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Genetics and Physiology of Acetate Metabolism by the Pta-Ack

Pathway of Streptococcus mutans

Jeong Nam Kim, Sang-Joon Ahn, Robert A. Burne

Department of Oral Biology, College of Dentistry, University of Florida, Gainesville, Florida, USA

In the dental caries pathogen Streptococcus mutans, phosphotransacetylase (Pta) catalyzes the conversion of acetyl coenzyme A
(acetyl-CoA) to acetyl phosphate (AcP), which can be converted to acetate by acetate kinase (Ack), with the concomitant genera-
tion of ATP. A AackA mutant displayed enhanced accumulation of AcP under aerobic conditions, whereas little or no AcP was
observed in the Apta or Apta AackA mutant. The Apta and Apta AackA mutants also had diminished ATP pools compared to
the size of the ATP pool for the parental or AackA strain. Surprisingly, when exposed to oxidative stress, the Apta AackA strain
appeared to regain the capacity to produce AcP, with a concurrent increase in the size of the ATP pool compared to that for the
parental strain. The AackA and Apta AackA mutants exhibited enhanced (p)ppGpp accumulation, whereas the strain lacking Pta
produced less (p)ppGpp than the wild-type strain. The AackA and Apta AackA mutants displayed global changes in gene expres-
sion, as assessed by microarrays. All strains lacking Pta, which had defects in AcP production under aerobic conditions, were
impaired in their abilities to form biofilms when glucose was the growth carbohydrate. Collectively, these data demonstrate the
complex regulation of the Pta-Ack pathway and critical roles for these enzymes in processes that appear to be essential for the

persistence and pathogenesis of S. mutans.

treptococcus mutans is a facultatively anaerobic, Gram-positive

bacterium with fermentative metabolism. Human dental car-
ies is associated with increased proportions of multiple acid-tol-
erant species in tooth biofilms, but S. mutans shows a particularly
strong association with the initiation and progression of this com-
mon infectious disease (1, 2). The pathogenic potential of S. mu-
tans is highly dependent on its ability to form biofilms, to use a
variety of carbohydrates to produce organic acids that dissolve
tooth mineral, and to tolerate stresses commonly encountered in
oral biofilms. In particular, tolerance of a variety of reactive oxy-
gen species (ROS), including superoxide ions and hydrogen per-
oxide, is considered critical for S. mutans to overcome antagonism
by oral commensals and host defenses (3, 4).

S. mutans has a partial tricarboxylic acid (TCA) cycle and lacks
cytochromes, so the primary route for ATP generation by this
organism is through the Embden-Meyerhof-Parnas pathway (4—
7). Under anaerobic conditions and with growth in the presence of
an excess of a preferred carbohydrate, the pyruvate generated by
glycolysis is acted on by lactate dehydrogenase (LDH), which is
allosterically activated by fructose-1,6-bisphosphate (F-1,6-BP),
to produce lactate and regenerate NAD (4, 8). If carbohydrate is
limiting, S. mutans produces a pyruvate formate lyase enzyme,
which converts pyruvate to acetyl coenzyme A (acetyl-CoA) and
formate (Fig. 1). However, the pyruvate formate lyase (PFL) en-
zyme of S. mutans is inactivated by oxygen, so under aerobic con-
ditions and if catabolite repression is alleviated (M. Watts and
R. A. Burne, unpublished data), the genes for the pyruvate dehy-
drogenase (PDH) complex are expressed (9) and PDH can cata-
lyze the conversion of pyruvate to acetyl-CoA and CO,, with the
concomitant reduction of NAD* to NADH (5, 6). The S. mutans
genome also encodes a phosphotransacetylase (Pta) enzyme that
can utilize acetyl-CoA to generate acetyl phosphate (AcP). AcP
can be converted to acetate by acetate kinase (Ack), encoded by
the ackA gene, with the phosphate moiety being transferred to
ADP to produce ATP (Fig. 1) (10). In many organisms, the Pta-
Ack pathway is reversible, so cells provided with exogenous ace-
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tate can generate acetyl-CoA for anabolic and bioenergetic pro-
cesses.

AcP has been demonstrated to function as a signaling molecule
and to be capable of serving as a phosphate donor for two-com-
ponent signal transduction systems (TCSs), thereby connecting
central metabolism with environmental sensing and signal trans-
duction (11-14). Moreover, the importance of AcP in processes
that are critical for bacterial virulence and persistence has been
demonstrated in certain eubacteria, including Escherichia coli (11,
12, 14), Staphylococcus aureus (15), Streptococcus pneurmoniae
(16), Listeria monocytogenes (17), and Clostridium acetobutylicum
(18, 19), although not in S. mutans or other oral pathogens. Some
effects of AcP on the properties of bacteria related to virulence
include the finding that inactivation of the Pta-Ack pathway re-
sults in biofilm formation that is quantitatively and architecturally
distinct from that in the parental strains (14, 16, 20). In E. coli,
analysis of the transcriptome showed that the expression of about
100 genes is responsive to intracellular AcP levels, many of which
encode products involved in bacterial motility or adherence (14).
Also, a mutation in either ackA or pta, yielding strains that were
defective in the degradation or production of AcP, respectively,
did not affect cell growth (12, 16) but altered the production of
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FIG 1 Schematic of the Pta-Ack pathway that produces an AcP from acetyl-
CoA and then acetate and ATP. BCAA, branched-chain amino acids; PDH,
pyruvate dehydrogenase; PFL, pyruvate formate lyase; P;, inorganic phos-
phate; CoASH, coenzyme A.

type 1 pili and flagella, which in turn influenced the initial stages of
biofilm development (14). A recent study with S. aureus revealed
that disruption of the Pta-Ack pathway resulted in growth inhibi-
tion, accompanied by a redirection of the carbon flow into multi-
ple metabolic pathways. Notably, there were also changes in the
levels of key metabolites, including ATP, NAD ", NADH, and py-
ruvate (15). Also of interest, loss of the Pta-Ack pathway in S.
aureus induced the downregulation of the CidR-regulated alsSD
and cidABC operons, which carry genes involved in the control of
cell death associated with a metabolic block at the pyruvate node
(15).

In this study, we provide evidence that the Pta-Ack pathway of
S. mutans is capable of producing intracellular AcP and that the
sizes of the AcP pools can be correlated with the abilities of this
organism to tolerate oxidative stress and to form biofilms. Our
previous investigation demonstrated that the pta gene is tran-
scribed as part of the four-gene relQ operon, with RelQ being a
small (p)ppGpp synthase (21). Other genes in the relQ operon
include an NAD kinase and pseudouridine synthase, which poten-
tially link acetate (Pta) and (p)ppGpp (RelQ) metabolism with
pathways that rely on NADP as a cofactor and with translational
efficiency via pseudouridylation of rRNAs, respectively. Of inter-
est, our findings presented here show that inactivation of the Pta-
Ack pathway significantly affects (p)ppGpp accumulation in re-
sponse to oxidative stress, revealing an intimate metabolic linkage
between acetate metabolism and (p)ppGpp accumulation (21).
This work represents the first comprehensive analysis of the roles
of AcP in S. mutans and provides new insights into the Pta-Ack
pathway and its integration with carbon metabolism and the strin-
gent response.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The strains and plasmids used
in this study are listed in Table 1. Escherichia coli strains were grown using
Luria medium, and Streptococcus mutans UA159 and its derivatives were
grown using brain heart infusion (BHI) medium (Difco Laboratories,
Detroit, MI). The growth media were supplemented with spectinomycin
(50 pg/ml for E. coli or 1 mg/ml for S. mutans), erythromycin (300 pg/ml
for E. coli or 10 pug/ml for S. mutans), or kanamycin (50 pg/ml for E. coli
or 1 mg/ml for S. mutans) (Sigma-Aldrich, St. Louis, MO), when needed.
Bacterial growth was measured in the chemically defined medium FMC
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supplemented with 25 mM glucose as the carbohydrate source, as previ-
ously described (22). Briefly, overnight cultures in BHI broth were diluted
1:50 into fresh BHI broth and grown to mid-exponential phase (optical
density at 600 nm [ODg,,] = 0.5) at 37°C in a 5% CO, aerobic atmo-
sphere. Mid-exponential-phase cultures were then diluted 1:100 into
fresh FMC medium. The optical density at 600 nm of cells growing at 37°C
was measured every 30 min using a Bioscreen C lab system (Helsinki,
Finland). Sterile mineral oil was overlaid on the cultures to create a less
aerobic environment. For oxidative stress conditions, the growth medium
was supplemented with 0.003% H,0,.

Strain construction. A variety of deletion mutants of S. mutans was
constructed as described in detail elsewhere (23, 24). Briefly, fragments
flanking the gene of interest were amplified with gene-specific primers
carrying a BamHI recognition site. The PCR products were digested with
BamHI (New England BioLabs) and ligated with T4 DNA ligase (Invitro-
gen) to a nonpolar kanamycin resistance gene (NPKm) (25) that had been
digested with the same restriction enzyme. The resulting ligation mixtures
were transformed into competent S. mutans cells to allow homologous
recombination and allelic replacement. The transformants were isolated
on BHI agar plates supplemented with kanamycin. Confirmation that the
correct mutation was introduced and that the sequences of the genes used
for homologous recombination were not altered was obtained by PCR
and DNA sequencing of the PCR products.

Complementation of the ackA mutation. A 1,492-bp fragment in-
cluding the ackA gene and its promoter region (26) was PCR amplified
using primers ackA-BamHI-FW and ackA-SphI-RV (Table 2). Following
purification of the PCR products, the DNA fragments were digested with
BamHI and Sphl and cloned into the shuttle vector pDL278 (27) that had
been digested with the same restriction enzymes. The recombinant plas-
mid carrying the ackA gene was introduced into the AackA strain by com-
petent transformation.

Detection of AcP. Detection of AcP was performed as previously de-
scribed (28). Briefly, overnight cultures were diluted 1:50 in FMC me-
dium containing 25 mM glucose and grown at 37°C to an ODg, of 0.4.
One milliliter of each culture was then incubated with 30 wCi
[**P]orthophosphate for an additional hour. A 200-pl aliquot of the la-
beled cells was centrifuged at 10,000 X g for 5 min and resuspended in 10
wl of fresh FMC medium. To extract labeled AcP, 10 pl of ice-cold 13 M

TABLE 1 Bacterial strains and plasmids used in this study”

Source or
Strain or plasmid Genotype or relevant characteristic(s) — reference(s)
Streptococcus mutans
strains
UA159 Wild type Laboratory
stock

AackA AackA::NPKm" This study

Apta Apta:NPKm" 21

Aptay Apta:NPErm" 21

Apta, AackA Apta AackA:NPKm" Erm" This study

ArelA ArelA::NPErm" 31

ArelP ArelP:NPKm" 31

ArelQ ArelQ::NPKm" 31

ArelRS ArelRS:NPErm" 31

KB12 Apta:NPKm" carrying pKB101 21

KB034 AackA:NPKm" carrying pKB019 This study
Plasmids

pDL278 E. coli-Streptococcus shuttle vector, Sp* 38, 55

pKB101 pta coding region plus promoter 21

region cloned into pDL278
pKB019 ackA coding region plus promoter This study

region cloned into pDL278

“ The integration vector pJL84 is described elsewhere (43).
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TABLE 2 Oligonucleotides used in this study

The Pta-Ack Pathway and Acetyl Phosphate

Name Sequence Description
ackA-A TGGGGATTGAGGTTGACGAT ackA deletion
ackA-BamHI-B ATTTAAGGCGGATCCAACCTGCATT ackA deletion
ackA-BamHI-C ATGTCGAGCGGATCCAAACTAAATA ackA deletion
ackA-D TCTGCATCATTGTCCTCCAAGA ackA deletion
ackA-BamHI-FW TGTCTTAAAGGATCCATCGCAACAA Complementation
ackA-SphI-RV CTATTGTACGCATGCCAGAGCGAAA Complementation

formicacid (Thermo Fisher Scientific, Inc.) was added to the samples. The
mixture was subjected to three freeze-thaw cycles, and the superna-
tants were collected after centrifugation. For removal of unlabeled
[**P]orthophosphate, the formic acid extract was incubated with phos-
phate precipitation buffer (200 mM sodium tungstate, 200 mM tetraeth-
ylammonium-HCI) on ice for 2 min. Labeled compounds were recovered
after centrifugation at 10,000 X g for 15 min, and the supernatants were
neutralized by addition of 8 pl of 50 mM procaine. For two-dimensional
(2D) thin-layer chromatography (TLC) analysis, the extracts were sepa-
rated on a 10- by 10-cm polyethyleneimine (PEI)-cellulose plate (Selecto
Scientific, Inc., Suwanee, GA) in the first-dimension buffer (0.52 M LiCl,
1% [vol/vol] glacial acetic acid) for 30 min and air dried. The plates were
immersed in methanol for 15 min and allowed to air dry. The plates were
then chromatographed for 60 min in the second-dimension buffer (1.0 M
ammonium acetate, 0.35 M ammonium chloride, adjusted to pH 3.5 with
glacial acetic acid) and air dried. The plates were exposed to X-ray film
(Kodak) at —80°C. The signal density of spots corresponding to AcP was
analyzed using ImageJ (v1.47) software (http://rsbweb.nih.gov/ij/).

Measurement of ATP. ATP was quantified using a CellTiter-Glo lu-
minescent cell viability assay kit (Promega), as described elsewhere (16,
29, 30). Cells were grown in 5 ml of FMC medium supplemented with 25
mM glucose to an ODg,, of 0.4, collected by centrifugation at 10,000 X g
at 4°C for 5 min, and washed twice with 250 pl of cold buffer A (10 mM
sodium phosphate [pH 7.5], 10 mM MgCl,, I mM EDTA). Cells were
resuspended in 250 pl of fresh cold buffer and mechanically disrupted in
a Bead Beater-16 cell disrupter (Biospec Products, Inc., Bartlesville, OK)
with glass beads (diameter, 0.1 mm) twice at 4°C for 30 s each time.
Triplicate 50-pl samples of the cell lysate were each mixed with 50 pl of
CellTiter-Glo reagent (Promega) in a Costar cell culture 96-well flat-bot-
tom plate (Corning, Inc.). The mixtures were incubated at room temper-
ature for 10 min, and luminescence was measured using a Synergy 2 mul-
timode microplate reader (BioTek Instruments, Inc., USA).

(p)ppGpp accumulation. Measurements of (p)ppGpp were done as
detailed elsewhere (31). Overnight cultures were diluted 1:50 in FMC
medium supplemented with 25 mM glucose and grown to an ODy, of
0.4. Then, 30 wCi of [**P]orthophosphate was added into 200 ul of the
cultures, and the mixtures were incubated for an additional hour. Exper-
imental samples were also supplemented with 0.003% (vol/vol) hydrogen
peroxide (H,O,) at the same time that the [**P]orthophosphate was
added. Control cells consisted of aliquots that were labeled in the same
manner, but without the addition of hydrogen peroxide. Cells were har-
vested and resuspended in 10 pl of fresh FMC medium. Nucleotides were
extracted by resuspending the cells in 10 pl of ice-cold 13 M formic acid,
followed by three freeze-thaw cycles in a dry ice-ethanol bath. The formic
acid extracts were spotted directly onto 20- by 20-cm PEI-cellulose plates
(Selecto Scientific, Inc., Suwanee, GA) for separation of the phosphory-
lated nucleotides by TLC. The plates were chromatographed with 1.5 M
KH,PO, (pH 3.5), air dried, and exposed to X-ray film (Kodak) at —80°C.

Microarray experiments. Transcriptome analysis was performed as
described elsewhere (32, 33) using S. mutans UA159 (v3) slides provided
by the Pathogen Functional Genomics Resource Center (PFGRC). Briefly,
a wild-type strain and two mutant strains (AackA and Apta AackA mu-
tants) were grown to exponential phase (ODg,, = 0.4) in FMC medium
supplemented with 25 mM glucose at 37°C in a 5% CO, aerobic atmo-
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sphere. RNA was isolated using the RNAprotect Bacteria reagent and an
RNeasy minikit (Qiagen) and treated with DNase I (Qiagen). Two micro-
grams of total RNA was used for cDNA synthesis. The Cy5-labeled cDNA
from each mutant was mixed with the same amount of the Cy3-labeled
c¢DNA from the wild-type strain and used for microarray hybridization in
a MAUT hybridization system (BioMicro Systems). Finally, the slides were
washed, dried by centrifugation, and scanned on a GenePix 4400A array
scanner (Axon Instruments). Array data were collected using TM4 Spot-
finder (v3.2.1) software and normalized using the locally weighted scat-
terplot smoothing (LOWESS) regression algorithm in MIDAS (v2.22)
software (http://www.tm4.org/). Statistical analysis was performed using
MultiExperiment Viewer (MeV; v4.8; http://www.tm4.org/mev.html)
and BRB-ArrayTools (http://linus.nci.nih.gov/BRB-ArrayTools.html),
with a P value of 0.005 being considered statistically significant.

Microscopic analysis. S. mutans biofilms were observed using a Leica
DM IRB confocal laser scanning microscope (CLSM; Leica Microsystems,
Wetzlar, Germany) with a Yokogawa spinning disk confocal system (Yok-
ogawa Corporation, Newnan, GA), as previously described (34). Briefly,
overnight cultures grown in BHI were diluted 1:50 in fresh BHI and grown
toan ODg,, of 0.4 at 37°C in a 5% CO, aerobic atmosphere. The cultures
were then diluted 1:100 in 8-well Lab-Tek chamber Permanox slides
(Nagle Nunc International, Rochester, NY) containing semidefined bio-
film medium (BM) (35) supplemented with 20 mM glucose as the carbo-
hydrate source. Following 24 h or 48 h of incubation, each well was
washed twice with 400 pl of Tris-buffered saline (TBS; pH 7.5; 25 mM
Tris-HCI, 150 mM NaCl, 2.7 mM KCl). To ascertain the viability of the
biofilm and planktonic S. mutans cells, cells were stained using a LIVE/
DEAD BacLight bacterial viability kit (Molecular Probes, Inc., Eugene,
OR) asrecommended by the supplier. Slides were stained for 15 min in the
dark; the green fluorescent stain SYTO 9 stains live bacteria, and the red
fluorescent propidium iodide (PI) stains cells with compromised mem-
branes, which are usually dead. Biofilms were optically sectioned using
CLSM, and images were obtained using a 60X oil objective. Simulated
x-y-z three-dimensional images were generated using Image] (v1.47) soft-
ware. All biofilm experiments were repeated three times with three inde-
pendent cultures.

Microarray data accession number. All microarray data were depos-
ited in the Gene Expression Omnibus (GEO) database under the accession
number GSE46835.

RESULTS

Effects of Ack and Ptaon AcP and ATP levels. To evaluate the role
of Pta and Ack on the production of intracellular AcP and ATP in
S. mutans, deletion replacement mutations were created in the
ackA or pta gene, or in both genes, using nonpolar antibiotic re-
sistance genes. The integrity of the mutants and the lack of polarity
of the deletion replacements were confirmed using a combination
of DNA sequencing and real-time quantitative reverse transcrip-
tion-PCR (qRT-PCR) analysis, respectively (data not shown). We
measured the levels of AcP in the various strains using 2D-TLC
after labeling of the cells with [**P]orthophosphate (28, 36), as
detailed in the Materials and Methods section. To identify the
signal corresponding to AcP, **P-labeled AcP was prepared using
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FIG 2 (A) 2D-TLC. AcP levels in acid extracts of cells that were labeled with [**P]orthophosphate were monitored. Arrows, the position to which AcP migrates.
Strains include the wild-type (WT) and AackA, Apta, and Apta AackA double mutant strains, as indicated by the labels. (B) Complementation of ackA and pta
mutations. Accumulation of AcP in the wild-type and AackA mutant strains compared with that in the Apta and AackA mutants in which the defective gene was
complemented with a wild-type copy of pra (Apta + com) or ackA (AackA + com). (C) Measurement of ATP. The wild-type, AackA, Apta, and Apta AackA
strains were grown aerobically to early exponential phase in FMC medium, harvested, and resuspended in 250 pl cold buffer A (see details in Materials and
Methods). Cells were lysed, and 50 .l of the lysates was reacted with an equal volume of the luminescent reagent. Luminescence intensity was measured using a
Synergy 2 multimode microplate reader. The values shown are the means = standard deviations for cell lysates from three separate cultures. *, the result differs
significantly (P < 0.05, Student’s  test) from that obtained in the wild-type genetic background. The results are expressed as means from triplicate assays for three

independent isolates.

a procedure described elsewhere (11), and the migration of me-
tabolites in the acid extracts of S. mutans was compared with that
of S. mutans acid extracts that were spiked with the synthetic
[**P]AcP standard (see Fig. S1 in the supplemental material). No
AcP was detected in the strain lacking both Pta and Ack, whereas
the ackA deletion mutant displayed an enhanced accumulation of
AcP compared to that for all other strains (Fig. 2A; see also Table
S1 in the supplemental material), likely due to the fact that the
conversion of AcP to acetate was blocked (11, 12, 16). The strain
lacking the pta gene accumulated lower levels of AcP than the
wild-type and ackA mutant strains (18). The data obtained with
chromatography of labeled cell extracts was confirmed using an
enzymatic assay to detect AcP (see Fig. S2 in the supplemental
material) (16). Further, to confirm that the changes in AcP accu-
mulation described above resulted directly from the loss of either
ackA or pta, a plasmid-borne copy of the ackA or pta gene driven
from their cognate promoters (pKB019 or pKB101, respectively)
was introduced into the ackA and pfa mutants, respectively. Com-
plementation with the individual genes on a plasmid restored the
levels of AcP accumulation to those observed in S. mutans UA159
(Fig. 2B; see also Table S1 in the supplemental material).

To examine the impact of the Pta-Ack pathway on ATP pro-
duction, intracellular ATP levels were measured using the lumi-
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nescence-based assay detailed in the Materials and Methods sec-
tion (Fig. 2C). When cells were grown aerobically, inactivation of
the ackA gene had no significant effect on ATP levels (36.1 = 0.2
pmol/pg protein) compared to the ATP levels found for the pa-
rental strain (36.0 = 1.6 pmol/pg protein). In contrast, the Apra
and Apta AackA strains exhibited reduced ATP pools (22.9 = 0.8
and 28.8 * 3.2 pmol/pg protein, respectively). Collectively, these
results indicate that the Pta-Ack pathway is critical for AcP pro-
duction and enhances ATP generation in S. mutans under aerobic
conditions.

Effects of Pta-Ack pathway on oxidative stress. Oxidative
stress tolerance is generally recognized to be essential for the per-
sistence and cariogenic potential of S. mutans (9, 37, 38). To assess
whether the mutant strains had altered resistance to oxidative
stress, the ability of the organisms to grow in the presence of hy-
drogen peroxide was examined. The strains harboring the Apra
and Apra AackA mutations had significantly longer doubling
times (157 min = 23 min and 159 min = 22 min, respectively) in
cultures supplemented with 0.003% H,O, than the wild-type
strain (103 min *= 17 min) (P < 0.05) (Fig. 3A). Further, the
AackA strain (143 min = 29 min) also grew more slowly than the
wild-type strain (P < 0.05) but exhibited a higher growth rate than
the strains lacking the pta gene.
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The Pta-Ack Pathway and Acetyl Phosphate
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FIG 3 Growth and accumulation of AcP under stress conditions. (A) Growth of the wild-type, AackA, Apta, and Apta AackA strains was monitored in medium
supplemented with 0.003% (vol/vol) H,O, under relatively anaerobic conditions (see Materials and Methods for details) at 37°C using a Bioscreen C lab system.
Data are expressed as the means of the results for three independent isolates grown in triplicate wells. (B) AcP accumulation of the wild-type, AackA, Apta, and
Apta AackA strains was detected when cells were grown in the presence of 0.003% hydrogen peroxide. Cells were grown to the early exponential phase (ODgq, =
0.4) in FMC medium, and cells were concurrently labeled with [**P]orthophosphate and subjected to the stress conditions for 1 h. AcP and P; derived from S.
mutans extracts by formic acid were spotted onto PEI-cellulose plates for 2D-TLC using first-dimension buffer (0.52 M LiCl and 1% [vol/vol] glacial acetic acid)

and second-dimension buffer (1 M ammonium acetate and 0.35 M ammonium chloride). Arrows, the spot corresponding to AcP.

To investigate whether intracellular AcP levels fluctuated in
response to environmental stress, we monitored via 2D-TLC AcP
accumulation in cells grown under the conditions described
above. When grown in defined medium supplemented with hy-
drogen peroxide, the ackA deletion mutant exhibited a 2-fold
higher level of accumulation of AcP than the wild type and the
other mutant strains (P < 0.05) (Fig. 3B; see also Table S1 in the
supplemental material). In contrast, the strain lacking both genes,
surprisingly, exhibited AcP accumulation at levels about 1.2-fold
higher than those seen with the wild-type and Apta mutant
strains, albeit the differences were not statistically significant. To
demonstrate that the species detected in the double mutant that
migrated the same as AcP was indeed AcP, additional experiments
were performed. The first was to treat the >*P-labeled mixture with
acetate kinase, which resulted in the complete disappearance of
the apparent AcP (data not shown). The second was to measure
the levels of AcP in cells enzymatically (see Fig. S3 in the supple-
mental material). While cells that did not produce a spot migrat-
ing as AcP in TLC did not show detectable AcP in the biochemical
assay, AcP was measured at the expected levels in the double mu-
tant that was treated with H,O,. Thus, it must be considered that,
under some sets of conditions, S. mutans has a mechanism to
generate AcP independently of the Pta-Ack pathway.

Inactivation of the Pta-Ack pathway affects (p)ppGpp and
ATP levels. Since pta is present downstream of and in the same
operon as the small (p)ppGpp synthase RelQ (21) and because the
double mutant strains had a significantly reduced intracellular
concentration of ATP (Fig. 2C), which can be used for (p)ppGpp
synthesis, we explored whether there were connections between
AcP, ATP production, and (p)ppGpp accumulation in cells that
were grown in FMC medium supplemented with or without
0.003% H,0, (39, 40). Accumulation of (p)ppGpp in the AackA
and Apta AackA strains was significantly greater (~25%) than that
in the wild-type strain when cells were labeled in the presence of
H,O0, (Fig. 4A). However, the Apta strain exhibited substantially
lower levels of (p)ppGpp accumulation than the wild-type strain.

The levels of ATP were measured in cells exposed to hydrogen
peroxide. The AackA and Apta AackA strains contained more ATP
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(64.9 = 1.8 and 88.0 * 4.2 pmol/ug protein, respectively; P <
0.05) and the Apta strain produced significantly less ATP (37.0 =
0.8 pmol/pg protein) than the parental strain (57.5 * 2.6
pmol/pg protein) (P < 0.05) (Fig. 4B). Thus, all strains exhibited
a positive correlation between (p)ppGpp accumulation and ATP
pools under oxidative stress conditions (Fig. 4A and B).

Inactivation of pta or both pta and ackA reduces biofilm for-
mation by S. mutans. The ability to form biofilms is believed to be
required for S. mutans to persist in the human oral cavity. Biofilm
formation by the wild-type and mutant strains was assessed by
growing cells in a semidefined biofilm medium (BM) supple-
mented with 20 mM glucose. Images of the biofilms were obtained
after 24 and 48 h of incubation using CLSM (Fig. 5), as detailed in
the Materials and Methods section. After 24 h of growth, biofilms
of the Apta and Apta AackA mutant strains were sparse and con-
tained little biomass, whereas the wild-type and AackA mutant
strains formed thick biofilms that covered a greater proportion of
the substratum (Fig. 5A). Of interest, both biofilm and planktonic
cells lacking ackA displayed chains of cells shorter than the chains
of cells of the parental strain. After 48 h of incubation, the wild-
type strain formed the most robust biofilms in terms of thickness
and coverage of the substratum. The strain lacking only pta dis-
played the poorest capacity to form biofilms. Strains lacking ackA
or both pra and ackA formed biofilms better than the pta single
mutant at the 48-h time point but did so nowhere near as effi-
ciently as the wild-type strain (Fig. 5B). Thus, the results support
the hypothesis that AcP may function as an important signaling
molecule governing the maturation of biofilms by S. mutans and
that both increases and decreases in AcP pools can influence the
biofilm architecture.

Transcription profiling. To identify genes that are potentially
responsive to AcP levels, we used microarrays to monitor the tran-
scriptomes of the AackA mutant and the Apta AackA mutant, i.e.,
cells with elevated AcP levels and cells lacking detectable AcP,
respectively, and the wild-type strain. When the AackA and wild-
type strains were compared, 111 genes were differentially ex-
pressed (P < 0.005), with the expression of 58 genes being upregu-
lated and that of 53 genes being downregulated (Fig. 6A; see also
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FIG 4 Accumulation of (p)ppGpp and cellular ATP generation under stress conditions. (A) The (p)ppGpp accumulation of the wild-type strain was compared
with that of the AackA, Apta, and Apta AackA strains grown in FMC medium supplemented with (+) and without (—) 0.003% hydrogen peroxide. Strains were
labeled with [**P]orthophosphate in FMC medium. *?P-labeled nucleotides were extracted by adding an equal volume of 13 M formic acid, followed by three

freeze-thaw cycles in a dry ice-ethanol bath. Acid extracts were spotted onto PEI-

cellulose plates for TLC in 1.5 M KH,PO, buffer. (B) The amount of ATP in the

wild-type strain and the AackA, Apta, and Apta AackA mutants was measured after they were grown to early exponential phase in FMC medium supplemented
with and without 0.003% hydrogen peroxide (see details in Materials and Methods). Fifty microliters of cell lysate was reacted with an equal volume of the
luminescent reagent. Luminescence intensity was measured using a Synergy 2 multimode microplate reader. Values shown are the means * standard deviations
for cell lysates from three separate cultures. ¥, the result differs significantly (P < 0.05, Student’s  test) from that for the wild-type genetic background. The results

are expressed as means from triplicate assays for three independent isolates.

Table S2 in the supplemental material). Of note, genes encoding
products involved in DNA metabolism and cell division and genes
for ABC transporters were more highly expressed in the AackA
mutant than in the parental strain. Conversely, a number of genes
encoding products involved in energy metabolism showed a lower
level of transcription. Interestingly, the expression of one ortholog
of spxA (SMU.2084c) that encodes a transcriptional regulator
known to positively regulate genes in response to oxidative stress
(41) was increased about 1.5-fold, whereas SMU.1548c, encoding
a histidine kinase of a TCS, was downregulated approximately
30%. Interestingly, the ackA mutant exhibited a 2-fold increase in
the level of transcription of wapA (SMU.987), encoding a cell
wall-associated protein implicated in sucrose-independent aggre-
gation and biofilm formation (42). Previously, a wapA mutant of
S. mutans UA140 was shown to have substantially impaired bio-
film formation under low-sucrose conditions (42). These changes
in expression of wapA and spx are thus consistent with the ob-

Apta AackA

served alterations in biofilm formation and oxidative stress toler-
ance, respectively, by the ackA mutant.

In the strain lacking pta and ackA, which exhibits no detectable
AcP under aerobic conditions, a total of 92 genes showed altered
expression under the conditions tested (P < 0.005) (Fig. 6B; see
also Table S3 in the supplemental material). The transcription of
32 of these genes was upregulated, while 60 genes, primarily in-
volved in energy metabolism or ABC transporters, including the
gene for the LuxS enzyme that produces the proposed signaling
molecule autoinducer-2 (AI-2), were significantly downregulated
in the Apta AackA mutant compared to their regulation in the
parental strain (Fig. 6B). The production of a functional LuxS
enzyme and AI-2 has been linked with biofilm maturation and
stress tolerance (43), although it is not clear if this is due to quo-
rum sensing or alterations in the activated methyl cycle.

The microarray data were also analyzed in a way that compared
gene expression levels in the AackA mutant with those in the Apra

AackA

FIG 5 Confocal microscopic images of biofilms. Biofilms of S. mutans UA159 and mutant strains were grown in BM supplemented with 20 mM glucose for 24
h (A) or48h (B)at37°Cina 5% CO, atmosphere. The data presented are representative of those from three independent experiments. The distance between two
asterisks is 5 wm per side. Small images at the bottom present biofilm thickness. See the Materials and Methods section for details on labeling and image analysis.

5020 aem.asm.org

Applied and Environmental Microbiology

August 2015 Volume 81 Number 15


http://aem.asm.org

The Pta-Ack Pathway and Acetyl Phosphate

A others, unknown, unassigned |
Transport and binding protein
Protein synthesis/Translation factor
aa biosynthesis
Cell envelope
Transcriptional factors/ Regulatory
Cellular Process/Division/Toxin/ Resistance
Cellular intermediary metabolism
Energy Metabolism
DNA metabolism
Hypothetical Protein

OU pregulated
mDownregulated

o

T T T T 1

5 10 15 20 25
Numberof genes

B others, unknown, unassigned 1
Transport and binding protein

Protein synthesis/Translation factor

aa biosynthesis

Cellenvelope

Transcriptional factors/ Regulatory

Cellular Process/Division/Toxin/ Resistance
Cellular intermediary metabolism

Energy Metabolism

DNA metabolism

Hypothetical Protein

0OU pregulated
mDownregulated

T

5 10 15 20 25

Numberof genes

C others, unknown, unassigned |
Transport and binding protein
aa biosynthesis
Cellenvelope
Transcriptional factors/ Regulatory
Cellular Process/Division/Toxin/ Resistance
Signal transduction
Energy Metabolism
DNA metabolism
Hypothetical Protein

OU pregulated
mDownregulated

o 4

T T T 1

5 10 15 20 25
Numberof genes

FIG 6 Numbers of genes grouped by functional categories that were differently expressed between wild-type and AackA strains (A), between wild-type and Apta
AackA strains (B), and between AackA and Apta AackA strains (C). Gene annotations are based on information provided by the Los Alamos National Laboratory

(http://www.oralgen.org). aa, amino acid.

AackA mutant. Using this analysis, 76 genes were distinctly regu-
lated between the two mutants (P < 0.005) (Fig. 6C; see also Table
S4 in the supplemental material). The transcription of 46 genes,
primarily ABC transporters, transcription factors, and cell divi-
sion, was upregulated in the AackA mutant, which had high levels
of AcP compared to the levels in the Apta AackA mutant, whereas
the transcription of 30 genes was downregulated, with the most
significant functional category being energy metabolism (mmuM,
adhB, adhC, citZ, cilB) (see Table S4 in the supplemental mate-
rial). Significant upregulation of the expression of the wapA and
spxA genes in the AackA mutant compared to their expression in
the double mutant was observed. Taken together, the results of
our transcription profiling support the argument that AcP levels
have major effects, probably both directly and indirectly, on the
expression of genes that are required for biofilm development and
that could affect the persistence and pathogenic potential of S.
mutans.

DISCUSSION

Cells in the oral cavity experience prolonged periods of carbohy-
drate limitation during fasting periods but are repeatedly exposed
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throughout the day to conditions where carbohydrates are tran-
siently present in excess from the dietary intake of foodstuffs. Re-
dox and exposure to oxygen also vary considerably as a function of
the maturity of biofilms and sites in the oral cavity (3). Growth of
S. mutans under aerobic conditions demands a substantial
amount of energy to regenerate the NADH that is utilized by
NADH oxidase enzymes as a primary defense against damage
from reactive oxygen species (ROS) (3, 44). NAD can be phos-
phorylated to NADP(H) by NAD™ kinase and ATP, and the S.
mutans genome encodes a small number of NADP-dependent en-
zymes that, like NAD/NADH, function in multiple redox reac-
tions. In addition to effects on substrates for redox reactions, aer-
obic growth results in a shift in the flow of pyruvate away from the
oxygen-sensitive PFL enzyme to the PDH complex, allowing the
production of an additional ATP through the Pta-Ack pathway.
Despite the recognition that successful competition of S. mutans
with commensal bacteria occurs under conditions where the car-
bohydrate source and availability are in constant flux and that
oxidative stress tolerance is essential for S. mutans to cope with the
antagonistic strategies of beneficial organisms, the Pta-Ack path-
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way has not been studied in any detail in S. mutans or other oral
streptococci. The results presented here provide novel and signif-
icant insights into how control of the Pta-Ack pathway is inte-
grated with oxidative stress responses and biofilm formation in S.
mutans by coordination of acetate utilization with modulation of
(p)ppGpp pools, as summarized in Fig. 7.

Our findings clearly show that the S. mutans Pta-Ack pathway
is a major contributor to AcP and ATP pools in cells that are
aerated. Under aerobic conditions, inactivation of the S. mutans
Pta-Ack pathway completely blocked AcP generation, indicating
that the Pta-Ack pathway is critical for the production of AcP.
Moreover, the strain carrying the pfa mutation grew slightly more
slowly than the wild-type and other mutant strains, confirming
our previous results (21), whereas mutants lacking either ackA
alone or both the pta and ackA genes behaved like the wild-type
strain for growth under aerobic conditions (data not shown).
These observations are clear evidence for our hypothesis that a
sufficient level of ATP via the Pta-Ack pathway needs to be main-
tained for the normal growth behavior of S. mutans.

Hydrogen peroxide is produced in significant quantities by
many beneficial commensal streptococci and inhibits the growth
of S. mutans at physiologically relevant concentrations (45). In
contrast, S. mutans produces little or no hydrogen peroxide, de-
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pending on the growth conditions. In the presence of hydrogen
peroxide, the pta mutant consistently grew more slowly than the
parental strain and displayed significantly decreased ATP pools.
Unlike the pta mutant, the AackA and Apta AackA mutants had
ATP levels that were at least as high as those of the parental strain
(Fig. 4B), but these strains still displayed substantial growth inhi-
bition in the presence of hydrogen peroxide (Fig. 3A). Thus,
rather than a shortage of ATP, the observed growth inhibition of
these mutant strains could be due to metabolic toxicity arising
from abnormal levels of metabolites, such as AcP, pyruvate, or
acetyl-CoA (15, 17). Deletion of the ackA gene of S. aureus resulted
in a growth defect but also resulted in increases in the amounts of
AcP, pyruvate, and acetyl-CoA (15). Therefore, we hypothesize
that the accumulation of higher levels of AcP in the ackA single
deletion strain or the pta and ackA double deletion strain may
inhibit the expression or activity of the PDH complex under the
conditions tested, leading to an increase in intracellular pyruvate
levels, similar to the findings for S. aureus (15, 39). Indeed, our
transcriptome analysis revealed that an ackA mutation and the
elevation in AcP pools were associated with reduced transcription
of the pdhA and pfl-2 genes that encode pyruvate dehydrogenase
(E1 alpha subunit) and formate acetyltransferase, respectively (see
Table S2 in the supplemental material). In other words, accumu-
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lation of AcP seems to prevent the interconversion of pyruvate to
acetyl-CoA, possibly causing a metabolic block at the pyruvate—
acetyl-CoA node in the cells. On the other hand, the capP gene,
which encodes a phosphoenolpyruvate (PEP) carboxylase that is
allosterically activated by acetyl-CoA and fructose-1,6-bisphos-
phate (F-1,6-BP) (46-48), is upregulated in the ackA deletion
strain. Therefore, the observation of increased AcP and ATP levels
coupled with the changes at the transcriptional levels supports the
idea that inactivation of the Pta-Ack pathway may cause certain
metabolites to accumulate to growth-inhibitory levels, leading to a
decreased capacity of S. mutans to cope with ROS.

An unexpected result of this study is the finding that AcP ap-
pears to be produced in cells lacking an intact Pta-Ack pathway,
but only when the mutants were exposed to hydrogen peroxide.
Evidence supporting the suggestion that AcP was indeed pro-
duced under these conditions included TLC of labeled cell extracts
and enzymatic assays showing ATP generation from the cell ly-
sates in the presence of highly purified acetate kinase. One alter-
native route for AcP generation that is present in a number of
Gram-positive cocci with low G+ C contents, including some oral
streptococci, is xylulose 5-phosphate (X5P)/fructose 6-phosphate
(F6P) phosphoketolase (Xfp) (49). The Xfp enzyme catalyzes the
conversion of F6P, in the presence of inorganic phosphate, to
erythrose 4-phosphate and AcP. Apparent homologs of the gene
for Xfp can be found in Streptococcus gordonii, Streptococcus aga-
lactiae, and a number of lactococci and lactobacilli, but the gene is
absent in S. mutans UA159. In S. pneumoniae, pyruvate oxidase
(SpxB) is capable of directly converting pyruvate to AcP when cells
are grown aerobically, and the introduction of a deletion of either
pta alone or both pta and ackA into the spxB mutant background
caused AcP levels to drop to negligible amounts (16). However,
there is no gene for an apparent spxB homologue in S. mutans.
Thus, we posit that the most likely route for AcP generation in the
strain lacking Pta and Ack is through a hypothetical protein with
an as-yet-unknown function or via acetate uptake and the subse-
quent action of the product of the SMU.1299c gene, which is an-
notated as a putative acetate kinase at http://www.microbesonline
.org. In Lactococcus lactis, two Ack isozymes (annotated AckAl
and AckA?2) are present, and AckA2 has a significantly higher af-
finity for acetate than AckAl (50, 51). Although there was no
significant similarity between ackA and SMU.1299c in nucleotide
and amino acid sequences, the biological role of the putative ace-
tate kinase in acetate metabolism must now be considered (Fig. 7).
To begin to explore a contribution of SMU.1299¢ to AcP produc-
tion in preliminary fashion, we introduced a deletion of
SMU.1299c¢ into the pta ackA mutant background and measured
intracellular AcP levels when the strain was grown in the presence
of oxidative stress. Interestingly, the mutant strain had AcP levels
that were substantially reduced compared with those of the double
mutant but still had higher levels than the wild-type strain (data
not shown). Future studies will probe in more detail these poten-
tial compensatory or conditional routes of AcP production.

Several observations support the suggestion that the Pta-Ack
pathway has a profound effect on (p)ppGpp metabolism in re-
sponse to oxidative stress. An important observation was the pos-
itive correlation among AcP, ATP, and (p)ppGpp pools during
oxidative stress. Previously, our laboratory revealed that oxidative
stress leads to (p)ppGpp accumulation in the wild-type, ArelA,
and ArelQ strains (21). In contrast, a strain lacking RelP or the
RelRS two TCS, which was shown to positively regulate relP, had
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lower levels of (p)ppGpp than the aforementioned strains (see Fig.
S4 in the supplemental material) (52). Thus, as a part of our work-
ing model, we hypothesize that the higher levels of AcP and ATP
associated with the disruption of the Pta-Ack pathway have a pos-
itive impact on the RelP-dependent production of (p)ppGpp (Fig.
7). The model could accommodate the findings that the pta and
ackA mutant strains, which exhibit higher levels of both AcP and
ATP, showed an enhanced accumulation of (p)ppGpp under ox-
idative stress conditions where the apparent alterative pathway for
AcP generation is activated (Fig. 3B and 4A). Moreover, the Apta
AackA double mutant showed remarkably enhanced promoter
activity and transcription of the relP gene when cells were grown
under the same conditions (unpublished results). That is, the
overproduction of AcP and ATP in the ackA and pta ackA mutant
strains in response to elevated reactive oxygen species could some-
how lead to an increase in RelP-dependent (p)ppGpp production,
which results in the slower growth of the cells. Notwithstanding,
the possibility that RelQ contributes to (p)ppGpp pools cannot be
excluded from consideration, because the pta gene can be cotran-
scribed with relQ, implying a functional interrelationship between
the gene products. It is also notable that PpnK (Nad kinase) and
RIuE (pseudouridylation of rRNA), which affect oxidation-reduc-
tion reactions and translational efficiency and fidelity, respec-
tively, are also encoded in the relQ operon (21).

Our transcriptional profiling has helped to identify genes that
are regulated in response to AcP levels and has revealed that the
status of AcP pools could affect the expression of genes involved in
biofilm formation and carbon metabolism (see Tables S2 to S4 in
the supplemental material). Specifically, we found that the tran-
scription of two genes (spxA and wapA) was enhanced in the ackA
mutant strain, while transcription of the JuxS gene was reduced in
the pta ackA mutant, where no AcP was detected under the con-
ditions tested. The microarray results were confirmed using real-
time qQRT-PCR (see Fig. S5 in the supplemental material). The
observation that disruption of the Pta-Ack pathway reduced the
ability of S. mutans to form biofilms is similar to what was noted
for L. monocytogenes (17). Previous studies have demonstrated
that the luxS and wapA genes are required for efficient biofilm
formation by S. mutans strains (42,43, 53). In contrast, Pamp et al.
revealed that inactivation of spx enhances biofilm formation by S.
aureus (54). Of note, the Spx protein is highly conserved between
S. aureus and S. mutans, with 59% identity and 79% homology,
and they also have a conserved N-terminal CXXC motif. The in-
verse relationship of the transcription of spxA and the efficiency of
biofilm formation by S. mutans may reflect the fact that AcP and
other factors simply play a more dominant role than SpxA in
biofilm maturation in S. mutans. Conversely, there are two or-
thologs (spxA and spxB) of the Spx transcriptional regulator in the
S. mutans genome (41), and SpxB may be a more significant con-
tributor to the biofilm phenotype. Notably, SpxB has a minor
effect on growth under conditions of oxidative stress but appears
to play a significant role in cell wall homeostasis (41), which could
have a major impact on cell surface characteristics that mediate
biofilm formation or stability. While the relationship of AcP to the
Spx regulon needs to be explored in more detail, AcP can clearly
affect the production of a spectrum of gene products that impact
the physiology and persistence of S. mutans.

Concluding remarks. Considering that the Pta-Ack pathway
controls the steady-state levels of AcP and ATP and has an impact
on stress tolerance, biofilm development, and (p)ppGpp metabo-
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lism, our findings provide evidence that that activity of this path-
way is critical for S. mutans, especially during exposure to elevated
levels of oxygen. The Pta-Ack pathway may affect (p)ppGpp me-
tabolism by RelQ and/or RelP when cells experience oxidative
stress so as to moderate growth rates and alter gene expression in
a way that optimizes the capacity of S. mutans to cope with ROS
that are generated by competing commensals or from endogenous
metabolism involving single electron reductions of oxygen. Fu-
ture studies will be oriented toward examining the molecular
mechanisms by which AcP and acetate metabolism are integrated
with essential pathways for the persistence and virulence of S.
mutans.
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