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Acetyl phosphate (AcP) is a small-molecule metabolite that can act as a phosphoryl group donor for response
regulators of two-component systems (TCSs). The serious human respiratory pathogen Streptococcus pneu-
moniae (pneumococcus) synthesizes AcP by the conventional pathway involving phosphotransacetylase and
acetate kinase, encoded by pta and ackA, respectively. In addition, pneumococcus synthesizes copious amounts
of AcP and hydrogen peroxide (H,0,) by pyruvate oxidase, which is encoded by spxB. To assess possible roles
of AcP in pneumococcal TCS regulation and metabolism, we constructed strains with combinations of spxB, pta,
and ackA mutations and determined their effects on ATP, AcP, and H,0, production. Unexpectedly, AackA
mutants were unstable and readily accumulated primary suppressor mutations in spxB or its positive regu-
lator, spxR, thereby reducing H,O, and AcP levels, and secondary capsule mutations in cps2E or cps2C. AackA
AspxB mutants contained half the cellular amount of ATP as a AspxB or spxB™ strain. Acetate addition and
anaerobic growth experiments suggested decreased ATP, rather than increased AcP, as a reason that Aack4
mutants accumulated spxB or spxR suppressors, although experimental manipulation of the AcP amount was
limited. This finding and other considerations suggest that coping with endogenously produced H,0, may
require energy. Starting with a AspxB mutant, we constructed Apta, AackA, and Apta AackA mutants. Epistasis
and microarray experiment results were consistent with a role for the SpxB-Pta-AckA pathway in expression
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However, AcP likely does not play a physiological role in TCS sensing in S. pneumoniae.

Streptococcus pneumoniae (pneumococcus) is a major hu-
man respiratory pathogen that causes over 1.6 million deaths
worldwide annually (19, 23, 51). S. pneumoniae is a Gram-
positive, ovococcal-shaped bacterium that is usually found as a
diplococcus or as short chains of cells (3, 58). S. pneumoniae
colonizes, often asymptomatically, the nasopharynx of 10 to
20% of healthy adults and 40 to 60% of young children (51).
Colonization is the major reservoir for transmission of S. pneu-
moniae among humans, its major host (9, 23, 51). Colonization
can also progress to serious invasive diseases, including pneu-
monia, otitis media (earache), meningitis, and bacteremia in
susceptible individuals (7, 29, 30, 51). During colonization and
invasive disease, pneumococcus encounters diverse environ-
ments and changes in temperature and availability of oxygen,
metal ions, and nutrients (2, 5, 17, 18, 21, 24, 39, 47). Pneu-
mococcus must also contend with innate and humoral immune
responses (23, 51). Many genes involved in bacterial adapta-
tion, survival, and virulence encode enzymes that mediate cen-
tral metabolism and maximize energy production (44). These
links are only starting to be studied systematically in S. pneu-
moniae, and they provide promise in identifying targets for
antibiotic development to combat emerging multidrug resis-
tance (12, 29).
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S. pneumoniae is an aerotolerant anaerobe with fermentative
metabolism. It lacks a tricarboxylic acid (TCA) cycle and an
electron transport chain, and its central metabolism consists
primarily of glycolysis (Fig. 1) (20, 28, 48). Pneumococcus
catabolizes glucose and other sugars by glycolysis to gener-
ate two molecules of ATP by substrate-level phosphoryla-
tion and produce pyruvate, which is converted to acetyl
coenzyme A (CoA) and other metabolites, including acetyl
phosphate (AcP) (Fig. 1) (14). AcP can be converted by
acetate kinase (AckA) to ATP and acetate to generate an
additional molecule of ATP (53, 54). Under aerobic conditions
with glucose as the primary carbon source, pneumococcus pro-
duces mainly lactate and a small amount of acetate as fermen-
tation products, whereas a mixture of acids and ethanol are
produced from other sugars, such as galactose (56).

Three metabolic enzymes lead to the synthesis of AcP in S.
pneumoniae (Fig. 1). SpxB pyruvate oxidase uses molecular
oxygen and inorganic phosphate to convert pyruvate directly
into AcP and H,0, (40, 42, 45, 47). SpxB is present in only a
limited number of bacterial species (26, 42) and is the major
source of the significant amount (=1 mM) of endogenous
H,O0, secreted in S. pneumoniae cultures (40, 42, 45, 47). Pre-
viously, we demonstrated that spxB transcription is positively
regulated by the novel CBS-HotDog domain protein SpxR,
which may link the SpxB amount to energy and metabolic state
(42). Cellular AcP amounts are reduced by 80% in exponen-
tially growing AspxB mutants, and it was inferred, but not
shown directly, that cellular ATP amount may also be de-
creased (40). Despite this large drop in cellular AcP amount
(40) and a decrease in H,O, production of 90% (42), we
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FIG. 1. Model of central metabolism in S. pneumoniae growing
aerobically in glucose-containing BHI broth. An abbreviated version of
the Embden-Meyerhof-Parnas glycolytic pathway is shown; this path-
way converts glucose to pyruvate and generates two ATP molecules.
Pyruvate is converted to lactate by lactate dehydrogenase (Ldh), re-
generating NAD™, and lactate can be converted back to pyruvate by
lactate oxidase (LctO). NADH oxidase (Nox) also converts NADH
back to NAD™. Pyruvate is converted to acetyl-CoA by the pyruvate
dehydrogenase complex. Acetyl~P (AcP) is formed from acetyl-CoA
by Pta or from pyruvate by pyruvate oxidase (SpxB), which also pro-
duces H,O,. Transcription of the spxB gene is positively regulated by
the SpxR CBS-HotDog domain regulator. Acetyl~P is converted to
acetate and another molecule of ATP by AckA. See the text for
additional information and references.

detected only limited changes in global transcription patterns
in a AspxB mutant compared to its spxB™ parent (42). This
result suggested that AcP does not play a major role in pneu-
mococcal signaling, although we could not rule out that the
total cellular AcP amount remained large enough in AspxB
mutants to mask changes in signaling or that compensatory
metabolic pathways operate in AspxB mutants. Curiously,
AspxB mutants treated with high (20 mM) concentrations of
exogenously added H,O, seem to have greatly reduced ATP
pools and die rapidly (40, 42).

The two other pneumococcal enzymes that synthesize AcP
comprise the phosphotransacetylase (Pta)-AckA pathway,
which is widely distributed in other bacteria (Fig. 1) (11, 53,
54). There has been controversy about whether S. pneumoniae
possesses an active pyruvate dehydrogenase under aerobic
growth conditions (56). In work to be presented elsewhere, we
demonstrate the presence of a functional pyruvate dehydroge-
nase (unpublished data). Acetyl-CoA produced by this com-
plex is converted by Pta to AcP (Fig. 1) (reviewed in reference
53). AckA converts AcP produced by Pta or SpxB to acetate
and ATP, or in the reverse direction, acetate to ADP and AcP
(Fig. 1). In bacteria lacking electron transport and a TCA
cycle, such as S. pneumoniae, AckA is thought to play an
important role in providing additional ATP from pyruvate (53,
54). The Pta-AckA pathway has been studied extensively in
Escherichia coli and Salmonella species (reviewed in references
53 and 54). In these and other bacteria, response regulators
from several two-component regulatory systems (TCSs) are
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phosphorylated by AcP in vitro and in vivo, and it has been
suggested that AcP phosphorylation links regulation of these
TCSs to metabolic state (13, 15, 25, 54). In addition, acetyl-
CoA from the Pta-AckA pathway serves as an acetyl group
donor to numerous proteins, including RNA polymerase,
thereby modulating their activities and functions (53, 54). De-
spite its likely importance to metabolism and signaling, the
Pta-AckA pathway has not been characterized in S. pneu-
moniae. Moreover, precedents from other bacteria like E. coli
and Salmonella species cannot be applied to pneumococcus,
because those organisms possess a different central metabo-
lism and lack the SpxB pyruvate oxidase that produces AcP.

This study provides the first characterization of the contri-
bution of the Pta-AckA pathway to pneumococcal metabolism,
specifically, ATP and AcP production, and its links to the
reaction catalyzed by SpxB. By constructing strains containing
combinations of mutations resulting in a defective SpxB-Pta-
AckA pathway, we show that cellular ATP amounts are af-
fected by abolishment of AcP production and lack of AckA
function. Surprisingly, we found that Aack4 mutants are un-
stable and rapidly accumulate suppressor mutations that inac-
tivate SpxB or SpxR. The basis for this suppression and the
possible role of AcP in TCS signaling were tested by a combi-
nation of epistasis analysis, microarrays, and determinations of
ATP and AcP amounts. The results were consistent with an
energy-dependent process that protects S. pneumoniae from
endogenously produced H,O, and a role for the SpxB-Pta-
AckA pathway in expression of regulons controlled by a spe-
cific subset of TCSs, although a physiological role for AcP in
pneumococcal response regulator phosphorylation seems un-
likely.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains used in this study are
listed in Table S1 of the supplemental material. All cultures were grown statically
with limited aeration in brain heart infusion broth (BHI; Becton-Dickinson
[BD]) or on blood agar (BA) plates containing Trypticase soy agar IT modified
(BD) and 5% (vol/vol) defibrinated sheep blood (Remel) at 37°C in an atmo-
sphere of 5% CO,. Growth was monitored directly by measuring the optical
density at 620 nm (ODg,,) using a Spectronic 20 Genesys spectrophotometer.
Overnight cultures of strains were started by inoculating frozen bacterial stocks
into 17-mm-diameter polystyrene plastic tubes containing 5 ml of BHI broth and
then performing 100-fold serial dilutions over five tubes. Overnight cultures were
incubated between 15 and 18 h, and cultures with an ODy,, of 0.1 to 0.4 were
used to inoculate final BHI broth cultures lacking antibiotics to an ODyg,, of
0.005.

Construction and verification of mutant strains. The mutant strains (listed in
Table S1 of the supplemental material) were constructed by transformation of
competent S. pneumoniae cells with linear PCR amplicons as described previ-
ously (37, 43). Briefly, antibiotic resistance markers were introduced into ampli-
cons by overlapping PCR using the primers listed in Table S2 of the supplemen-
tal material. S. pneumoniae cells were induced to competence by the addition of
synthetic competence stimulatory peptide. Transformants were selected on BA
plates containing antibiotics at the concentrations listed in Table S1. Markerless
deletions and point mutations were constructed using the two-step Janus method
of allelic replacement in a rpsLI (streptomycin-resistant) genetic background
(42, 46). In the first step, the Kan™rpsL™ Janus cassette was crossed into genes
of interest from PCR amplicons by selection for kanamycin resistance and
screening for streptomycin sensitivity. In the second step, the Janus cassette was
replaced by transformation with a PCR amplicon containing the desired muta-
tions by selection for streptomycin resistance and screening for kanamycin sen-
sitivity. Final transformants were isolated as single colonies three times on BA
plates containing antibiotics and propagated for storage in BHI broth containing
antibiotics as needed. All constructs were confirmed by PCR amplification and
sequencing as described previously (42).
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Quellung reaction. To determine the presence or absence of capsule, the
Quellung reaction was performed on colonies from BA plates or on BHI broth
cultures (28). Briefly, an overnight colony was transferred from a plate to a glass
microscope slide and mixed with 1.5 pl of 1X phosphate-buffered saline (PBS;
Ambion), or 1.5 pl of a broth culture at an ODy,,, of 0.05 was transferred onto
a microscope slide. A 1.5-pl volume of type 2 capsule serum (Statens Serum
Institute) was added and mixed with the sample. A glass coverslip was placed on
the sample, and the slide was observed on a Nikon E-400 phase-contrast micro-
scope with a 100X oil immersion objective. If capsule was present, the cell
surface appeared to swell after addition of the serum, whereas if capsule was
absent, there was no change in the appearance of the cells.

Hydrogen peroxide release assay. The rate of H,O, production was deter-
mined using the Amplex Red hydrogen peroxide/peroxidase assay kit (Invitro-
gen) as previously described (42).

Biofilm characterization. Biofilms on the sides and bottoms of tubes contain-
ing overnight bacterial cultures were visualized and quantitated with crystal
violet. Overnight BHI broth cultures in 17-mm-diameter polystyrene plastic
tubes were grown as described above. Culture supernatants of unattached cells
that had reached an ODg,, of 0.5 to 0.6 were removed from overnight tubes, and
biofilms were gently washed twice with 500 wl of room temperature PBS. A
500-pl mixture of 0.15% (wt/vol) crystal violet, 8.2% (vol/vol) ethanol, 0.4%
(vol/vol) methanol was added and incubated at room temperature for 20 min.
The staining solution was removed, and biofilms were rinsed four times with 1 ml
of PBS. Retained crystal violet stain was dissolved with 2 ml of 95% (vol/vol)
ethanol for 20 min, and a sample was diluted 10-fold in 95% (vol/vol) ethanol.
The Ass of the dissolved crystal violet was determined in 96-well plates by using
a microplate reader (Molecular Dynamics) and normalized to the ODy,, of the
culture supernatants.

ATP and AcP determinations. ATP and AcP amounts were assayed using the
Cell Titer Glo reagent (Promega) as described previously (40, 41) with the
following modifications. Twenty-milliliter cultures of desired strains were grown
in 50-ml polystyrene tubes to early exponential phase (ODgj, 0.2). In contrast to
the protocol described in reference 40, cells were not heated during ATP ex-
traction, and the same initial extraction procedure was used for ATP and AcP
determinations. Cells were collected by centrifugation for 5 min at 10,000 X g at
4°C and washed twice with 250 pl of cold buffer A (10 mM sodium phosphate
[pH 7.5], 10 mM MgCl,, and 1 mM EDTA). Aliquots (50 pl) of cell suspension
were set aside on ice for protein assays. A 50-pl volume of cold 3.0 M HCIO, was
added to the remaining 200 pl of cell suspension and incubated on ice for 30 min.
After incubation, tubes were centrifuged for 2 min at 8,000 X g at 4°C. The
supernatant was transferred to an empty tube, neutralized by the addition of
75 pl of saturated KHCO; (36 g KHCOj; in 100 ml H,0), and centrifuged at
8,000 X g at 4°C.

For ATP determinations, duplicate 50-ul samples of supernatant were each
mixed with 50 pl of Cell Titer Glo reagent (reconstituted according to the
manufacturer’s instructions) in wells of a white, opaque 96-well flat-bottom plate
(Falcon). Plates were incubated for 10 min at room temperature, and lumines-
cence was measured using a Spectra Max fluorescence plate reader running Soft
Max Pro software (Molecular Devices). ATP concentrations were determined by
comparison with standard curves of known concentrations of ATP (0.5 to 10.0
wM) freshly diluted in buffer A to which acid and base had been added as
described above. All sample concentrations fell within the ranges of standard
curves (data not shown).

For AcP assays, KHCOj-neutalized supernatants were transferred to empty
tubes, and 15.0 mg of powdered activated charcoal (Sigma) was added to bind
ADP and ATP in the extracts. Tubes were vortexed and incubated on ice for 15
min. Charcoal was removed by filtration through a 13-mm-diameter syringe filter
(0.22-pm pore size), and extracts were collected into new tubes. Fifty-microliter
samples were assayed as described above as a control for ATP removal by the
charcoal treatment. Remaining AcP in samples was enzymatically converted to
ATP. Samples of 100 wl were mixed with 1.0 pl of 100 mM MgCl,, 30 pl of 100
pM ADP, and 1.0 pl of 0.4-pg/pl purified E. coli acetate kinase (Sigma) (final
concentrations of 1 mM MgCl,, 30 uM ADP, and 4 pg acetate kinase per ml).
Reaction mixtures were incubated at 30°C for 90 min. After incubation, duplicate
50-pl aliquots were each mixed with 50 l of Cell Titer Glo reagent, and ATP
amounts were determined as described above, except the buffer for the standards
was treated with activated charcoal and filtered like the test samples before
known amounts of ATP were added.

All measurements were normalized to protein amounts in the extracts. Fifty-
microliter samples that were set aside for protein assays were centrifuged at
16,000 X g at 4°C for 2 min. Cell pellets were suspended in 200 pl of 1% (wt/vol)
SDS and 0.1% (vol/vol) Triton X-100 and mixed vigorously by vortexing. Protein
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amounts were determined in duplicate 5-ul samples using the DC protein assay
kit (Bio-Rad) according to the manufacturer’s instructions.

To validate these assays, a series of control experiments was performed. The
first control ensured that AcP was fully recovered within the experimental error
range in the extraction and that conversion of AcP to ATP was driven to
completion. This control was done by adding a range of known amounts of AcP
at the beginning of the extraction procedure and assaying the conversion of
added AcP to ATP. The second control confirmed that the ATP produced in the
AcP assay was obtained from the enzymatic reaction. Two separate reactions,
one lacking purified AckA and one in which the extract was heated to 100°C for
5 min, were assayed and found to lack ATP production. In the third control
experiment, we assayed ATP amounts in S. pneumoniae and E. coli cultures in
side-by-side comparisons using two different extraction procedures that had been
published previously for E. coli (6, 25). Similar results were obtained for S.
pneumoniae when using either procedure, and we obtained results comparable to
those published previously for E. coli (6, 25, 36).

Cellular content and concentrations of ATP and AcP (see Table 2 below) were
estimated using the following parameters: (i) 0.42 = 0.02 mg of protein (mean *
standard error; n = 8) was recovered from 20 ml of strain IU1781 at an ODy;,
(1-cm path length) of 0.2 by the procedure described above. A comparable
amount of protein was recovered from unencapsulated strain IU1945. (ii) An
ODy,, (1-cm path length) of 0.2 corresponded to 5.5 X 107 CFU per ml for strain
IU1781. A similar CFU per ml was obtained for strain IU1945. (iii) Strain
TU1781 chains (=11 cells per chain in BHI broth [3]) were disrupted to mostly
diplococci by the vigorous mixing during serial dilution in PBS and brief heating
in nutrient broth-soft agar used in the determinations of CFU per ml. Therefore,
each CFU of strain IU1781 corresponded to a diplococcus of two cells, as with
strain TU1945 (3). Disruption of strain IU1781 chains accounted for the obser-
vations that the CFU per ml per ODg,, unit and protein yield (cell mass) per
ODy( unit were similar for strains TU1781 and TU1945. (iv) The volume of strain
TU1781 cells, ~0.6 X 10~'° liter, was based on the cell dimensions described in
reference 3. Consistent with these assumptions, the ATP content per mg of
protein and ATP concentrations were similar for strains IU1781 and IU1945
(data not shown). Based on these considerations, the amount of protein recov-
ered by this method was ~200 pg per 1 X 10° pneumococcal cells.

RNA extraction and microarray analysis. Final cultures were started at an
ODg,, of ~0.001 in BHI broth and grown to early exponential phase (ODgy,
~0.1). Rapid lysis RNA extraction, purification, cDNA synthesis, labeling, hy-
bridization to S. pneumoniae R6 microarrays (Ocimum Biosolutions), array
washing, and data collection were performed as described previously (24, 28).
Data were collected from one to four independent biological replicates, includ-
ing dye swaps, and analyzed using software from the TM4 microarray software
suite (www.tm4.org). Result files generated by GenePix Pro 6.0 software (Mo-
lecular Devices) were converted to the TIGR MultiExperiment Viewer file
format using the ExpressConverter 2.1 software. Lowess (block) data normal-
ization was performed using the TIGR MIDAS 2.21 software. Expression ratios
and Bayesian P values were calculated as described previously (24, 28). The
cutoff for significant changes in relative transcript amounts was set at +1.8-fold,
with a Bayesian P value of <0.001, when available.

Microarray data accession number. Microarray data (intensity and expression
ratio) were deposited in the GEO database (www.ncbi.nlm.nih.gov/geo/) under
accession number GSE23404.

RESULTS

Deletion of ackA leads to accumulation of suppressor mu-
tations. The S. pneumoniae serovar 2 D39 genome contains a
single ackA ortholog (spd_1853) (28), whose gene product
matches the amino acid sequence of E. coli acetate kinase
(AckAg,,) over its whole length (data not shown). ackAy,, is
preceded by a gene encoding an adenine-specific DNA meth-
ylase, characteristic of a restriction system methylase. A DNA
methylase gene precedes ackA in several low-GC Gram-posi-
tive species (31). ackAg),, is followed by a strong predicted
transcription terminator in a 151-bp intercistronic region that
precedes essential rmpA (encoding the protein subunit of
RNase P). A linear amplicon containing a AackA::Kan® rpsL™
deletion/insertion mutation was synthesized that removed all
but the first and last 60 bp of the ackA gene (see Materials and



VoL. 192, 2010

Percent H,O, production

MUTATIONS IN spxB OR spxR STABILIZE AackA MUTANTS 6393

3
g

B. 3. Spontaneous

2. AackA spontaneous
1. parent (D39 rpsL1)

suppressor

cps* cps2E (AA)
A55°/022+008 8.3+0.8
OD620 . b =4 0 . F Py »

suppressor
repaired ackA*

cps2E (AA) ackA*
8.0+0.3

4. Capsule mutation
reconstruction

5. Capsule deletion

cps2E (AA)
8.0+0.3

Acps2A™-H
8.2+05

FIG. 2. H,O, production (A) and biofilm formation (B) by AackA suppressor mutants. (A) H,O, production was determined relative to the
parent strain (IU1781; bar 1) in limited aeration (static) cultures as described in Materials and Methods, and standard errors from multiple
independent determinations are indicated. Bars 2 to 4, constructed unencapsulated mutants; bars 5 and 6, mucoid large colony suppressors; bars
7 and 10, medium-size rough colony suppressors; bars 8,9, 11, and 12, medium-sized rough colony suppressors in which the AackA4 and cps2E (AA)
mutations were repaired to the ackA™ and ¢ps2E™ alleles. Relevant genotypes are shown and are also listed in Table S1 of the supplemental
material. Bar 2, strain IU1945; bar 3, TU3286; bar 4, TU3309; bar 5, IU3254; bar 6, IU3255; bar 7, IU3250; bar 8, IU3252; bar 9, IU3311; bar 10,
1U3251; bar 11, TU3253; bar 12, IU3313. (B) Biofilms formed by overnight cultures in polystyrene tubes were stained with crystal violet and
quantitated based on the Ass, as described in Materials and Methods. Panels from left: 1, parent encapsulated strain IU1781; 2, unencapsulated
strain IU3250, a rough, medium-sized colony AackA suppressor containing the spxB (Trp339STOP) and cps2E (AA) mutations; 3, unencapsulated
strain [U3252, medium-sized rough colony suppressor IU3250 repaired back to ackA™; 4, unencapsulated strain TU3309, an ackA™ spxB™ strain
containing the constructed cps2E (AA) allele; 5, unencapsulated strain IU1945, an ackA™ spxB* strain containing the large Acps2A'-Acps2H’
deletion. See Table S1 for full genotypes. A5, values after crystal violet staining were normalized to the density (OD,, =0.5 to 0.6) of the culture
supernatants containing unattached cells. Averages are based on three or more independent determinations, and standard errors are indicated.

Methods; see also Tables S1 and S2 in the supplemental ma-
terial). Transformation of this Aack4 amplicon into the D39
rpsL1 parent strain led to the appearance of three types of
colonies: very small, smooth colonies; medium-size, rough col-
onies of about the same size as the parent; and larger mucoid
colonies. This size variation suggested the accumulation of
spontaneous suppressor mutations.

Consistent with this interpretation, restreaking the very
small AackA colonies on BA plates led to the appearance of all
three colony types. In contrast, the medium and large colonies
were stable during restreaking and were characterized further
(described below). Expression of a copy of the ackA™ gene
from a fucose-inducible promoter (P;..) in the ectopic CEP
site (IU4352 [see Table S1]) (50) complemented the instability
of the AackA mutant on BA plates. In this background, trans-
formants containing the AackA mutation formed normal-look-
ing colonies when 0.2% (wt/vol) fucose was added to plates but

formed the three sizes of colonies described above when fucose
was omitted (data not shown). Finally, it should be noted that
the rpsL1 allele was included in these strains to allow marker-
less mutant construction by allele exchange (see Materials and
Methods; see also Tables S1 and S2 in the supplemental ma-
terial) (42, 46). In many constructs, rpsL.1 was complemented
directly by the presence of the Kan" rpsL™ cassette. In other
strains, the rpsL1 allele did not affect the phenotypes reported
here (data not shown).

Biofilm formation by the medium-size colonies was caused
by mutations in the capsule locus. The AackA mutants that
formed medium-size rough colonies had two distinct pheno-
types. They produced only ~10% H,O, compared to the par-
ent strain (Fig. 2A, bars 7 and 10), and they formed biofilms in
BHI broth cultures in polystyrene tubes, as visualized by crystal
violet staining (Fig. 2B, tube 2). Repair of the AackA4 deletion
back to the wild-type ackA™ allele did not decrease biofilm
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formation (Fig. 2B, tube 3), indicating that the biofilm forma-
tion phenotype was caused by accumulation of another muta-
tion in this class of AackA mutant. In S. pneumoniae, there is an
inverse relationship between biofilm formation and capsule
production in culture (reviewed in reference 33). Encapsulated
strains, such as the parent D39 rpsL1 strain (Fig. 2B, tube 1),
do not form robust biofilms in culture, whereas unencapsu-
lated mutants form biofilms (Fig. 2B, tube 5) (1, 33, 35). The
Quellung antibody test for serotype 2 capsule confirmed that
the medium-size AackA mutants were indeed unencapsulated
(data not shown). In contrast, the very small unstable AackA4
mutants and large mucoid suppressors produced capsule.
The capsule biosynthesis locus in S. pneumoniae D39 con-
tains 17 genes (reviewed in reference 57). Previous studies
showed that mutations that limit or prevent capsule biosynthe-
sis only occur in the first five genes, cps2ABCDE, which are
involved in initiating sugar repeat unit formation and regulat-
ing capsule chain length and amount (55, 57). Mutations in the
other cps2 genes eliminate side chain assembly, transport, and
polymerization and are lethal to cells, unless suppressed by
mutations that inactivate ¢ps2E (55), which encodes the ini-
tiating repeat unit glycosyltransferase (8). An insertion in
¢ps2E also turned up in a transposon screen of genes that affect
pneumococcal biofilm formation (35). For these reasons, we
amplified and sequenced the 3.7-kb region containing
¢ps2CDET' from nine independently isolated AackA medium-
size colony suppressors (Table 1). These strains contained mu-
tations in csp2E (7/9) or cps2C (2/9), five of which were frame-
shift mutations. One mutation, cps2E (AA), consisting of a
deletion of 1 A from a run of 7 A bases, arose three times
independently and was used in subsequent experiments.
Spontaneous mutations leading to loss of capsule were not
associated with reduced H,0, production in Aack4d mutants.
Medium-size AackA mutants containing the cps2E (AA) mu-
tation produced low levels of H,O, (Fig. 2A, bars 7 and 10). To
determine if this phenotype was caused by the combination of
AackA and cps2E (AA) mutations, we repaired the AackA
allele alone and then both the AackA and cps2E (AA) muta-
tions back to their wild-type alleles and assayed H,O, produc-
tion (Fig. 2A, bars 8, 9, 11, and 12). We also constructed and
assayed isogenic strains containing a Acps2E deletion/insertion
or the cps2E (AA) mutation (Fig. 2A, bars 3 and 4, and B, tube
4). H,0O, production was comparable in the cps2E mutants and
the ¢ps2E " parent (Fig. 2A, bar 1), whereas all strains in which
the AackA or cps2E (AA) alleles were repaired still produced
relatively low levels of H,O, (Fig. 2A, bars 7 to 12), indicating
that the medium-size AackA mutants contained a second sup-
pressor mutation that decreased H,O, production.
Mutations in spxB and spxR suppress the deleterious effects
of AackA deletion. The AackA mutants that formed larger,
mucoid colonies retained capsule and showed a decrease in
H,O, production similar to that of the medium-size, rough
AackA mutants (Fig. 2A, bars 5, 6, and 10). Since both medi-
um- and large-size AackA colonies were defective in H,O,
production (Fig. 2A), we sequenced the spxB and spxR genes
(Fig. 1) (42) of seven independent AackA suppressor strains
(Table 1). Five isolates had spontaneous lesions in the spxB
reading frame, including one frameshift and one nonsense
mutation, one isolate had a change in the mapped transcrip-
tion start site of spxB from G to T, and one had a frameshift
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TABLE 1. Spontaneous suppressor mutations that accumulated in
AackA mutants

Phenotype group and

Mutation in independent isolates
mutated gene

Mucoid large colony

SuUppressors

SPXB oo Phe269Leu (TTT to CTT)

SPXB o Frameshift mutation AC in codon
264

SPXB i Gly472Asp (GGC to GAC)

SPXB o Change in mapped transcription

start from G to T

Rough medium-sized
colony suppressors

SPXB ol Trp339STOP (TGG to TAG)

CPS2E oot Frameshift mutation AA in codon
326 (in run of 7 As)

SPXB o Gly423Cys (GGT to TGT)

CPS2E™ .ot Frameshift mutation AA in codon
326 (in run of 7 As)

SPXR o Frameshift mutation AG in codon
115 (in run of 5 Gs)

CPS2E™ ..ot Frameshift mutation AA in codon

326 (in run of 7 As)

Additional capsule mutations
identified in rough
medium-sized colony

SuUppressors

CPS2E .o Frameshift mutation AG in codon
111

CPS2E ..o Arg347Cys (CGT to TGT)

CPS2E ..ot Frameshift mutation AA in codon
419

CPS2E ...ttt Insertion of T after codon 204

CPS2C e Insertion of A after codon 45

CPS2C i Insertion of T in codon 113

“ Isolated three times from separate independent transformations.

mutation in spxR. All of the mutations were different and likely
reduced SpxB activity or expression as reflected by reduced
H,O, production (data not shown).

These results suggested that inactivation of spxB or spxR
stabilized AackA deletion strains. This conclusion was corrob-
orated in two ways. First, transformation of the AackA deletion
into AspxB or spxR::Mariner null mutants (IU2173 or IU2072,
respectively [see Table S1 in the supplemental material]) re-
sulted in uniform, large, mucoid colonies, similar to the ap-
pearance of one class of the spontaneous suppressors (data not
shown). Second, AackA transformants with uniform colony size
and morphology were obtained in the D39 rpsL1 parent strain
under anaerobic conditions, in which SpxB is not functional
(Fig. 1). When AackA transformants obtained under anaerobic
conditions were streaked onto aerobic plates, the same mixture
of colony sizes described above was observed. We also con-
firmed that a constructed cps2E (AA) mutation alone did not
stabilize AackA mutants (data not shown). Finally, various
strain constructions confirmed that spxB cps2 or spxB mutants
alone formed medium-sized rough or large mucoid colony
morphologies, respectively, similar to those observed for the
spontaneous AackA suppressor mutants. Together, these find-
ings suggested that the medium-sized rough colonies resulted



Vor. 192, 2010

. 0.1 -e- parent
R - AspxB AackA Apta
o - Apta
0.01
- AspxB
0.0014+—+—"r—v-—-"v-—-Tr-'v"T"T"T""T""T"T"T"T"T
0 2 4 6 8
Time (h)

FIG. 3. Typical growth curves of encapsulated parent strain IU1781
(D39 rpsL1) and isogenic mutants 1U2837 (D39 rpsL1 AspxB Apta
AackA), TU2687 (D39 rpsL1 Apta), and 1U2173 (D39 rpsL1 AspxB) in
BHI broth at 37°C with limited aeration (static) in an atmosphere of
5% CO, (see Materials and Methods). See Table S1 of the supple-
mental material for full genotypes. The experiment was repeated nu-
merous times.

from tandem mutation, starting with inactivation of capsule
biosynthesis followed by inactivation of spxB or spxR.

Apta deletion is not deleterious to cells. In contrast to AackA
mutants, deletion of pta did not cause overt accumulation of
spontaneous suppressor mutations. The S. pneumoniae serovar
2 D39 genome contains only a single ortholog of pta
(spd_0985) (28). Similar to Pta from other low-GC Gram-
positive bacteria, Ptag,, lacks the extra amino-terminal do-
mains present in Pta from E. coli and related species (data not
shown). ptag,, is preceded by rluD (putative pseudouridine
synthase) and followed by a 270-bp intercistronic region pre-
ceding an oppositely oriented IS//67 element (data not
shown). Because of PCR amplification issues, the Apta::Kan*
rpsL ™" insertion/deletion mutation retained only the last 200 bp
of pta (see Tables S1 and S2 in the supplemental material). The
only phenotypic change for Apta mutants was formation of
slightly smaller colonies than the parent strain on BA plates
incubated in an atmosphere of 5% CO, (data not shown). This
slight growth defect was complemented by expression of pta™
under the control of a fucose-inducible promoter from the
ectopic CEP site (strain 1U4497 [see Table S1]) (data not
shown). However, there was no defect in relative growth rate
or yield of the Apta mutant grown in BHI broth under similar
incubation conditions (Fig. 3). The Apfa mutant formed nor-
mal-sized colonies on anaerobic BA plates, and Apta AspxB
mutants formed large, mucoid colonies indistinguishable from
AspxB mutants on plates incubated aerobically. These obser-
vations suggest that Apfa mutants may be slightly inhibited by
aerobic growth on plates but not in certain complex broths
grown with limited aeration. Consistent with its similar growth
in BHI broth, relative transcript amounts of the exponentially
growing Apta mutant showed relatively few differences com-
pared to its isogenic pta™* parent (see Table S3 in the supple-
mental material). Notably, there were moderate increases in
the relative transcript amounts of the prtA gene (cell wall-
associated serine protease) and psa regulon (manganese trans-
port), but little else, in the Apfa mutant compared to its parent.
Finally, unlike deletion of spxB, deletion of pta did not stabilize
a AackA mutant, and the three sizes of colonies described
above appeared for the Apta AackA mutants (data not shown).
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Together, these results indicated that we could construct mu-
tants containing single AspxB or Apta mutations, both AspxB
and Apta mutations, or combinations of AackA, AspxB, and
Apta mutations, provided that AspxB mutations were intro-
duced before AackA mutations to stabilize strains (see Table
S1 in the supplemental material).

Characterization of cellular ATP and AcP amounts in
AackA, AspxB, and Apta mutant combinations. Aack4 mutants
are blocked in the conversion of AcP to acetate and ATP
(Fig. 1) (53). Therefore, the immediate effect of blocking the
AckA step would be a decrease in the cellular ATP amount
and a possible accumulation of AcP. In contrast, decreased
activity or expression of SpxB decreases AcP amount (40) and
H,O, production. To better understand the effects of these
mutations on the SpxB-Pta-AckA pathway (Fig. 1), we deter-
mined the relative amounts of ATP and AcP in these mutants
and their parent strain growing exponentially in BHI broth
(see Materials and Methods). All samples were taken in early
exponential phase, when the bacteria are primarily excreting
lactate and little acetate and before significant depletion of the
glucose contained in BHI broth (47).

In contrast to a preliminary result suggesting much greater
amounts of AcP than ATP (40), we found that the amount of
AcP was only ~1.5-fold greater than that of ATP in S. pneu-
moniae D39 (Table 2). We estimated that the cellular concen-
trations of extractable ATP and AcP were ~2 mM and ~3
mM, respectively, under these culture conditions (Table 2; row
1). Validation experiments in which E. coli cells were extracted
in parallel experiments gave cellular ATP concentrations of
~3.0 mM, which is comparable to values reported previously
(6, 25, 36). Different extraction formats which increased the
yield of ATP from E. coli (6) did not appreciably affect the
yield of ATP from S. pneumoniae (data not shown). We con-
clude that the ATP pool in S. pneumoniae is comparable to
that of E. coli during exponential growth in rich media.

We noted strong homeostasis to maintain cellular ATP
amounts in S. pneumoniae by the parallel SpxB and Pta routes
(Fig. 1). Addition of 15 mM potassium acetate to the medium
increased the relative cellular amount of AcP by ~1.6-fold,
which was the maximum that could be obtained by acetate
addition, but the relative amount of ATP remained unchanged
(Table 2, row 2). AspxB mutants contained only about 20% of
the AcP of the parent strain, but again ATP amount was
maintained. This finding supports the previous report that the
relative amount of AcP is reduced to 20% in spxB mutants
(40). Apta mutants had the same amounts of ATP and AcP as
the parent strain (Table 2, row 4), and addition of 15 mM
potassium acetate to the Apfa mutant increased the relative
AcP amount by ~1.5-fold but left the relative ATP amount
unchanged (Table 2, row 5).

In contrast, AspxB AackA mutants contained only about half
the ATP amount of the parent strain and accumulated about
twice as much AcP in the dead-end pathway created by the
absence of SpxB and AckA (Fig. 1; Table 2, row 6). Consistent
with this result, the AspxB Apta ackA™* mutant showed the
same 50% reduction in relative ATP amount and contained
negligible AcP, indicating little conversion of acetate to AcP by
AckA under the growth conditions sampled here. The AspxB
Apta AackA triple mutant could be readily constructed starting
with the AspxB mutation to suppress the AackA mutation (see
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TABLE 2. Relative cellular amounts of ATP and AcP in the parent D39 strain and SpxB-Pta-AckA pathway
mutants growing exponentially in BHI broth

Presence of gene

Strain® Addition” Relative amt (1)
spxB pta ackA
ATP? AcP*

1U1781 + + + None =109 =1(8)
1U1781 + + + 15 mM potassium acetate 1.0 = 0.05 (3) 1.6 = 0.10 (2)
102173 - + + None 1.0 = 0.08 (3) 0.18 = 0.02 (3)
102687 + - + None 1.1 = 0.06 (3) 1.0 = 0.10 (3)
102687 + - + 15 mM potassium acetate 0.90 = 0.08 (2) 1.5 +0.10 (2)
1U3590 - + - None 0.53 = 0.04 (3) 1.9 =0.20 (2)
1U2689 - - + None 0.50 = 0.05 (3) 0.08 = 0.04 (3)
102837 - - - None 0.54 = 0.09 (3) 0.07 = 0.01 (3)

¢ Further information on the indicated strains is provided in Table S1 of the supplemental material. The presence of capsule was confirmed by smooth colony

formation on BA plates and Quellung reactions (see Materials and Methods).

b Potassium acetate (CH;CO,K) was added to some cultures at a final concentration of 15 mM at the beginning of culture growth.

¢ Bacteria were grown to an ODg,, of 0.2, and relative cellular amounts of ATP and AcP were determined as described in Materials and Methods. The number of
biological replicates (n) is indicated, and determinations were performed in duplicate within each replicate experiment.

4 The amount of ATP recovered from 20 ml of encapsulated strain TU1781 (D39 ¢ps™ rpsL1) cells at an ODg,, of 0.2 was 0.0067 wmol/mg of protein extract. This
amount corresponds to an estimated cellular concentration of ~2 mM ATP (see Materials and Methods). The experimental error of the ATP determinations was ~8%.

¢ The amount of AcP recovered from 20 ml of TU1781 (D39 ¢ps™ rpsLI) cells at an ODg,, of 0.2 was 0.011 pmol/mg of protein extract. This amount corresponds
to an estimated cellular concentration of ~3 mM AcP. The experimental error of the AcP determinations was ~5%.

above; see also Table S1 in the supplemental material). Like
the AspxB Apta mutant, the triple mutant grew comparably to
the parent strain (Fig. 3 and data not shown), even though it
produced 50% of the normal ATP amount and contained neg-
ligible AcP (Table 1, row 8).

Consideration of these amounts of ATP and AcP suggests
that a AackA deletion initially decreases the cellular ATP
amount by ~50% and increases AcP amounts. Therefore, the
reason AackA mutants need to accumulate spxB or spxR sup-
pressor mutations may be to reduce the H,O, level in response
to the lower cellular ATP amount, or to reduce high AcP
amounts that are somehow deleterious, or both. Addition of
acetate to the parent and the Apfa mutant increased the cel-
lular AcP amount by ~1.5-fold without changing the ATP level
(Table 2, rows 2 and 5). Plating the parent and Apfa mutant on
BA plates containing acetate at 15 mM and higher concentra-
tions did not cause colony heterogeneity indicative of suppres-
sor accumulation (data not shown). Therefore, modest in-
creases in AcP amounts did not appear deleterious to cells,
although we were unable to increase cellular AcP amounts
above this range by adding more potassium acetate (data not
shown).

In addition, we attempted to deplete AckA expression and
then follow the effects on the ATP and AcP pools. As de-
scribed above, expression of an ectopic copy of ackA™ under
the control of a fucose-inducible promoter complemented the
AackA mutation on BA plates containing fucose (strain
1U4493 [AackA CEP::P, x-ackA™]) (see Table S1 in the sup-
plemental material). We tested whether we could also deplete
AckA sufficiently in strain TU4493 in BHI broth. Cells were
grown in relatively low amounts of fucose (0.2% [wt/vol]),
washed, and resuspended at a low density (ODg,,, 0.005) in
BHI broth lacking or containing fucose. However, cultures
lacking or containing fucose after the shift grew similarly (data
not shown). Either it was not possible to sufficiently deplete the
accumulated AckA amount and activity within the time frame
of these growth experiments, or more likely, the Py, promoter
was leakier in cells grown in BHI broth than those on BA

plates. Regardless, we were unable to obtain conclusive data
about the extent of AcP accumulation following depletion of
AckA before suppressor accumulation.

Effects of the SpxB-Pta-AckA pathway on TCS expression.
Previously, we reported that AspxB mutants growing exponen-
tially caused a limited number of modest changes in relative
transcript amounts compared to the spxB™ parent, even though
relative AcP amount and H,O, production were reduced by
80% and 90%, respectively (Table 2, row 3) (40, 42). In par-
ticular, there were no large changes in the transcription pat-
terns of known TCS regulons (42). However, we could not rule
out a role for AcP in TCS regulation, because the cellular
concentration of AcP was unknown, and we had not reduced it
to a negligible level (42). We used the strains described above
to perform an epistasis analysis, comparing the global tran-
scription patterns of the AspxB, AspxB AackA, AspxB Apta, and
AspxB AackA Apta mutants (Table 3; see also Tables S3 to S6
in the supplemental material and the information in the GEO
database under accession number GSE23404) (a rationale for
such work was reported in reference 54). These results con-
firmed our previous data, showing that the AspxB mutation
does not strongly affect relative transcript amounts in expo-
nentially growing cells (Table 3, IU2173). Unexpectedly, the
changes in relative transcript amounts of the AspxB AackA
Apta mutant, which produced 50% ATP and negligible AcP
compared to its parent (Table 2, row 8), were largely con-
fined to the WalRKg,,, CiaRHg,,, and LiaSRg,, TCS regu-
lons (see Table S6 in the supplemental material). Relative
transcript levels of some of the more strongly responsive regu-
lon genes changed the most, especially in the CiaRHg,,, regu-
lon (Table 3, IU2837). This result shows that the function of
the SpxB-Pta-AckA pathway influences the expression of only
a limited number (3/13) of the complete TCSs in S. pneu-
moniae.

Of these three TCSs affected, only the WalRKg,,, TCS regu-
lon had changes in expression correlated with the AcP amount.
The AspxB Apta mutant produced similar amounts of AcP and
ATP as the triple AspxB AackA Apta mutant (Table 3). The
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TABLE 3. Microarray analysis of transcripts strongly regulated by the WalRKg
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ns

CiaRHg,,, or LiaSR,, TCS in SpxB-Pta-AckA pathway

mutants, compared to the D39 spxB™ pta™ ackA™ parent strain

Relative metabolite or transcript fold change” in strain (genotype)

Regulon and gene .
g Metabolite or gene 104319 1U3107
tag (spd no/ description U2687  TU2173 1(1£5x9£ I&Z(fg IUZEZSZL&SI”‘B V1885 (AgxB  (AspxB Apia
Spr 10.) (Apta) (AspxB) AM‘]’M) n It’a) Apta) (AwalKs,,)  AackA AackA
P AwalKy,,)  AwalK,,)
ATP 1.1+0.1 1.0 0.1 0.53 £0.04 0.50 = 0.05 0.54 +0.09 ND ND ND
AcP 1.0+0.1  0.18 £0.02 1.9+02 0.08 = 0.04 0.07 = 0.01 ND ND ND
WalRKg,, regulon®
0104/0096 LysM domain protein 1.0 1.2 1.1 —22%05 -25%02 -32%01 =20 —44+09
1874/1875 LysM domain protein -1.1 -12 1.1 -34*07 -29*03 -78*15 =72 —10.0 = 1.4
(putative lysozyme)
2043/2021 pesB; cell division protein 1.0 1.1 1.1 -13 -1.9+01 —-41+07 -2.1 —-3.9+07
CiaRHg,,, regulon®
0775/6 82 Conserved hypothetical -12 -19+04 -22x08 -2.0x07 48+ 04 1.7 —-1.1 -1.6
protein
0913/0931 Conserved hypothetical -1.0 -20*x04 -37x12 -31x01 -78*15 1.4 -1.1 -2.0*08
protein
2068/2045 htrA; serine protease -1.0 -22+05 -35*+16 -31*06 -94+19 -1.0 -15 -25+05
LiaSRg,, regulon®
0178/0173 Conserved hypothetical 12 1.1 -1.1 -12 -1.6 1.1 12 1.1
protein
0351/0343 liaS; sensor histidine -1.0 -14 -12 -12 -22*03 -12 -1.1 -1.1
kinase
0803/0810 Conserved hypothetical 1.1 -12 -13 -1.6 -25*03 1.2 1.0 1.0
protein

“ Gene tags are shown for both the D39 serovar 2 strain (spd no.) used in the study and laboratory strain R6 (spr no.) used in previous studies by various laboratories.
> All amounts are relative to those in parent strain TU1781 (D39 cps* rpsL1). ATP and AcP values are restated from Table 2 for ease of comparison. ND, not

determined.

¢ Microarray analyses were performed as described in Materials and Methods. At least three biological replicates were performed for IU2687 (Apta) and TU2837
(AspxB AackA Apta). Two biological replicates were performed for the other strains, except [U4319 (AspxB AackA AwalK,,,), which was evaluated once for comparison.
Standard errors are indicated for fold changes above *1.8, which was used as the cutoff. Relative transcript amounts of other WalRKg,,,, CiaRHg,,, and LiaSRg,,,
regulon members also changed significantly but are not shown here for the sake of simplicity. Lists of all significant changes in relative transcript amounts are provided
in the supplemental material and in the GEO database (accession number GSE23404).

changes in the relative transcript amounts of genes encoding
the two LysM domain proteins in the WalRKg,, regulon were
similar in the double and triple mutants. Notably, the relative
transcript amounts of the WalRKg,, regulon genes were re-
stored to the parent level in the AspxB AackA mutant, which
still produced a lower ATP amount, but had a modestly in-
creased amount of AcP compared to the parent (Table 3,
1U3590). We compared the effects of eliminating the WalK,,,,
histidine kinase with the modest changes in WalRKg,,, regulon
expression observed in the SpxB-Pta-AckA pathway mutants.
Decreases in relative amounts of WalRKg,, regulon tran-
scripts were greater in the AwalK,, mutant (Table 3, IU1885)
than in the SpxB-Pta-AckA pathway mutants (Table 3,
1U2837). Elimination of both WalKs,, and the SpxB-Pta-
AckA pathway resulted in an approximately additive decrease
(Table 3, TU3107), consistent with the interpretation that
WalKg,,, kinase activity and AcP can contribute to WalRg,,
phosphorylation. However, this effect of AcP was only detected
when AcP amounts were reduced to negligible levels, since
increasing AcP amount when WalKg,, was absent did not
significantly increase WalRKg,,, regulon expression (Table 3,
1U4319), despite the absence of the WalK,,, phosphatase ac-
tivity for WalRg,,,,~P (16).

Similar to the WalRKg,, TCS regulon, expression levels of
the CiaRHg,, and LiaSRg,, TCS regulons were reduced
strongly or weakly, respectively, by elimination of the SpxB-
Pta-AckA pathway (Table 3, 1U2837). In contrast to the
WalRKg,,, regulon, expression of the CiaRHy,, regulon was

Yo Spn
marginally reduced in the AspxB mutant, which synthesizes

only 20% of the AcP of the parent strain (Table 3, TU2173).
However, the epistasis analysis described above failed to show
a correlation between AcP amount and CiaRHg,, regulon
expression (Table 3). Absence of the WalKg,, histidine kinase
did not significantly affect expression of the CiaRHg,, and
LiaSRg,, regulons (Table 3, IU1885), consistent with minimal
or no cross talk. But elimination of both WalKg,, and the
SpxB-Pta-AckA pathway produced less reduction in CiaRHg,,,
regulon expression than elimination of the SpxB-Pta-AckA
pathway alone (Table 3, IU2837 and IU3107). Together, these
results imply that transcription levels of the CiaRHg,, and
LiaSRg,,, TCS regulons are influenced in complex ways by
perturbations of the SpxB-Pta-AckA pathway.

DISCUSSION

In this paper, we report the first characterizations of the
Pta-AckA pathway in S. prneumoniae and its metabolic rela-
tionship to SpxB. Both SpxB pyruvate oxidase and Pta phos-
photransacetylase synthesize AcP, which can be used as an
additional source of ATP in these bacteria that otherwise must
synthesize ATP by substrate-level phosphorylation during gly-
colysis (Fig. 1). Homologs of Pta are present in most bacterial
species (although Pta from Gram-positive bacteria lacks the
additional amino-terminal domains present in E. coli Pta), but
relatively few bacterial species contain SpxB, which also syn-
thesizes H,O, as a product (Fig. 1) (42). In contrast to muta-
tions in pta and spxB, strains deleted for ackA, which encodes
acetate kinase (Fig. 1), were unstable and accumulated sup-
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pressors at a high frequency that reduced SpxB function or
expression (Table 1), including inactivation of spxR, which
encodes a positive regulator of spxB and strH (glycoprotein
exoglycosidase) transcription that we identified previously
(42).

This collection of mutants defective in different parts of the
SpxB-Pta-AckA pathway revealed some unanticipated proper-
ties of ATP and AcP biosynthesis in S. pneumoniae. Cellular
ATP amounts were maintained at constant levels in AspxB and
Apta mutants, and also upon acetate addition to medium,
which increased the AcP amount by ~1.6-fold (Table 2). No-
tably, AspxB mutants contained the same amount of ATP as
the parent strain. This comparison was not made in a previous
study (40), which did show an 80% reduction in AcP amount in
spxB mutants similar to that reported here (Table 2). Our
results suggest that in the absence of SpxB, AcP synthesized by
Pta is consumed, but not replenished, to maintain the cellular
ATP pool.

In suppressed AspxB AackA mutants or in a AspxB Apta
mutant, the cellular ATP amount dropped to 50% of the wild-
type level, and in the AspxB Apta and AspxB Apta AackA
mutants, the AcP amount dropped to a negligible level, al-
though a small (=7%) residual amount was always detected
(Table 2). Surprisingly, these drastic drops in the ATP and AcP
energy pools did not detectably impede the growth of mutants
in BHI broth or on BA plates (Fig. 3). The cellular concentra-
tions of ATP and AcP were estimated at ~2 mM and ~3 mM,
respectively, in exponentially growing serotype 2 strain D39
(Table 2). Several estimates of the pneumococcal ATP pool,
ranging from ~0.3 mM to ~6 mM, have been reported, al-
though most reports did not provide details of how the cellular
amounts were calculated. Our estimate of 2 mM most closely
matches the 1 mM estimate reported in reference 49. The
cellular ATP pools of S. pneumoniae D39 (=2 mM [Table 2])
and E. coli K-12 (=3 mM [6, 25]) were comparable in expo-
nentially growing bacteria. Although E. coli has a greater ca-
pacity to synthesize ATP, it also contains nearly twice as many
genes and forms cells at least twice as large as S. pneumoniae
(3, 28). Likewise, the steady-state cellular pool of AcP in S.
pneumoniae (=3 mM) (Table 2) was comparable to that of E.
coli under some growth conditions (=3 mM) (25, 54). Thus,
during exponential growth, S. pneumoniae reserves a remark-
able amount of phosphate bond energy in AcP, which is syn-
thesized by a pyruvate oxidase activity not present in E. coli
and many other bacterial species (Fig. 1). An important impli-
cation from the combined results in this paper is that AcP
seems to be a major energy reservoir for ATP synthesis in
pneumococcus, rather than a signaling conduit between met-
abolic state and TCS regulation.

The accumulation of suppressors was high in Aack4 mu-
tants, which formed very small, unstable colonies under aero-
bic growth conditions. Every time a small, single AackA colony
was streaked, multiple large mucoid and medium-sized rough
colony types were obtained, and all suppressor mutants con-
tained mutations in spxB or spxR that reduced SpxB function or
expression (Table 1; Fig. 2). In addition, the medium-sized
rough colonies contained mutations in the c¢ps2E or c¢ps2C
genes that halted capsule biosynthesis (Table 1). Genetic recon-
struction experiments demonstrated that AspxB or spxR::Mariner
mutations were necessary and sufficient to stabilize AackA mu-
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tants, whereas Acps24'-Acps2H' and cps2E (AA) mutations
were not (see Results). Therefore, the cps2E and ¢ps2C mu-
tations likely occurred first in the medium-sized rough AackA
mutants, perhaps to reduce the considerable ATP load of cap-
sule biosynthesis, but loss of capsule was not sufficient to re-
lieve the metabolic stress caused by AackA deletion, which
further requires reduced SpxB function or expression.

The mutations that accumulated in cps2E, cps2C, spxB, and
spxR in independently isolated, spontaneous AackA suppressor
strains fell into a limited set of changes that perhaps is indic-
ative of a mutational stress response. Except for one C—T
change, the eight other sequenced c¢ps2E and c¢ps2C mutants
contained frameshift mutations involving an insertion or dele-
tion of a single base. Of these eight frameshift mutations, three
were caused by a AA deletion in a single run of 7 A residues in
¢ps2E (Table 1). However, the other five frameshift mutations
were not in runs of bases characteristic of a phase variation
mechanism (34). On the other hand, we found that the cps2E
(AA) could shift back to the in-frame 7-A run if bacteria were
subjected to strong selection for capsule production in an an-
imal model of infection (K. J. Wayne, unpublished results). In
addition, one spxB and one spxR frameshift mutation were
recovered among the seven spxB and spxR suppressor mutants
(Table 1). The other five spxB mutations were single nucleotide
changes, four of which were changes of G to other bases,
including two G—T mutations, consistent with oxidative dam-
age of G to 8-0xo-G (32). Finally, preliminary experiments
using a newly constructed frameshift indicator strain suggested
that the AackA mutants accumulated most of these suppressor
mutations on the selection plates following transformation (data
not shown), which is again consistent with a highly stressed state
that would increase frameshifts and base damage.

We considered two nonexclusive explanations as to why
AackA mutants need to reduce or eliminate SpxB function.
AckAg,, is homologous to canonical AckA,, over its whole
length (data not shown), and the instability of AackAs,, mu-
tants is likely caused by a metabolic pathway block, rather than
some unprecedented essential interaction between AckA and
another protein that does not occur in E. coli. The AackA block
should decrease ATP production and increase AcP amounts
(Fig. 1). Reduced SpxB expression decreases H,O, and AcP
production (Table 2; Fig. 2). Therefore, according to one sce-
nario, the reduced spxB expression simply decreases highly
toxic levels of AcP back to levels that are tolerated. According
to the other scenario, resistance to the high endogenous levels
of H,O, produced by SpxB is an energy-dependent process
that requires wild-type ATP levels.

Several observations tend to support the energy dependence
hypothesis, but none is definitive. The reaction catalyzed by
Pta is usually reversible (Fig. 1), so high levels of AcP could be
reduced by funneling it back toward acetyl-CoA and other
metabolites in a AackA mutant. But disruptions in the acetyl-
CoA pathway itself could be deleterious, because of its essen-
tial role in the biosynthesis of fatty acids and other key metab-
olites (Fig. 1). Acetate addition led to modest increases of AcP
levels in spxB™ strains (Table 2) and did not result in spxB
suppressor accumulation, as was observed for Aack4A mutants.
But, we were limited in how much we could increase the AcP
amount by this approach. Attempts to downshift AckA expres-
sion were not successful in liquid medium, probably because of
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leakiness of the fucose-regulated Py, promoter. Elsewhere,
we have demonstrated that several essential genes are required
for resistance to the endogenous H,O, synthesized by SpxB,
and different genes are used to cope with endogenously pro-
duced and exogenously added H,O, (unpublished data). The
protein encoded by one of these genes consumes energy as part
of its metabolic activity. Moreover, recent work has implicated
the pentose phosphate shunt, which consumes NADPH, in
resistance mechanisms against H,O, (39). Together, these ob-
servations are consistent with the idea that a sufficient ATP
level needs to be maintained for resistance to the endogenous
H,O, synthesized by SpxB.

Finally, this set of mutants (Table 2) allowed us to analyze
effects of the SpxB-Pta-AckA pathway and AcP amount on
TCS regulation patterns in S. pneumoniae (Table 3; see also
the supplemental material). AcP phosphorylation of some re-
sponse regulators plays important roles in the signaling path-
ways of several TCSs in E. coli and other bacterial species
(reviewed in references 39, 53, and 54). In S. pneumoniae, the
WalRg,,,, (VicR) response regulator is essential, whereas the
WalKg,,, (VicK) histidine kinase is not essential under stan-
dard growth conditions (16, 37, 52). One hypothesis proposed
to explain this nonessentiality of WalK,, is cross talk phos-
phorylation of WalRg,, by AcP, which occurs at high (=10
mM) AcP concentrations in purified biochemical reactions
over extended times (16, 38). In addition, it has been proposed
that the AcP produced by SpxB generally phosphorylates re-
sponse regulators (27, 45).

Previously, we reported that the 80% reduction in AcP that
occurs in AspxB mutants (Table 2) (40) did not lead to large
changes in transcription patterns indicative of altered TCS
regulation (42). The most conspicuous change in the AspxB
mutant was a small decrease near the microarray cutoff value
in the relative transcript amount of the CiaRHg,,, TCS regulon
(Table 3). We also did not detect small decreases in the rela-
tive amounts of fab gene transcripts, as recently reported in
reference 4. Complete disruption of the SpxB-Pta-AckA path-
way in a triple mutant led to a negligible amount of AcP and
50% of the cellular ATP amount (Table 2). Surprisingly, these
reductions did not significantly affect growth under the condi-
tion tested (Fig. 3) and resulted in a limited global transcrip-
tion response that strongly decreased expression of the CiaRH
TCS regulon and to a lesser extent that of the WalRKg,,, and
LiaSRg,, regulons (Table 3; see also Table S6 in the supple-
mental material).

Epistasis analysis using combinations of SpxB-Pta-AckA
pathway mutations showed that expression of the WalRK,,
regulon was correlated with AcP amounts, but the decreases in
expression levels were small (Table 3) and approximately ad-
ditive, with the larger decreases in WalRKg,,, regulon expres-
sion caused by the absence of the WalKg,, histidine kinase
(Table 3). However, these effects only became detectable at
negligible AcP amounts, which are unlikely to occur under
normal physiological conditions, especially given the central
role described here for AcP as an energy reservoir in S.
pneumoniae. Likewise, at least an 80% reduction of cellular
AcP amount was required to detect a marginal decrease in
CiaRHg,,, TCS regulon expression (Table 3) (42). These com-
bined results do not support phosphorylation of pneumococcal
response regulators by AcP as a general signaling mechanism,
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despite a relatively high (=3 mM) estimated cellular AcP con-
centration (Table 2). On the other hand, normal function of
the SpxB-Pta-AckA pathway quite specifically influences the
expression of the three TCS regulons that mediate cell wall
homeostasis and stress (reviewed in references 10 and 22). In
particular, the response of the CiaRHg,,, TCS regulon is com-
plex (Table 3) and may reflect changes in cell wall biosynthesis
that occur when the SpxB-Pta-AckA pathway is perturbed or
changes in other key metabolic processes, such as protein acet-
ylation, that are linked to this pathway (53, 54).
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