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Two-component signal transduction systems (TCSs) in prokaryotes often regulate gene clusters that induce
pathogenicity, and thus they have frequently been proposed as potential drug targets for attenuating the
virulence of pathogens. The pathogenic potential of Strepfococcus mutans, the major etiological pathogen of
dental caries, is also regulated by its TCSs. The object of this study was to evaluate the effect of a histidine
kinase (HK) inhibitor against two major virulence factors of S. mutans: biofilm formation and acid tolerance.
Walkmycin C (WKM C), an HK inhibitor isolated from the screening of inhibitors against WalK HK in Bacillus
subtilis, inhibited the in vitro autophosphorylation activity of three purified S. mutans HKs, i.e., VicK, CiaH, and
LiaS. Although S. mutans does not have any essential HK but only an essential response regulator, VicR, WKM
C showed an MIC of 6.25 pg/ml. This inhibitory effect of WKM C suggests that blocking the autophosphor-
ylation of multiple HKs may inhibit phosphotransfer to VicR from VicK and other HKs. When WKM C was
added at sub-MIC levels, the cells formed abnormal biofilms and also showed a defect in competence. When
the cells were pretreated with WKM C, an increase in acid sensitivity was observed. Our results show that
WKM C represses two pathogenic phenotypes of S. mutans, indicating the possibility of developing histidine

kinase inhibitors into antivirulence drugs.

Streptococcus mutans, the major etiological pathogen of den-
tal caries, lives almost exclusively in densely populated biofilms
that form on the tooth surface. Large quantities of organic acid
are produced by the biofilm-embedded cells, creating an acidic
environment that erodes the tooth surface and thus causes
caries. Consequently, the virulence of S. mutans is caused by its
abilities to form biofilms, to produce organic acids, and to
tolerate environmental stresses, particularly under low-pH
conditions. S. mutans has very few alternative sigma factors in
its genome (2), and regulatory systems, such as the two-com-
ponent signal transduction systems (TCSs), are considered to
play a central role in stress tolerance (14). TCSs, which are
present in bacteria, yeast, fungi, and plants but not in mam-
mals, respond to the chemical and physical signals from the
environment. The signals are first sensed by the sensor histi-
dine kinase (HK), which autophosphorylates its conserved his-
tidine residue and then transfers the phosphoryl group to the
aspartic acid of the response regulator (RR). In most cases,
phosphorylated RRs bind to the upstream regulatory region of
genes and control their expression. Among the 14 TCS systems
and one orphan regulator in S. mutans, 8 pairs of TCS and an
orphan regulator, CovR (a.k.a. TarC or GcrR), have been
found to play roles in stress tolerance (5, 10, 15). TCSs are
often involved in the virulence of many pathogens, as well as S.
mutans, making them an attractive target for antivirulence
drug development.
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To date, anti-TCS drugs that repress virulence have
mostly targeted the sensory domains of their target HKs.
Compared to the conserved catalytic domains of HKs, the
sensory domains are unique to each HK, making sensory
domain-targeting drugs effective only to a specific TCS (9).
Moreover, the signals detected by sensors are still unclear in
many of the TCSs involved in virulence, and there are var-
ious cases where signals from multiple TCSs are integrated
to coordinate a cell response. In S. mutans, several TCSs are
known to be involved in biofilm formation, competence, and
acid tolerance. Additive attenuation of virulence and cario-
genic potential are also seen by simultaneous inactivation of
the ComDE and LiaSR TCSs (19). Therefore, broad-acting
general anti-TCS drugs that simultaneously inhibit multiple
TCSs are expected to efficiently repress the virulence of .
mutans. Such drugs should target the conserved catalytic
domains of HKs so as to inhibit multiple HKs.

One of the target TCSs for HK inhibitors is the WalK/WalR
(formerly YycG/YycF) system, ubiquitous within Firmicutes.
The WalK/WalR TCSs play a key role in cell wall metabolism
(8) and are essential for cell growth. Attempts have been made
to discover inhibitory compounds against the WalK/WalR sys-
tem (27, 34, 35, 38). Among these attempts is the differential
growth assay using a temperature-sensitive wa/R mutant of
Bacillus subtilis (23). Using this selective method, a number of
inhibitors against the WalK HK have been isolated (24, 34).
These inhibitors showed antibacterial activity against various
Gram-positive bacteria, including methicillin-resistant Staphy-
lococcus aureus. The walkmycins are HK inhibitors recently
isolated from our differential growth assay. Three active frac-
tions were detected from methanol extracts of Streptomyces sp.
strain MK632-100F11; namely, walkmycins A, B, and C. Walk-
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TABLE 1. Bacterial strains and plasmids used in this study
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Strain or plasmid

Relevant characteristics®

Source or reference

Strains
E. coli
BL21(DE3) F~ ompT hsdSy; (rg~ mg~) gal dem (DE3) Novagen
JM109
S. mutans
UA159 Wild type ATCC
UA15%vicK AvicK::NPKm" This study
UA159ciaH AciaH::Em" This study
UA15%%iaS AliaS::NPKm* This study
UA159comD AcomD::Em" This study
Plasmids
pSC-B Cloning vector Stratagene
pET22b(+) His tag cloning vector Novagen
pGEX-6P-2 GST tag cloning vector GE Healthcare
pSC-BSMvicRK vicRK cloned into pSC-B This study
pSC-BSMciaRH ciaRH cloned into pSC-B This study
pSC-BMliaSR liaSR cloned into pSC-B This study
pETSMVicK;, 450 vicK (31 to 450 aa) cloned into pET22b(+) This study
pGEXSMCiaH, 435 ciaH (200 to 435 aa) cloned into pGX-6P-2 This study
pETSMLiaSgq.334 liaS (86 to 334 aa) cloned into pET22b(+) This study
pETSMVicR vicR cloned into pET22b(+) This study
pETSMCiaR ciaR cloned into pET22b(+) This study
pETSMLiaR liaR cloned into pET22b(+) This study
pUCISEm pUCIS harboring an Em" cassette Y. Y. Chen, University of Florida
pALHI124 Vector harboring an NPKm" cassette Y. Y. Chen, University of Florida
pDL278 E. coli-Streptococcus shuttle vector; Sp* 13

“ Sp’, spectinomycin resistance; Em", erythromycin resistance.

mycin B was the major product among the three, and it showed
inhibitory effects against autophosphorylation of the WalK cy-
toplasmic regions of B. subtilis and S. aureus (24). The VicK/
VicR system in S. mutans is an orthologue of the WalK/WalR
system in B. subtilis. Although the sensor VicK is not essential
for cell growth, previous works have reported that this system
is important for growth, adhesion, biofilm formation, oxidative
stress tolerance, and the development of genetic competence
in S. mutans (29, 30).

We attempted here to evaluate walkmycin C (WKM C)
against the virulence factors of S. mutans. WKM C, which
inhibited the in vitro autophosphorylation activity of three HKs
(VicK, CiaH, and LiaS) of S. mutans, repressed at least two
virulence factors of S. mutans, as well as genetic competence in
in vivo analyses. Our results suggest the potential of broad-
acting general inhibitors of histidine kinase for use in antiviru-
lence drugs.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The strains and plasmids
used in the present study are listed in Table 1. Escherichia coli strains were grown
in an LB medium (1% polypeptone, 0.5% yeast extract, and 0.5% NaCl) or in a
2XYT medium (1.6% tryptone, 1% yeast extract, and 0.5% NaCl) for protein
expression. S. mutans strains were grown in a BHI medium (Bacto brain heart
infusion; BD Diagnostics, Sparks, MD) at 37°C in a 5% CO, atmosphere created
by a CO, generator (AneroPack CO,; Mitsubishi Gas Chemical, Tokyo, Japan).
For biofilm formation assays, S. mutans strains were grown in a semidefined BM
medium (20) without MnCl, and supplemented with glucose or sucrose at a final
concentration of 20 mM. Ampicillin was used at 100 pg/ml for E. coli. Kanamy-
cin, erythromycin, and spectinomycin were used at 1,000, 10, and 1,500 wg/ml,
respectively, for S. mutans.

In vitro susceptibility. MICs were determined in accordance with Clinical and

Laboratory Standards Institute (CLSI) methodology (CLSI M07-A7) by the agar
dilution method (7). A Mueller-Hinton (MH; BD Diagnostics) medium supple-
mented with 5% sheep blood agar was used with 10* CFU/spot and 18 h of
incubation at 37°C in 5% CO, for Streptococcus pneumoniae and Streptococcus
pyogenes. For the other bacteria, an MH medium agar was used with 10* CFU/
spot and 18 h of incubation at 37°C in ambient air.

Construction of plasmids. For the construction of expression plasmids of
histidine kinases and response regulators of S. mutans, regions encoding vicRK,
ciaRH, and liaSR were PCR amplified using specific primers, genome DNA of
strain UA159 as the template, and PrimeSTAR polymerase (Takara Bio, Otsu,
Japan). The amplified fragments were ligated into a pSC-B cloning vector (Strata-
gene, La Jolla, CA) to construct pSC-BSMvicRK, pSC-BSMciaRH, and pSC-
BSMliaSR. Next, using these plasmids as templates, regions encoding the cyto-
plasmic regions of VicK (31 to 450 amino acids [aa]), CiaH (200 to 435 aa), LiaS
(86 to 334 aa), VicR, CiaR, and LiaR were amplified by PCR with PrimeSTAR
polymerase, digested with appropriate restriction enzymes, and ligated into a
pET22b(+) (Novagen, Madison, WI) or pGEX-6P-2 (GE Healthcare Bio-Sci-
ence, Piscataway, NJ) vector. DNA sequences of all of the constructs were
confirmed with the ABI Prism 3100 genetic analyzer (ABI, Foster City, CA).

Purification of proteins. Expression plasmids derived from pET22b(+) were
transformed into E. coli BL21(DE3), and plasmids derived from pGEX-6P-2
were transformed into E. coli BL21. Transformants were grown in a 2XYT
medium at 37°C with aeration to a cell optical density at 600 nm (ODyy) of 0.5
to 0.6, followed by the addition of IPTG (isopropyl-B-D-thiogalactopyranoside)
at a final concentration of 0.1 mM. After overnight induction at 18°C with
aeration, cells were harvested and washed with lysis buffer (50 mM Tris-HCI [pH
8], 100 mM NaCl) and stored at —80°C until use. For purification of His-tagged
proteins, frozen cells were resuspended in a lysis buffer with 1 mM phenylmeth-
ylsulfonyl fluoride, lysed by sonication, and centrifuged at 17,800 X g for 20 min
at 4°C. The supernatant was affinity purified by Ni(II)-NTA agarose (Qiagen, Los
Angeles, CA). For glutathione S-transferase (GST)-tagged proteins, frozen cells
were resuspended in phosphate-buffered saline (PBS; pH 7.3) with 1 mM dithio-
threitol and 1 mM phenylmethylsulfonyl fluoride, lysed by sonication, centri-
fuged, and affinity purified by glutathione-Sepharose 4B (GE Healthcare Bio-
Science). Eluted protein samples were dialyzed against storage buffer (10 mM
Tris-HCI [pH 7.6], 10 mM MgCl,, 0.1 mM EDTA, 200 mM KClI, and 50%
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[vol/vol] glycerol) and stored at —20°C. Protein concentration was determined by
using the Bradford method (protein assay kit; Bio-Rad Laboratories, Hercules,
CA) using bovine serum albumin as a standard, and the purity was checked by
SDS-PAGE.

Autophosphorylation and phosphotransfer assays. Purified histidine kinases
(HKs) were autophosphorylated by incubation at 25°C in 50 mM Tris-HCI (pH
7.5 for VicK and LiaS and pH 8.5 for CiaH), 50 mM KCl, 10 mM MgCl,, 2.5 uM
ATP, and 25 nCi of [y-*>P]ATP in a total volume of 10 pl. Furthermore, 50 mM
NH,CI was also added to the reaction mixtures for CiaH and LiaS. The reaction
was terminated by adding an SDS-PAGE sample buffer. For phosphotransfer
assays, cognate response regulators (RRs) of HKs were added to the autophos-
phorylated HKs and incubated at 25°C, and the reaction was terminated by the
SDS-PAGE sample buffer. These samples were separated by SDS-PAGE. The
gel was dried, exposed onto an imaging plate, and analyzed with FLA-7000, a
laser scanner optimized for quantitative phosphorimaging (Fuji Film, Tokyo,
Japan). Inhibition of the autophosphorylation activity of HKs was determined by
adding 1 pl of drug to the autophosphorylation reaction mixture 5 min prior to
addition of ATP, incubation at 25°C, and analysis as mentioned above. The
signals detected by FLA-7000 were analyzed by MultiGauge (version 3.0; Fuji
Film), and Prism 5 (GraphPad Software, La Jolla, CA) was used to calculate 50%
inhibitory concentrations (ICs;s).

Construction of deletion mutants. The PCR ligation mutagenesis technique
(12) was used for construction of deletion mutants. To delete ciaH and comD
genes, specific P1 and P2 primers were used to amplify the 5’ region flanking the
target gene, while specific P3 and P4 primers were used for the 3’ region flanking
the target gene. Genome DNA of UA159 was used as the template, and
PrimeSTAR polymerase was used for amplification. Each amplified fragment
was digested with the enzyme Ascl (5" region) or Fsel (3’ region) and then
ligated to an erythromycin resistance (Em") cassette, which was PCR amplified
with a template pUC18erm and digested with AscI or Fsel. Next, using specific
P1 or P4 primers and a mixture of ligated 5" region-Em" cassette and 3’ region-
Em" cassette as templates, a second PCR was performed to amplify the 5’
region-Em" cassette-3" region’s fragment. This fragment was transformed into
strain UA159, and the recombinants were selected by erythromycin. Nonpolar
deletion of vicK and liaS genes was made by basically the same method as in the
ciaH and comD mutants, but the 5’ and 3’ regions were digested with BamHI and
ligated to a BamHI-digested NPKm cassette from pALH124. Recombinants
were selected by kanamycin for these mutants. All of the deletions were con-
firmed by PCR with P1 and P4 primers, and the loss of expression was deter-
mined by quantitative real-time PCR (qQRT-PCR).

Extraction of total RNA. Total RNA was extracted from mid-exponential-
phase cells (ODgyyo = 0.35 to 0.45) grown in a BHI or BM medium. RNA later
(Ambion, Austin, TX) was added to the cell pellets immediately after harvest to
prevent RNA degradation. The cells were suspended in an SV lysis buffer (SV
total RNA isolation system; Promega, Madison, WI) with 0.1-mm glass beads
and disrupted by the Multi-Beads Shocker (Yasui Kikai, Osaka, Japan). Total
RNA was extracted with the SV total RNA isolation system, followed by DNase
I digestion with Turbo DNA-free (Ambion) in order to eliminate the residual
contaminating genomic DNA. The purity and concentration of the RNA were
determined by spectrophotometry and gel electrophoresis.

qRT-PCR. First-strand cDNA templates were created from 100 ng of RNA by
using a high-capacity cDNA RT kit (ABI) according to the recommended pro-
cedure. qRT-PCRs were performed with specific primers, cDNA templates
(cDNA from 0.1 ng of RNA/reaction), and SYBR green Master Mix (ABI). PCR
amplification, detection, and analysis were performed with the StepOne real-
time PCR system (ABI). PCR conditions included an initial denaturation step at
95°C for 10 min, followed by a 40-cycle amplification (95°C for 15 s and 60°C for
60 s). Changes in the levels of gene expression were calculated by using the AAC,
method. The 16S rRNA gene was used as the housekeeping gene reference. Each
assay was repeated using at least three independent RNA samples.

Biofilm assay. Biofilm formation using microtiter plates was assessed as de-
scribed by Ahn et al. (1) with modification. In brief, overnight cultures of S.
mutans UA159 and its derivatives were transferred to prewarmed BHI medium
and grown at 37°C in 5% CO, to an ODy, of ~0.5. The cultures were diluted
1:100 in BM medium supplemented with sucrose, and 200-ul aliquots of the cell
suspension were placed into the wells of 96-well, flat-bottom polystyrene micro-
titer plates (Asahi Glass, Tokyo, Japan). When necessary, WKM C or diluent
(50% methanol) was added to the wells at 2 pl/well and mixed thoroughly. Plates
were incubated at 37°C in 5% CO, for 24 h. The microtiter plates were then
washed with water twice and air dried. The adherent bacteria were stained with
50 wl of 0.1% crystal violet for 15 min at room temperature, and then the plates
were washed with water twice. The bound dye was extracted from the stained
cells by adding 200 pl of ethanol-acetone (8:2). Biofilm formation was then
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FIG. 1. Structure of WKM C.

quantified by measuring the absorbance of the solution at 595 nm. For biofilm
formation in glass test tubes, overnight cultures of S. mutans UA159 and its
derivatives were diluted at a 1:100 ratio in BM medium supplemented with 20
mM glucose or sucrose. When necessary, WKM C or diluent were added to the
tubes at 30 pl per 3 ml of culture, mixed thoroughly, and grown at 37°C in 5%
CO, for 24 h. The tubes were stood up slanted so that biofilms could form on the
sides of the tubes. After incubation, the liquid culture was gently decanted, and
the residual biofilms were photographed.

Acid tolerance assay. Acid tolerance was assessed as described by Biswas et al.
(5) with modification. Briefly, 1 pl of WKM C or diluent were added to 5 pl of
overnight culture in BHI medium (adjusted to ODg = 1.0), and 4 .l of the BHI
medium. After incubation at 37°C for 1 h, 40 pl of PBS was added to make a
10-fold dilution of the overnight culture. Serial 10-fold dilution of this cell
suspension was made in PBS and spotted (5 pl/spot) onto a BHI agar medium
adjusted to pH 5.3 or 7.0 with a 50 mM citrate-phosphate buffer. The plates were
incubated at 37°C in 5% CO, for 48 h.

Transformation assays. The transformation efficiency was measured as de-
scribed by Ahn et al. (1) with modification. In brief, overnight cultures of S.
mutans UA159 and its derivatives in a BHI medium were adjusted to an ODg,
of 1.0 and diluted to a 1:20 ratio in a prewarmed BHI medium containing 10%
(vol/vol) horse serum. Cells were grown at 37°C in 5% CO, until the early
exponential phase. Then, 1-ml aliquots of the cultures were placed in glass tubes,
and 2 pl of synthetic CSP solution (500 wg/ml) was added, and this was incubated
at 37°C in 5% CO, for 20 min to allow induction of competence. Next, 5 or 50
ng of plasmid pDL278 was added to the culture, further incubated at 37°C in 5%
CO, for 90 min; transformants were enumerated by plating cells on BHI agar
plates with spectinomycin. Transformation efficiency was calculated as the num-
ber of transformants per ng of the added plasmid. For evaluation of WKM C,
200-pl aliquots of the ODgq, = 0.2 cultures were placed in glass tubes, 2.5 pl of
WKM C or diluent was added, and the tubes were incubated at 37°C for 10 min
before the addition of CSP (2 wl of 100 wg/ml). The transformation efficiency was
determined as described above, but only 1 ng of pDL278 was added in this case.

RESULTS AND DISCUSSION

Antimicrobial activity of WKM C. Walkmycin C is an HK
inhibitor isolated from the screening of Streptomyces sp. by a
differential growth assay (24, 34). From methanol extracts of
Streptomyces sp. strain MK632-100F11, three active fractions,
i.e., walkmycins A, B, and C, were detected (24). Although all
three compounds possessed in vitro inhibitory activity against
the purified cytoplasmic region of WalK HK of B. subtilis, we
selected walkmycin C (WKM C, Fig. 1) for the present study
due to its relatively good solubility in 50% methanol. Since the
walkmycins are not stable in dimethyl sulfoxide and acetone,
50% methanol was used as the diluent throughout the present
study.

WKM C showed antimicrobial activity (Table 2) against all
of the Gram-positive bacteria tested with MIC values ranging
from 0.0625 to 16 pg/ml. All of these strains except Micrococ-
cus and Corynebacterium are known to possess the WalK/WalR
TCS, which is essential for growth. On the other hand, WKM
C did not show antimicrobial activity against any of the Gram-
negative bacteria tested. These strains do not have any TCSs
that are essential for growth. Thus, the antimicrobial activity of
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TABLE 2. Antimicrobial activity of WKM C

Test organism MIC (pg/ml)
Gram-positive organisms
Staphylococcus aureus FDA 209P .......ccccovvvvvivvivnninenne. 0.06
Staphylococcus aureus SMith.........ccoevevevvvrvninrcrreeeee, 0.25

Staphylococcus aureus MS9610.... 0.06
Staphylococcus aureus MRSA No. 5... . 013
Staphylococcus aureus MRSA NO. 17....cccccvvvvvvvniennnnnn. 0.25
Micrococcus luteus FDA 16 ... 0.06
Micrococcus luteus IFO 3333 ... 0.25
Bacillus subtilis NRRL B-558 .1
Bacillus subtilis PCI 219 .....ccccccoeueiiiiiiiicicceccceenenes 0.06
Bacillus Subtilis 108 ..........ccccvviveemrnieeriieeieeneeeeeeeeneneens 1
Bacillus cereus ATCC 10702. . 05
Corynebacterium bovis 1810 ...... .8
Enterococcus faecalis JCM 5803......ccocvurevennecnenneenneenenns 8
Enterococcus faecalis NCTC12201 2
Enterococcus faecium JCM 5804 .......cccovevevneevnnecennenenes 16
Enterococcus faecium NCTC12202. . 8
Streptococcus pneumoniae TY-5708 0.13
Streptococcus pneumoniae TY-5745 0.13
Streptococcus pneumoniae TY-5834 .... 0.25
Streptococcus pyogenes TY-5727....... .1
Streptococcus pyogenes TY-5740.......cccovveevvvvnvnnnnennnnn. 0.25
Streptococcus pyogenes TY-5914 .......c.ccoovvivennernnevccnnnene 0.25

Gram-negative organisms
Escherichia coli NIHJ .......ccccccccceueiiiiiieiiciceeeeieennes >128
Escherichia coli K-12
Shigella dysenteriae J S11910
Salmonella enterica serovar Enteritidis 1891
Proteus vulgaris OX19.......ccccueeuiuiiieeiieieecceeeeeenennes
Proteus mirabilis IFM OM-9 ..ot
Serratia marcescens..................
Pseudomonas aeruginosa A3 . .
Klebsiella pneumoniae PCI 602..........cccceeeueeececceceness >128

a)

025 05 1 25 5 10 15 30

min

VicKgy450-His6

L ———

025 05 1 25 5 10 15 30

GST-CiaHa0.435

e - ——

10 30 60 90 120 min

LiaSgs 534-His6
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WKM C against Gram-positive strains may be attributed to the
inhibition of the essential WalK/WalR. The antimicrobial ac-
tivity of WKM C against Micrococcus and Corynebacterium
suggest the presence of essential TCSs in these strains.

Autophosphorylation and phosphotransfer activity of VicK,
CiaH, and LiaS. Of the 14 TCSs in S. mutans, the VicK/VicR
(28-30), CiaH/CiaR (1, 26), LiaS/LiaR (HK11/RR11) (6, 17,
31), and ComD/ComE (4, 18) systems are among the TCSs
related to pathogenicity and stress response (5, 15). In order to
evaluate the inhibitory activity of WKM C against VicK, CiaH,
and LiaS HKs of S. mutans, we first cloned vicRK, ciaRH, and
liaSR from the genome DNA of strain UA159. Then, the
cytoplasmic regions of vicK, ciaH, and liaS were fused to af-
finity tags (His tag for VicK and LiaS, GST tag for CiaH) and
expressed, and the proteins were purified. We also constructed
and expressed His-tagged CiaH, but only in an insoluble state.
Attempts to express soluble His-tagged and GST-tagged
CombD also failed. The three response regulators, VicR, CiaR,
and LiaR, were fused to His tags, expressed, and purified.
Figure 2a shows the autophosphorylation of VicK;,_45,-Hisb6,
GST-CiaH,(_43s, and LiaSg, 55,-His6. Although 0.5 pM VicK
and CiaH rapidly autophosphorylated, the concentration of
LiaS had to be increased to 12.5 M in order to obtain distinct
autophosphorylated bands.

Next, the cognate response regulators were added to the
autophosphorylated HKs in order to confirm that the phos-
phorylated bands obtained in Fig. 2a were the HKSs in concern.
As shown in Fig. 2b, VicR, CiaR, and LiaR were all phosphor-
ylated by their cognate HKs, confirming that the purified sen-
sors were indeed VicK, CiaH, and LiaS. Phosphotransfer from
the autophosphorylated HKs to noncognate RRs was also
checked for all possible combinations, and no distinct phos-
photransfer was observed (data not shown). Compared to au-

b) 025 05 1 25 5 10 20 40 min
VicKy.450-His6 - v s
VICR-HISE | s s s, s o
02505 1 25 5 10 20 40 min
GST-CiaHyop.435 s s s i
CIaR-HISE | s e
02505 1 25 5 10 20 40 min

LiaSgs a54-His6
LiaR-His6

s o M N,

FIG. 2. Autophosphorylation and phosphotransfer of VicK, CiaH, and LiaS. (a) Autophosphorylation of HKs. The purified cytoplasmic region
of each HK was incubated with [y-**P]ATP, subjected to SDS-PAGE, and analyzed by autoradiography. (b) Phosphotransfer from HK to its
cognate RR. Each HK was autophosphorylated (VicK and CiaH for 10 min, LiaS for 60 min) prior to the addition of its cognate RR. After
incubation, the reaction mixture was subjected to SDS-PAGE and analyzed by autoradiography.
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FIG. 3. WKM C inhibits autophosphorylation activity of VicK, CiaH, and LiaS. Each HK was treated with WKM C for 5 min before the
autophosphorylation reaction was initiated. The residual activity was calculated as the percentage of autophosphorylation activity after treatment
with WKM C against the diluent-treated (50% methanol) control (WKM C, 0 pg/ml). Error bars represent the standard errors of the mean (SEM)

of three independent assays.

tophosphorylation, the phosphotransfer reaction proceeded
very rapidly, and the phosphorylated response regulator bands
appeared as early as 15 s after the addition of the response
regulators to the autophosphorylated HKs.

Inhibitory effect of WKM C against S. mutans HKs. The
inhibitory effect of WKM C against the autophosphorylation
activity of the cytoplasmic regions of VicK, CiaH, and LiaS was
analyzed. WKM C or an equivalent volume of 50% methanol
as the diluent was incubated with the HKs for 5 min at 25°C
before initiating the autophosphorylation reaction. As shown
in Fig. 3, WKM C showed ICsys of 2.53, 4.29, and 4.96 pg/ml
(2.87, 4.87, and 5.63 pM) against VicK, CiaH, and LiaS, re-
spectively. WKM C also inhibited the autophosphorylation
activity of both EnvZ and PhoQ HKs of E. coli with an I1Cs, of
1.1 pg/ml (data not shown). Since WKM C inhibited the ac-
tivity of five HKs (VicK, CiaH, LiaS, EnvZ, and PhoQ) in
addition to WalK HKs of B. subtilis and S. aureus (24), we
suggest that this compound is a broad-acting general inhibitor
of HK.

Although the WalK of B. subtilis is an essential HK for cell
growth, the VicKs of S. mutans, as well as that of Streptococcus
pneumonia, are not essential (36), and the gene encoding vicK
can thus be deleted. In fact, there is no essential HK in S.
mutans, and each deletion mutant of every HK has been con-
structed and characterized (5, 15). However, VicR, the cognate
response regulator of VicK, is essential for cell proliferation
and thus cannot be deleted. The viability of the vicK mutant is
explained by VicR being phosphorylated by other HKs, a ser-
ine-threonine kinase, or by small phospho-donors such as
acetylphosphate (3, 22). When grown in a BM medium and a
BHI medium, WKM C showed MICs of 2.5 and 6.5 wg/ml
against S. mutans UA159, respectively. This antimicrobial ac-
tivity may be due to the inhibition of VicK and other HKs,
resulting in the inhibition of VicR phosphorylation.

Effect of WKM C against biofilm formation and cell mor-
phology. The VicK/VicR TCS is involved in regulation of su-
crose-dependent biofilm formation (29), which is one of the

major virulence factors in S. mutans. VicK and VicR are or-
thologues of the B. subtilis WalK and WalR with 45 and 71%
identity and 67 and 81% similarity in amino acid sequence,
respectively. Since WKM C was isolated as a WalK inhibitor,
the inhibitory effect of sub-MIC levels of WKM C was analyzed
against sucrose-dependent biofilm formation in a microtiter
plate. As shown in Fig. 4a, 0.63 and 1.25 pg of WKM C/ml
caused aggregation of UA159 cells, inhibiting the formation of
the smooth biofilms seen in the cells without WKM C treat-
ment. This was accompanied with a reduction in biofilm quan-
tity. When compared to the four HK mutants of UA159 (Fig.
4a), the WKM C-treated cells showed biofilm inhibition similar
to that of the vicK mutant. The biofilms of three other mutants,
liaS, ciaH, and comD, were as smooth as that of the wild-type
strain. The same results were obtained when sucrose-depen-
dent biofilms were formed on glass test tubes (Fig. 4b). Effect
of WKM C on sucrose-independent biofilm formation was
evaluated using glass test tubes because biofilms formed in the
absence of sucrose easily detached from the wells of microtiter
plates, and it was easier to compare the biofilms of WKM
C-treated cells with the HK mutants in test tubes than micro-
titer plates. In the absence of sucrose, the addition of WKM C
at 0.63 and 1.25 pg/ml caused sedimentation of cells, indicating
loose attachment to the glass wall of the test tube (Fig. 4c).
Among the HK mutants, this phenotype was observed in the
ciaH mutant. In real-time monitoring of S. mutans biofilm
formation by Tam et al. (32), deletion of ciaH affected bacte-
rial attachment, and they proposed that ciaH had functions
related to the initial and reversible attachment processes.
From our results of the sucrose-independent biofilm forma-
tion, the CiaH HK seemed to be regulating the attachment of
cells to the glass surface, and WKM C was inhibiting it.

We next observed how WKM C affects the cell morphology
of S. mutans UA159. When 2 pg of WKM C/ml was added to
exponential-phase wild-type cells and incubated for an hour,
long chains consisting of 20 to 30 cells were observed by con-
focal laser scanning microscopy (data not shown). In contrast,
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a) BM +20mM sucrose

wild vicK ciaH liaS

wild vs WKM C (ug/ml)

0 0.078 0.156 0.31 0.63 1.25

100 100.9%+0.9 96.5+2.5 91.5+8.7 37.6+10.6 31.6+8.7
b) BM +20mM sucrose

wild vs WKM C (ug/ml)
wild vicK liaS ciaH comD ¢ 0.31 063 1.25

C) BM +20mM glucose

wild vs WKM C (ug/ml)
wild vicK liaS ciaH comD ¢ 031 063 1.25

PO

FIG. 4. Sucrose-dependent (a and b) and sucrose-independent (c)
biofilm formation of HK mutants and WKM C-treated cells. (a) Cells
were grown in microtiter plates in 5% CO, atmosphere for 24 h. The
upper panel shows biofilms of HK mutants after removal of BM me-
dium. The lower panel shows crystal violet-stained biofilms of WKM
C-treated cells. The numbers below the lower panel indicate biofilm
quantity values (%), representing relative amount of biofilm calculated
from the amount of crystal violet (averages + the SEM, n = 5). (b and
c) Cells were grown in slanted glass test tubes in 5% CO, atmosphere
for 24 h. Biofilms formed on the bottom side of the test tubes. Photos
show the residual biofilms after gently decanting the liquid medium.

the control cells with only diluent addition formed short chains
of about 5 to 10 cells per chain. The ciaH mutant formed short
chains as in the wild-type strain, but the vicK mutant formed
long chains as in the WKM C-treated cells. These results sug-
gest that WKM C inhibited the VicK activity in vivo, judging
from its effect on cell morphology.

Expression of VicK-regulated genes. To further confirm the
inhibition of VicK by WKM C in vivo, the expression of puta-
tive VicK-regulated genes was measured by using qRT-PCR
(Fig. 5). A transcriptome analysis of a vicK mutant grown at pH
5.5 by Senadheera et al. (28) revealed that SMU.1895c,
SMU.1896¢, and SMU.2146¢c were among the most highly
downregulated genes compared to the wild-type strain.
SMU.1895¢c and SMU.1896¢ encode putative bacteriocins (33).
SMU.2146¢ encodes an amino acid sequence that shows sim-
ilarity to those of transglycosylases involved in cell wall remod-
eling (3). Expression of SMU.1895¢, SMU.1896c, and
SMU.2146c¢ in our vicK mutant also decreased to 0.022-, 0.016-,
and 0.011-fold of the wild-type strain (Fig. 5a). Expression of
SMU.1895¢ and SMU.1896¢ in the comD mutant increased to
2.3- and 2.2-fold, but that of SMU.2146c did not change much.
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FIG. 5. Expression of VicK-regulated genes by qRT-PCR. (a) Ex-
pression in HK mutants relative to that in the wild-type strain
(UA159). (b) Expression in WKM C (1.56 pg/ml)-treated cells relative
to that in control cells (UA159). WKM C was added from the begin-
ning of the culture, and cells were harvested in the mid-exponential
phase. Error bars represent the SEM of at least three biological re-
peats.

No changes >2-fold in the expression of the three genes were
found in the ciaH and liaS mutants. When cells were treated
with 1.56 pg of WKM C/ml (0.25X MIC), expression of
SMU.1895¢, SMU.1896¢, and SMU.2146¢ decreased to 0.38-,
0.30-, and 0.22-fold of the diluents-treated cells (Fig. 5b), in-
dicating the inhibitory effect of WKM C against VicK. Since
the decrease of expression by WKM C was not as drastic as
that observed in the vicK mutant, the WKM C level may not
have been sufficient to completely inhibit the VicK activity.

Since SMU.2146c¢ is predicted to be involved in cell wall
remodeling, the decrease in the SMU.2146¢ level may have
caused failure in cell separation and led to the formation of
long chains in the vicK mutant and WKM C-treated cells. On
the other hand, in addition to SMU.1895¢ and SMU.1896c,
WKM C treatment also decreased expression of SMU.1342,
encoding a putative bacitracin synthetase 1 (BacA) (data not
shown). Decreased expression of these genes may cause re-
duced bacteriocin production, resulting in weaker competition
against other oral microorganisms.

Expression of sucrose-dependent biofilm related genes. Glu-
cosyltransferases (GtfB, C, and D), a fructosyltransferase (Ftf),
and glucan-binding proteins (GbpA, B, C, and D) are known to
be involved in the formation of sucrose-dependent biofilms
(16, 21, 25). Glucosyltransferases and the fructosyltransferase
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FIG. 6. (a and b) Expression of genes related to sucrose-dependent
biofilm in the ciaH mutant relative to that in the wild-type strain
(UA159) (a) and in WKM C-treated cells relative to that in the control
cells (b). WKM C was added to mid-exponential-phase cells in a BM
medium supplemented with 20 mM sucrose and incubated at 37°C
under 5% CO, for 60 min before cell harvesting. Error bars represent
the SEM of at least three biological repeats.

synthesize glucan and fructan polymers from sucrose. Adhesive
glucans mediate the attachment of bacteria to the tooth sur-
face, as well as to other bacteria, and fructans act as binding
sites for bacterial accumulation. Since the vicK mutant and
WKM C-treated cells formed abnormal sucrose-dependent
biofilms (Fig. 4a and b), expression of the related genes was
investigated in mid-exponential-phase cells in a BM medium
supplemented with 20 mM sucrose. Expression of gtfD, fif, and
gbpB in the vicK mutant was repressed to 0.40-, 0.28-, and
0.29-fold, and expression of gtfB and gtfC increased to 2.2-
and 2.1-fold of the wild-type strain. The decrease in fif and
gbpB expression is consistent with the results of Senadheera et
al. (29). Although the liaS and comD mutants did not show
differences greater than 2-fold in expression, the ciaH mutant
showed enhanced expression of gtfB, gtfD, gbpC, and gbpD,
which was 5.5-, 2.1-, 5.5-, and 2.1-fold of the wild-type strain
(Fig. 6a). Enhanced expression of gffB and gbpC in a ciaH
mutant has also been shown in a recent microarray study by
Wu et al. (37). When 1.25 pg of WKM C/ml was added to
mid-exponential-phase cells grown in a BM medium supple-
mented with 20 mM sucrose and incubated for 60 min before
cell harvest, expression of gtfB, gbpC, and gbpD increased to
8.9-, 3.9-, and 5.5-fold of the control cells (Fig. 6b). Increased
expression of gifD, fif, and gbpA was also seen but to a lower
extent (2.4-, 2.1-, and 2.5-fold). The expression pattern of these
genes in WKM C-treated cells is similar to the expression
pattern found in the ciaH mutant, except for the increases in fif
and gbpA expressions. These increases may be due to HKs
other than the four HKs studied here. An expression study of
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FIG. 7. Acid tolerance of WKM C-treated cells. WKM C or diluent
was added to overnight-grown cultures of the wild-type cells, incubated
at 37°C for 1 h, serially diluted, and spotted onto pH 5.3 and 7.0 agar
plates. The plates were photographed after 48 h of incubation.

genes related to sucrose-dependent biofilm formation was also
performed using a BM medium supplemented with 20 mM
glucose, and results similar to those in Fig. 6 were obtained
(data not shown). Together with the effect on biofilm forma-
tion in the 20 mM glucose-supplemented BM medium (Fig.
4c), it was suggested that CiaH, in addition to VicK, was
inhibited by WKM C in vivo.

Effect of WKM C against acid tolerance. The CiaH/CiaR
system is present in all sequenced streptococcal genomes but
not in other Firmicutes (11). In S. mutans, CiaH/CiaR is in-
volved in oxidative stress, acid stress, thermal stress, DNA
damage, and mutacin production (5). In particular, the CiaH
sensor was the only sensor involved in response to acid stress,
when 14 sensor mutants were investigated by Biswas et al. (5).
Since WKM C seemed to inhibit the activity of CiaH from our
results of biofilm formation and expression studies, we inves-
tigated the effect of WKM C against acid tolerance in S. mu-
tans. The wild-type strain and its four HK mutants were spot-
ted onto BHI agar plates with pH adjusted to 7.0 and 5.3.
Although the wild-type strain and vicK, liaS, and comD mu-
tants did not show any difference in the number of colonies
between pH 7.0 and 5.3, no colonies of the ciaH mutant ap-
peared on the pH 5.3 plate, confirming that CiaH was involved
in the response to acid stress (data not shown). When UA159
cells were treated with WKM C for 1 h prior to serial dilution
by PBS and spotted onto pH 7.0 and 5.3 agar plates, the
number of colonies on the pH 5.3 plate began to decrease from
12.5 pg/ml (equivalent to 2X MIC) WKM C (Fig. 7). To
confirm that this inhibitory effect of WKM C was not found in
conventional antibiotics, the same experiment was performed
against kanamycin and erythromycin at concentrations up to
2.5 mg/ml and 16 pg/ml (equivalent to 10X MIC for kanamycin
and 160X MIC for erythromycin). No decrease in acid toler-
ance was observed with these antibiotics (data not shown).
Thus, WkmC repressed acid tolerance, another virulence fac-
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FIG. 8. Transformation efficiency of HK mutants and WKM C-
treated cells. (a) CSP at a final concentration of 1 wg/ml was added to
early-exponential-phase cultures of HK mutants and wild-type cells,
followed by incubation for 20 min to allow induction of competence.
Plasmid pDL278 was added to the culture, followed by incubation for
90 min, and transformants were selected by spectinomycin resistance.
The relative transformation rate was calculated as the percentage of
transformation efficiency of HK mutants against that of the wild-type
strain. (b) WKM C or diluent was added to early-exponential-phase
cultures of the wild-type strain, followed by incubation at 37°C for 10
min before the addition of CSP and transformation with pDL278. The
relative transformation rate was calculated as the percent transforma-
tion efficiency of WKM C-treated cells against that of the diluents-
treated control. Error bars represent the SEM of at least three bio-
logical repeats.
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tor of S. mutans, and this effect appeared to be caused by in
vivo inhibition of CiaH.

Effect of WKM C against transformation efficiency. Another
phenotype of the ciaH mutant is its defect in genetic compe-
tence. In S. mutans, ComD/ComE and CiaH/CiaR are the
major TCSs related to the development of competence (1).
When the competent stimulating peptide (CSP)-induced trans-
formation efficiencies of the vicK, liaS, ciaH, and comD mu-
tants were compared to that of the wild-type strain (Fig. 8a),
the relative transformation rates of the ciaH and comD mu-
tants dropped to 0.12 and 0.03%. Although not as conspicuous
as the ciaH and comD mutants, decreases in transformation
efficiency were also observed in the /iaS and vicK mutants, with
relative transformation rates of 5.9 and 32.0%. This result
showed that the LiaS/LiaR and VicK/VicR systems were also
related to competence development, but to a lower extent
compared to ComD/ComE and CiaH/CiaR. To evaluate the
effect of WKM C against transformation efficiency, early-ex-
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ponential-phase wild-type cells were incubated with WKM C at
37°C for 10 min prior to CSP addition and subjected to trans-
formation with pDL278. Compared to the diluent treated cells,
the transformation rate decreased in cells treated with WKM C
at concentrations of 1.56 pg/ml and higher. Relative transfor-
mation rates were 2.4 and 1.6% for 6.25 and 12.5 pg of WKM
C-treated cells/ml, which clearly indicated that WKM C inhib-
ited the CSP-induced competence development (Fig. 8b).
Since the MIC of WKM C against S. mutans in a BHI medium
was 6.25 pg/ml, we investigated whether pretreatment with
higher concentrations of WKM C inhibited cell growth. Cells
were pretreated with WKM C, induced with CSP, and trans-
formed with pDL278 as in the transformation assay, and then
these cells were serially diluted and spotted onto BHI agar
plates without antibiotics. No difference in cell viability was
observed between diluent-treated and WKM C-treated cells
(data not shown), indicating that WKM C was diluted during
the serial dilution to a concentration that did not affect cell
viability.

Expression of CSP-induced genes was also analyzed. When
CSP was added to early-exponential-phase wild-type cells, and
the cells were harvested at mid-exponential phase, expression
of comD, comE, comC, and comX was induced to 6.4-, 8.0-,
5.2-, and 35.7-fold of cells without CSP addition (Fig. 9a and
b). However, the addition of CSP to the HK mutants did not
cause significant induction of CSP-induced genes, except for
the 3.6-fold increase of comX in the vicK mutant. Our results
indicate that VicK and LiaS HKs are also involved in the
regulation of CSP-induced genes, which agrees with the trans-
formation results (Fig. 8a). Furthermore, wild-type cells were
treated with WKM C, and the expression of their CSP-induced
genes was analyzed. As shown in Fig. 9c, WKM C completely
repressed the induction of comD, comE, and comC by CSP.
Induction of comX by CSP was repressed to 2.5-fold of the
WKM C-treated cells without CSP addition, whereas comX
was induced 18.6-fold by CSP in cells without WKM C treat-
ment. These results indicate that the decrease in CSP-induced
transformation by WKM C is due to the repressed expression
of the competent-related genes and that this repression is
caused by the inhibition of HK activity by WKM C.

Concluding remarks. Previous studies on general HK inhib-
itors that target the cytoplasmic catalytic domains of HKs,
rather than the sensory domain, have emphasized their anti-
microbial potential. WKM C was also first discovered as an
inhibitor of the WalK HKs of B. subtilis in an attempt to
develop antimicrobial agents. In the present study, we evalu-
ated WKM C against the virulence factors of S. mutans and
found that sub-MIC levels of WKM C repressed biofilm for-
mation, acid tolerance, and competence. From a comparison
with HK mutants, our results suggest that treatment of S.
mutans with WKM C repressed the activity of at least VicK and
CiaH HKs. Whether other HKs of S. mutans were also re-
pressed remains unclear and thus opens question for further
investigation. In addition to S. mutans HKs, WKM C inhibits
the autophosphorylation activity of HKs from B. subtilis, S.
aureus, and E. coli. This opens the possibility of WKM C
repressing the virulence of other pathogens. Although not as
frequent as inducing virulence, TCSs of pathogens sometimes
repress virulence. This raises concerns of a general HK inhib-
itor enhancing virulence in such cases. Furthermore, many
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FIG. 9. Expression of CSP-induced genes. (a and b) CSP was added at a final concentration of 1 pg/ml to wild-type cells and its derivatives in
early-exponential-phase cells for induction of CSP-induced genes. Cells were harvested in the mid-exponential phase, and the expression of the
genes was determined. Note that the ranges of the y axes of panels a and b are different. (c) Expression of CSP-induced genes in WKM C-treated
cells relative to that in the control cells. WKM C or diluent was added from the beginning of the culture, and CSP was added in the early
exponential phase. Cells were harvested in the mid-exponential phase. Error bars represent the SEM of at least three biological repeats.

beneficial commensal bacteria have these same TCSs, and
these TCSs appear to play an equally important role in their
growth and homeostasis. Therefore, HK inhibitors for certain
diseases may have adverse consequences. Accordingly, general
HK inhibitors should be carefully evaluated against various
pathogens and also against beneficial bacteria, before their
application as drugs that can attenuate the virulence of patho-
gens.
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