterial surface prior to
host cell contact and up-regulates translocation by
blocking the repressive action of the LerG protein on
the cytosolic side of the secretion apparatus. The func-
tions of LerV are proposed to involve self-interactions
(multimerization) and interactions with other proteins
including LerG. Coiled-coil motifs predicted to be pres-
ent are thought to play a role in mediating these protein-
protein interactions. We have purified recombinant
LerV, LerG, and site-directed mutants of LerV and dem-
onstrated the structural integrity of these proteins us-
ing circular dichroism spectroscopy. We show that LcrV
interacts both with itself and with LerG and have ob-
tained micromolar and nanomolar affinities for these
interactions, respectively. The effects of LerV mutations
upon LerG binding suggest that coiled-coil interactions
indeed play a significant role in complex formation. In
addition, comparisons of secretion patterns of effector
proteins in Yersinia, arising from wild type and mutants
of LerV, support the proposed role of LerG in titration of
LerV in vivo but also suggest that other factors may be
involved.

A number of Gram-negative bacteria use a conserved type
IIT secretion system to transport a range of virulence-
associated proteins across their double membranes and into
the host cell (1). This mechanism plays a key role in the
infection process of bacterial pathogens including Chlamydia
sp., enteropathogenic and enterohemorraghic Escherichia
coli, Pseudomonas aeruginosa, Shigella sp., and Yersinia sp.
(2). This system is a sec-independent pathway and is com-
posed of approximately 20 proteins, a number of which are
transiently assembled to form a “molecular syringe” that
often results from a signal released upon contact with the
target cell (2). This syringe structure is responsible for the
translocation of protein “effectors” that can cause a range of
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signaling and cytoskeletal changes upon the target cell, ulti-
mately leading to, for example, intracellular invasion of a
macrophage or apoptosis (3, 4).

The type III secretion system of Yersinia was the first to be
discovered and is the best characterized to date. Therefore, it is
considered to be the prototypical type III system. The genes
encoding these proteins are located on plasmid pYV, which is
present in all three human pathogenic Yersinia species, i.e.
Yersinia pseudotuberculosis, Yersinia enterocolitica, and
Yersinia pestis. These Yersinia species resist the primary host
immune defense by inhibiting macrophage phagocytosis (2).
This inhibition is mediated by the type III secretion system and
thus allows infection by extracellular localization (5). The se-
cretion machinery is principally composed of the Yersinia outer
proteins (Yops),! the Yersinia secretion apparatus (Ysc), and
specific Yop chaperones (Syc) (6).

A key component of the Yersinia type I1I secretion apparatus
is the V antigen or LerV, a 37-kDa protein, the expression of
which is transcriptionally up-regulated at 37 °C upon infection
of the host or in vitro in the absence of calcium (7). It is a
protective antigen of Y. pestis (8, 9) and is currently in phase II
trials as a principal component of a potential vaccine for plague
(caused by Y. pestis) (1). LerV has several putative roles in
Yersinia type III secretion and Yersinia pathogenicity in gen-
eral that are probably mediated by self-interactions (multi-
merization) or interactions with other proteins. LerV has been
proposed to assemble into a membrane-associated extracellular
structure, which facilitates the transfer of Yop effector proteins
into the eukaryotic cytosol, and is surface-located prior to tar-
get cell contact (10). Thus, the extracellular localization of LerV
on the bacterial membrane may provide a prime position from
which to control Yop targeting (10). LerV further promotes
protein secretion and targeting through an interaction with
YopB and YopD, possibly enabling their deployment for pore
formation within the eukaryotic membrane (11). In addition, it
has recently been demonstrated that LerV is both extracellu-
larly localized and translocated into the host cell cytosol (12).

LerV has been predicted to contain a coiled-coil motif (13)
composed of a repeating 7-residue signature sequence, indica-
tive of the formation of a superhelix from two or more «-helices
(reviewed in Refs. 14 and 15). Coiled-coils have been suggested

! The abbreviations used are: Yop, Yersinia outer protein; Ysc, Yop
secretion; ELISA, enzyme-linked immunosorbent assay; GST, glutathi-
one S-transferase; PBS, phosphate-buffered saline; PBST, phosphate-
buffered saline with Tween 20; CD, circular dichroism; SPR, surface
plasmon resonance; MALDI-MS, matrix-assisted laser desorption ioni-
zation mass spectometry.
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to represent a key structural feature required for the formation
of the multiprotein complexes involved with the type III secre-
tion apparatus (13), and it has been suggested that the inter-
action of LerV with the LerG protein may be mediated through
the formation of a coiled-coil (13). Genetic approaches such as
the yeast-two hybrid system have been used to identify strong
interactions between type III pathway proteins such as that
observed between the EspA (filament-forming protein) and
EspD (translocation pore proteins) of enteropathogenic E. coli
(16). In Yersinia, similar experiments have demonstrated an
interaction between LerV and an inhibitory gate protein to the
Ysc apparatus, LerG (17). Overexpression of LerG inhibits Yop
secretion even in the presence of LerV (18). Hence a “titration
model” has been proposed whereby the up-regulation of LerV
during the low calcium response allows binding to LerG, thus
removing the internal gating of the Ysc apparatus (18). A
site-directed mutant of LerG was also recently reported that
failed to demonstrate an interaction with LerV using a yeast
two-hybrid system. This variant was able to block secretion of
LerV and Yops, further supporting the hypothesis that the forma-
tion of an LerV-LerG complex is required for Yop secretion (19).

In this context, elucidation of details of molecular interac-
tions involved in LerV complex formation is fundamental to
understanding secretion processes in Yersinia pathogenesis.
However, a lack of any quantitative protein interaction infor-
mation has motivated us to produce pure folded recombinant
forms of these proteins. Using these materials, we report the
relative affinities of LerV for itself and for LerG. In addition,
the availability of such materials has afforded us the opportu-
nity to produce site-directed mutants of LerV within the pre-
dicted coiled-coil motif and subsequently assess the importance
of this motif both in terms of LerG interaction and Yop secre-
tion. Therefore, the present investigation provides the first
quantitative characterization of type III secretion protein-pro-
tein interactions and a more detailed molecular description of
LerV and LerG folding and complex formation, which comple-
ments previous genetic approaches.

EXPERIMENTAL PROCEDURES

Materials—Oligonucleotides were purchased from Sigma. Media re-
agents Luria Broth (LB) and Brain-Heart infusion were obtained from
Merck. Isopropyl-1-thio-B-D-galactopyranoside was from Genesys
(London, UK). Precast native and SDS-polyacrylamide gels, protein
molecular weight standards, Coomassie Brilliant Blue, glutathione-
Sepharose 4B, Hybond-P nitrocellulose membrane, ECL detection re-
agents, and Factor Xa were from Amersham Biosciences. 30% poly-
acrylamide solution for 14% PAGE was purchased from Severn Biotech
(Kidderminster, United Kingdom). DNA QiaQuick gel extraction and
Miniprep kits were from Qiagen. Restriction enzymes were purchased
from New England Biolabs Ltd. (Hitchin, United Kingdom). PCR re-
agents including Pfu polymerase were obtained from Stratagene. Pro-
tein Centriprep-concentrating devices were purchased from Millipore
(Bedford, MA). Bradford assay reagent and disposable plastic columns
were obtained from Bio-Rad. Kodak X-Omat AR was purchased from
Eastman Kodak Co. Dextran-coated CM5 sensor chips and detergent
P20 were purchased from BIAcore (Uppsala, Sweden). Suprasil cu-
vettes were from Helma Kuvetten (Mulheim, Germany). All antibodies
for enzyme-linked immunosorbent assay (ELISA) and Western blotting,
apart from mouse anti-LerV (Defence Science and Technology Labora-
tory, Wiltshire, United Kingdom), were purchased from Sigma. Marvel
dried skimmed milk powder used as a source of casein was from Pre-
mier Beverages (Stafford, United Kingdom). All other chemicals were
purchased from Sigma.

Construction of Plasmids and Site-directed Mutants—Plasmids
pGEX-V and pGEX-G are pGEX-5X1 derivatives (Amersham Bio-
sciences). Both plasmids encode Schistozoma japonicum glutathione
S-transferase (GST), a linker peptide containing a protease cleavage
site, and either the Y. pestis LerV (pGEX-V) or LerG (pGEX-G) proteins.
The genes encoding lcrV and lerG were ligated into the EcoRI-NotI sites
of the pGEX-5X-1 vector. pGEX-V was generated by a Pfu-based PCR of
lerV using Primerl (5'-ATCGAATTCATTAGAGCCTACGAACAAAAC-
3"), which contains an EcoRI restriction site upstream of the second
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codon (ATT), and Primer2 (5'-ACATAGTATAGCGGCCGCGTGTCATT-
TACCAGACGT-3'), which incorporates a unique NotI site downstream
of the TCA stop codon. pGEX-G was generated by a Pfu-based PCR of
lerG  using Primer3 (5'-ATAGAATTCACAATAAATATCAAGACA-
GACAGC-3'), which contains an EcoRI restriction site upstream of the
second codon (ACA), and Primer4 (5'-ACATAGTATAGCGGCCGCAT-
ATTAAATAATTTGCCCTCGCAT-3’), which contains a NotI restriction
site downstream of the TAA stop codon. pGEX-V and pGEX-G were
subsequently transformed into the E. coli strain BL21 (DE3) for over-
production of recombinant GST-LerV or GST-LerG fusion proteins,
respectively. Plasmid pGEX-V was purified using the Qiagen QiaQuick
Spin Miniprep kit and then used as a template to amplify the Y. pestis
lerV gene in a Pfu-based PCR. Primerl was used with Primer5 (5'-
CCCAAGCTTGTGTCATTTACCAGACGT-3'), which incorporates a
unique HindIII site downstream of the TGA stop codon. The 990-bp lerV
fragment was ligated into the EcoRI and HindlIII sites of the pTrc99A
expression vector (Amersham Biosciences) to produce plasmid pTre-
LerV. Initial clones were obtained by heat-shock transformation (21)
into E. coli strain BL21 (DE3).

PCR-based mutagenesis of lcrV was performed using the primer
overlap method. In all cases, Primerl was used in conjunction with a
“mutagenic” primer containing a site-directed mutation to generate a
PCR fragment encoding from the 5’ end of the gene to a few bases
downstream of the mutation site. A second PCR fragment was gener-
ated from a few bases upstream of the mutation site using an overlap-
ping primer, complementary around the mutation site, in combination
with Primer2. Each PCR was carried out using pGEX-V as the tem-
plate. Fragments generated were gel-purified and subjected to a second
round of PCR using Primerl and Primer2 to generate a fragment
containing the entire lcrV gene with the mutations of choice. Each
fragment was then ligated into the EcoRI and Not¢l sites of the GST
fusion vector pGEX-5X-1 and transformed (21) into E. coli strain BL.21
(DE3). The resulting plasmids were then used as templates for PCR
using Primerl and Primer5 as described above. The resulting PCR
fragments were subsequently ligated into the EcoRI and HindIII sites
of the pTrc99A expression vector. All mutants constructed in the lerV’
gene contained the CGT codon encoding an arginine residue at positions
within the DNA sequence predicted to encode the coiled-coil motif of
interest. The presence of desired mutations within the lcrV gene was
confirmed by sequencing the pGEX-5X-1-lcrV plasmids with an auto-
mated Applied Biosystems 377 DNA Sequencer (Foster City, CA using
the dideoxy method with BigDye Terminator Ready Reaction Kits (Ap-
plied Biosystems, Foster City, CA).

Identification of the putative coiled-coil motifs in LerV and LerG was
made using the COILS program (ulrec3.unil.ch/coils/COILS_doc.html)
(22, 23). A 28-residue window size was used with weighting in favor of
hydrophobic residues at the a and d positions of the heptad repeat. The
MATCHER program (cis.poly.edu/~jps/) (24) was also used to determine
whether a protein sequence contains the 7-residue periodicity ([aXX-
dXXX]n) associated with coiled-coils. Secondary structure predictions
were conducted using PHDsec from EMBL (www.embl-heidelberg.de/
Services/index.html).

Protein Purification—GST, GST-LerG, GST-LerV, and GST-LerV
mutant proteins were purified with minor modifications to a previously
described protocol (20). Two liters of LB containing 100 ug/ml ampicillin
were inoculated with 50 ml of an overnight culture of E. coli BL21 (DE3)
transformed with the appropriate pGEX derivative. Cells were grown at
37 °C with shaking for 2 h and then induced with isopropyl-1-thio-g-D-
galactopyranoside to a final concentration of 1 mM. Growth was allowed
to continue for another 4 h. Centrifugation of the culture yielded a cell
pellet that was resuspended in phosphate-buffered saline (PBS) (0.01 m
phosphate buffer, 0.0027 M KCl, 0.137 M NaCl, pH 7.4). Cells were lysed
by sonication, and insoluble material was removed by centrifugation at
12,000 X g for 45 min.

6 ml of 50% (w/v) glutathione-Sepharose 4B in PBS were added to the
cell lysate supernatant (typically 12 ml) and incubated at 4 °C for 1 h with
rotation. The material was transferred into a plastic column and washed
with 100 ml of PBS. GST and GST-LecrV proteins were eluted after this
stage by resuspending the glutathione-Sepharose in 6 ml of 10 mm glu-
tathione in 100 mm Tris HCI, pH 8.0, and collecting the flow-through from
the column. Otherwise, the glutathione-Sepharose with bound fusion
proteins was resuspended in 6 ml of PBS. Proteolytic cleavage to release
LerV or LerG was conducted by adding 200 ul of 100 ug/ml Factor Xa in
PBS followed by incubation at 4 °C for 16 h with rotation. Cleaved protein
was collected as flow-through from the column. The column was then
washed to retrieve all of the protein released. Proteins produced from
Factor Xa cleavage all contained five N-terminal residues (GIPEF) prior
to the second encoded residue of the predicted protein sequence.
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Pooled samples of LerV were concentrated in Centriprep-YM10 con-
centrators, whereas pooled LerG samples required Centriprep-YM3
concentrators. Protein concentrations were determined by Bradford
assay. Protein purity was estimated by 8-25% SDS-PAGE, and for
LerV and LerG by MALDI-MS at the Mass Spectrometry Facility,
Department of Biochemistry, University of Bristol (Bristol, United
Kingdom).

Circular Dichroism Spectra—Circular dichroism (CD) measure-
ments were performed on an AVIV 62DS spectropolarimeter. The in-
strument was calibrated with camphor sulfonic acid for optical rotation
and benzene vapor for wavelength. Data were recorded at 0.2-nm in-
tervals and at 25 °C in a temperature-controlled chamber. Samples of
LerV wild type and mutants (4 mg/ml in PBS), LerG (9 mg/ml in PBS),
GST (6 mg/ml in PBS), GST-LerV (4 mg/ml in PBS), or base lines
consisting of PBS were examined in 0.001-cm path length Suprasil
cuvettes. A minimum of five scans was collected for every sample.
Individual scans were smoothed with a Savitsky-Golay filter (25), and
the averaged base-line spectrum was subtracted from the averaged
sample spectrum. Mean residue molecular weights of 114.2 for LerV,
110.2 for LerG, 116.7 for GST, and 115.1 for GST-LerV were used in the
calculations of mean residue ellipticity.

Spectra were analyzed using the Dichroweb server (26). Reference
data sets 4 and 7 (27, 28), which were compatible with the wavelength
range obtainable in this study, were used. To test the reliability of the
determinations, a number of alternative algorithms were used for the
structure calculations: SELCON3 (29, 30), CONTIN (31, 32), and
CDSSTR (27). As a means of comparison of the goodness-of-fit of the
various methods, the NRMSD parameter (34) was calculated. NRMSD
is defined as: 3[(fexp-fcal)®/(fexp)?|> summed over all wavelengths,
where fexp and 6cal are, respectively, the experimental ellipticities,
and the ellipticities of the back-calculated spectra for the derived struc-
ture. NRMSD values of <0.1 mean that the back-calculated and exper-
imental spectra are in close agreement (35). A low NRSMD is not
sufficient to indicate a correct analysis, but a poor (high) NRMSD
generally means the analysis is not correct. In this study, all values
were well below 0.1. Calculations of standard deviations between meas-
urements were performed at all wavelengths to determine the variation
within a data set.

Gel Electrophoresis and Staining—Purified protein samples were
analyzed using 8—25% polyacrylamide gradient Phast gels on a Phast
electrophoresis system (Amersham Biosciences). SDS and native gels
were stained with Coomassie Brilliant Blue using the Phast system
developer unit. Protein interaction studies involved the co-incubation of
LerG with LerV or GST-LerV at an estimated 2:1 molar ratio at 4 °C for
30 min prior to visualization on a native 8—25% gel. Identification of
protein secretion patterns from Y. pseudotuberculosis was done using
14% homogeneous polyacrylamide gels using a Novex Mini-gel system
(Novex, San Diego, CA). 25 ul of 5X concentrated protein loading buffer
(62.5 mMm Tris-HC, pH 6.8, 2% SDS (w/v), 5% B-mercaptoethanol (v/v))
were used to resuspend protein samples, which were then boiled for 10
min. 10-ul samples were electrophoresed on gels in a Tris-glycine buffer
(21).

Western Blotting—Proteins were separated on an 8-25% gradient
Phast gel and transferred onto a nitrocellulose Hybond-P membrane,
which was blocked overnight at 4 °C with 5% casein in PBST (PBS
containing 0.05% Tween 20 (v/v)). LerV was detected using a mouse-
generated anti-LerV antibody diluted 1:3000 in PBST + 5% casein and
incubated for 1 h at room temperature. After washing, membranes were
incubated with an anti-mouse horseradish peroxidase-conjugated anti-
body (1:10,000 in PBST) for 1 h at room temperature. Horseradish
peroxidase was detected using ECL reagents and visualized by expo-
sure of Kodak X-Omat AR film.

Binding Assays—ELISA methods were used to analyze interactions
between GST-LerV and LerV (self-association), GST-LerV and LerG,
and LerV and LerG based upon related studies of the enteropathogenic
E. coli EspA protein (36). The self-association of LerV was assayed by
incubating 100 ul of aliquots of LerV at 20 ug/ml in carbonate/bicar-
bonate buffer (0.05 M carbonate/bicarbonate buffer, pH 9.6) in an ELISA
plate at 4 °C overnight. Wells were washed three times with 200 ul of
PBST and blocked with 200 ul of 2% (w/v) casein in PBST for 1 h at
37 °C. 70 pl of GST-LerV at concentrations ranging from 0.2 to 2 mg/ml
in PBST containing 1% casein (w/v) were added to wells and incubated
at 37 °C for 1.5 h. After washing, 70 ul of rabbit anti-GST IgG (1:5000
dilution in PBST) were added to each well for 1 h at 37 °C. Further
washing was followed by 70 ul of alkaline phosphatase-conjugated
anti-rabbit antibody (1:5000 dilution in PBST) being added to wells and
incubated for 1 h at 37 °C. The reaction was visualized by adding 70 ul
of 1 mg/ml p-nitrophenylphosphate in 100 mm Tris-HCI, pH 9.5, and
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observing the optical density measured at 405 nm after 20 min. The
mean optical density and mean * S.D. were calculated from triplicate
experiments, and the K, was estimated using a GST-LcrV molecular
mass of 64,000 and a single-site ligand binding model (Grafit v3.09,
Erithacus Software Ltd., United Kingdom). The interaction of GST with
immobilized LerV was measured as a control for nonspecific binding.
The association of GST-LerV with LerG was assayed as just described
with the exception that LerG was immobilized at 20 ug/ml to the ELISA
plate and that subsequent incubation with GST-LerV was performed at
concentrations ranging from 0.19 to 100 pg/ml. The interaction of GST
with immobilized LerG was measured as a control for nonspecific
binding.

The LerV-LerG interaction was assayed by coating an ELISA plate
with 100 ul of 20 pg/ml LerG as described above. After washing, wells
were blocked with 1% bovine serum albumin (w/v) in PBST. 100 ul of
LerV at concentrations between 0.07 and 80 ug/ml in PBST were added
to the wells for 2 h at 37 °C. Plates were washed and probed with a
mouse anti-LerV monoclonal antibody (1:2000 dilution in PBST at 37 °C
for 1 h) followed by alkaline phosphatase-conjugated anti-mouse anti-
body (1:2000 dilution, 37 °C for 1 h). The reaction was visualized, and
the K;, was estimated using an LecrV molecular mass of 37,000 as
described above. LerV binding to the ELISA plate was used as a control.

The affinity of LerV for LerG was determined using surface plasmon
resonance (SPR) (37) in a BIAcore X instrument with dextran-coated
CM5 sensor chips. LerG at 15 pg/ml in a sodium acetate/acetic acid
buffer, pH 6.0, was immobilized to a CM5 chip by amine coupling (38).
The injection of 100 ul of 0.1-1.2 uMm wild type and mutant LerVs in
HEPES-buffered saline (10 mm HEPES, 150 mm NaCl, 0.01% (w/v)
detergent P20) was performed at a flow rate of 20 ul/min. The binding
surface was regenerated with 30 ul of 10 mm HCI at 20 ul/min, which
restored the base-line response level without degradation of the sensor
chip. The binding of LerV at all concentrations to the CM5 dextran chip
alone was subtracted from the experimental data as a control.

In addition, LerV at 15 pg/ml in a sodium acetate/acetic acid buffer,
pH 6.0, was immobilized to a CM5 chip by amine coupling (38). The
injection of 100 ul of 0.7-8.0 um wild-type LerG in HEPES-buffered
saline was performed at a flow rate of 20 ul/min. The binding surface
was regenerated with 30 ul of 10 mm HCI at 20 pl/min. The binding of
LerG at all concentrations to the CM5 dextran chip alone was sub-
tracted from the experimental data as a control.

Sensorgrams were analyzed using the BIAevaluation 3.0 package
(BIAcore, Uppsala Sweden) to derive values for association rate con-
stants (k,) and dissociation rate constants (k,) by simultaneously fitting
several data sets, consisting of injections over a range of ligand concen-
trations using simple 1:1 Langmuir binding models with the global
fitting option. The K, value was derived from %,/%,. A second estimate
of the K, was derived from a plot of the response levels at equilibrium
against protein concentration. A steady-state affinity model was used to
fit the curve.

Protein Secretion Assays—Analyses of secretion patterns of Yops in
Y. pseudotuberculosis were conducted according to a previously de-
scribed method (10). For production of competent cells, Y. pseudotuber-
culosis strain YPIII containing the pIB19 variant of the Yersinia pYV
plasmid (lcrV Aamino acids 10-313) (10) was grown in LB at 37 °C
overnight with 30 pg/ml kanamycin. Dilution 1:150 into 200 ml of LB
with 30 pug/ml kanamycin was followed by growth at 37 °C to A4y, = 0.6.
Cells were harvested, resuspended in 500 ml of distilled H,0, centri-
fuged, resuspended in 5 ml of 10% glycerol, centrifuged again, and
finally resuspended in 400 ul of 10% glycerol. Plasmids p7rc99A, pTre-
LerV, and pTrc99A derivatives containing lcrV coiled-coil mutants were
transformed into competent Y. pseudotuberculosis strain YPIII (pIB19)
by electroporation. For Yop induction assays, single colonies of Y.
pseudotuberculosis YPIII (pIB19) and the same strain transformed with
pTrc99A and its derivatives were each inoculated into 5 ml of calcium-
depleted Brain-Heart infusion medium (BHI) including 5 mm EGTA, 20
mM MgCl,, and 0.1% Triton X-100 containing 30 ug/ml kanamycin and
100 pg/ml ampicillin and grown overnight at 26 °C. A 1:20 dilution into
10 ml of BHI was grown for 1 h at 26 °C and then for 3 h at 37 °C. Cells
were harvested, and the supernatant passed through a 0.45-pum filter
(Millipore). Supernatants were precipitated with 10% trichloroacetic
acid as described previously (39). The volumes of 5 X SDS sample buffer
used to resuspend the protein samples (typically ~25 ul) were calcu-
lated to normalize for small variations in the final observed Ag,, values
measured from the original bacterial cultures. Proteins were separated
by 14% SDS-PAGE and visualized by Coomassie Brilliant Blue
staining.
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RESULTS

Identification of Coiled-coiled Motifs—Protein sequences
along with secondary structure and coiled-coil motif predictions
are shown in Fig. 1 for regions of LerV and LerG with the
highest probabilities of containing a helix capable of forming a
coiled-coil. For LerV, the COILS program (ulrec3.unil.ch/coils/
COILS_doc.html) gave a probability of 0.988 that the helical
sequence (PHDsec) will adopt a coiled-coil conformation,
whereas the MATCHER program and helical wheel plot
(marqusee9.berkeley.edu/kael/helical.htm) identified residues
Leu-153, Leu-157, Leu-160, and Leu-164 as being central
within this region and present in crucial ¢ and d heptad repeat
positions. The probability of the a-helix in LerG (PHDsec) form-
ing coiled-coil interactions was 0.806. Residues Leu-13, Ala-16,
and Ile-20 were identified as being central within the region

d a d a

148-DARSKLREELAELTAELKIYSV-169 Lcrv
HHHHHHHHHHHHHHHHHHEH
a d a
7-DEYDKTLKOQAELATIADSDHRAK-28 LcxrG

HHHHHHHHHHHHHH HHHHHH

Fic. 1. Prediction of coiled-coil regions in both LerV and LerG.
The COILS program was used with a 28-residue window size and a
weighting of 2.5 toward the presence of hydrophobic residues (boldface)
at positions a and d. The MATCHER program confirmed regions with
7-residue periodicity (indicated by @ and d), whereas the prediction of a
helical structure was carried out using PHDsec.
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and at positions indicative of the presence of a coiled-coil motif
in this protein.

Protein Production and Folding—GST and GST-LerV, puri-
fied following elution from the glutathione-Sepharose 4B col-
umn, migrated as single bands of ~27 and 64 kDa, respectively,
using SDS-reducing PAGE. LerV and LerG purified following
Factor Xa cleavage from the GST fusion tag also migrated as
single bands at 37 and 11 kDa, respectively. Using MALDI-MS,
LerV had a molecular mass of 37,720 Da compared with 37,652
Da by calculation, whereas LerG had a molecular mass of
11,491 Da compared with 11,432 Da by calculation. Prior to
purification of the LerV mutants, the presence of the desired
mutations in the pGEX-5X-1-lcrV plasmids used for expression
was confirmed. In all cases, the desired sequence was observed
(compared with the published entry in GenBank™ (ww-
w.ncbi.nlm.nih.gov/)) with the required changes that are al-
ways present as a CGT codon encoding an arginine residue.
Subsequent purification of LerV mutants using the glutathi-
one-Sepharose 4B column yielded proteins with the same ap-
parent molecular mass and purity (judged by SDS-PAGE) as
that observed for the wild-type protein.

The CD spectra of LerG and LerV cleaved from the GST
moiety (Fig. 2A) exhibit similar features, namely a maximum
at 192 nm and minima at 208 and 222 nm that are character-
istic of proteins with a significant a-helical content but with
other secondary structures present. The results reported in
Table I are for the CDSSTR secondary structure method (27)
with reference data base 4 (26), which gave the best fits (lowest
NRMSDs). However, in general, all calculations produced very
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Fic. 2. CD spectra for wild-type LerV, LerG, and LerV mutant proteins cleaved from their GST— moieties. Data are represented as
mean residue ellipticity and were recorded at 4 mg/ml (LcrV, solid line) and 9 mg/ml (LerG, dashed line) at 0.2-nm scan steps (panel A). The error
bars in the data for repeated scans are represented only in panel A for clarity but are representative of all data collected. Panels B-D show a
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which were obtained using 4 mg/ml of each protein.
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TABLE I
Secondary structure analysis from CD data
% Secondary structure
Protein

a helix B-strand B turn Other Total NRMSD
LerV wild type 58 = 1.1 8+1.9 13 +1.3 22 + 3.3 101 0.010
LerV L153R 49 + 1.3 11+ 2.7 15+ 1.1 25+ 1.9 100 0.009
LerV L157R 56 7 13 24 100 0.011
LerV L160R 50 13 14 23 100 0.011
LerV L164R 58 7 13 22 100 0.012
LerV L153/157R 51 9 15 24 99 0.013
LerV L153/160R 53 9 13 25 100 0.009
LerV L153/164R 59 7 12 23 101 0.012
LerV L157/160R 49 12 14 24 99 0.014
LerV L157/164R 52 9 14 25 100 0.010
LerV L160/164R 53 8 14 25 100 0.014
LerG wild type 35+ 14 16 + 1.3 21 +1.9 29 = 1.0 101 0.014

similar secondary structures. For wild-type LecrV, the calcu-
lated secondary structure is 58% helix, 8% B-sheet, 13% turn,
and 22% other compared with 56% helix, 8% B-sheet, and 36%
loop proposed by secondary structure predictions (PHDsec). For
wild-type LerG, the calculated secondary structure is 35% he-
lix, 16% B-sheet, 21% turn, and 29% other compared with 60%
helix, 0% B-sheet, and 40% loop proposed by secondary struc-
ture predictions (PHDsec). The CD spectra of GST and GST-
LerV also exhibited features demonstrating significant a-heli-
cal content (data not shown). The former spectrum is consistent
with the known crystal structure of GST (40). The absence of
significant changes in non-helical features in the GST-LcrV
spectrum suggests that there is no gross disruption in the
conformation of either protein.

The LerV mutants displayed a range of spectral features.
Many of these proteins produce spectra that are indistinguish-
able from wild-type LerV (e.g. L157R, Fig. 2B), and conse-
quently, their calculated secondary structures are identical
(Table I). However, other mutants produced slightly different
spectra (e.g. L153R, Fig. 2C), which in some cases could appear
similar to a wild-type spectrum upon the addition of a second
mutation (e.g. L153R/L157R, Fig. 2D). When compared with
wild-type LerV, all mutants had an equivalent 192-nm peak,
but the magnitudes and ratios of the 208- and 222-nm peaks
were altered in some cases (Table II). Consequently, the calcu-
lated a-helical content of these mutants tended to be lower
than that of the wild-type protein (Table I). These data provide
evidence for alterations in the secondary structure and perhaps
the tertiary structure (coiled-coil) interactions of the mutants.
However, it should be noted that none of the mutant structures
was radically altered in the sense of producing unfolded pro-
teins as a consequence of the replacement of leucine with
arginine residues in the predicted coiled-coil motif.

Native Gel Electrophoresis—When analyzed by native
PAGE, purified LerV appears to migrate as a mixture of forms
(Fig. 3, lane 1). The lowest migrating band is the predominant
species, which corresponds to the formation of a dimer with an
estimated molecular mass of 74 kDa. Higher migrating bands,
which can appear as doublets, represent higher order oligomers
that may adopt subtly different conformations depending upon
the mode of association perhaps arising from coiled-coil and
other inter-domain interactions. No LerV monomer was visible
on the native gel, and no evidence of degradation was observ-
able using SDS-reducing PAGE as reported earlier. Native
PAGE of the GST-LerV fusion also showed a mixture of forms,
upshifted in comparison to Fig. 3 arising from the presence of
GST (data not shown). In contrast, LerG appears as a single
species on the native gel (Fig. 3, lane 2) with an estimated
molecular mass corresponding to an 11-kDa monomer. The
addition of a 2:1 molar excess of LerG to LerV (Fig. 3, lane 3)
results in a distinct downshift of the 74-kDa dimer band of

LerV, suggesting the formation of a heterodimer between LerV
and LerG. The effects of the Leu to Arg substitutions upon the
ability of LerV to multimerize were also analyzed by native
PAGE analysis. Variable mobility was observed between the
different LerV mutants. In general, both single and double
mutations appear to reduce the level of multimerization of the
protein with double substitutions doing so to a greater extent
(Table II).

Protein-Protein Interactions—ELISA assays were carried out
to assess the binding of LerV to LerG and the interaction of
LerV with itself. Fig. 4A shows the results obtained using
LerG-coated microtiter wells, which were probed with LerV.
Fitting to a single-site isotherm gave a good estimate for the K,
of 208 *+ 20 nm. Using GST-LerV instead of LerV, a similar
dissociation constant was obtained (K, = 150 = 12 nwm). No
appreciable nonspecific binding to LerG was observed using
GST alone. This suggests that the interaction observed with
the GST-LerV fusion is between the LerV domain and LerG and
is of a similar nature to that observed using purified LerV
isolated after Factor Xa removal of GST. Fig. 4B shows the
ELISA results obtained for the binding of GST-LecrV to LerV-
coated microtiter wells. Fitting to a single-site isotherm gave
K, = 1.13 = 0.11 pMm. Low nonspecific binding was observed
using GST alone, suggesting that the interaction is specific for
LerV. Fig. 5 shows overlaid sensorgrams of LerV binding to
LerG immobilized to the CM5 dextran chip and then fitting of
the data using a simple 1:1 Langmuir binding model. This
yielded K, = 140 nm (x* = 1.15; k, = 4.38"% 1/ms, k, = 5.41°*
1/s), similar to that obtained using ELISA methods. The reli-
ability of the data was reinforced by plotting the response unit
values at equilibrium against ligand concentration, which gener-
ated a binding curve reaching saturation at higher concentra-
tions. A fit to this data gave an estimated K, = 135 nm ()@ =
0.0435). Inverting the system by immobilizing LerV to the CM5
dextran chip to follow LerG binding was also attempted. Al-
though the small size of LerG (11 kDa) meant that the observed
relative unit levels were only measurable at high concentrations
of LerG, an estimated K, = 544 num (y* = 0.154) was obtained.
This value is comparable with those obtained from ELISA assays
and SPR methods as already described.

In most cases, the mutations of Leu to Arg in the predicted
coiled-coil motif of LerV reduced binding to LerG. ELISA assays
(Fig. 4, C and D) yielded K, values ranging from ~400 nwm to 2.2
uM (summarized in Table II), and insignificant levels of binding
(<15 response units) were observed using SPR. The exceptions
are two mutants, L153R and L135R/L160R, which bound to
LerG with dissociation constants similar to that of the wild-
type LerV measured using both ELISA and SPR methods (Fig.
4E and Table II).

Secretion Profiles—SDS-PAGE of culture filtrates of Y.
pseudotuberculosis strain YPIII pIB19 (lacking the lcrV gene)
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TaBLE II
A summary of information obtained for LerV wild type and mutant proteins
LerV o @ & o & &
1 & | § & | |¢E

B |lu | |2l |82 18 |8 |8 |8

2 2 2 2 2 @ 2 2 2 2 2

= = = 2 = = 3 = | = |
CD ratio of 208 nm 1.0 0.745 0.963 0.667 978 0.757 0.859 0.953 0.682 0.811 0.829
peak to wild type
CD ratio of 208 nm 1.189 1.112 1.176 1.088 1.158 1.110 1.155 1.157 1.049 1.118 1.115
to 222 nm peaks
Multimerisation — i

p— - — — - — -— — — — —

e

— | - m A e ~ - - -
K}, (nM) for LerG by 208 16.0 693 605 697 2180 118 4400 589 432 641
ELISA
K, (nM) for LerG by 140 235 nd.? nd.® n.d.s® n.d.? 278 nd? nd.? nd? nd.s
SPR
Secretion pattern
from Yersinia
pseudotuberculosis - - - _— -— —

“n.d., not determined. Interaction of LerV mutant with LerG chip generated <15 RU.

1 2 3 4
- 669
R 440
B 232
— e 140
= -
LerV dimer —9 s - 57
-— 44— LcrV-LerG
heterodimer

LerG monomer —»

Fic. 3. Native gel analysis of LerV and LerG. LerV migrates as a
mixture of dimeric and multimeric species (1). Upon the addition of
LerG (2), a downshift in the LerV dimer band occurs (3). An estimated
2:1 molar ratio of LerG was added to 4 mg/ml LerV, incubated at 4 °C for
30 min, and run on an 8—25% native PAGE gel using the Phast system.
Native molecular weight markers (4) used were thyroglobulin
(669,000), ferritin (440,000), catalase (232,000), lactate dehydrogenase
(140,000), and albumin (66,000).

or the same strain transformed with plasmid p7rc99A did not
show significant levels of secreted Yops as expected. Transfor-
mation with pTre-LerV (containing the wild-type lerV gene)
restored Yop release, whereas the p7rc99A derivatives contain-
ing lerV coiled-coil mutants generated a range of secretion
patterns (Table II). Western blotting confirmed equal levels of
expression of LerV from the pTre-LerV wild-type and mutant
constructs in each transformant (data not shown).

The secretion patterns can be roughly grouped into two sets. The
first set demonstrated greatly reduced levels of Yop secretion com-
pared with Y. pseudotuberculosis complemented with wild-type
LerV. This includes clones that were mutated in either of the two
central leucine residues (L157R or L160R) and double mutants
that include at least one of these leucines (L157R/L160R, L157R/
L164R, or L160R/L.164R). The second set demonstrated a secretion
pattern that was only slightly reduced compared with wild-type
LerV. This includes clones that were mutated at either of the
peripheral leucine residues (L153R or L164R) and any double mu-
tant that contained the L153R mutation (L153R/L157R, L153R/
L160R, or L153R/L164R).

DISCUSSION

Quantitative Analysis of LerV Interactions—This paper de-
scribes the high level production of LerV and LerG wild-type
proteins and LerV mutants, which have been used to establish
a quantitative characterization of the protein-protein interac-
tions of LerV with itself and with LerG. The virulence of
Y. pestis has been shown to be related to the presence of the
LerV protein, which is required for the secretion of Yop effector
proteins (41). The LerG protein is a negative regulator of se-
cretion, and in the absence of LerV, LerG protein blocks Yop
secretion by interacting with the type III secretion apparatus
within the cytoplasm of the pathogen (18, 41, 42). Subsequent
studies demonstrated the formation of an LecrV-LerG het-
erodimer identified in Y. pestis by chemical cross-linking (17)
and identified in Y. pestis and Y. enterocolitica by co-purifica-
tion (11, 17). Recent yeast two-hybrid analysis has also dem-
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Fic. 4. Binding assays of LerV interactions. A, the interaction of LerV with LerG. LerG was immobilized to the ELISA plate, and titration
with LerV was shown to bind using mouse anti-LerV monoclonal antibody and alkaline phosphatase-conjugated anti-mouse antibody (O). The K,
for the interaction was determined as 208 = 32 nM. The binding of LerV to the ELISA plate was used as a control (e ). B, the interaction of GST-LerV
with LerV. LerV was immobilized to the ELISA plate, and titration with Gst-LerV was shown to bind using anti-GST IgG and alkaline
phosphatase-conjugated anti-rabbit antibody (O). The K, for the interaction was determined as 1.13 = 0.11 uM. The binding of GST to immobilized
LerV was used as a control (e). C and D, binding of LerV mutants to immobilized LerG. These mutants showed lower affinity for LerG than
wild-type LerV. E, binding of two anomalous LerV mutants to immobilized LerG. These mutants have an affinity for LerG equivalent to or greater

than that of wild-type LerV.

onstrated an interaction between LerV and LerG and that this
interaction is required for Yop secretion (19).

In these studies, a pure LerV sample was shown to form
multimers of dimers and higher order species as reported re-
cently (43), whereas LerG appears to be exclusively monomeric
in contrast to previous reports (44). This multimerization is
dependent upon the concentration of the protein with LerV
existing as a stable dimeric unit at low concentrations (43) in
the ELISA and SPR methods. LerV-LerG complex formation
was first observed using native gel electrophoresis, which
yielded a band consistent with heterodimer formation. Subse-
quently, ELISA and SPR methods demonstrated similar nano-

molar binding affinities between LerV and LerG, thus suggest-
ing that complex formation between these two proteins is
favored over dimer formation and perhaps over other self-
association interactions, the latter of which displays a micro-
molar binding affinity. The close fit of a 1:1 binding model to
the data for LerV binding to LerG using SPR indicates that only
a single species of LerV is binding immobilized LerG. These
results support the proposal that in vivo LerV titrates LerG
from the type III secretion apparatus (17) and is in agreement
with previous data proposing that the ratio of LerV to LerG is
important for type III secretion activity (18, 19). Significantly,
assuming a stable LerG-LerV complex is essential for Yop se-
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Fic. 5. LerV binding to LerG demonstrated by surface plas-
mon resonance. LerG was immobilized to a CM5 dextran chip by
amine coupling. Inset, injection of 0.1-1.2 um wild-type and mutant
LerVs in HEPES-buffered saline was performed at a flow rate of 20
wl/min, and the binding was measured as response units over time. A
simple 1:1 Langmuir binding model was used to fit the data and gave an
estimated K, of 1.40 X 10~ M (x* = 1.15). (main figure) Data reliability
was confirmed by plotting the response unit values at equilibrium (Req)
against ligand concentration. A steady-state affinity fit to this data gave
an estimated LerV-LerG K, of 1.35 X 1077 M (x* = 0.0435).

cretion, the results presented here predict that competing af-
finities between LerG and the type III secretion pore complex
are less strong than the nanomolar affinity between LerG and
LerV reported here.

Coiled-coil Interactions—Pallen et al. (13) proposed that
complex formation in proteins involved in type III secretion
could be mediated by the formation of coiled-coil interactions
and identified the LerV-LerG complex as a possible example
based upon the prediction of a coiled-coil motif in both these
proteins. The specific residues identified in Fig. 1 as important
for coiled-coil formation are located within the regions reported
previously (i.e. residues 136-180 for LerV and 7-34 for LerG)
(13). In particular, Leu-153, Leu-157, Leu-160, and Leu-164 of
LerV are located at critical a and d heptad positions within the
center of this region and should interdigitate with the same
residues via the formation of a coiled-coil in the LerV dimer. In
the case of LerG, residues Leu-13, Ala-16, and Ile-20 of LerG
are within the center of this region and are predicted to be
important for the same type of interactions in the LerV-LerG
complex. Analyses of the CD spectra of LerV and LerG pro-
duced very low values for the NRMSD fit parameter (<<0.1),
which suggest that a reasonable correspondence exists between
calculated secondary structure and the experimentally ob-
tained spectra (Table I). Indeed these values for predicted CD
calculated structures are very close for LerV. However, the
accuracy of any secondary structure determined is dependent
upon the reference databases used in the analyses being con-
structed from proteins containing the structural features pres-
ent in the protein under investigation. As none of the existing
reference databases include examples of coiled-coiled struc-
tures, if LerV does contain a coiled-coil structure, the analyses
may not be completely accurate in absolute terms. It seems
probable that a coiled-coil motif could be present in the proteins
studied based on one of the characteristics in the spectra: the
ratio of the 208-nm peak relative to 222-nm peak. In the spec-
tra of ordinary a-helices, these two peaks are of roughly the
same intensity, but this is not true for the LerV spectra in this
study (Table II). It has been suggested that differences in the
208/222 ratio could be the consequence of helix-helix interac-
tions (45—-47), so this may provide some support for different
extents of coiled-coil being present in these proteins (Table II).

To probe the potential importance of coiled-coil interactions,
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FiG. 6. Interactions inside the Ysc pore of Yersinia. A, Yop
secretion is repressed by gating of the Ysc apparatus (light blue) exter-
nally by LerE (navy blue), and internally by LerG (green). It is postu-
lated that LerG associates with the Ysc components (curved line). B,
secretion is induced by the loss of LerE gating and an increase in the
cytoplasmic concentration of LerV (red). The stable cytoplasmic LerV
dimer dissociates and binds to LerG with high affinity (solid line). C,
secretion is facilitated by the removal of LerG because of LerV-LerG
heterodimer formation permitting the release of Yops (purple).

single and all possible double mutants of the leucine residues in
LerV identified in Fig. 1 were made by substituting arginine at
these positions. This strategy had previously been shown to be
successful in related studies of the EspA and EspD type III
secretion pathway proteins from enteropathogenic E. coli (36,
16). CD analysis indicated that all LerV mutants were pro-
duced as folded proteins and still showed spectral features,
suggestive of helices with possible coiled-coil formation, which
may relate to the multimer formation observed in native gels
(Table II). At low concentrations in the ELISA and SPR assays,
both LerV wild-type and mutant proteins will be present prin-
cipally as a dimer. The six single and double mutants of Leu-
157, Leu-160, and Leu-164 all showed decreased levels of in-
teraction with LerG, suggesting that these residues may be
involved in coiled-coil interactions with the hydrophobic resi-
dues identified in LerG (Fig. 1). These mutants have reduced on
and off rates compared with wild-type LerV and bind to LerG in
the equilibrium ELISA protocol but not in the flow BIAcore
experiments. The mutation of Leu-153 to Arg-, however, re-
sulted in a mutant with a higher affinity for LerG than the
wild-type protein. Although this result does not discount Leu-
153 from being involved in a coiled-coil interaction, it is possi-
ble that an Arg at this position could mediate other interactions
with LerG. Outside of the heptad repeat region in LerG, there
are numerous aspartate residues (7, 10, 24, 26) that could form
a salt-bridge with the mutant Arg-153 side chain of LerV and
result in enhanced affinity between these two proteins. Indeed,
using ELISA methods, the interaction of LerV L153R with
LcrG is affected by pH. Furthermore, double mutants involving
residue 153 also displayed peculiar behavior. In combination
with either the L157R or L164R mutations, double mutants
showed the lowest affinity for LerG, whereas in combination
with L160R, wild-type affinity was recovered. These data sug-
gest that the high affinity character of the L153R mutant for
LerG can dominate in some cases depending upon the strength
of the disruption caused by the second-site arginine mutation.

Yop Secretion—The current model of the type III secretion
apparatus places LerG on the cytosolic side of the Yersinia
inner membrane where it forms a plug and blocks the secretion
of Yop effector proteins (17). As already discussed, the rela-
tively high affinity between LerV and LerG compared with
self-interaction of LerV drives the formation of a heterodimer
complex, thus allowing secretion to occur. Based upon this
model of interaction, wild-type and the L153R and L153R/
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L160R mutants, which all showed high affinity for LcrG, also
effectively complemented the Y. pseudotuberculosis lcrV knock-
out and showed predicted high levels of Yop secretion. In ad-
dition, single mutants L157R and L160R and double mutants
L157R/L160R, L157R/L164R, and L160R/L164R all showed re-
duced levels of binding to LerG and, predictably, very low levels
of secretion. Therefore, these data suggest that coiled-coil in-
teractions may indeed play a significant role in mediating
LerV-LerG complex formation.

Interestingly, not all secretion patterns observed follow pre-
dictions based upon a titration model involving a discrete in-
teraction between LcrV and LerG. First, the L164R mutant
showed reduced levels of binding to LerG compared with wild-
type LerV protein, but Yop secretion was only moderately re-
duced. It is possible that the effects of the Leu-164 mutant were
not manifested as greatly as when other residues of the coiled-
coil (Leu-157 and Leu-160) were mutated. This is consistent
with the almost total loss of secretion when L164R is combined
as a double mutant with L157R or L160R (Table II). Although,
more curious is the presence of wild-type secretion for the
L153R/L157R and L153R/L164R double mutants, both of
which display the weakest interactions with LerG based upon
ELISA assays (Table II). One explanation is that in vivo, the
great increase in intracellular LerV upon type III secretion
stimulation and the high affinity interaction of the L153R
mutation dominates, resulting in wild-type activity. However,
it is also tempting to speculate that recognition of LerG by LerV
may not simply involve LerG alone. In particular, the gating
function of LerG implies that it forms an interaction with the
Ysc apparatus located on the cytosolic inner membrane of
Yersinia. Given the small size of LerG (11 kDa), it is not
unreasonable to consider that LerV could initially recognize an
LerG-type III secretion apparatus complex prior to the forma-
tion of the LerV-LerG heterodimer. Although the L153R/L160R
and L153R/L164R double mutants show poor interactions with
LerG, it is possible that these proteins may still promote dis-
sociation of LerG from the type III secretion apparatus, espe-
cially if LerV initially recognizes a complex rather than LerG on
it own.

Taken together, these results lead us to propose a modified
model of LerV-LerG titration where stable and transient pro-
tein complexes are formed and exchanged depending upon rel-
ative affinities as a means of regulating type III secretion in
Yersinia. Under non-secreting conditions, LerG forms a com-
plex with the Ysc apparatus located on the cytosolic side of the
inner membrane (Fig. 64) (17). Upon induction of type III
secretion, high levels of LerV are produced predominantly as a
dimer (Fig. 6B). The high nanomolar affinity of LerV for LerG
disrupts LerV dimer formation and interactions between LerG
and the Ysc apparatus. The formation of an LerV-LerG complex
mediated through coiled-coil interactions as previously pro-
posed (13) results in the removal of the internal gating of the
Ysc apparatus, thus enabling Yop secretion to occur (Fig. 6C)
(18). In addition, LerV may initially recognize LerG as a bound
complex near the inner membrane (Fig. 6B) and promote LerG
dissociation through conformational changes, altering the in-
teractions between LcrG and other type III secretion compo-
nents. The use of the methods developed here to further define
the importance of LerG complex formation and other related
pathway components is therefore underway. Furthermore, al-
though the type III secretion system from Yersinia is the most
studied to date, the system is also present in a number of other
pathogenic bacteria such as P. aeruginosa where PcrV, a ho-
mologue of LerV, was shown to mediate type III secretion in
lung infection (33). Sequence similarities among the different
type III components suggest that regulation of Ysc assembly

LerV and LerG Interactions via Coiled-Coil Domains

and secretion may be conserved across species. Hence, it is
hoped that characterization of individual protein-protein inter-
actions between pathway components will ultimately yield an
improved understanding of the molecular basis of type III
secretion processes not only in Yersinia but in other bacterial
pathogens.
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