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ABSTRACT

Potassium (K™) is the most abundant cation in the fluids of dental biofilm. The biochemical and biophysical functions of K and
avariety of K* transport systems have been studied for most pathogenic bacteria but not for oral pathogens. In this study, we
establish the modes of K* acquisition in Streptococcus mutans and the importance of K* homeostasis for its virulence attri-
butes. The S. mutans genome harbors four putative K* transport systems that included two Trk-like transporters (designated
Trk1 and Trk2), one glutamate/K* cotransporter (GInQHMP), and a channel-like K* transport system (Kch). Mutants lacking
Trk2 had significantly impaired growth, acidogenicity, aciduricity, and biofilm formation. [K*] less than 5 mM eliminated bio-
film formation in S. mutans. The functionality of the Trk2 system was confirmed by complementing an Escherichia coli TK2420
mutant strain, which resulted in significant K* accumulation, improved growth, and survival under stress. Taken together, these
results suggest that Trk2 is the main facet of the K*-dependent cellular response of S. mutans to environment stresses.

IMPORTANCE

Biofilm formation and stress tolerance are important virulence properties of caries-causing Streptococcus mutans. To limit these
properties of this bacterium, it is imperative to understand its survival mechanisms. Potassium is the most abundant cation in
dental plaque, the natural environment of S. mutans. K* is known to function in stress tolerance, and bacteria have specialized
mechanisms for its uptake. However, there are no reports to identify or characterize specific K* transporters in S. mutans. We
identified the most important system for K* homeostasis and its role in the biofilm formation, stress tolerance, and growth. We
also show the requirement of environmental K* for the activity of biofilm-forming enzymes, which explains why such high lev-

els of K* would favor biofilm formation.

Bacteria utilize specialized endogenous mechanisms to survive
and proliferate in transient environments. A common bacte-
rial response to environmental perturbations, such as acid stress,
osmotic tension, and nutrient deprivation, is to accumulate cer-
tain solutes, such as potassium (K*). K*, a naturally abundant
cation, is present in all types of cells and is essential for both cell
survival and physiology. K accumulation under stress conditions
enables organisms to contend with dehydration, membrane dam-
age, regulation of the Na®/H " -dependent cell energetics, and pH
homeostasis while simultaneously minimizing interference with
the structures and functions of intracellular proteins (1-3).

In prokaryotes, four main K* transport systems have been
identified, which include the proteins Trk (or Ktr), Kdp, Kup, and
channel-like Kch (4), all of which have different K* affinities.
Their variety and independent functioning have likely evolved as a
cell survival strategy to ensure that adequate levels of K* are pres-
ent at all times to contend with environmental changes (5). These
systems are responsible for maintaining a typical range of intra-
cellular K* concentration, i.e., from 200 to 600 mM (6, 7).

Streptococcus mutans is an opportunistic oral pathogen which
is a causative agent of dental caries (8). This bacterium can me-
tabolize dietary sugars to produce acid end products (acidogenic-
ity) and produces sticky insoluble glucan polymers for the forma-
tion of dental plaque. Furthermore, S. mutans can rapidly mount
a pH stress tolerance response that allows its survival at pHs as low
as 3.2 (9). The low pH in the plaque environment is a general
growth-limiting factor which is modulated and favored by certain
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inhabitant bacteria and is distinct from other oral environments.
It is known that the concentration of K* (80 mM) in the fluid
portion of dental plaque is markedly higher than that of other
cations found there, such as sodium (20 mM) and calcium (7
mM) (10, 11). Despite these findings, it is not well understood
how such high K concentrations affect physiology and virulence
of oral bacteria such as S. mutans. It has been suggested that in
response to acid stress, S. mutans can modulate its metabolic path-
ways by accumulating K™ inside the cell (9, 12). According to
previous reports, K™ can affect growth and glycolytic activity (13,
14), membrane potential, and maintenance of cytoplasmic pH
homeostasis (15, 16).
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The S. mutans UA159 genome has at least four putative K™
transport systems, annotated as Trk1, Trk2, Kch, and GInQHMP
(see Table SI in the supplemental material). To gain an under-
standing of potassium acquisition and its role in S. mutans patho-
physiology, isogenic mutants were used to measure K* transport.
The main emphasis was to first elucidate the roles of two Trk
systems in the main virulence attributes of S. mutans namely:
acidogenicity, aciduricity, and biofilm formation. The role of
GInQHMP in modulating growth and acid tolerance of S. mu-
tans UA159 has been reported (17). In the current study, we
utilized the ¢glnQHMP-null mutant to extend our knowledge
regarding its role in K" -dependent phenotypes. Beyond these
systems, we also tested Kch, which is annotated as a hypothet-
ical protein but has some sequence similarities with K channel
proteins.

To address our limitations in characterizing the K™ uptake by
putative K" transport systems individually in S. mutans, we
cloned and expressed each system separately in an Escherichia coli
mutant strain, TK2420, which is deficient in its three major K*
transport systems (kdp, trk, and kup) (see Table S2 in the supple-
mental material). In the current study, we report that the distinc-
tive K" transport system for S. mutans Trk2 is required for phys-
iological adaptation of S. mutans under K'-limited stress
conditions. We show that the Trk2 system is required for regulat-
ing membrane potential and sugar metabolism. Finally, the Trk2
system is critical to the ability of S. mutans to form biofilms under
low-K* conditions by regulating levels of glucosyltransferases and
glucan production.

MATERIALS AND METHODS

Bacterial strains and culture conditions. S. mutans strains were grown in
Todd-Hewitt yeast extract broth (THYE; BD, Sparks, MD) or minimal
defined potassium-deprived medium with 1% glucose (MMGK) or with
1% sucrose (MMSK) at 37°C with aeration. MMGK was prepared as pre-
viously reported (18); potassium salts were replaced by sodium salts, and
final concentrations of 5 mM cystine and 5 mM glutamic acid were added
immediately before use. For growth under osmotic stress induced by 0.4
M NaCl, S. mutans strains were grown in chemically defined MMGK with
5 mM, 25 mM, and 50 mM KCl with or without 0.4 M NaCl. The E. coli
strains were grown in Luria broth (Luria-Bertani broth; BD, Sparks, MD)
or potassium-limiting medium (KLM) supplemented with 10 g/liter KCI
for high-K* medium (HKLM) or with 10 g/liter NaCl for low-K™* me-
dium (LKLM) as described previously (19). Strains and primers used are
listed in Table S2 in the supplemental material. To construct various K™
transport system-null mutants, previously described PCR-ligation mu-
tagenesis (20) was used.

Growth and stress tolerance. To monitor sensitivity to extracellular
K™ and determine the concentration for optimal growth, UA159 wild-
type cells were grown in MMGK supplemented with 0 to 150 mM filter-
sterilized KCI. Based on the results for growth response to K™ of wild-type
UA159 cells, the range of K™ concentrations was then narrowed to 5 to 50
mM to monitor growth of various K™ transport-null mutants. Growth
was monitored in the Bioscreen C automated growth monitor (Lab Sys-
tems) as previously described (21). Briefly, 16 h cultures were diluted 1/20
in fresh THYE and grown to an optical density at 600 nm (ODg,) of at
least 0.400. Cells were washed and resuspended in minimal medium to
give equivalent ODg s of ~0.040 and then plated in quadruplicate wells
in a microtiter plate. Covered plates were placed in the growth monitor
and maintained at 37°C for at least 18 h. Medium turbidity was measured
at an absorbance of 600 nm every 20 min following 20 s of shaking. Static
planktonic growth was assessed by diluting overnight cultures 1/20 in
fresh THYE and measuring medium turbidity and medium pH from sam-
ples of a stock growth culture at selected time points. Medium turbidity
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was measured by placing samples in a 96-well plate and reading the optical
density at an absorbance of 595 nm on a Bio-Rad model 3550 microtiter
plate reader. In parallel, medium pH was measured using a VWR SB20
SympHony pH meter. The method used for E. coli strains was similar,
with the following modifications: cells were grown and subcultured in
HKLM and to test K™ sensitivity, cells were subjected to low-K* medium
(LKLM). For osmotic stress assays, test strains were grown in MMGK
supplemented with specific concentrations of KCl with or without 0.4 M
NaCl, and growth was monitored using the above-described protocol.

Acid stress response. The acid tolerance response (ATR) was assessed
according to our published protocol (22). Briefly, overnight cultures were
diluted 1/20 and grown to an ODy, of 0.400 in tryptone yeast extract
(TYE) with 0.5% (wt/vol) glucose at pH 7.5. Half of the cultures were
immediately placed in pH 3.5 TYE with 0.5% (wt/vol) glucose (kill me-
dium) for up to 2 h and are referred to as unadapted cells/cultures. To
obtain adapted cells, the other half of cultures was placed in TYE medium
with 0.5% (wt/vol) glucose at pH 5.5 for 2 h prior to being placed in the pH
3.5 medium. Cells were pelleted via centrifugation at 4,000 X g for 10
min at 22°C and resuspended in the desired medium prewarmed to
37°C. Cultures were sampled at the 0-, 1- and 2-hour time points in the
pH 3.5 medium, serially diluted, and plated in triplicate on THYE agar
to obtain colony counts. Survival percentage was calculated as follows:
(average colony count at postzero time point for a particular treat-
ment/average colony count at the zero time point for the same treat-
ment) X 100.

Biofilm staining and scanning electron and confocal laser scanning
microscopy. Biofilms were grown as described previously (21) with a few
modifications. Overnight cultures were diluted 1/50 in minimal medium
and plated in 24-well Falcon tissue culture plates. Following a 20-hour
incubation, cultures were dried and stained overnight with a 0.1% crystal
violet dye solution. After removal of excess stain by rinsing with distilled
H,O0, stained biofilms were imaged using a Canon Power Shot SD 1200 IS
digital camera. Experiments were performed in quadruplicate wells and
repeated four times. In parallel, biofilms were grown as described above
but on glass slides and processed for scanning electron microscopy (SEM)
as previously described (23).

For confocal analysis, 1 wM Texas Red-labeled dextran conjugate
(molecular mass, 70 kDa; absorbance/fluorescence emission maxima of
595/615 nm; Molecular Probes, Invitrogen Corp., Carlsbad, CA) was
added to the biofilm medium. All the bacterial cells in the biofilms were
labeled with Syto 9 green fluorescent nucleic acid stain (485/498 nm;
Molecular Probes) using a standard protocol (24, 25). The imaging was
done using a Zeiss LSM700 confocal microscope at the Advanced Optical
Microscopy Facility, University of Toronto. The plan-apochromat 60/
1.4 numerical aperture (NA) oil immersion (26) objective was used to
obtain images. Two independent biofilm experiments were performed
using the Thermo Scientific Nunc Lab-Tek IT chambered cover glass with
8 wells, and 4 image Z-stacks at 1.0-pm intervals (512 by 512 pixels for
quantification or 1,024 by 1,024 pixels for visualization) were collected for
each experiment. The images were analyzed with the Imaris 7.0.0 software
(Bitplane, Saint Paul, MN) and quantified for the average surface thick-
ness and average spot objects of the biofilms.

qPCR analysis of gtfB expression. Expression of the g#fB gene in
wtUA159 and the SMAtrk2 mutant was assessed using quantitative real-
time PCR analysis. Briefly, planktonic cultures were grown to an ODg,
of ~0.4 in THYE. RNA was purified from both strains using methods
described elsewhere (27), and gtfB was quantitated following PCR ampli-
fication with the primers 5" ACACTTTCGGGTGGCTTG 3’ and 5" GCT
TAGATGTCACTTCGGTTG 3'. Expression change was normalized with
the expression of the housekeeping 16S rRNA gene using the primers
5'-CTTACCAGGTCTTGACATCCCG-3’ and 5'-ACCCAACATCTCAC
GACACGAG-3'. Using the Pfaffle method (28), the change (n-fold) in the
expression in the mutant strain was calculated relative to expression of the
gtfB gene in UA159. The change was calculated for at least 4 biological
replicates and 3 technical replicates.
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Western analysis of glucosyltransferase from cell surface extracts.
Wild-type (UA159) and SMtrkA2 strains were cultured for 16 h in THYE
broth at 37°C and passaged 1:20 in warm THYE. Growth was continued
until an ODy,, of ~0.6 was reached; then, cells were centrifuged, washed
once in MMSK, and resuspended (1:20 dilution) in 40-ml tubes contain-
ing warm MMSK with KCl added ata 5, 25, or 50 mM final concentration.
Cultures were grown 24 h at 37°C; then, cells were pelleted and washed
twice in 20 mM Tris-Cl (pH 8.0) and extracted for 1 h with 1.0 ml of 4%
SDS followed by boiling for 10 min, which allowed the extraction of non-
covalently attached proteins from the cell surface without lysing the cells.
Samples were centrifuged at 16,000 X g, and the supernatant was set aside
for Western analysis. The OD,g, of each SDS extract was measured using
a Nanodrop 1000 spectrophotometer (ThermoScientific, Wilmington,
DE), and extracts were standardized for protein concentration. Twenty
micrograms of extract protein from duplicate cell cultures was applied to
a 4-t0-20% TGX gradient gel (Bio-Rad), and proteins were separated at
150 V. Separated proteins were blotted onto polyvinylidene difluoride
(PVDF) membranes using the Transblot Turbo (Bio-Rad), and mem-
branes were blocked overnight in PBS—0.3% Tween 20, 5% skim milk. Rat
anti-GtfD antibody (29) was added to the blot at a 1:500 dilution, incu-
bated for 1 h at room temperature, washed three times in PBS-Tween, and
incubated for 1 h with 1:1,000 horseradish peroxidase (HRP)-conjugated
goat anti-rat IgG. The blots were washed in PBS-Tween and developed
using ECL-Prime (GE Lifesciences, Piscataway, NJ) for 1 min prior to
imaging in the Gbox-Chemi XL1.4 imager (Syngene, Frederick, MD).

Visualization of glucan production from agar plate-grown colonies.
S. mutans UA159 and the trk2-null mutant colonies were grown for 48 h
on TSY20B (4% Trypticase soy agar, 0.5% plain agar, 1% yeast extract,
20% sucrose, and 0.2 U/ml of bacitracin; Thermo Fisher) plates at 37°C
with an additional 72 h of incubation at 25°C. Colonies and glucan pud-
dles produced were imaged with a Leica MZ8 dissecting microscope with
aDFC320 camera and Firecam v.3.4.1 software (Leica Microsystems, Buf-
falo Grove, IL) using incident lighting. Magnifications were X63 (smallest
images) to X160 (largest images).

Measurement of intracellular K* ion content. Overnight S. mutans
cultures, diluted 1/20 in fresh THYE, were grown to an ODy, of 0.400.
Cells were washed and incubated in MM GK without KCl for at least 2 h to
deplete the cellular K*. Cells were stimulated with 10 mM KCl, and an
aliquot was taken and filtered (0.22 pm) every 30 s. The dry weights of
filters for each sample were measured, and the filters were immersed in
10% HNOj; and boiled for 30 min. Inductively coupled plasma optical
emission spectroscopy (ICP-OES) was performed on each sample using
an Optima 7300 DV instrument (PerkinElmer) housed at the ANALEST
facility, Department of Chemistry, University of Toronto. Triplicate
emission reads of samples were averaged and calibrated against a standard
curve (minimum correlation of 99.9%) generated for different concentra-
tions of potassium (766.49 nm) using a serially diluted QC4 standard
(SCP Science, Quebec, Canada). For E. coli cultures, the overnight cul-
tures grown were subcultured 1/20 in HKLM until they reached an ODy,
of 0.4. Cells were then processed similarly to S. mutans cultures, as de-
scribed above.

Membrane potential measurement using fluorescence. The altera-
tions in electrical membrane potential of various wild-type and K™ trans-
port mutant cells were measured using the membrane-potential-sensitive
fluorescent dye bis-oxonol {DiSBaC,(3) [bis-(1,3-diethylthiobarbituric
acid) trimethine oxonol)]}. As bis-oxonol is an anionic, lipophilic mole-
cule, a higher concentration of dye accumulates in the cell upon mem-
brane depolarization, binding to intracellular components and resulting
in an increase in cytosolic bis-oxonol fluorescence intensity, whereas
upon hyperpolarization, less dye is located intercellularly and fluores-
cence intensity decreases.

Overnight S. mutans cultures, diluted 1:20 in fresh THYE, were grown
to an ODy, of 0.4. Cells were then washed and resuspended in MMGK
supplemented with defined KCI, with or without stressors such as pH or
osmotic stress. A 100-pl portion of cell suspension was aliquoted in a
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96-well plate and mixed with fluorescent dye reaction mixtures prepared
using the FIVEphoton kit manufacturer’s protocol (FIVEphoton Bio-
chemicals). The plate was incubated for 15 min and fluorescence emission
intensity (emission wavelength of 560 nm) was measured using a TECAN
microplate reader (excitation wavelength of 530 nm). The plate condi-
tions were set at 37°C with shaking for 5 s before every read, and the
fluorescence emission intensity measurement was taken every 15 min for
atleast 6 h. For E. coli strains, the experimental protocol followed was the
same as for S. mutans with the following modifications: cultures were
grown in HKLM and the mid-exponential-phase cells were washed and
resuspended in either MMGK with defined concentrations of KClI, or cells
were resuspended in KLM medium with low and high K™ content and test
stressors. The measurement protocol was altered to accommodate desired
culture conditions at 37°C with continuous shaking and read every 2 min
for atleast 6 h. For fluorescence intensity change analysis, data were trans-
formed to control for bias potentially generated by experimental setting
variations: fluorescence was expressed as change between time t and time
zero according to the following formula: AF, = [(F, — F,)/F,] (30). To
control for intensity change of the dye, AF, (culture sample) was normal-
ized with AF, (blank with dye), and final values were plotted against time
for each condition used.

Complementation assay. The E. coli strain TK2420 (4) was a generous
gift from Wolfgang Epstein (University of Chicago). Open reading frames
(ORFs) for each K* transport system (trk-1, SMU_1561-63; trk-2,
SMU_1708-09; glnQHMP, SMU_1519-22; and putative kch, SMU_1848)
were each amplified using specific primers and cloned into the pET-
DUET expression vector (Novagen, Inc.). DNA sequencing confirmed
proper ligation of inserts into expression vectors. Complementation was
assayed as described previously (31), with a few modifications. Briefly,
competent TK2420 cells were heat shock transformed with each expres-
sion vector of interest and grown with ampicillin selection on potassium-
rich (HKLM) agar. Colonies were then restreaked on low-potassium
(LKLM) agar with ampicillin selection to confirm successful complemen-
tation. Starter cultures were grown overnight by inoculating single colo-
nies in HKLM with ampicillin. Subsequently, cultures were grown to mid-
exponential phase, washed and resuspended in sterile H,O or PBS, and
serially diluted before being plated as 10-l droplets on MMGK agar.

RESULTS

K* transport systems identified in S. mutans. The S. mutans
UA159 genome harbors two orthologs of putative K™ transport-
ers, which are designated Trk1 and Trk2 (Fig. 1; also, see Table S1
in the supplemental material). A Conserved Domains Database
(CDD) search was used to elaborate the predicted protein do-
mains and families (32). The predicted interactive partners and
proteins that share sequence identity in other bacteria are listed in
Table S1 in the supplemental material. The Trk1 system is anno-
tated to be comprised of TrkB, Trk, and PacL and is encoded by a
tricistronic operon. Both TrkB and Trk are predicted to contain
N-terminally conserved Rossmann fold NAD " -binding regions
with a GXGXXG consensus sequence. This motif is known to
confer specificity to NAD™ binding through its first two glycine
residues. Glycine-rich regions are also found and associated with
selectivity for K™ ions. The C-terminal ends of these proteins have
a predicted conserved permease-like domain, which is conducive
to configuring its beta structure and has specificity for an un-
known ligand. PacL has four predicted conserved domains that
include an N-terminal cation ATPase, an E1-E2 ATPase (Pfam
00122), a conserved putative hydrolase of Na*/K* ATPase alpha-
subunit like domain, and a C-terminal cation ATPase.

The Trk2 putative K* transport system in S. mutans is com-
prised of two components, TrkA and TrkH, whose encoding genes
form a bicistronic operon. The TrkA is predicted to have con-
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FIG 1 Genetic map of operons encoding the putative K™ transport systems in Streptococcus mutans UA159.

served domains similar to those observed for TrkB (of the Trkl
system) with a Rossmann fold NAD *-binding region. TrkH is
believed to form a complex with TrkA and is a transmembrane
component.

In addition to Trk1 and Trk2, other putative systems that could
modulate the transport of K" in S. mutans are the GInQHMP
(17), and Kch. Kch is a hypothetical protein in the S. mutans
UA159 chromosome encoded by SMU_1848 (NCBI) with high
homology to conserved ion channel-like domains of either two
helices or a tetrameric structure and belongs to the family of
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pfam07885, which has a conserved GYG sequence shown to result
in glycine-rich selectivity for K" ions (33).

Role of K* in S. mutans. To understand the roles of Trkl,
Trk2, GInQHMP, and Kch in S. mutans physiology, isogenic mu-
tant strains deficient in individual operons (strains SMAtrkl,
SMAtrk2, SMAgInQHMP, and SMAkch) and knockout mutants
deficient in genetic components of these systems (strains SMAtrk,
SMAtrkB, SMAtrkA, SMAtrkH, and SMApacL) were used (see
Table S2 in the supplemental material). To examine the effects of
both Trk systems, we constructed a double-knockout mutant

April 2016 Volume 198 Number 7


http://jb.asm.org

Potassium Homeostasis in Streptococcus mutans

A o081 B 0. C
g - = » UAISY m
= £ - SMirkl A
uwy 0.6+ . = 0.64 r- - smtrk2 Y
@ b B £ 7 = SMtrk12 ¢
Py - e 4 UAISY o 2
- AN =
2 0.4 8 0.4 /- SMtrkl A .8
2 - g . smirk2 ¥ =
5 - 2 ;@/' SMtrk12 w6
© 0.2+ — >
3 - - S 0.2 s T
i , I;LI |l| -g ’ 3 .
ool ] [l <= -
0 1 25 5 10 25 50 100 150 0.0 T T T ™ = 5 T T T ™ i
" . 0 2 4 6 8 16 2426 (1] 2 4 6 8 16 24 26
Potassium Concentration (mM) . i
Time (h) Time (h)

FIG 2 Effects of K" and its transport systems in growth and final pH changes in S. mutans. (A) Growth analysis of the parent strain S. mutans UA159. Final
absorbance measurements were taken from cell cultures grown in MMGK supplemented with various concentrations of KCl (0 mM to 150 mM). (B) Growth
curves of wild-type and Trk mutants grown in K*-rich THYE medium (~19 mM). (C) pH measurements of the Trk1, Trk2, and Trk1/Trk2 mutants grown in
THYE growth medium over time. Asterisks indicate that the values are statistically significantly different from that for growth in 25 mM K" (A) or from that for
the WT (B and C) (*, P < 0.05; **, P < 0.001). Values are means and standard errors (SE) from experiments repeated three times, and statistical comparison was

performed using a two-way analysis of variance (ANOVA).

strain lacking trk1 and #rk2 operons, designated SMAtrk12 (see
Table S2 in the supplemental material).

(i) K*-dependent-growth characterization. The concentra-
tions of K™ required for optimal growth of S. mutans and the K™
concentrations present in some commonly used growth media
(THYE, TYE, and MMGK; described in Materials and Methods)
were measured using inductively coupled plasma optical emission
spectroscopy (ICP-OES). Our results indicated that both THYE
and TYE had sufficient but not optimal concentrations of K™
(>10 mM) for the growth of S. mutans (see Table S3 in the sup-
plemental material). To test the effect of limited K*, the plank-
tonic growth of S. mutans UA159 wild-type strain was tested in
MMGK medium supplemented with a range of K" concentra-
tions (5 to 150 mM), and growth was monitored using the Bio-
screen C automated growth monitor. By comparing the final ab-
sorbance values (Fig. 2A) for growth, we noted that optimal
growth was accomplished in MMGK supplemented with 25 mM
K*. At this concentration, the growth yield was significantly
higher than that at =5 mM or =50 mM K™ (P < 0.01). For our
experiments (unless otherwise stated), we used MMGK medium
supplemented with (i) 5mM K* (low-K™ conditions), (ii) 25 mM

Acid Tolerance After 1 h

: * ﬁi ﬁl ﬁl

UA159 SMitrk1 SMtrk2 SMtrk12

A

Survival (%)
N w
T 9

-
o
1

K" (optimal conditions), and (iii) 50 mM K" (high-K* condi-
tions).

(ii) Role of K* transport systems in growth. The roles of the
Trk1- and Trk2-dependent K* acquisition on the growth of S.
mutans were examined in K™ -rich THYE medium. Notably, loss
of the trk2 operon (SMAtrk2) and the combined trk1 trk2 deletion
mutant (SMAtrk12) resulted in significantly reduced growth
yields at the 2-, 4-, 6- and 8-hour time points relative to the wild
type and the frk1 knockout mutant (P < 0.01) (Fig. 2B). Concom-
itant with the growth defect, we noted that the drop in pH values
was slower than in the parent strain, reflective of significantly re-
duced acid production by strains SMAtrk2 and SMAtrk12 (P <
0.001) (Fig. 2C). Further, the growth retardation of the trk2-defi-
cient strain was observed to be consistent when cells were grown
under low-K™ conditions in the presence of various dietary sug-
ars, such as fructose, sucrose, mannose, and glucose (data not
shown). Unlike the Trk systems, loss of the Kch system did not
have a considerable effect on the growth phenotype of S. mutans
(data not shown).

(iii) Trk2 is essential for acid stress tolerance. The acid toler-
ance response of S. mutans is a major virulence attribute that fa-

B Acid Tolerance After 2 h
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FIG 3 Acid stress response of S. mutans wild-type strain UA159 and Trk mutants. Acid tolerance assays were conducted with unadapted (white bars) and adapted
(black bars) cultures incubated for 1 h (A) or 2 h (B) at a killing pH of 3.5. For pH adaptation, cells were preexposed to TYE medium plus 0.5% glucose that was
adjusted to pH 5.5. After exposure to the killing pH, cells were plated, and acid tolerance was expressed as percent survivors relative to the total number of CFU
present at time zero, just prior to exposure at pH 3.5. #, P < 0.01, and *, P < 0.001, compared to unadapted cultures of the same strain. Values are means and
standard errors (SE) from experiments repeated three times, and statistical comparison was performed using a one-way ANOVA.
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cilitates its survival under low-pH conditions (pH < 3.5) that are
often detrimental to other competing oral bacteria. When supple-
mented with sugars, S. mutans produces acid end products, pri-
marily lactic acid, which decreases its environmental pH. When
preexposed to a mildly acidic signal (pH 5.5), S. mutans can acti-
vate protective mechanisms for survival at a killing pH (pH 3.5)
(34, 35). To examine the role of Trk1 and Trk2 systems in the ATR
of S. mutans, we quantified survival using acid killing assays with
acid-adapted or unadapted cultures. In agreement with other
studies, adaptation to acid significantly increased the survival rates
of the S. mutans wild-type strain UA159 (Fig. 3). Although this
was the case with the Trk1 deletion mutant, loss of Trk2 did not
show a significant difference in percentage viability between
adapted and unadapted cells (Fig. 3). As observed with the growth
phenotypes, the response to acid killing of the Trk2 mutant was
similar to that of the Trk1/Trk2 double mutant, suggesting the
importance of Trk2 for the acid stress response of S. mutans. In
contrast to the Trk1/Trk2 systems, tolerance of S. mutans to acid
stress was not affected by the deletion of the Kch system (data not
shown).

(iv) Role of K* in osmoregulation. K* accumulation is an
essential aspect of bacterial response to osmotic stress. Perturba-
tions in environmental osmolality of oral biofilms can signifi-
cantly affect the overall cell energetics and expression of various
systems involved in survival and virulence of S. mutans (36). To
assess the influence of the putative K* transport systems on os-
moadaptation, we tested the growth of mutant and wild-type S.
mutans strains under osmotic stress induced by 0.4 M NacCl in
MMGK medium supplemented with low (5 mM), optimal (25
mM), and high (50 mM) concentrations of K. The cultures were
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FIG 5 Evaluation of biofilm production with scanning electron microscopy
for S. mutans wild-type strain UA159 and mutant strains deficient in primary
K™ transport systems. (A) Biofilms were grown on microtiter plates in MMGK
supplemented with various concentrations of KCI (0 to 150 mM). After a
20-hour incubation, supernatant was removed and biofilms were dried and
stained with 0.1% crystal violet dye. The experiment was repeated at least three
times using triplicate wells each time. Representative photographs are shown.
(B) Biofilms were grown on glass coverslips placed in microtiter plates con-
taining MMGK supplemented with 5 mM. Following a 20-hour incubation
period, biofilms were dehydrated and further processed for SEM. Representa-
tive micrographs are shown.

depleted of K™ prior to growth analysis by first incubating cells in
MMGK for 1 h. At alow concentration of K* (5 mM), the growth
of SMAtrk2 was significantly reduced compared with that of
UA159 (Fig. 4). However, increasing the concentration of K™ to
25 mM or 50 mM improved the growth of k2 mutant strains
relative to that seen under low-K™ conditions. In a low K* con-
centration and with an osmotic stress of 0.4 M NaCl, growth re-
tardation was observed for all test strains. Although the growth
alterations in response to various concentrations of K were weak,
we did observe that a K™ concentration of 25 mM in MMGK
improved the growth of UA159, and a higher concentration of 50
mM improved that of SMAtrkl under osmotic stress, while the
growth of SMAtrk2 remained low even in the presence of 50 mM
K*. Thus, we concluded that Trk2 is most important for K"-
mediated osmoadaptation in S. mutans.

Biofilm formation in limited K* requires the Trk2 system.
The ability of S. mutans to form a biofilm is critical to its survival
in the oral cavity (37, 38). So far, the biofilm phenotype of S.
mutans and its relationship with K™ transport systems have not
been examined. We examined the biofilm formation of the K*
transport mutant strains in MMGK supplemented with defined
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concentrations of K* (0 to 150 mM). Without K™ in the growth
medium (0 mM), biofilm formation was completely abolished for
wild-type UA159 and mutant strains (Fig. 5A). When supple-
mented with 5 mM K, the SMAtrk2 strain formed a fragile and
extremely thin biofilm compared to the parent strain. Biofilms
formed by the Trk1/Trk2 double mutant were also unstable and
easily disrupted relative to those of the wild type and the Trk2
mutant. We observed a restoration of the biofilm phenotype of
SMAtrk12 at a K" concentration of 150 mM. Although the dis-
crepancy in the biofilm phenotype between SMAtrk2 and
SMAtrk12 mutants suggested an influence of Trk1 on biofilm for-
mation, we did not notice an impairment of the biofilm pheno-
type with the loss of Trk1 alone. In contrast to the influence of Trk
systems in biofilm formation, loss of the GInQHMP and Kch sys-
tems did not affect the biofilm phenotype relative to that of the
wild type under test conditions.

Scanning electron microscopy for wild-type or Trk1 knockout
strains grown in 5 mM K" (Fig. 5B) showed normal entangled
chains of spherical cells. In contrast, SMAtrk2 and SMAtrk12 mu-
tant biofilms contained fewer cells forming less entangled and
shorter chains than the parent strain. These defects were more
pronounced in the double knockout, as revealed by crystal violet
staining (Fig. 5A). Supplementation with excess K™ (>50 mM)
recovered the biofilm phenotypes in the mutant strains. Since we
had previously noted that loss of Trk2 affected growth of S. mu-
tans, we tested whether the Trk2-mediated biofilm phenotype was
related to a growth deficiency or the result of compromised cell
viability. Our live/dead stains of the Trk biofilms with PT and Syto
9 showed that cell viability was not affected in the SMAtrk2 mu-
tant strain relative to the wild type (K. Gill, unpublished data).

qRT-PCR analysis was done for the expression of gtfB in
SMAtrk2 relative to wild-type (WT) UA159 in mid-logarithmic
growth phase. The expression of gtfB relative to WT UA159 was
0.5 = 0.12 in the planktonic cultures of SMAtrk2, which was
2-fold downregulated. Although this was not statistically different
from the expression in WT UA159, the downregulation led us to
further investigate if biofilm formation was disrupted in the trk2-
null mutant under low K™ concentrations, since glucosyltrans-
ferase activity is affected in these mutants. To test this, we grew
biofilms of SMAtrk2 and UA159 strains in minimal medium with
sucrose (MMSK) instead of glucose and tested glucan formation
in low and high K™ concentrations using confocal laser scanning
microscopy analyses. With sucrose as the sugar source, the incor-
poration of Texas Red-labeled dextran into newly synthesized glu-
can was measured as a function of Gtfactivity. The assembly of the
extracellular matrix was measured by incorporating Texas Red-
dextran at the beginning of the biofilm assay, with the cells also
having been stained with Syto 9 to discriminate the glucan from
cell material. The (fluorescently labeled) dextran acts as a primer
and acceptor for GtfB and is incorporated with the help of Gtf
proteins into the extracellular polymeric substance (EPS) matrix
over the course of biofilm formation (24, 39). The amount of
biofilm EPS produced by the SMAtrk2 mutant (Fig. 6) was signif-
icantly lower than that produced by the wild-type strain UA159 at
25and 50 mM K™, while no difference between the two strains was
observed at 5mM K*. A similar result was seen for cell scores (Fig.
6) at all K" concentrations. Significant increases in cell number
and biofilm thickness were observed at 25 and 50 mM K™ for the
wild-type strain. To normalize the Gtf activity to total cell count,
total dextran thickness was measured and normalized to the total
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number of Syto 9-stained cells, with the final dextran thickness per
cell presented in Fig. 6. Compared with results observed under
low-K* conditions, there was a significant increase in the EPS
thickness per cell observed in the presence of 25 mM K™ for the
WT strain UA159, while EPS thickness per cell for SMAtrk2 in-
creased in the presence of 50 mM K. Although we were able to see
some biofilm formation by the SMAtrk2 mutant under low K*
conditions using sucrose as the sugar source, that was not ob-
served using the previous method (Fig. 5), but the SMAtrk2 bio-
film remained significantly impaired relative to that of UA159.

Western blot analysis was then carried out to further examine if
low intracellular K™ levels in the trk2-null mutant caused a defect
in Gtflevels in the SMAtrk2 mutant compared with UA159 under
conditions of limited K* (Fig. 7A). Using polyclonal anti-GtfD
sera, we observed a reduction in levels of SDS-extracted, cell-as-
sociated GtfD in the mutant at all medium-K™ concentrations.
Notably, the protein profiles for UA159 (WT) were different from
those for the trk2-null mutant in the Gtf MW region (~155 kDa),
with high molecular-mass bands being prominent for UA159 and
lower-molecular mass bands (~30 kDa) that did not react with
the antibody being prominent in the mutant. For further confir-
mation, the presence or absence of glucan puddles for both UA159
and SMAtrk2 was monitored on sucrose-rich-medium plates. In-
terestingly, large clear glucan puddles could be seen around the
UA159 colonies (Fig. 7B), where none could be seen around the
SMAtrk2 mutant colonies, although colonies of the latter glis-
tened, suggesting the presence of modest amounts of glucan.
Taken together with the Western analysis data, this suggested that
glucosyltransferase activity, and hence glucan production, is se-
verely impaired in the Trk2 mutant.

K* acquisition by S. mutans. Despite the critical role of K* in
growth, glycolysis, and stress tolerance of S. mutans, there are no
studies to date examining how this organism acquires K*. To
establish a clear role for Trkl, Trk2, GInQHMP, and Kch in K*
acquisition, we used ICP-OES for quantifying the K™ transported
by each null mutant relative to wild-type UA159 over time. First
we measured the temporal intracellular concentrations of K* with
respect to extracellular supplemented concentrations of KCI (5,
10, 25, and 50 mM) in the growth medium MMGK (data not
shown). Prior to analysis, we ensured cell depletion of K* by in-
cubation in MMGK for at least 2 h. For Trkl, GInQHMP, and Kch
deletion mutants, growth, as assessed by dry weight measurement
of each cellular sample, was unaffected at 5 mM K™, while at this
concentration, the Trk2 mutants were unable to grow, leading us
to conclude that K™ uptake did not occur in Trk2 mutants (data
not shown). When K™ in the medium was increased to 50 mM, we
did not observe statistically significant differences in growth or
total K* uptake in any of the mutants relative to those of the wild
type (see Fig. S4 in the supplemental material). To compare K*
uptake in wild-type versus mutant cells, we used cells grown in
MMGK supplemented with either 10 mM or 25 mM KCl, to de-
termine initial and prolonged K™ uptake, respectively. With me-
dia supplemented with 10 mM K*, the intracellular content of K™
increased significantly over time (15 s to 2 min) for SMAtrk1 (up
to 1.22 * 0.5 pmol/mg [dry weight] of cells) relative to the wild
type (0.28 = 0.05 pmol/mg [dry weight] of cells). However, no
significant differences in intracellular K™ concentration were ob-
served between UA159 and the mutant strains SMAtrk12,
SMAkch, and SMAgInQHMP (Fig. 8A).

Since we observed growth defects in SMAtrk2 at 25 mM K™
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FIG 6 Confocal laser scanning microscopy of biofilms formed by S. mutans wild-type strain UA159 and trk2-null mutant strains. Biofilms were grown on an
8-well chambered cover glass containing MMSK supplemented with 5 mM, 25 mM, or 50 mM KCl and 1 pM Texas Red-labeled dextran conjugate. At 18 h, all
of the bacterial cells in the biofilms were labeled with Syto 9 green fluorescent nucleic acid stain and processed for confocal laser scanning microscopy (CLSM).
The histograms represent the average surface thickness of dextran (A), average spot counts of objects in the biofilms (B), and the dextran thickness normalized
to the Syto 9-stained-cell count (C). Values are means and standard errors (SE) from experiments repeated three times with three technical replicates, and
statistical comparison was performed using Student’s ¢ test. A P value of <0.05 was considered significant (*).

that were overcome by the medium being supplemented with 50
mM K+, we used a K concentration of 25 mM to test whether its
growth retardation was due to the lack of adequate intracellular
K™. We also assessed K* accumulation in various isogenic Trkl
and Trk2 mutants relative to that of the wild type supplemented
with 25 mM K™ after an extended time of 30 min (Fig. 8B). At 30
min, K* accumulation by the strain deficient in both Trk1 and
Trk2 was significantly reduced compared to that of UA159 cells
(P < 0.01). Moreover, as previously observed with similarities in
biofilm and acid tolerance phenotypes, the SMAtrk12 had com-
parable levels of intracellular K™ relative to the SMAtrk2 mutant
(0.118 = 0.029 pmol/mg [dry weight] of cells and 0.115 = 0.039
pmol/mg [dry weight] of cells, respectively). Our results showed
that UA159 could accumulate high levels of K™ (0.295 *+ 0.025
pmol/mg [dry weight] of cells) compared with potassium-starved
UA159 cells (0.060 * 0.021 pmol/mg [dry weight] of cells) (P <
0.001). The amount of cellular K* was not statistically different
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between K" -starved UA159 and mutant strains (0.113 = 0.023
pmol/mg, 0.11 * 0.011 pmol/mg, and 0.08 * 0.009 pmol/mg
[dry weight] of cells for SMAtrk1l, SMAtrk2, and SMAtrk12, re-
spectively).

Influence of K* transport systems on the membrane poten-
tial of S. mutans. The transmembrane potential of bacterial cells is
a critical feature governing growth and cell physiology by affecting
cellular proton motive force, pH homeostasis, protein function,
and protein localization (40). Here, we examined the role of K™
transport systems in maintaining the membrane potential of S.
mutans in response to changes in external K™ concentrations. We
had observed that the loss of Trkl and Trk2 systems had a pro-
found effect on growth, stress tolerance, and K* acquisition of S.
mutans. After washing S. mutans strains with K* -deficient growth
medium, we challenged cells with 0, 5, 25, and 50 mM K" in
MMGK with and without acid stress. Membrane potential assays
were then conducted by measuring the fluorescence intensity of a
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FIG 7 (A) Western blot analysis for glucosyltransferase derived from cell surface protein extracts of wild-type S. mutans and SMAtrk2 grown in MMSK with
various KCI concentrations. Twenty micrograms of SDS-extracted cell surface proteins from 24-h duplicate cultures of wild-type and trk2-null mutant strains
grown in MMSK with 5, 25, and 50 mM KCl were separated on 4-to-20% TGX gradient gels, blotted, and stained for total protein (left) or probed with anti-GtfD
(right). (B) Glucan production by S. mutans wild-type (a and b) and trk2-null mutant (c and d) strains. Strains were grown on TSY20B (20% sucrose) agar plates
for 48 h at 37°C and an additional 72 h at 25°C. Colony morphology was imaged using a Leica MZ8 dissecting microscope with DFC320 camera and Firecam

v.3.4.1 software (Leica Microsystems, Buffalo Grove, IL) using incident lighting. Magnification, X63 (a and c¢) and X160 (b and d).

potentiometric dye, DiSBAC,(3), that can enter only a depolar-
ized cell or a cell with high cation accumulation (41). We analyzed
the membrane potential of wild-type UA159, SMAtrkl, and
SMAtrk2 mutants after 15 min, 30 min, and 2 h (see Fig. S1 in the
supplemental material). The wild-type strain UA159 showed high
depolarization at 5mM K™ at pH 5.5, which was in contrast to the
mutants lacking trk1 or trk2 (see Fig. S1 in the supplemental ma-
terial). While the #rkI mutant showed recovery at 25 mM K*
concentration, the trk2 mutant showed recovery only at a 50 mM
K™ concentration at pH 5.5. The defect in K gradient-dependent
membrane potential of SMAtrk2 mutants under pH 5.5 stress
suggested a link between Trk2-mediated K™ homeostasis and the
defect observed in acidogenicity and aciduricity of this mutant.
Characterizing S. mutans K* transport systems in E. coli
strain TK2420. Our aim was to dissect the function of each of the
S. mutans K transport systems individually, which we were un-

genes containing the four S. mutans K" transport systems were
cloned into the pET-DUET cloning and expression vector and
transformed into Escherichia coli TK2420, which lacks its own
constitutive K™ transport systems. The complementation of these
systems was confirmed by selection on high- and low-K™ plates
with ampicillin. We also included recombinant plasmids contain-
ing the individual components of the Trk systems to determine
whether these proteins can function independently. We were able
to obtain clones on low-K™ agar plates for strains harboring plas-
mids that contained pacL, glnQHMP, trk2, or kch. trkla of the
Trk1 system containing peripheral trkB and trk components and
TrkA or TrkH of the Trk2 system did not complement E. coli
TK2420, as deduced by a lack of colonies on low-K*—ampicillin
plates.

E. coli TK2420 incorporated with S. mutans K* transport
systems recovers K* acquisition and growth. Previously, it was

able to do using the parent strain under our test conditions. The  reported that in E. coli TK2420, K™ uptake by nonspecific trans-
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FIG 8 (A) Estimation of intracellular K* content in S. mutans wild-type UA159 strainand K" transport knockout mutants. To deplete cells of K* prior to uptake
assays, mid-exponential-phase cells were incubated in K™ -deficient MM GK growth medium for 2 h. Cells were then supplemented with 10 mM KCl, and aliquots
were sampled over time to measure intracellular K* content using ICP-OES. Values are means * standard deviations for at least four biological and two technical
replicates. Repeated-measures ANOVA was performed, and comparisons were made between different time points within each group (*) and by comparing
intracellular K™ levels between groups (#); a P value of <0.05 is considered significant. (B) Intracellular K" accumulation after 30 min. Wild-type UA159 and
knockout mutant strains were grown to an ODg, of ~0.4 in THYE medium prior to incubation in minimal medium for 10 to 12 h to deplete cellular K*. Cells
were subsequently challenged with 25 mM K™ for 30 min followed by measurement of cellular cation content via ICP-OES. Values are means and SE; experiments
were repeated at least four times, and statistical comparison was performed using a two-way ANOVA. *, P < 0.01 compared to the value for WT cells stimulated
with 25 mM K5 #, P < 0.01 compared to the value for WT cells starved of K*.
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FIG 9 Complementation analysis using E. coli TK2420 and its mutant deriv-
atives complemented with S. mutans Trk1, Trk2, GInQHMP, and Kch systems.
Strains were grown to mid-exponential phase in HKLM with a high concen-
tration (10 g/liter) of KCI before washing and diluting with K" -deficient
MMGK medium. Cells were spotted on MMGK agar plates with 5 mM KCl
(top) or 1 mM KCI (bottom) and selected for ampicillin resistance after incu-
bation for 18 h (A), 36 h (B), and 90 h (C).

port systems is nearly abolished in defined growth medium sup-
plemented with =5 mM K* (31). We tested if K™ transport sys-
tems from S. mutans could restore growth in low K
concentrations in growth medium by screening the E. coli TK2420
mutant derivatives with Trkl, Trk2, GInQHMP, or Kch systems
that were able to grow on low K™ (MMGK agar plates contain-
ing =5 mM K). The plates were incubated for up to 90 h to
accommodate the cells with slower recovery. Within an 18-h in-
cubation period, we recovered TKtrk2 growth on both 1 mM and
5 mM K™ plates (Fig. 9). Gradually (36 to 90 h), we also observed
recovery of growth of TKtrkl and TKgInQHMP with 5 mM K™
supplementation. However, even after 90 h with 1 mM K™ sup-

plementation, only TKtrk2 grew. Thus, we concluded that Trk2 is
an important K* transport system that has a crucial function in
cell growth under low-K™ conditions.

The intracellular K™ concentration was measured for various
complemented strains of E. coli TK2420 using ICP-OES. Mid-
exponential-phase E. coli TK2420 and complemented strains were
grown in high-K™ broth (HKLM). Cells were then washed and
incubated in MMGK for 2 h before being challenged for K* up-
take. Trk1, Trk2, and GInQHMP systems showed a significantly
higher acquisition of K¥ (1.234 *+ 0.06, 1.488 = 0.063, and
1.709 * 0.38 wmol/mg [dry weight] of cells, respectively) than
TK2420 cells harboring pET-DUET alone (0.746 % 0.04 wmol/mg
[dry weight] of cells) after 120 s of exposure to 5 mM K" -supple-
mented defined MMGK (Fig. 10). TKkch harboring the Kch sys-
tem showed no difference (0.78 = 0.05 wmol/mg [dry weight] of
cells) compared with TK-DUET, suggesting its inability to acquire
K" during extracellular availability of 5 mM K*. These results
showed that Trk1, Trk2, and GInQHMP were able to accumulate
significant amounts of K* from a low-K™ extracellular environ-
ment (5 mM) within 120 s.

Trkl, Trk2, and GInQHMP enable E. coli TK2420 growth
under stress. The role of each of the K™ transport systems that com-
plemented E. coli TK2420 (TKtrk1, TKtrk2, and TKglnQHMP) was
assessed in terms of planktonic growth under low-K™ and high-os-
motic-stress (0.4 M NaCl) conditions. The E. coli mutant strain
TK2420 and its complemented variants harboring Trk1, Trk2, and
GInQHMP systems were initially grown in HKLM and then
washed and diluted 1/100 in either LKLM or LKLM with 400 mM
NaCl. A control for each strain was prepared similarly, except that
the dilution medium contained a high K* concentration (HKLM)
with 0.4 M NaCl. The growth was monitored in a Bioscreen auto-
mated growth-monitoring system for at least 18 h. The comple-
mented strains, TKtrk2 and TKglnQHMP, showed improved
growth relative to the deficient strain, TK2420, when grown in
low-K™ medium with or without osmotic stress (see Fig. S2 in the
supplemental material), with the most profound improvement
being observed in TKtrk2. We also observed that the pacL compo-
nent was able to independently improve the growth of E. coli
TK2420 up to the levels obtained by TKtrkl (data not shown).
Further, we tested if these systems could accumulate sufficient K™
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FIG 10 Estimation of intracellular K* content in E. coli strain TK2420 deficient in major K" transport systems and its complemented strains. Strains were grown
to mid-exponential phase in K*-rich KLM medium and incubated in MMGK for 2 h to deplete cellular K™ levels. Cells were subsequently supplemented with
5 mM KCl and aliquots sampled over time to measure intracellular K content using ICP-OES. Data are representative of two independent experiments
performed in duplicate. Error bars represent means = SD. Repeated-measures ANOVA was used for statistical analysis between different time points compared
with the initial time point (*) and between mutants and E. coli strain TK2420 harboring an empty vector at the same time point (#).
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FIG 11 Representation of regulatory mechanisms in S. mutans that include
K" transport systems in physiological responses. Environment changes, in-
cluding changes in pH and concentration of cations, result in alterations of the
membrane physiology, which is sensed by specialized sensing mechanisms.
Activation of K accumulation is one way to respond to environmental stress,
and high intracellular K" concentrations can affect the overall physiological
responses of cells by bolstering their defense and repair mechanisms. K* levels
affect function of important enzymes such as glucosyltransferase, thereby reg-
ulating the ability of S. mutans to form a biofilm. Although the underlying
regulatory mechanism remains to be identified, it is possible that during peri-
ods of high K" demand, such as under intracellular-K*-deficient or highly
acidic conditions, the membrane proteins (e.g., transport systems) and mem-
brane-bound sensors (e.g., histidine kinases) can respond in a feedback-regu-
lated manner by increasing the inflow of cations (e.g., K™) through the specific
K" transport systems.

to aid acid-sensitive E. coli TK2420’s response to low pH. We
observed that both Trkl (including the individual component
PacL) and Trk2 enabled the TK2420 mutant’s survival during
low-pH (4.0) stress under high-K* conditions (see Fig. S2 in the
supplemental material). It was concluded from these results that
Trk1, Trk2, and GInQHMP function to accumulate K™ inside the
cells.

Trk proteins influence the membrane potential of E. coli
TK2420. The alterations in the membrane potential were assayed
by measuring the change in fluorescence intensity of DiSBAC,(3)
and normalized with fluorescence intensity decay of dye alone.
Our analysis revealed that the TK-DUET strain exhibited a lower
intensity change over time in low K™ (5 mM) in minimal medium
or LKLM medium, whereas on addition of 400 mM NaCl, we
observed an initial hyperpolarized state (see Fig. S3 in the supple-
mental material). Upon an increase in extracellular K* concentra-
tion to =25 mM, a more depolarized state was observed. Among
TKtrkl, TKtrk2, and TKgInQHMP, we did not observe a pro-
found overall difference, although TKtrk2 had a higher depolar-
ized state than either both TKtrk1 or TKgInQHMP in low K* (5
mM) (see Fig. S3 in the supplemental material).

DISCUSSION

S. mutans has highly organized adaptive mechanisms to contend
with physiological stress conditions. Here, we have established the
mechanism and importance of K™ uptake and its accumulation in
the physiological adaptation to stress. We have determined that
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K™ is critical for the growth and survival of S. mutans; it acquires
K™ from the extracellular environment via multiple transporters,
and K™ transport systems affect its physiology and virulence attri-
butes. We demonstrated the essentiality of K™ and the roles of
four putative transport systems, Trk1, Trk2, Kch, and GInQHMP,
in K* homeostasis of S. mutans. Of these, the function of Trk2 was
critical to establish a link between extracellular K™ availability and
several virulence attributes of S. mutans; for instance, planktonic
growth, biofilm formation, and acid tolerance phenotypes were
impaired in the absence of Trk2. In the absence of Trk1 and Trk2,
S. mutans was still capable of acquiring K* from its surroundings.
While we had previously characterized the function of GInQHMP
in glutamate transport and acid tolerance of S. mutans (17), we
were able to demonstrate the role of this system in K™ transport
when both Trkl and Trk2 systems were absent. Loss of the Kch
system did not affect K" acquisition, growth, or virulence pheno-
types in S. mutans. Collectively, our results highlight not only the
fact that K™ homeostasis is significant but also the fact that its tight
regulation is required to maintain cellular functions.

Previously, effects of K™ on the growth of S. mutans were not
investigated in detail. We have shown that S. mutans growth is
sensitive to extracellular K™ availability and that low or high K™
concentrations lead to growth retardation. This result concurs
with the previously report showing that high intracellular accu-
mulation of K™ is required for normal growth and glycolysis in .
mutans (15).

K™ is an important cation in dental plaque fluid, wherein the
plaque biofilm constitutes the natural environment of S. mutans
in the oral cavity. We observed that supplementing cells with K™
concentrations as low as 5 mM facilitated the formation of robust
biofilms, whose biomass remained stable even in K* concentra-
tions as high as 150 mM. Effects of K* leakage across the mem-
brane and the concentration of extracellular K™ on biofilm for-
mation in Bacillus subtilis have been well studied (42, 43). A
possible relationship between K" in the biofilm matrix and its
integrity was presented in the study by Markevics and Jacques
(44), who showed that optimal K™ in the matrix enhanced the
function of glucosyltransferase enzymes of Streptococcus sali-
varius. We demonstrated that the K homeostasis mediated by
Trk2 of S. mutans affects Gtf function. There are reports suggest-
ing a role for membrane potential in the translocation of proteins
across the membrane or their secretion into extracellular spaces
(45, 46). It is thus possible that the altered membrane potential
due to the K* gradient across the membrane in the trk2-null mu-
tant could cause the defects in secretion or synthesis of functional
Gtf or Gbp proteins that result in an impaired biofilm during
sucrose growth under low K" conditions. Our Western blots
showed that the K* perturbation induced by the tk2 deletion
affected the reactivity of cell surface-extracted GtfD to anti-GtfD
antibody. We did not, however, observe a significant reduction in
the expression levels of the gtfB gene in the #rk2-null mutant com-
pared to its expression in the wild-type strain, suggesting that Gtf
secretion may be impaired in the mutant or that some conforma-
tional change to the enzyme has occurred during its maturation
on the cell surface that alters its detection by the antibody. Mor-
phologically, a dramatic, almost complete absence of glucan pud-
dling around the colonies was observed for the ¢trk2-null mutant
compared to its wild-type parent strain, UA159, which confirmed
that the absence of the Trk2 system affected Gtf activity. The path-
way of Gtf secretion is unknown, but it has been suggested that the
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Sec pathway is utilized (47). Since fluctuation in the levels of K™
can affect the oligomeric to monomeric state of SecA cytoplasmic
ATPase (48,49), it seems reasonable that translocation of proteins
such as Gtf proteins to the cell surface is affected by K™ perturba-
tion, as seen in trk2-null mutant.

In some bacteria, extracellular K* can act as a signal cation to
activate virulence mechanisms (50-52). In S. mutans Ingbritt, the
addition of K* increased the rate of acid production, which is an
essential virulence factor (14). Another study demonstrated that
S. mutans K-1 cells grown in K -supplemented medium in low pH
resulted in increased accumulation of K™ and increased acid pro-
duction (53). However, in both of these studies, the authors did
not provide the mode of K* acquisition and its underlying mech-
anism. In addition to acid production, tolerance to low pH is an
important determinant in maintaining glycolysis and surviving
acidic environments, such as those found in carious lesions. A
study conducted by Gong et al. examined the acid-induced tran-
scriptome of S. mutans and found that the expression of nearly
14% of the genes encoded in its genome was altered by acid stress
(54). These included trkA, trkH, and trkB, all of which were signif-
icantly upregulated at low pH (54), suggesting their involvement
in acid stress tolerance. Our acid tolerance assays confirmed the
relationship between the Trk2 system and aciduricity, as the loss of
Trk2 resulted in increased susceptibility of cells to acid stress. This
mutant was also significantly impaired in its ability to grow and
produce acid, whereas SMAtrk2 showed slower growth than the
wild type and SMAtrkl.

Among various bacterial K" transport systems, the Trk sys-
tems have gained much attention due to their role in general cell
physiology (4) and virulence (31, 55). Here, we noted that S. mu-
tansrequired a 25 mM K™ concentration in the growth medium to
maintain normal cellular activities. The SMAtrk2 strain and the
Trk1/2 double mutants had significantly decreased levels of intra-
cellular K™ relative to the wild-type strain after 30 min. The di-
minished ability of these mutants to acquire K™ likely explains
their growth defect (i.e., low final yield) and decreased biofilm
biomass compared to the parent strain. The presence of mem-
brane bound and intracellular gating components has been sug-
gested for the TrkAH systems in Halomonas elongata (56), Vibrio
alginolyticus (57), and Vibrio parahaemolyticus (58). Proteins sim-
ilar to Trk proteins have also been shown to function in response
to interaction with physiological messengers such as cyclic di-
AMP (c-di-AMP) (59, 60). Trk2 in S. mutans has two compo-
nents, which include a membrane-bound TrkH component,
which presumably allows the transfer of cations through the cell
membrane, and a TrkA component, which likely controls the
movement of K™ into the cytoplasm. In our study, the deletion of
either component affected the cellular physiology of S. mutans
UA159, suggesting that both TrkA and TrkH are required for op-
timal cellular function. Although we noted an increased ability of
the Trkl mutant to acquire K™ in the first 2 min, the accrued K*
levels in this mutant dropped to levels observed in other strains,
including the wild type, at later time points. Lack of any other
phenotype linked with Trk1 deletion prevented us from conclud-
ing the reason underlying the sharp increase observed in K* up-
take by this mutant. This observation further challenged our ini-
tial hypothesis that the S. mutans Trk1 acts as a K" uptake system,
which prompted us to perform complementation studies in an E.
coli mutant strain unable to transport extracellular K.

Each of the K* transport systems Trkl1, Trk2, GInQHMP, and
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Kch was tested for its role in K" uptake by complementing the E.
coli strain TK2420 with these systems. E. coli TK2420 is a well-
established model organism to characterize K* transporters be-
cause of its lack of constitutive transporters and inability to trans-
port K™ (31, 61-63). We observed that complementing E. coli
TK2420 with Trkl, Trk2, or GInQHMP facilitated significant K"
acquisition and enabled normal growth in low K* concentrations
and under stress conditions imposed by high salt concentrations
and low pH. These results confirm the role of Trk1 in K™ uptake,
even though we were unable to functionally dissect these proper-
ties in S. mutans under our test conditions.

In S. mutans, emerging data from microarray studies suggest
that K™ transport systems are linked with the acid stress response
(54, 64), sugar transport via the EIIl component of phospho-trans-
ferase system (65), and oxidative stress tolerance (66). Klein and
colleagues (67) used S. mutans cDNAs derived from biofilms to
show that Trkl component genes, trkB and pacL, were upregu-
lated when cells were grown in sucrose and starch compared to
sucrose alone (67). These authors proposed the role for these
genes in osmoregulation of S. mutans. Trk proteins in bacteria
(other than streptococci) have been shown to function in response
to various environmental stressors, such as hypersaline condi-
tions, low pH, oxidative stress, etc. (4, 68). To maintain cellular
functions under such stressful conditions, bacteria utilize two
forms of metabolic energy obtained by either breakdown of ener-
gy-rich phosphate bonds such as ATP or electrochemical energy
provided by ion gradients. We postulated that if Trk proteins in S.
mutans functioned as early stress responders, then they would
have a measurable impact on the overall electrochemical mem-
brane potential. In the absence of Trk2, the mutants were unable
to grow under hypersaline conditions (Fig. 4) and had altered
electropotential gradients in response to extracellular K* (see Fig.
S1in the supplemental material). We reasoned that in addition to
modulating K* import, Trk2 also had a function in contending
with osmotic stress. Further, by complementing E. coli TK2420
with Trk2, we concluded that the K*-dependent growth defect
under osmotic stress was a direct result of the loss of Trk2 as
opposed to simply an indirect physiological response to hyperos-
motic stress.

Others have shown a relationship between intracellular Na™-
to-K™ cationic ratios (69) and pH of the medium, age of the cul-
ture, and cell metabolism (70, 71). Since the Na™-to-K* ratios
affect the cellular proton motive force (PMF), we investigated how
the membrane potential varied under stressful growth conditions
(e.g., low pH and osmotic stress). We reasoned that if K™ acqui-
sition is crucial under these conditions, an efficient K* transport
system such as Trk2 would be required for cell survival and
growth, as shown in our acid tolerance assays. We then hypothe-
sized that in low extracellular K, the intracellular levels of K*
could be manipulated to collapse internal pH homeostasis of cells
and affect the transmembrane potential. Cells typically maintain a
negative intracellular potential, except for acidophilic cells and
except during certain phases in the cell cycle when cells undergo
“alternate positive potential” (72). The defect in membrane po-
tential of SMAtrk2 mutants reinforces its phenotypes’ require-
ment of a high K* concentration for cellular functions and pH
sensitivity.

In this study, we present an in-depth characterization of four
K" transport systems in S. mutans. In addition to relating K™
acquisition to growth, we have identified important functions for
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this cation and its uptake systems in maintaining virulence prop-
erties of S. mutans, including acidogenicity, aciduricity, and bio-
film formation. Although we outline possible stimuli that may
facilitate the exchange or import of K* and propose involved
pathways based on prior and current knowledge (Fig. 11), the
precise mechanisms of their activation and regulatory pathways
require further study. Our study highlights the important role of
the Trk2 system in S. mutans K* transport, as well as demonstrat-
ing the complexity of other independently functioning, and sec-
ondary, multiple K™ transport systems. This work constitutes the
first characterization of the Trk systems in oral streptococci.
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