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Carolacton, a secondary metabolite isolated from the myxobacterium Sorangium cellulosum, disturbs Strep-
tococcus mutans biofilm viability at nanomolar concentrations. Here we show that carolacton causes leakage of
cytoplasmic content (DNA and proteins) in growing cells at low pH and provide quantitative data on the
membrane damage. Furthermore, we demonstrate that the biofilm-specific activity of carolacton is due to the
strong acidification occurring during biofilm growth. The chemical conversion of the ketocarbonic function of
the molecule to a carolacton methylester did not impact its activity, indicating that carolacton is not func-
tionally activated at low pH by a change of its net charge. A comparative time series microarray analysis
identified the VicKRX and ComDE two-component signal transduction systems and genes involved in cell wall
metabolism as playing essential roles in the response to carolacton treatment. A sensitivity testing of mutants
with deletions of all 13 viable histidine kinases and the serine/threonine protein kinase PknB of S. mutans
identified only the ApknB deletion mutant as being insensitive to carolacton treatment. A strong overlap
between the regulon of PknB in S. mutans and the genes affected by carolacton treatment was found. The data
suggest that carolacton acts by interfering with PknB-mediated signaling in growing cells. The resulting altered

cell wall morphology causes membrane damage and cell death at low pH.

Streptococcus mutans, a facultative anaerobic, Gram-positive
microorganism, is thought to be the main causative agent of
dental caries (43, 49, 79). Within the dental plaque, a complex
biofilm community consisting of up to 500 different species of
microorganisms, S. mutans can compete in its ecological niche
due to its extreme aciduricity and acidogenicity, genetic trans-
formability, and a repertoire of bacteriocins (58). Pathogenic
bacteria forming biofilms within the human body are a severe
health problem due to their low susceptibility to conventional
drug treatments such as, e.g., antibiotics. Therefore, new sub-
stances that will erase bacteria living in biofilms or reduce their
pathogenicity are urgently needed.

Carolacton, a secondary metabolite isolated from the myxo-
bacterium Sorangium cellulosum, was shown to have only mi-
nor effects on planktonically growing bacteria but effectively
kills S. mutans biofilm cells (33). The three-dimensional struc-
ture of carolacton was elucidated by Jansen et al. (28). Caro-
lacton is a macrolide ketocarbonic acid. LIVE/DEAD staining
of carolacton-treated biofilms of S. mutans proved that pro-
found membrane damage was caused by carolacton. The final
biofilm mass and the growth rate of biofilms were only mar-
ginally reduced by carolacton treatment (33). Carolacton-
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treated biofilm cells had an abnormal cell shape and an in-
creased chain length, which is suggestive of cell wall changes
and a defect in cell division. Carolacton has a sigmoidal dose-
response curve. At a carolacton concentration of 10 nM, 35%
membrane damage already was observed, and between 53 nM
and 53 mM the membrane damage was constantly approxi-
mately 60% (33). The molecular target in the cell must be
present in a very low copy number, since it is saturated at a very
low carolacton concentration. This suggests that a signaling
pathway rather than a metabolic enzyme is affected.
Signaling in S. mutans occurs, like in other Gram-positive
bacteria, mainly via protein phosphorylation (14, 17). Bacteria
sense and respond to changes in the environment via two-
component signal transduction systems (TCSs) and, as recently
discovered, via serine/threonine protein kinases (STPKs). Key
virulence traits of S. mutans, e.g., acid tolerance, bacteriocin
production, and biofilm formation, are controlled via one or
several of its 14 TCSs (39). Environmental signals are sensed
by the membrane-bound histidine kinase (HK), which is
thereby autophosphorylated at a histidine residue. Transfer of
the phosphate group to a conserved asparagine residue of the
cognate response regulator (RR) induces or represses the tran-
scription of target genes (73). Cross regulation between certain
histidine kinases and noncognate response regulators was pos-
tulated (12). Kunze et al. (33) showed that the competence
regulon comCDE, which plays an essential role in biofilm for-
mation, virulence, adaptation to acidic conditions, and genetic
competence, is not the primary target of carolacton, since a
AcomD mutant was only slightly less sensitive than the wild
type. However, a reduction of the competence-stimulating
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peptide (CSP)-induced comX promoter activity by carolacton
was shown (33).

Among the TCSs of S. mutans, the VicKRX system plays a
key role in maintaining the cell membrane and cell wall integ-
rity. VicKRX controls the expression of fructosyltransferases,
glucosyltransferases, and glucan binding proteins, indicating an
essential role in biofilm formation (36, 70). Since a VicR mu-
tant is not viable, this response regulator is apparently an
essential gene (70, 81). A recent study revealed that PknB, a
serine/threonine protein kinase which regulates competence
development, bacteriocin production, and cell wall metabolism
in S. mutans, may also modulate the activity of VicKRX (3). It
was generally believed that signal transduction in prokaryotes
is mediated mainly by histidine protein kinases. Recent studies
showed that STPKSs and their associated and genetically linked
serine/threonine protein phosphatases (STPPs), which until
now have been found mainly in eukaryotes, also display an
alternative signal transduction system in prokaryotes (14). The
N-terminal kinase domains of bacterial STPKs are predicted to
be located in the cytoplasm, followed downstream by a central
membrane domain and an extracellular C-terminal sensory
part. Signal transduction is mediated through autophosphory-
lation of the STPK at a serine or threonine residue (hence the
terminology) and a subsequent transfer of the phosphate
group to target proteins in order to modulate their activity. So
far, little information and no general prediction of these target
proteins is available (16, 30, 47, 53). STPKSs regulate various
cellular functions, including stress responses (52), biofilm for-
mation (26), sporulation (32), and metabolic and developmen-
tal processes (44, 51). In the genome of S. mutans, a single
STPK gene, named pknB, was found (26).

The first aim of this study was to investigate the effect of
carolacton on biofilms of S. mutans in more depth. To this end,
the release of proteins and DNA into the supernatants of
carolacton-treated biofilms was determined during biofilm
growth. Since growth of S. mutans in unbuffered media is
accompanied by a strong acidification and the maximum caro-
lacton activity correlates with a rapid drop in pH, we also
tested the effect of pH on the activity of carolacton. Using a
chemically modified carolacton (carolacton methylester), we
analyzed the effect of the net charge of the molecule on its
biological activity. Second, a time series analysis of the tran-
scriptome of carolacton-treated S. mutans biofilms was per-
formed to elucidate the effect of carolacton on the genetic level
and to identify strongly regulated genes and pathways. Finally,
the sensitivity of mutants with deletions in potential primary
target genes of carolacton was studied in more detail.

MATERIALS AND METHODS

Strains, media, and growth conditions. S. mutans wild-type strain UA159
(ATCC 700610) and the histidine kinase-deficient mutants (kindly provided by
C. Levesque, University of Toronto) (39) were grown routinely in Todd-Hewitt
broth (THB) (Becton Dickinson, Heidelberg, Germany). For the mutants, 10
pg/ml erythromycin (Sigma-Aldrich, Taufkirchen, Germany) was added to the
medium. The medium for the PknB-complemented strain contained 10 pg/ml
erythromycin and 20 pg/ml chloramphenicol (Sigma-Aldrich, Taufkirchen, Ger-
many). For biofilm growth, 0.5% sucrose (Sigma, Taufkirchen, Germany) was
added to THB (THBS). All media were degassed by flushing with nitrogen, and
experiments were carried out at 37°C in an anaerobic chamber (Don Whitley
Scientific, Shipley, England) which provided an atmosphere of 80% N,, 10% H,,
and 10% CO,. The phosphate-buffered media were prepared according to stan-
dard procedures (66).
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Deletion and complementation of pknB. For the construction of a pknB-
deficient mutant, the PCR ligation mutagenesis approach (35) was used to
replace the pknB-gene by an erythromycin resistance cassette via double homol-
ogous recombination. Primers pknB1 and pknB2 (see Table S1 in the supple-
mental material) were used to amplify the 5’ flanking region of pknB, introducing
an Ascl restriction site. To amplify the 3’ flanking region, the primers pknB3 and
pknB4 were used, thereby introducing a restriction site for Fsel. The erythro-
mycin resistance cassette was amplified from plasmid pALN122 (76) using prim-
ers ERMFor and ERMRev, containing the restriction sites for Ascl and Fsel,
respectively. After digestion with the appropriate restriction enzyme(s), the three
amplicons were ligated together and transformed in S. mutans UA159 according
to the method of Li et al. (40). Mutants were selected on THB agar plates
containing erythromycin (10 wg/ml) and verified by PCR using primers (pknB1
and pknB4) flanking pknB. The altered phenotype of the ApknB mutant (3, 26)
was analyzed under a microscope. For long-term storage of the mutant, a single
colony was used to inoculate 10 ml of THB containing 10 wg/ml erythromycin.
One milliliter of the exponentially grown culture was added to 200 pl of sterile
glycerin in a cryotube and stored at —80°C. For all experiments precultures were
inoculated directly from the freezer stock to minimize secondary mutations, as
reported previously (3).

For the complementation of the mutant, the entire pknB gene, including the
natural ribosomal binding site, was PCR amplified from genomic DNA of S.
mutans UA159 using primers PknBFor and PknBRev. Subsequently the PCR
product was cloned blunt ended into the Smal restriction site of replicative
vector pIB166 (5) bearing a constitutive, synthetic promoter and transformed
into Escherichia coli DH5a. After verification of the vector sequence by DNA
sequencing, the construct was transformed via electroporation according to the
procedure of Buckley et al. (8) into the pknB-deficient strain. The selection of
positive clones was carried out on THB agar plates containing erythromycin (10
pg/ml) and chloramphenicol (20 pg/ml).

Construction of mutants with deletions of atl4, mutacin V, SMU.609, and
comX. The deletion mutants were constructed using the same strategy as de-
scribed above for the ApknB mutant. The primers used are listed in Table S1 in
the supplemental material.

Carolacton. Carolacton, derived from a bioreactor fermentation of Sorangium
cellulosum (28), was dissolved in methanol at a concentration of 1 mg/ml. Based
on this stock solution, different dilutions in methanol were made. The resulting
methanol concentrations in media did not exceed 2.5% (vol/vol).

Biofilm experiments. For the time series experiment, an overnight culture of
UAI159 in THB was diluted to an optical density at 600 nm (ODy) of 0.05 in
THBS medium. Eight hundred microliters of this dilution was transferred into
each well of a 24-well polystyrene plate (Greiner Bio-One, Frickenhausen, Ger-
many) and grown anaerobically for 3.5 h at 37°C. Each time point and condition
(treated/untreated) tested was represented in 12 wells in parallel. After 3.5 h, the
supernatant was removed and fresh THBS medium supplemented with 0.25
pg/ml carolacton (or an equal volume of methanol as a control) was added. At
20, 40, 60, 120, and 300 min after carolacton addition, samples were collected.
For sampling, the supernatant was completely removed, fresh medium (200
pl/well) and RNA Protect (Qiagen, Hilden, Germany) (400 wl/well) were added,
and the biofilms were scraped off using a cell scraper (Nunc, Langenselbold,
Germany). The cells from 10 to 12 different wells representing the same exper-
imental condition were pooled. Subsequently, biofilm cells were harvested by
centrifugation (6000 rpm, 10 min) and washed twice with nuclease-free water
(Sigma, Taufkirchen, Germany). After centrifugation, cells were frozen or im-
mediately used for RNA extraction.

For endpoint determination, carolacton dissolved in methanol (final concen-
tration of 0.25 pg/ml) was added under sterile conditions to the wells of a 24-well
polystyrene microtiter plate and incubated until all of the methanol was evapo-
rated. For the control wells, an equivalent volume of methanol was used. An
overnight culture of S. mutans grown in THB was diluted to an ODg, of 0.01,
and 800 pl was transferred into each well. Biofilms were grown anaerobically for
8 h at 37°C, and cells were harvested and prepared as described for the time
series experiment. Control wells were prepared in the same way and used for
LIVE/DEAD staining to control biofilm inhibition by carolacton.

Quantitative reverse transcription-PCR (RT-PCR). Primers for quantitative
PCR (qPCR) were designed using the Primer 3 software (http:/frodo.wi.mit
.edu) to generate amplicons in the range of 100 to 150 bp. All primers were
purchased from MWG Eurofins Operon (Ebersberg, Germany). One microgram
of total RNA was reverse transcribed using the QuantiTect reverse transcription
kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The
cDNA was subsequently diluted 1:20 for use in PCRs. For the amplification, the
QuantiTect Sybr Green kit (Qiagen, Hilden, Germany) was used. Fifteen-micro-
liter reaction mixtures with primer concentrations of 0.25 uM were run in the
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Light Cycler 480 (Roche, Germany). To determine the primer efficiencies, serial
dilutions of pooled cDNA were measured in triplicate. Each sample was mea-
sured in triplicate, and each experiment was performed at least three times. For
data normalization, an RNA spike (specific for the red fluorescent protein
DsRed) and the housekeeping gene SMU.1331 was used. SMU.1331 was found
in the microarray analysis not to be differentially expressed under the experi-
mental conditions used. Data analysis was performed as described by Pfaffl (61).

RNA isolation. Harvested cells were resuspended in 200 pl of lysozyme-
mutanolysin solution (15 mg/ml lysozyme and 500 U/ml mutanolysin) and incu-
bated in a shaker (1,100 rpm) at 25°C for 45 min. Subsequently the mixture was
added to 700 pl of RLT buffer (originating from the Qiagen RNeasy kit) and 50
mg of acid-washed glass beads (125-wm diameter) in a 15 ml Falcon tube and
vortexed for 3 min. After centrifugation (6,000 rpm, 1 min), the supernatant was
transferred to an Eppendorf tube and centrifuged again (13,000 rpm, 2 min). The
resulting supernatant was transferred to a new tube, and 470 pl of ethanol was
added and carefully mixed by pipetting. For the following steps, the RNeasy kit
(Qiagen, Hilden, Germany) was used. Two DNase I treatments, on a column (10
U) and in solution (5 U), were performed to remove all genomic DNA. The
RNA was purified according to the procedure described in the RNeasy kit
(Qiagen, Hilden, Germany). The integrity of RNA extractions was analyzed on
a denaturing formaldehyde agarose gel. The samples were proven to be free of
DNA contamination by PCR with 3 different primer pairs specific for randomly
chosen genes of S. mutans.

Labeling procedure and hybridization. For the microarray experiments, a
customized array was used as described previously (82). The array design was
performed using the eArray platform (Agilent, Boblingen, Germany). Each array
consists of 15,000 spots, and 8 arrays are located on one slide (8 X 15K design).
Three different antisense probes (60 bp length) for all open reading frames and
intergenic regions of S. mutans UA159 were designed; each probe is present in
duplicate randomly distributed over the array. In addition to Agilent positive and
negative controls, spike-in controls for RFPexpress and GFPmut2 were imple-
mented on the array.

Two micrograms of total RNA was labeled using the ULS labeling kit (Kreat-
ech, Netherlands). The degree of incorporation was checked to be in the range
of 1.0 to 3.6 using a NanoDrop spectrophotometer. Dye swap samples were
mixed and fragmented for 30 min at 60°C according to the instructions of the
hybridization kit from Agilent (Boblingen, Germany). Hybridization was carried
out according to the recommendations of the manufacturer. The samples were
hybridized to the arrays for 16 h in a hybridization oven (Agilent) at 65°C under
rotation. Subsequently the arrays were washed according to the Agilent protocol.
For scanning, the Agilent DNA microarray scanner was used at settings recom-
mended by Agilent.

Data processing. The feature extraction of the microarray scans was per-
formed using commercially available software from Agilent. For the secondary
analysis of data, including the identification of differentially expressed genes, the
R package (http:/www.r-project.org) LIMMA was applied. For dye-specific
within-array normalization of the data, the Lowess algorithm (13) was used. For
between-array normalization, the quantile normalization method (7) was ap-
plied. From the log-transformed (to base 2) intensities the fold change was
calculated by subtracting the overall normalized and background-corrected value
for the untreated sample from the value for the treated sample.

Genes with a threshold value of absolute log, fold change above or equal to 0.8
(corresponding to a numerical value of 1.74) and a P value below 0.01 were
considered to be differentially expressed. Principal-component analysis (PCA)
was performed on the samples using the Princomp function of the R program-
ming language. K-means clustering of regulated genes was performed using the
freeware Cluster 3. For the number of clusters, 9 was chosen as the starting value
for the algorithm, and the correlation coefficient was used as the similarity
measure. For the visualization of the expression curves of the different clusters,
the mean of the log, fold changes of all genes belonging to one cluster was
calculated.

LIVE/DEAD staining. For the viability assays using the commercially available
LIVE/DEAD staining dyes (Invitrogen, Darmstadt, Germany), biofilms were
grown for 20 h in black optical microtiter plates (Nunc, Langenselbold, Ger-
many). The supernatants of the biofilms were completely removed, and biofilm
cells were washed twice with 0.85% NaCl solution.

One hundred microliters of staining solution (15 pl of SYTO 9 and 15 pl of
propidium iodide dissolved in 10 ml 0.85% NaCl solution) was added per well
and incubated for 15 min at room temperature in the dark. Green and red
fluorescence values were determined using a Victor 3 fluorescence plate reader
(Perkin-Elmer, Rodgau, Germany). The green/red ratio was calculated, and the
inhibition was determined relative to untreated reference cells as described
previously (33). The mean of the green/red ratio of the treated samples was
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divided by the mean of the green/red ratio of the controls and multiplied by 100,
giving the percentage of relative viability. Subtraction of this value from 100%
results in the percentage of inhibition.

Construction of a PB-galactosidase reporter strain (S. mutans MR15) and
B-galactosidase assay of biofilm supernatants. The entire E. coli lacZ gene,
including the natural ribosomal binding site, was PCR amplified using genomic
DNA of E. coli strain BL21 as the template with primers lacZFor and lacZRev.
After purification, the PCR product was blunt-end cloned via the Smal restric-
tion site in vector pIB166 (5) and transformed into E. coli DH5«. PIB166 bears
the constitutive promoter P,; derived from Lactococcus lactis and is replicative
in S. mutans.

Positive clones were selected on chloramphenicol-containing LB agar and
verified by sequencing of plasmid DNA. Subsequently the plasmid was trans-
formed into S. mutans UA159 according to the procedure of Li et al. (40), and
the strain was functionally tested for hydrolysis of the substrate ortho-nitrophe-
nyl-B-p-galactopyranoside (ONPG). For the B-galactosidase assay, the superna-
tants of biofilms were collected and centrifuged (13,000 rpm, 2 min). Eight
hundred microliters of cell-free supernatant was mixed with 240 ul of 5X Z
buffer (0.3 M Na,HPO,, 0.2 M NaH,PO,, 0.05 M KCl, 0.005 M MgSO,, and 0.25
M B-mercaptoethanol) and 160 pl of ONPG (4 mg/ml, dissolved in water). The
mixture was incubated at 30°C for 2 h, and the optical density was measured at
420 nm using a spectrophotometer. Medium treated by the same procedure was
used for blank measurements.

SDS-PAGE of biofilm supernatants. Supernatants of treated and untreated
biofilms grown in 24-well polystyrene microtiter plates were harvested and cen-
trifuged (13,000 rpm, 2 min) to remove cells. Trichloric acid (Sigma,
Taufkirchen, Germany) was added to a final concentration of 10% (vol/vol), and
proteins were precipitated at 4°C for at least 4 h. After centrifugation (13,000
rpm, 15 min, 4°C), the supernatants were removed and protein pellets were
redissolved in 100 wl of water and neutralized by addition of 5 .l saturated Tris
base solution. Twenty microliters of 6X Laemmli buffer (34) was added, followed
by an incubation for 5 min at 95°C. Subsequently, 20 pl of protein solution was
loaded on a 12.5% polyacrylamide gel and run at 100 V for approximately 2 to
3 h. Protein bands were visualized using the silver staining procedure as de-
scribed Blum et al. (6).

Quantification of external DNA (eDNA) in biofilm supernatants. Superna-
tants were harvested as described above, and 600 .l of cell-free supernatant was
mixed with 200 pl of Tris-EDTA (TE) buffer (pH 7.0) at 4°C. Eight hundred
microliters of phenol-chloroform-isoamyl alcohol mixture (25:24:1) was added
and extensively mixed (by vortexing). Following centrifugation at 4°C (13,000
rpm, 5 min), the aqueous phase was transferred into a new tube and a second
extraction step with 800 wl of chloroform was performed. Seventy microliters of
5 M NaCl and 1,400 pl of ethanol were added to the resulting aqueous phase,
and the DNA was precipitated overnight at —70°C. After centrifugation (13,000
rpm, 20 min), the pellet was washed with 75% ethanol, centrifuged again, and
dissolved in 25 ul of nuclease-free water (Sigma, Taufkirchen, Germany). The
resulting DNA was used as the template for quantitative PCR using three
different primer pairs specific for sequences randomly distributed over the ge-
nome of S. mutans (specific for SMU.1997, SMU.1331, and SMU.22). Each
experiment was repeated three times with DNA derived from three independent
experiments and extractions. The ratios of fold change between treated samples
and untreated controls were calculated.

Chemical synthesis of carolacton methylester. Carolacton (1 mg, 2.13 pumol)
was dissolved in a solution of methanol and diethyl ether (1:1, 1 ml). Diazo-
methane gas was bubbled through the solution while stirring at 0°C for 1 h until
the yellow color persisted. The excess diazomethane and solvent were removed
under a stream of nitrogen. Diazomethane was generated by addition of potas-
sium hydroxide solution (1.08 M in methanol-H,O [1:1, 4 ml]) to a stirred
Diazald solution (0.52 M diethyl ether-diethyleneglycol monoethyl ether [1:1, 4
ml]) in a screw-cap glass vial with polytetrafluoroethylene (PTFE) tubing at-
tached. The diazomethane evolved, which is yellow, was allowed to pass through
a trap to avoid addition of by-products and then further into the glass vial
containing the reaction mixture. The product was purified and analyzed by
high-pressure liquid chromatography-mass spectrometry (HPLC-MS), showing
the complete absence of carolacton.

Microarray data accession numbers. The microarray data have been depos-
ited at NCBI-GEO (accession no. GSE26274 and GSE26441).

RESULTS

Carolacton disturbs the membrane integrity of S. mutans
biofilm cells, as previously determined by staining with pro-
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TABLE 1. Strains and plasmids

Strain or plasmid Genotype or characteristics Ifo:OrE:CC:
. mutans strains
UA159 Wild-type ATCC 700610 ATCC
ApknB mutant ApknB::Erm" This study
Complemented ApknB::Erm" harboring This study
pknB mutant pIB166-pknB
Mutacin V AMutacin V::Erm* This study
deletion mutant
ASMU.609 mutant ASMU.609::Erm* This study
AatlA mutant AatlA::Erm* This study
AcomX mutant AcomX::Erm"® This study
MR15 UA159 harboring pIB166-LacZ  This study
HKI11 ASMU .486::Erm" 39
HKI10 ASMU.577::Erm" 39
HK6 ASMU.660::Erm" 39
HK4 ASMU.928::Erm" 39
HKS ASMU.1009::Erm" 39
HK?7 ASMU.1037c::Erm" 39
HK3 ASMU.1145::Erm" 39
HKI12 ASMU.1548::Erm" 39
HKS5 ASMU.1814::Erm" 39
HKO ASMU.1965::Erm" 39
AvicK mutant AvicK::Erm" 39
AciaH mutant AciaH::Erm" 39
AcomD mutant AcomD::Erm" 39
E. coli strains
DHS5 Cloning strain Stratagene
BL21(DE3) Expression strain Stratagene
Plasmids
pIB166 E. coli-Streptococcus shuttle 5
vector; Cm"
pALN122 Erm’ 76
pMRE14 pIB166-pknB This study
pMREI15 pIB166-lacZ This study

pidium iodide (33). To gain new insights into the effects of
carolacton, we determined the amounts of released proteins
and DNA in the supernatants of carolacton-treated biofilm
cells during growth. In addition, a strain of S. mutans consti-
tutively expressing the intracellular enzyme B-galactosidase
from E. coli was constructed (MR15 [Table 1]). The specific
B-galactosidase activity of enzyme released into the superna-
tants of carolacton-treated biofilms was used for quantification
of membrane damage.

SDS-PAGE analysis of supernatants of carolacton-treated
biofilms. Figure S1 in the supplemental material shows the
results of the SDS-PAGE of trichloroacetic acid (TCA)-pre-
cipitated supernatants of carolacton-treated biofilms. Begin-
ning from 8 h of growth, a significant increase in protein con-
tent was observed for the treated samples. Especially in the
low-molecular-weight range, many protein bands appeared in
the treated samples that were not detected in the controls. The
highest band intensities were found after 12 h of biofilm
growth, followed by a slight decrease, which perhaps was
caused by growth arrest and proteolytic activity in the super-
natants. SDS-PAGE analysis clearly demonstrated a leakage of
cytoplasmic proteins from carolacton-treated biofilm cells.

Quantification of eDNA in the supernatants. A comparison
of external DNA (eDNA) contents in the supernatants of
carolacton-treated (2.5 pg/ml) and untreated biofilms was per-
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formed using quantitative PCR. Three different primer pairs,
specific for regions distributed over the S. mutans genome,
were used for quantification. The results are shown in Fig. 1A.
After 8 h of growth, the supernatant of carolacton-treated
biofilms contained approximately 50 times more DNA than
that derived from untreated biofilms. This ratio increased to
around 300 after 12 h of growth, followed by a significant
decrease to the starting ratio. Nuclease activity in the culture
medium may degrade the excess extracellular DNA derived
from carolacton-treated cells with increasing incubation time.

A strong increase of the eDNA amount in the supernatants
of carolacton-treated biofilm cells clearly demonstrates the
formation of large holes in the bacterial membrane, since
DNA is a sterically complex large molecule.

Quantification of membrane damage by a reporter strain
(MR15). For quantification of the amount of carolacton-re-
leased protein, an S. mutans reporter strain encoding E. coli
B-galactosidase was constructed. The enzyme activity of the
released intracellular protein in the culture supernatant was
used as a measure of membrane damage and leakage of cyto-
plasmic content. Determination of B-galactosidase activity is
based on the hydrolysis of the enzyme substrate ortho-nitro-
phenyl-B-p-galactopyranoside to the yellow product ortho-ni-
trophenol and B-p-galactose. ortho-Nitrophenol is photomet-
rically quantified at 420 nm.

The supernatants of carolacton-treated biofilms and un-
treated control biofilms were analyzed for their B-galactosidase
activities, and the results are shown in Fig. 1B. After 6 h of
biofilm growth, no significant difference in the B-galactosidase
activities in the supernatants of treated and untreated biofilms
was observed. However, beginning from 8 h of growth, the

A B
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FIG. 1. Carolacton causes leakage of cytoplasmic DNA (A) and
proteins (B). (A) Relative quantification of the external DNA (eDNA)
of carolacton-treated biofilms. Supernatants of carolacton-treated (2.5
pg/ml) and untreated biofilm cells were analyzed using quantitative
PCRs specific for 3 different genes randomly distributed over the S.
mutans genome. The means and standard deviations from 3 biological
replicates are shown. (B) Carolacton-caused release of intracellular
B-galactosidase into the supernatant during biofilm growth of an S.
mutans reporter strain (MR15 [Table 1]). The B-galactosidase activity
was measured by hydrolysis of the B-galactosidase substrate ortho-
nitrophenyl-B-D-galactopyranoside (ONPG) to galactose and o-nitro-
phenol in the supernatant of carolacton-treated and untreated biofilm
cells. The OD,,,, corresponding to the absorption maximum of o-
nitrophenol, is plotted against the time of biofilm growth. Means and
standard deviations from 3 biological replicates are shown.
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FIG. 2. Effect of carolacton on biofilm mass (A) and viability (B) and the corresponding pH drop. (A) Biofilm mass and pH during growth of
carolacton-treated and untreated samples, as determined by crystal violet staining. The means and the standard deviations from two biological
replicates, each consisting of 6 technical replicates, are presented. (B) Inhibition of green/red fluorescence (bar chart), as a measure for viability,
and the red fluorescence (line plots), as a measure for membrane damage, for LIVE/DEAD-stained biofilms. For the inhibition of green/red
fluorescence, the means and standard deviations from 2 biological replicates, each consisting of 6 technical replicates, are shown.

B-galactosidase activity in the supernatant of treated biofilms
strongly increased. The highest B-galactosidase activity was
observed after 12 h of growth, and then the activity decreased
again. For the supernatants of control biofilms, a much smaller
increase of B-galactosidase activity was measured over time.

Carolacton is active on growing biofilms at low pH. The
morphological changes caused by carolacton, e.g., increased
chain length and larger, bulging cells (33), suggest an influence
on cell division and alterations of the cell wall composition.
These morphological changes, especially an increase in chain
length, were also observed for acid-exposed S. mutans cells
(69). The cultivation of S. mutans biofilms in sucrose-contain-
ing medium is always accompanied by a strong acidification of
the medium, as the cells produce an excess of organic acids
during growth. Therefore, the effect of pH on the membrane
damage caused by carolacton was evaluated.

Figure 2A shows the amount of biofilm cells determined by
crystal violet staining. There was no difference between treated
and untreated cells for the first 8 h. Between 8 h and 10 h, the
carolacton-treated biofilms showed a slightly reduced amount
of cell mass compared to the controls. This difference could
not be compensated during the remaining biofilm cultivation,
leading to a slightly reduced amount of cell mass in the caro-
lacton-treated biofilms after 22 h of growth. Figure 2B shows
the membrane damage of the biofilms. Again, there is no
significant effect of carolacton for the first 7 h. From 8 h
onwards, the carolacton-treated biofilm shows 60 to 70% mem-
brane damage (determined by LIVE/DEAD staining) as well
as a large increase of red fluorescence, indicative of membrane
damage or cell death. Interestingly, the severe drop in pH to
pH 5 coincides with the first effect of carolacton; both occur

after 8 h. To separate the effects of pH and growth stage on the
activity of carolacton, biofilms were grown in buffered THBS
medium with either a high (7.8) or a low (6.5) initial pH. As a
reference, unbuffered THBS medium (pH 7.8) was used. For
medium buffered at pH 7.8, the buffering capacity keeps the
pH above pH 5.8 under the chosen experimental conditions
during biofilm growth (data not shown). In contrast, in me-
dium buffered at pH 6.5, the final pH values were around 4.3,
similar to those found in biofilm cultures in unbuffered media
(data not shown). As shown in Fig. 3, carolacton caused ap-
proximately 60% inhibition of viability (determined by LIVE/
DEAD staining) for the biofilms growing in media that were
strongly acidified during growth (unbuffered media and buff-
ered media with an initial pH of 6.5). In contrast, only a very
weak inhibition of biofilm viability by carolacton (approxi-
mately 10 to 15%) was found in buffered media with an initial
pH of 7.8 and a final pH of approximately 5.8. Biofilm growth
in the controls was comparable in all media (Fig. 3, line dia-
gram). Thus, the activity of carolacton is tightly coupled to
acidification and requires a pH below 5.8. To exclude degra-
dation or inactivation of carolacton at higher pH values, we
incubated the pure substance overnight in THBS at pH 7.8 and
inoculated the wells with S. mutans the next day. No significant
loss of carolacton activity was observed (data not shown). In a
further experiment, the growth medium of a 3.5-h-old biofilm
was exchanged against different buffers and solutions with pH
values in the range of 4.8 to 7.0. Biofilms were not able to grow
further in these buffers but remained viable. Addition of caro-
lacton to these buffers caused no inhibition of biofilm viability
(data not shown). Thus, we infer that growth is necessary for
the inhibitory effect caused by carolacton.
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FIG. 3. Carolacton activity depends on pH. Carolacton was added
to phosphate-buffered (75 and 100 mM) and unbuffered (unbuff.)
THBS media before inoculation with S. mutans UA159 to an ODg, of
0.01. Two different carolacton concentrations were tested, 0.25 pg/ml
(crosshatched bars) and 2.5 pg/ml (gray bars). The media differed in
buffer concentration (75 mM versus 100 mM) and in the initial pH (7.8
versus 6.5). After 20 h, biofilms were washed and stained with LIVE/
DEAD viability staining. The inhibition of viability was calculated
relative to untreated control wells (see Materials and Methods). Con-
trol wells contain the same amount of methanol as used for the caro-
lacton-treated wells but lacked carolacton. Standard deviations were
calculated from 3 independent biological replicates, each consisting of
5 technical replicates. The mean of the ODy, is shown as a line graph.

Taken together, the data show that carolacton acts only on
growing cells at low pH. There is no significant effect of caro-
lacton on actively growing cells at a pH of above 5.8.

Carolacton damages planktonically growing cells at low pH.
To test if the biofilm-specific activity of carolacton is due to the
strong acidification in the biofilm cultures of S. mutans, plank-
tonic cells were cultivated at different pHs in buffered THBY
(Todd-Hewitt broth supplemented with 1% yeast extract). The
inhibition of viability caused by carolacton was determined
after 3, 5, 8, and 20 h of growth (Fig. 4A), and the correspond-
ing pH was determined (Fig. 4B). Inhibition increased with
time until 8 h of cultivation; then, no further increase in inhi-
bition was observed. From this time point onwards, the pH also
did not drop any further (Fig. 4B). The inhibition of viability
for planktonic cells growing at pH 6.0 and 6.5 after 8 and 20 h
was comparable to that determined for biofilm cultures (ap-
proximately 60%) (33). At a lower initial pH (pH 5.0), the
growth rate and final growth yields were severely reduced, and
thus the inhibition was weaker. Cultivation of S. mutans in
buffered medium that prevent a significant pH drop (pH 7.5)
almost completely abolished membrane damage. In conclu-
sion, the growth rate and the pH of the culture are both
essential for the strong membrane damage caused by carolac-
ton. Planktonic cells were damaged like their biofilm counter-
parts as long as they showed similar growth rates and the pH
drop in the culture medium was comparable to that of biofilm
cultures (50).

To further demonstrate the influence of the growth rate on
the activity of carolacton, the inhibitor was added to the me-
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FIG. 4. Sensitivity to carolacton of planktonic cells growing under
acidic conditions. Carolacton-treated (2.5 pg/ml) planktonic cells
growing in buffered (75 mM phosphate buffer) THBY medium at
different initial pH values were cultivated under anaerobic conditions.
(A) Inhibition of viability as determined by LIVE/DEAD staining.
(B) pH in the cultures during growth.

dium at different growth phases of the planktonic cultures
growing at an acidic pH. Carolacton was supplemented at the
lag phase (condition A), at the early exponential phase (con-
dition B), at mid-exponential phase (condition C), at the onset
of stationary phase (condition D), and at the stationary phase
(condition E). All cultures were incubated for another 20 h,
and inhibition of viability was determined using LIVE/DEAD
staining (Fig. 5). Addition of carolacton to proliferating cells
(conditions A, B, and C) resulted in an inhibition of viability,
while stationary-phase cells (conditions D and E) were not
inhibited. The data also show that the damage caused by caro-
lacton was increased if the initial pH was lower, but only for the
early stages of the culture (conditions A and B). The data show
that there is no significant difference in the activity of carolac-
ton between planktonic and biofilm cells; both are affected
while they are growing at low pH.

Role of the carboxyl moiety in carolacton activity. Carolac-
ton is a weak carboxylic acid. To clarify if the pH-dependent
activity of carolacton is due to a functional activation of the
molecule by a change of its net charge at low pH (Fig. 6A), the
ketocarbonic function was chemically converted into a methyl-
ester function (Fig. 6C). The resulting methylester was tested
in 3 different concentrations for its biological activity against S.
mutans biofilms using LIVE/DEAD viability staining. Figure
6B shows that the inhibition of viability caused by the carolac-
ton methylester was the same as that caused by the natural
carolacton molecule for the concentrations 2.5 and 25 pg/ml.
For the lowest tested concentration of 0.25 pg/ml, the inhibi-
tion was slightly reduced to approximately 35%. Thus, it can be
assumed that no functional activation of the molecule at low
pH occurs and that carolacton is active independent of pH.
This is further supported by the detection of significant tran-
scriptional changes already 20 min after carolacton treatment
at a pH of well above 6 (see below).
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FIG. 5. Role of growth phase in the membrane damage caused by carolacton in planktonic culture. Carolacton (2.5 wg/ml) was added at
different growth phases (conditions A to E) to planktonic cultures of S. mutans growing in buffered (75 mM phosphate buffer) THBY medium at
pH 6.0. and 6.5. (A) Inhibition of viability determined by LIVE/DEAD viability staining. (B) Growth of planktonic cells at pH 6.0.

Time series transcriptome analysis of carolacton-treated
biofilm cells. To further elucidate the molecular mode of ac-
tion, we profiled the transcriptional response of S. mutans to
carolacton treatment. A time series microarray analysis was
performed using carolacton-treated and untreated S. mutans
biofilm cells growing under anaerobic conditions. Five different

A

time points (20, 40, 60, 120, and 300 min) following addition of
carolacton to a 3.5-h-old biofilm were evaluated for transcrip-
tome changes. In a second approach (endpoint determination),
the inhibitor was added to the microtiter plates before the
inoculation with bacteria. After 8 h of growth, the transcrip-
tome of biofilm cells was analyzed and compared to that of
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FIG. 6. Influence of the carboxylic moiety on carolacton activity. (A) Change of the charge of the ketocarbonic function of carolacton upon
decreasing pH. (B) Inhibition of biofilm viability by carolacton and the carolacton methylester for 3 different inhibitor concentrations as
determined by LIVE/DEAD viability staining. (C) Conversion of carolacton into the corresponding methylester.
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treatment.

untreated samples. Below we present the results derived from
the time series analysis. The data from the endpoint determi-
nation are shown in Tables S2 and S3 in the supplemental
material.

Summary of microarray results. Regulated genes were de-
fined based on their log, fold change (>*0.8) and on the P
value (<0.01). Figure S2 in the supplemental material shows
the numbers of carolacton-regulated genes for each time point
analyzed. The number of regulated genes increased during
carolacton treatment, and at 300 min, 28% of all 1,961 open
reading frame (ORFs) of S. mutans were affected, indicating
profound changes in cellular metabolism.

The regulated genes were sorted into 9 different clusters
according to their transcriptional patterns in the treated versus
untreated condition using the k-means algorithm. The corre-
lation coefficient was used as similarity measure to cluster
genes which show the same expression profiles. An assignment
to the biological functions of the differentially expressed ORFs
was made based on the cluster of orthologous groups (COG)
for S. mutans of the National Center for Biotechnology Infor-
mation (NCBI) (77). The means of the gene expression values
for the different clusters and an assignment of the cluster genes
to their biological functions are presented in Fig. S3 in the
supplemental material. Transcriptional changes in prokaryotes
occur very fast and are tightly coupled to translation (61). To
evaluate the mode of action of carolacton, the fast-responding
genes were of particular interest, since they might represent
the primary response of the cells to treatment. Accordingly, the
different clusters can be divided into two subgroups. Genes of
clusters 1,2, 4, 5, 6, and 9 showed an immediate transcriptional

response to carolacton addition, while genes in clusters 3, 7,
and 8 were significantly regulated only for the last time point of
observation. Thus, regulation of these genes is likely to be a
secondary effect of carolacton treatment, showing a general
downregulation of cell metabolism-related genes and an up-
regulation of genes involved in the acid adaptation response.

Taken together, the results indicate that the carolacton-
regulated transcriptome reflects changes with an impact on
biofilm formation, autolysis, cell shape, cell division, and py-
rimidine and histidine metabolism. Regulated TCSs comprised
CiaRH, SMU.659/660, SMU.1037¢/1038c, VicKRX, RelRS,
ComDE and SMU.659/660. VicKRX was the first TCS to re-
spond to carolacton treatment, and genes known to be con-
trolled by VicR were regulated accordingly. The data show on
the genetic level that carolacton induces changes in genes that
are important for membrane integrity and cell division, two
phenotypic traits which have been shown to be impaired by
carolacton.

The differential expression of some positively and negatively
regulated genes, as identified by microarray analysis, was con-
firmed using quantitative RT-PCR. The results are shown in
Fig. S5 in the supplemental material and indicate a high cor-
relation between the microarray and quantitative PCR data.
Genes that were prominently regulated or belong to pathways
that were strongly affected by carolacton are discussed in more
detail below.

Two-component signal transduction systems. Due to the
important role of TCSs in sensing environmental stimuli, a
closer look at carolacton-regulated genes coding for TCSs was
taken (Fig. 7A). Six different two-component systems (CiaRH,
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VicKRX, RelRS, SMU.1037¢/1038¢c, SMU.659/660, and
ComDE) were found to be differentially expressed after caro-
lacton addition. Five of them were significantly downregulated,
while comDE was the only (slightly) positively regulated TCS.
Even though the differential expression of comDE reached
values below the cutoff of 0.8 for the log, fold change, as
identified by microarray analysis, the qPCR results (see Fig. S5
in the supplemental material) showed comE to be significantly
regulated (log, fold change of 1.13). Due to these results, the
ComDE system was included here. With the exception of
VicKRX, the regulation of the TCSs occurred at later time
points, beginning 120 min after carolacton treatment. The
highest absolute fold change values for all TCS-coding genes
were observed at 300 min after carolacton addition. The
unique role of VicKRX, as also indicated by the cluster anal-
ysis, was further investigated by the examination of genes
which are known to be regulated by VicKRX.

VicKRX-regulated genes. Senadheera et al. (69) proved that
loss of VicK significantly affected genes involved in cell wall
metabolism. The strongest regulation was observed for the
genes SMU.20, SMU.21, SMU.22, SMU.609, SMU.1344, and
SMU.2146c¢. In addition, it is known (36, 70) that the VicKRX
system regulates various glucosyltransferases, fructosyltrans-
ferases, and glucan binding proteins. We therefore expected
that these genes should also be affected by carolacton treat-
ment. In Fig. 7B their relative expression profiles are shown.
With the exception of gbpAB, all genes were found to be
downregulated. Thus, not only vicKRX but also the known
VicR-regulated genes were strongly downregulated upon caro-
lacton treatment, suggesting that VicKRX plays an important
role in the cell response to carolacton. Furthermore VicK-
deficient cells show a strongly increased chain length (39), a
phenotype which was also observed for carolacton-treated cells
(33).

Mutacins, immunity proteins, and bacteriocin-associated
genes. Perry et al. identified 37 CSP-induced genes that were
associated with bacteriocin production and controlled via
comE (60). In accordance with the observed slight upregula-
tion of the comDE system, these genes were found to be
upregulated by carolacton. The relative expression profiles of
genes coding for mutacin IV, mutacin V, mutacin VI, and their
cognate immunity proteins are shown in Fig. S4 in the supple-
mental material. Perry et al. (60) identified the product of
SMU.925 to be the cognate immunity protein of mutacin V.
This gene showed an interesting behavior, as it was regulated
opposite to mutacin V for the last time point of observation
(log, fold change of —1.09 at 300 min). To evaluate whether
the self-acting autolysin mutacin V could be partly responsible
for the membrane damage caused by carolacton, the suscepti-
bility of a mutacin V knockout strain to carolacton was tested
(see below).

Cell wall and cell membrane metabolism. Carolacton-regu-
lated genes known to be involved in cell wall metabolism or
cell division according to the KEGG categories (http://www
.genome.jp/kegg/) are presented in Fig. 8. Genes coding for the
cell shape-determining protein MreCD and for enzymes in-
volved in peptidoglycan biosynthesis (murD, murG, pbp2Za,
mraY, and SMU.2065) were upregulated beginning 60 min
after carolacton treatment. The genes coding for the putative
murein hydrolase SMU.609 and the membrane protein
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FIG. 8. Carolacton influences expression of genes involved in cell
wall metabolism and cell division. The relative expression profiles for
genes coding for membrane proteins (SMU.503 and SMU.609), pro-
teins involved in cell wall metabolism and cell division (MreCD,
SMU.2065, MraY, MurDG, and Pbp2a), and surface proteins (SrtA,
WapAE, and SpaP), determined by microarray analysis, are shown.

SMU.503 were instantaneously and strongly upregulated. In
contrast, genes coding for surface proteins (wapA, wapE, and
spaP) were downregulated. These surface proteins are all sub-
strates of the anchoring enzyme sortase, encoded by the gene
srtA, which was also downregulated. Proteins bearing an
LPXTG motif at the C terminus are covalently attached to the
cell wall by the sortase enzyme. Altered expression of genes
coding for surface proteins and sortase must result in changes
in the cell surface and might explain the altered morphology of
carolacton-treated biofilms (33).

Sensitivity of mutants with deletions of histidine kinases,
autolysins, and PknB to carolacton. Induction of autolysin
activity is a key mechanism in the mode of action of many
antimicrobials, e.g., B-lactam antibiotics (25). This raises the
question of whether autolysin activity could be responsible for
the membrane damage of carolacton-treated cells. The genes
coding for the autolysins mutacin V and SMU.609 (11) were
upregulated upon carolacton treatment. All other autolysin-
encoding genes (e.g., SMU.574, SMU.704, SMU.707, and
SMU.2147) were not differentially expressed or downregu-
lated. Therefore, SMU.609 and mutacin V knockout mutants
were tested for their sensitivity to carolacton. As AtlA was
shown to be the major autolysin of S. mutans (1, 2), an atlA-
deficient strain was also analyzed (see below).

As shown in Fig. 9, all histidine kinase mutants except the
AvicK mutant were sensitive to carolacton and showed mem-
brane damage similar to that for the wild type (approximately
60%). However, the insensitivity of the AvicK mutant was
found to be an artifact of the experimental procedure, likely
due to a loosely bound biofilm. In particular, the dead biofilm
cells might be easily removed by the washing procedure. Using
unwashed biofilms for LIVE/DEAD staining proved the mu-
tant to be sensitive to carolacton treatment. Accordingly, the
eDNA content in the supernatant of carolacton-treated AvicK
biofilm cells was much higher than that in untreated AvicK
biofilms, indicating that the AvicK mutant was sensitive (data
not shown). A slightly lower percentage of membrane damage
(40%) was found for the AcomD mutant, as reported previ-
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FIG. 9. Sensitivity to carolacton of mutants with deletions of po-
tential target genes. Mutants of S. mutans deficient for the 13 viable
HKs (HK3, HKS to -10, HK12, LiaS, VicK, CiaH, RelS, and ComD),
mutacin V synthesis (Mutacin V), the serine/threonine membrane
kinase PknB, and the alternative sigma factor ComX were tested for
their sensitivity to carolacton using LIVE/DEAD viability staining of
biofilms. The means and standard deviations from at least 5 technical
replicates are shown. Each experiment was performed in 2 or 3 bio-
logical replicates.

ously (33). Compared to the wild type, the mutacin V deletion
strain showed a reduced sensitivity to carolacton (35% versus
60% inhibition). Thus, mutacin V may be partly responsible for
the observed membrane damage. The other autolysin-deficient
mutants showed a sensitivity comparable to that of the wild
type (data not shown). Among the tested deletion mutants,
exclusively the ApknB mutant was almost insensitive to carol-
acton treatment, and this mutant was therefore investigated in
more depth.

A ApknB mutant is insensitive to carolacton. The insensi-
tivity of the ApknB mutant to carolacton could be confirmed by
independent methods. The differences between carolacton-
treated biofilms and controls for the wild type and the ApknB
mutant were also observed under a fluorescence microscope
directly using biofilm cells which were scraped off from the
bottom of the microtiter plate (Fig. 10), and this confirmed the
results obtained from the fluorescence measurement using a
plate reader. The ApknB strain complemented in trans showed
the same behavior as the wild type using both methods (Fig. 9
and 10). To verify the results from LIVE/DEAD staining, CFU
were determined for biofilms that were washed, scraped off,
and dispersed by sonication. Data from 9 different technical
replicates were used to calculate the standard deviation. Figure
11 shows clearly that for the ApknB mutant no significant
difference was found between the numbers of colony-forming
cells in carolacton-treated and untreated biofilms, confirming
the results of LIVE/DEAD staining. In contrast, in the wild
type a strong reduction of viable cells was caused by carolacton
treatment.

Overlap of carolacton-regulated genes with the PknB regu-
lon. The pknB deletion mutant was insensitive to carolacton
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FIG. 10. Verification of the insensitivity of a pknB-deficient strain
to carolacton using LIVE/DEAD staining and fluorescence micros-
copy. Images of carolacton-treated and untreated biofilm cells of the
wild type (A), the ApknB mutant (B), and the complemented strain
(C) are shown.

treatment and shared morphological traits with carolacton-
treated cells. Even more interestingly, PknB is postulated to
modulate the activity of VicR and is an alternative signal trans-
duction system with a strong influence on the acid resistance of
S. mutans (3). Therefore, the overlap of carolacton-affected
genes with the PknB regulon determined by Banu et al. (3) was
investigated (see Tables S4 and S5 in the supplemental mate-
rial). Thirty-two of the 67 genes identified to be regulated in
the pknB deletion strain were similarly regulated after carol-
acton treatment (48%).

The most strongly regulated genes were found to be regu-
lated in the same direction in both analyses. Genes coding for
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FIG. 11. Verification of the insensitivity of a pknB mutant to caro-
lacton by determination of CFU. CFU of carolacton-treated (2.5 pg/ml
or 0.25 pg/ml) and untreated (control) biofilm cells of a pknB-deficient
strain (A) and the wild type (B) are shown. Cells derived from 3
different wells of the microtiter plate were diluted independently, and
each dilution was plated out on 3 agar plates, resulting in 9 different
values for each condition. The standard deviation from these 9 tech-
nical replicates is shown. Each experiment was repeated twice, and the
figure shows a representative result.
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enzymes involved in cell wall metabolism (mreCD, SMU.609,
SMU.984, and SMU.2146¢), lipoproteins (SMU.503 and
SMU.510), putative bacteriocins (SMU.1895¢c, SMU.189%6c,
SMU.277 to SMU.279, SMU.281, SMU.283, and SMU.285)
and phosphotransferase systems (SMU.1956 to SMU.1958,
SMU.1961, SMU.1962, SMU.2037, and SMU.2038) were all
regulated in the same way. Most of the genes that did not
overlap between the two data sets code for enzymes involved in
carbohydrate or amino acid metabolism. Two significant dif-
ferences were found between the data sets. Remarkably, the
late competence genes SMU.625, SMU.499, SMU.1980 to
SMU.1984, and SMU.1987 were downregulated in the ApknB
deletion strain. These genes were only very slightly regulated in
carolacton-treated cells, although comX was upregulated in
our analysis. The mutacin V-coding gene SMU.1914c and the
genes SMU.1906, SMU.1908 to SMU.1910, and SMU.1912
were downregulated in the pknB knockout strain (consistent
with the reduced production of bacteriocins detected in an
overlay assay by Banu et al. [3]) but were strongly upregulated
after carolacton treatment.

This discrepancy might be a consequence of the different
time points analyzed in the two studies. The mutacin genes
were upregulated in carolacton-treated cells at later time
points (beginning from 120 min), while Banu et al. (3) used
cells in the early exponential phase of growth (OD of 0.3) for
transcriptome profiling. Moreover, Banu et al. cultivated
planktonic cells and analyzed one time point during the expo-
nential growth phase for the transcriptome profiling of the
pknB mutant. In contrast, in our approach biofilm cells were
used for a time series analysis of carolacton. Therefore, care
has to be taken when comparing the two data sets. However,
the overlaps between the carolacton-affected genes and the
PknB regulon were striking, in particular for the genes encod-
ing enzymes involved in cell wall metabolism.

DISCUSSION

In this study we show that carolacton causes leakage of the
cytoplasmic contents (DNA and proteins) of growing cells at
low pH. The growth rate and the acidic pH are both crucial
factors for the killing of S. mutans caused by carolacton, while
the mode of growth (biofilm versus planktonic) plays an indi-
rect role; e.g., the pH drops faster in biofilms than in plank-
tonic culture. Using a time series microarray analysis, a strong
influence of carolacton on genes important for cell wall me-
tabolism and pyrimidine metabolism and on the regulons of
ComDE and VicKRX was revealed. A mutant lacking pknB is
insensitive to carolacton treatment, indicating that PknB is
required for cell damage caused by carolacton. We discuss a
plausible mode of action of carolacton and further implications
derived from these findings below.

Carolacton causes membrane damage. We demonstrated
that carolacton causes leakage of cytoplasmic content by ana-
lyzing the extracellular DNA and protein amounts. Further-
more, the release of a large enzyme (B-galactosidase) into the
supernatant of carolacton-treated biofilms was quantified.
Since B-galactosidase and DNA are sterically huge molecules,
the appearance of large holes in the bacterial membrane can
be assumed. The bacterial membrane is essential for energy
production and pH and nutrient homeostasis and functions as
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the permeability barrier of the cell. Disturbing the membrane
integrity is thus an emerging strategy for the design of new
antimicrobial drugs (25). Most conventional antibiotics target
the synthesis of proteins, RNA, DNA, folic acids, or pepti-
doglycan and are therefore active only on growing bacteria
(25). Antimicrobials that disrupt the lipid bilayer of the mem-
branes can be promising therapeutic approaches in the case of
slow- or nongrowing bacteria (e.g., in persistent infections), as
the membrane integrity is also essential for nonproliferating
bacteria (25, 80). However, carolacton was proven to act ex-
clusively on proliferating S. mutans cells. This suggests that the
disruption of membrane integrity is not caused by direct phys-
ical disturbance as observed, e.g., for pore-forming bacterio-
cins such as nisin (48). Moreover, pore-forming antimicrobials
and chemicals that perturb the cell membrane would cause an
instantaneous activation of the LiaSFR cell envelope stress
response, as shown by Suntharalingam et al. (74). The LiaSFR
system is transcriptionally activated by exposure to alkaline
shock, detergents, cationic antimicrobial peptides, the bacteri-
ocin nisin, and lipid II cycle inhibitors (46, 63). At no analyzed
time point was any significant regulation of /iaSFR observed in
our study, indicating that carolacton does not directly target
the bacterial membrane. One would further expect an increase
of membrane damage with increasing amounts of pore-form-
ing agents because they interact in stoichiometric proportions
with the membrane components (25, 62). The previous obser-
vation that the dose-response curve of carolacton has a sigmoi-
dal shape (33) is not in accordance with such a mode of action.

Most known bacteriocins form pores in the bacterial mem-
brane, leading to an efflux of metabolites, a depolarization of
the bacterial membrane, and an partial efflux of cellular ATP
(24). The pores formed by most bacteriocins are relatively
small, in the range of 0.2 to 2 nm, allowing the passage of
hydrophilic solutes with molecular masses of up to 0.5 kDa
(24). In the case of carolacton-treated cells, the appearance of
large holes was observed, leading to an efflux of huge macro-
molecules, e.g., DNA and B-galactosidase. A pore-forming
mechanism involving a discrete pore size is not consistent with
the rather unspecific large holes of carolacton-treated cells.

Carolacton caused leakage of cytoplasmic content but not
complete cell lysis. Thus, the remaining cell corpus was stained
by crystal violet and contributed to the optical density of the
cultures. These classical methods for the determination of bio-
mass do not discriminate between viable and nonviable cells.
However, when using viability measurements, e.g., LIVE/
DEAD staining or CFU counts, a strong reduction in the
amount of viable cells can be observed for carolacton-treated
cultures (33). Thus, growth measurements based on total (e.g.,
live and dead) biomass underestimate the effect of carolacton.

From these observations and studies we infer that the mem-
brane damage caused by carolacton on growing cells of S.
mutans at low pH is a secondary effect. Using a chemically
modified carolacton molecule (carolacton methylester), we
could exclude that the molecule is activated at low pH by a
change of net charge, which would be an alternative explana-
tion for the delayed phenotypic response.

Carolacton does not reduce the expression of acid tolerance
mechanisms of S. mutans. In S. mutans the acid tolerance is
mediated mainly by the proton-pumping activity of the F_F,
ATPase (64). Moreover the agmatine deiminase system is ca-
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pable of producing ammonia from agmatine or agmatine-con-
taining peptides, thus neutralizing an excess of protons (22).
Furthermore, S. mutans bears a malolactic fermentation sys-
tem which transforms malate to the weaker acid lactic acid and
CO, to raise the intracellular pH (37). Finally, a branched-
chain amino acid (BCAA) system exists in S. mutans, which
produces ammonia and ATP for regulating the intracellular
pH (38). None of these mechanisms were downregulated at the
transcriptional level as a result of carolacton treatment. How-
ever, posttranscriptional regulation of the components in-
volved in the acid tolerance might also play a crucial role in the
cellular response to acidification. Nevertheless, a reduced acid
tolerance is unlikely to be responsible for the killing of carol-
acton-treated S. mutans cells at low pH, since an upregulation
of F F, ATPase-coding genes was observed for the last time
point of observation. Thus, it is likely that the main acid ad-
aptation system functioned in carolacton-treated S. mutans
cells.

Carolacton is unlikely to affect membrane composition. In
addition to these acid tolerance mechanisms, the cell mem-
brane composition play an important role in the ability of S.
mutans to withstand acid stress. With decreasing pH, S. mutans
alters its membrane composition (18, 56). Fozo and Quivey (18)
observed an incremental change from saturated short-chain
membrane fatty acids to monounsaturated long-chain fatty acids
with decreasing pH. In S. mutans the genes fabDFGHKZ,
accACD, SMU.1417c, and bccP code for the essential enzymes
of fatty acid biosynthesis (18). Another study by Fozo and
Quivey (19) identified the fabM gene product as being respon-
sible for the synthesis of monounsaturated fatty acids and thus
essential for survival at low pH. At no analyzed time point did
we observe any significant regulation of these genes, indicating
that it is quite unlikely that carolacton alters the composition
of the cell membranes. Consequently, the pH dependency of
membrane damage is likely to be an indirect result of the
altered cell wall structure (see below). However, the constraint
of potential posttranscriptional regulation of enzymes involved
in fatty acid biosynthesis has to be considered.

Mode of action of carolacton. The data suggest that carol-
acton affects a signaling mechanism which is central for coor-
dinating cell wall synthesis or remodeling during growth. While
this disturbance in cell wall metabolism starts instantaneously
after carolacton application, cell death occurs only at low pH
several hours later. We hypothesize that it is caused by the
inability of the modified cell wall to maintain the intracellular
turgor, resulting in bursting of the cell, membrane damage,
leakage of cytoplasmic content, and cell death.

The rigidity of the cell wall is provided by a three-dimen-
sional structure of glycan strands cross-linked by peptide
bridges (peptidoglycan). The cell wall is the most important
shape determinant and prevents the cell from lysis caused by
the osmotic pressure (10). This importance for the cell integ-
rity is reflected by the fact that many antibiotics target cell wall
metabolism (21, 29). In the cytosol the precursors of pepti-
doglycan, the disaccharide pentapeptides, are synthesized and
then transported to the outside of the cytoplasmic membrane
(10). In the following steps of cell wall biosynthesis, penicillin
binding proteins covalently attach the precursors to the exist-
ing peptidoglycan via a combination of transpeptidation and
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transglycosylation reactions (15). Inhibitors are known for
nearly all the steps of peptidoglycan biosynthesis (9).

A tight control of de novo biosynthesis and remodeling of the
cell wall exists in the cell. Perturbations of this dynamic bal-
ance often result in lytic phenotypes (23, 27).

Carolacton inhibits biofilms of S. mutans even in nanomolar
concentrations (33), which implies that carolacton has a pri-
mary target which is present in only a few copies per cell.
Compounds that target signaling show a similar behavior. We
therefore infer that carolacton disturbs a process which coor-
dinates cell wall metabolism rather than directly inhibiting a
certain enzymatic step in the biogenesis of the cell wall. PknB
is suggested to play a central role in cell wall remodeling and
is known as an alternative signaling system besides the two-
component systems (41, 45).

Disturbance in cell wall metabolism may weaken the cell
wall. The faster the cell grows, the more crucial are the correct
synthesis and remodeling of the cell wall. Lytic and synthetic
enzymes function in a delicately balanced interplay during cell
wall growth, with the former introducing nicks into the murein
structure and the latter inserting new material at these sites
(31). Gram-positive bacteria were shown to possess a turgor
pressure of up to 50 atm (31). Thus, an enormous tension has
to be compensated for by the cell wall. A weakened cell wall
will therefore easily break. Thus, at acid pH the weakened cell
wall of carolacton-treated cells is likely no longer able to with-
stand the turgor pressure, and subsequently the membrane
integrity is lost and the cytoplasmic content leaks out. Large
holes lead to cell death.

The serine/threonine protein kinase PknB is essential for
carolacton activity. One central observation of this study was
the insensitivity of the pknB deletion mutant to carolacton
treatment, indicating that PknB mediates the deleterious ef-
fects of carolacton. Eukaryotic serine/threonine protein ki-
nases were shown to substantially influence cell wall metabo-
lism (41, 67). Maestro et al. (45) and Shah et al. (71) showed
that STPKs of S. prneumoniae bind to peptidoglycan and to
B-lactam antibiotics which mimic the terminal portions of the
peptidoglycan stem peptide. PknB is therefore indicated to
play an essential role in the remodeling of the cell wall. PknB
was further shown to phosphorylate substrates essentially in-
volved in peptidoglycan biosynthesis (30, 53, 54, 57, 68, 78).
Electron microscopic pictures of STPK mutants (4) and the
higher susceptibility of STPK mutants to cell wall-acting anti-
biotics (17) clearly support the role of STPK in cell wall me-
tabolism. Thus, the observed phenotypic changes of carolac-
ton-treated cells and the detected effects on cell wall
metabolism-related genes are in accordance with PknB medi-
ating the activity of carolacton.

Furthermore, it was shown that knockout of pknB signifi-
cantly decreased the expression of genes coding for enzymes
involved in pyrimidine metabolism (17, 67). These findings are
consistent with our results, as genes coding for enzymes in-
volved in pyrimidine biosynthesis were among the most
strongly regulated and fastest-responding genes.

Interestingly, it was shown that the RNA polymerase is
among the targets of STPKSs in S. pneumoniae (54). This might
explain why STPKs act as global regulators of gene expression
and influence, e.g., the pyrimidine biosynthesis genes.

A potential second role of PknB is its cross talk with TCSs.
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FIG. 12. Working model for the mode of action of carolacton. Carolacton is postulated to interfere with PknB-mediated signaling. Dashed lines
represent hypothetical interactions. Disturbance of cell wall metabolism by altered PknB signaling might be mediated either directly by altered
phosphorylation of target proteins or indirectly via the VicR cascade. Induction of ComDE is accompanied by an upregulation of bacteriocins and
bacteriocin-associated genes. Furthermore, repression of pyrimidine biosynthesis occurs, as STPKs are global regulators of gene expression.
Alterations in cell wall composition result in a weakened cell wall, leading to loss of membrane integrity at low pH and leakage of the cytoplasmic

contents.

Lin et al. proved that phosphorylation of S. agalactiae CovR (a
VicR homologue) by PknB prevented promoter binding of the
response regulator (42). Rajagopal et al. (65) showed in vitro a
phosphorylation of CovR by STPKs in close vicinity to the
aspartate residue phosphorylated by the CovS histidine kinase.
Thus, PknB may mediate the effects of carolacton on the cell
wall metabolism directly by phosphorylating involved enzymes,
in particular those responsible for cell wall remodeling, and/or
indirectly via phosphorylation of response regulators, in par-
ticular VicR. VicR itself regulates a cascade of downstream
genes coding for enzymes involved in cell wall metabolism. The
sensitivity of the AvicK deletion mutant to carolacton treat-
ment is not a contradiction to the proposed role of VicR in the
carolacton mode of action, since the response regulator might
be phosphorylated independently from its histidine kinase,
e.g., by PknB. A cross-regulation between certain histidine
kinases and their noncognate response regulators was postu-
lated by Chong et al. (12), and in particular VicKRX is sug-
gested to cross-communicate with other TCSs because of its
global importance in S. mutans (72). Furthermore, potential
targets of PknB other than VicR might contribute to the del-
eterious effects caused by carolacton. The transcriptome of a
ApknB deletion mutant (3) shows a strong overlap with that of
carolacton-treated biofilms. The regulons of VicKRX and
ComDE are affected in both. The ApknB mutant shows also a
phenotype similar to that of carolacton-treated cells, e.g., the
sensitivity to low pH. Figure 12 summarizes our current hy-
pothesis regarding the mode of action of carolacton and the
likely role of PknB.

Conclusion and outlook. We have shown a link between
acidification and membrane damage caused by carolacton in
the oral microorganism S. mutans. Since acid tolerance is a key
virulence trait of S. mutans and is essential for survival and

competition in its ecological niche, these findings may have a
profound impact on a general strategy aiming to erase biofilm
cells in the oral cavity. Acidification plays a key role in the
demineralization of the tooth enamel and the appearance of
caries. Thus, the aciduricity and acidogenicity of S. mutans are
intimately linked to its capacity to cause caries. Furthermore,
we showed a strong influence of carolacton on cell wall me-
tabolism-related genes using a microarray approach and pro-
vide a plausible mode of action for how carolacton damages S.
mutans cells at low pH, based on all the genetic and physio-
logical observations presently available.

PknB mediates the deleterious effects of carolacton, as in-
dicated by the insensitivity of the ApknB mutant. To determine
if this is caused by direct binding of carolacton to PknB will
require experiments with the purified enzyme and phospho-
proteome analyses. Eukaryotic-type serine/threonine kinases,
which are global regulators of cell metabolism, cell wall bio-
synthesis, growth, and important virulence traits, may be at-
tractive drug targets. In S. pneumoniae the STPK was selected
as one of the lead candidates for the development of a new
vaccine (20).

Oxoby et al. (55) identified new bisarylurea derivates as
potential S. agalactiae STKP inhibitors, while Szekely et al.
(75) investigated inhibitors of Mycobacterium tuberculosis
PknB by screening a library of 70.000 molecules. Using in vitro
kinase assays, the latter group found hit compounds acting in
the nanomolar range. However, using a mycobacterial growth
assay, they found no significant inhibition for the tested sub-
stances.

STPKs are predicted to be present in two-thirds of all se-
quenced bacteria and are therefore a universal target (59).
Myxobacteria, which have a complex life cycle involving the
formation of a fruiting body, have especially large numbers of
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STPKs. Carolacton was isolated from the myxobacterium
Sorangium cellulosum, which hosts 317 STPKs, the highest
number reported so far from any prokaryote (47). Thus, the
biological role of carolacton may be to regulate one of the
STPKs of Sorangium cellulosum during growth or fruiting body
formation.
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