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Abstract
WalRK (YycFG) two-component systems (TCSs) of low-GC Gram-positive bacteria play critical
roles in regulating peptidoglycan hydrolase genes involved in cell division and wall stress
responses. The WalRK (VicRK) TCSs of Streptococcus pneumoniae (pneumococcus) and other
Streptococcus species show numerous differences with those of other low-GC species. Notably,
the pneumococcal WalK sensor kinase is not essential for normal growth in culture, unlike its
homologues in Bacillus and Staphylococcus species. The WalK sensor kinase possesses histidine
autokinase activity and mediates dephosphorylation of phosphorylated WalR~P response
regulator. To understand the contributions of these two WalK activities to pneumococcal growth,
we constructed and characterized a set of walK kinase and phosphatase mutants in biochemical
reactions and in cells. We identified an amino acid substitution in WalK that significantly reduces
phosphatase activity, but not other activities. Comparisons were made between WalRK regulon
expression levels and WalR~P amounts in cells determined by Phos-tag SDS-PAGE. Reduction of
WalK phosphatase activity resulted in nearly 90% phosphorylation to WalR~P, consistent with the
conclusion that WalK phosphatase is strongly active in exponentially growing cells. WalK
phosphatase activity was also shown to depend on the WalK PAS domain and to limit crosstalk
and the recovery of WalR~P from walK+ cells.
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Introduction
The WalRK (YycFG) two-component regulatory system (TCS) plays important roles in
maintaining peptidoglycan and surface homeostasis and in responding to cell wall stresses in
low-GC Gram-positive bacteria (reviewed in (Dubrac et al., 2008, Jordan et al., 2008,
Winkler & Hoch, 2008). Although the WalRK TCS shows distinctive features in each
bacterial species, several unifying patterns have emerged about this TCS. The WalR
response regulator is generally essential and required for growth in culture (Fabret & Hoch,
1998, Hancock & Perego, 2004, Kadioglu et al., 2003, Martin et al., 1999, Senadheera et al.,
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2005, Throup et al., 2000, Wagner et al., 2002), although bypass suppressors can be
identified that uncouple regulon expression from WalR control (Delaune et al., 2011, Ng et
al., 2003, Winkler & Hoch, 2008). WalR proteins are members of the PhoB family of
response regulators and consist of phosphorylated receiver domains and winged-helix DNA-
binding effector domains that contain characteristic structural features (see (Barbieri et al.,
2010, Bent et al., 2004, Doi et al., 2010, Okajima et al., 2008)).

The core of all WalRK regulons consists of genes encoding peptidoglycan hydrolases
involved in cell division (Bisicchia et al., 2010, Bisicchia et al., 2007, Dubrac et al., 2007,
Dubrac & Msadek, 2004, Liu & Burne, 2011, Ng et al., 2003, Ng et al., 2005, Senadheera et
al., 2012). Other gene classes in the regulon vary among different bacteria and include genes
that mediate wall teichoic acid biosynthesis, exopolysaccharide production, or virulence
(Botella et al., 2011, Duque et al., 2011, Liu et al., 2006, Mohedano et al., 2005, Ng et al.,
2005, Senadheera et al., 2005). With the exception of pcsB homologues in some
Streptococcus species (Barendt et al., 2009, Ng et al., 2004, Ng et al., 2003), the essentiality
of WalR is caused by regulation of multiple genes (Bisicchia et al., 2007, Delaune et al.,
2011, Dubrac et al., 2008). Mutations that activate WalR function lead to the formation of
wall-less L-form cells (Dominguez-Cuevas et al., 2012), and other amino acid changes in
WalR result in vancomycin-intermediate resistance of Staphylococcus aureus (VISA)
laboratory strains and clinical isolates (Howden et al., 2011, Shoji et al., 2011) .

In contrast to WalR, WalK sensor kinases are divided into two distinct classes (Fukushima
et al., 2008, Ng & Winkler, 2004, Turck & Bierbaum, 2012). WalK homologues of Bacillus,
Staphylococcus, Enterococcus, and most other species contain two transmembrane domains
flanking an extracytoplasmic domain (Fukushima et al., 2008, Szurmant et al., 2007b),
which is the typical arrangement for many histidine kinases (see (Gao & Stock, 2009)). The
transmembrane domains of Bacillus subtilis WalKBsu interact with the membrane domains
of the auxiliary WalHI (YycHI) proteins away from the division septum to negatively
regulate phosphorylation levels of WalRBsu (Fukushima et al., 2011, Szurmant et al., 2008,
Szurmant et al., 2007a). In contrast, WalKSpn from Streptococcus pneumoniae
(pneumococcus), which exemplifies the other class, contains a single transmembrane
domain connected to an extracellular peptide of only 12 amino acids, and S. pneumoniae
lacks homologues of WalHI (Fig. 1) (Ng & Winkler, 2004). Another major difference
between the two WalK classes is that members of the majority class, exemplified by
WalKBsu, are generally essential for bacterial growth in culture, whereas Streptococcal
WalK sensor kinases are dispensable, although their absence may impair growth (Fabret &
Hoch, 1998, Ng et al., 2003, Senadheera et al., 2012).

The cytoplasmic domains of both classes of WalK sensors are similar and contain a HAMP
(linker) domain followed by a PAS (potential signal binding or protein interaction) domain,
which precedes the DHp (dimerization/histidine phosphorylation) and catalytic CA
(ATPase) domains, characteristic of sensor kinases (Fig. 1) (Gao & Stock, 2009, Henry &
Crosson, 2011). In addition, both classes of WalRK TCS involve an auxiliary protein, called
WalJ (YycJ), which is a predicted member of the metallo-β-lactamase superfamily (Ng &
Winkler, 2004, Turck & Bierbaum, 2012, Winkler & Hoch, 2008). Although its enzymatic
function is unknown, accumulated data suggests links among WalJ, WalRK TCS function,
and peptidoglycan metabolism that if perturbed, disrupt accurate coordination of cell
division and DNA replication (Biller et al., 2011, Ng et al., 2003).

Cell wall damage by antibiotics is believed to be a signal that induces formation of WalR~P
(Dubrac et al., 2008), although the mechanisms of signal transduction by WalRK and their
auxiliary proteins remain largely unknown. WalK is randomly distributed in the membrane
of dividing S. pneumoniae cells (Wayne et al., 2010), in contrast to the septal location of
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WalKBsu in dividing B. subtilis cells (Fukushima et al., 2011). Changing the conserved,
phosphorylated Asp52 residue of pneumococcal WalR to Asn, Gln, or Ala is not tolerated,
implying that WalR~P formation is required for pcsB expression (Ng et al., 2003). Even the
Asp52Glu change, which can mimic aspartyl phosphate, is barely tolerated, except in
ΔwalK mutants, suggesting additional interactions between WalK and WalR (Ng et al.,
2003). Titration experiments indicated that WalR is present in excess in exponentially
growing S. pneumoniae (Ng et al., 2003). Consistent with this expectation, WalR is an
abundant protein present in ≈6,000 monomers per cell, which is a ≈13-fold molar excess
over WalK dimer amount (Wayne et al., 2010).

Recently, we reported that the WalK sensor kinase of S. pneumoniae exhibits a strong
phosphatase activity that mediates dephosphorylation of WalR~P in biochemical reactions
(Gutu et al., 2010, Huynh & Stewart, 2011). Optimal WalK phosphatase activity in reactions
depended on its PAS domain (Gutu et al., 2010). In this study, we examine the roles of the
WalK autokinase and phosphatase activities in setting WalRK regulon expression and
WalR~P amount in exponentially growing S. pneumoniae cells. To this end, we identified
an amino acid change in WalK that specifically reduces its phosphatase activity, and we
modified the Phos-tag SDS-PAGE method (Barbieri & Stock, 2008) for use in S.
pneumoniae. Our results support the conclusions that WalK phosphatase is the default
activity in exponentially growing cells and that WalK prevents phosphorylation of WalR by
non-cognate sensor kinases. Yet, we show that crosstalk phosphorylation of WalR is partly
responsible for the viability of pneumococcal walK mutants. This work also demonstrates
the utility of the Phos-tag SDS-PAGE method to determine response regulator
phosphorylation levels in bacterial cells and a way to deal with a potential limitation of this
method.

Results
WalKT222A is defective in phosphatase activity, but not in other WalK activities

To understand more about the physiological roles of WalK phosphatase activity in S.
pneumoniae, we needed to identify a phosphatase-deficient mutant of WalK that retained
nearly normal autokinase and phosphoryltransferase activities. Huynh and Stewart recently
proposed a reaction mechanism for the phosphatase activity mediated by transmitter
domains of HisKA-family sensor kinases (Huynh et al., 2010, Huynh & Stewart, 2011).
Based on this model and on other previous studies of phosphatase deficient mutants of
sensor kinases (Capra et al., 2010, Dutta et al., 2000, Hsing & Silhavy, 1997, Zhu et al.,
2000), we expressed and purified 13 mutant WalK proteins with amino acid changes in the
DHp domain near the phosphorylated His218 residue (Fig. S1). The V216G, S217D, P223A,
P223S, R221D, or T222D (Fig. S2) or T222R (Gutu et al., 2010) amino acid changes
severely diminished autokinase activity and were not studied further.

Combined autokinase-phosphoryltransferase-phosphatase assays were performed to screen
for decreased phosphatase activity of the remaining WalK mutant proteins (Fig. 2 and S3)
(Gutu et al., 2010). In combined assays, little WalR~P accumulated in Mg2+ buffer because
of the WalK phosphatase activity (Gutu et al., 2010). More WalR~P accumulated in Ca2+

than Mg2+ buffer because of the strong dependence of the phosphatase activity on Mg2+ ion
(Gutu et al., 2010, Huynh & Stewart, 2011, Zhu et al., 2000). WalK with the T225A,
S217A, or R221K amino acid changes (Fig. S3C, S3D, and S3H) showed similar low-level
accumulation of WalR~P as wild-type WalK+ in Mg2+ buffer and were not ostensibly
defective in phosphatase or other WalK activities. The T222A, R221A, R221S, or T222Y
amino acid changes in WalK resulted in increased WalR~P accumulation in Mg2+ buffer
(Fig. 2 and S3B, S3F, and S3G), characteristic of a defect in WalK phosphatase activity
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(Gutu et al., 2010). Of these, WalKT222A showed the strongest effect (Fig. 2) and was
characterized further.

The increase in WalR~P accumulation in combined assays containing WalKT222A could be
the result of increased autokinase or phosphoryltransferase activity or decreased phosphatase
activity. Michaelis-Menton kinetic analysis of the autokinase reaction showed that
WalKT222A has a similar Km (ATP) to that of wild-type WalK+, and a slightly lower kcat
(Fig. S4), which would not account for greater accumulation of WalR~P in combined assays
(Fig. 2). We estimated the catalytic efficiency of the phosphoryltransfer reaction containing
WalKT222A or WalK+ by determining the half-life of WalK~P after WalR addition (Fig. S5)
(see (Gutu et al., 2010)). The catalytic efficiency of phosphoryltransfer to WalR was greater
in Mg2+ buffer than Ca2+ buffer as we reported before (Fig. S5) (Gutu et al., 2010).
However, in both Mg2+ and Ca2+ buffers, the kinetic preference of phosphoryltransfer from
wild-type WalK+~P was slightly greater than from WalKT222A~P (Fig. S5). The lower
efficiency of phosphoryltransfer from WalKT222A~P again would not account for the
increase in WalR~P formation in the combined assays (Fig. 2). Finally, we assayed the
phosphatase activity of WalKT222A using a direct HPLC-based assay (Fig. S6 and S7) (Gutu
et al., 2010). The phosphatase activity mediated by WalKT222A was at least 13-fold lower
than that of WalK+. We conclude that greatly reduced phosphatase activity accounts for the
accumulation of WalR~P in combined assays containing WalKT222A (Fig. 2), which has
comparatively minor defects in its autokinase and phosphoryltransferase activities. This
conclusion was confirmed by determination of the cellular amounts of WalR~P in a
walKT222A mutant as described below.

WalK autokinase activity is required for optimal pneumococcal growth in statically aerated
cultures

Four isogenic mutants were studied to learn more about the roles of the WalK autokinase
and phosphatase activities in growth of encapsulated S. pneumoniae strain D39 (Table S1).
The ΔwalK, walKH218A, and walKΔPAS mutants were reported previously and contain an
in-frame markerless deletion of the central region of the walK gene, a nucleotide
substitution that changes the phosphorylated His218 to Ala in WalK, and an internal in-
frame deletion that removes the PAS domain of WalK, respectively (Gutu et al., 2010). In
biochemical assays using truncated WalK derivatives, WalKH218A has no autokinase
activity and shows ≈12-fold less phosphatase activity than wild-type WalK+ (Gutu et al.,
2010). WalKΔPAS has ≈12-fold less phosphatase activity, but is kinetically defective in that
its Km (ATP) in the autokinase reaction is increased by ≈6-fold compared to that of wild-
type WalK+, while its kcat is similar (Gutu et al., 2010). However, the increased Km (ATP)
(≈300 μM) of WalKΔPAS remains below the total ATP concentration (≈2,000 μM) in
exponentially growing S. pneumoniae D39 cells (Ramos-Montanez, et al., 2010). The
walKT222A mutant was constructed for this study (see above).

Repeated growth determinations showed that the autokinase-deficient ΔwalK and
walKH218A mutants consistently grew slightly (≈14%) slower and reached a lower (≈45%)
final OD620 (growth yield) than the walK+ parent strain in cultures grown statically in BHI
broth in an atmosphere of 5% CO2 without additional aeration (Fig. 3A and S8A) (Gutu et
al., 2010). In comparison, the walKΔPAS and walKT222A phosphatase-deficient mutants
grew at the same rate as the walK+ parent strain, although the growth yield of the walKT222A

mutant was consistently slightly lower (≈15%) than that of the parent (Fig. 3A and S8A).
The decreased growth yield of the walKH218A mutant compared to the walK+ and
walKT222A strains could not be attributed to cell death or premature autolysis during
exponential phase or the transition to stationary phase (Fig. S8 and S9).
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Importantly, the walKH218A point mutation should not be polar on downstream walJ
expression, and similar amounts of WalKΔPAS, WalKH218A, and WalK+ were detected by
Western blotting in cultures during exponential growth (Fig. S8C). The ΔwalK mutation,
which retained 60 bp from each end of the gene, was also not polar on downstream
transcription of walJ as determined by microarray analyses (Table 1). Notably, inactivation
of walK caused decreased relative transcript amounts confined predominantly to members of
the WalRK regulon, including spd_0104 (−3.1 fold; LysM protein), spd_0703 (−1.9 fold;
putative SEDS protein), spd_1874 (−4.4; putative N-acetylmuramidase), and pcsB (−2.6
fold; putative peptidoglycan hydrolase) (Barendt et al., 2011, Ng et al., 2005, Sham et al.,
2011).

WalKT222A increases WalRK regulon expression and cellular WalR~P amount
QRT-PCR assays confirmed the microarray results (Table 1) by showing that the relative
transcript amounts of WalRK regulon genes spd_1874 and pcsB dropped by 5- and 3-fold in
the ΔwalK and walKH218A mutants, respectively, compared to the walK+ parent (Fig. 4A
and S10A). Control experiments indicated that the drop in the relative amount of spd_1874
transcript was complemented by ectopic expression of the walK+ gene (Fig. S10B). In
subsequent experiments, we used relative amounts of spd_1874 transcript from QRT-PCR
assays as a read out of regulon expression, because spd_1874 responds the most strongly to
the WalRK TCS (Table 1) (Ng et al., 2005). We conclude that WalK autokinase activity and
phosphoryltransfer to WalR are necessary to maintain normal WalRK regulon expression in
exponentially growing cells.

The WalK PAS domain is required for optimal phosphatase activity in biochemical
reactions, but WalKΔPAS also has a kinetic defect in the autokinase activity (see above)
(Gutu et al., 2010). The walKΔPAS mutant showed ≈30% less WalRK regulon expression
compared to the walK+ parent (Fig. 4A). In contrast, the walKT222A phosphatase mutant
showed a large (7-fold) increase in WalRK regulon expression (Fig. 4A), consistent with an
increased cellular amount of WalR~P.

To understand these regulation patterns further, we determined the cellular amounts of WalR
and WalR~P in these mutants (Fig. 4B and 5) by a modification of the Phos-tag SDS-PAGE
method reported by Barbieri and Stock (Barbieri & Stock, 2008). The acid extraction
procedure used in (Barbieri & Stock, 2008) gave poor protein yields in Gram-positive S.
pneumoniae. We overcame this problem by optimizing and validating a rapid extraction
procedure for quantitative determinations of pneumococcal WalR and WalR~P amounts by
Phos-tag SDS-PAGE (Experimental procedures; Supplemental Information; Fig. 5, S11, and
S12). In these experiments, the total amount of WalR detected by Western blotting remained
constant in each strain tested (data not shown).

Three main results were obtained from these experiments. First, the percentage of WalR~P
clearly increases in the walKΔPAS and walKT222A mutants compared to the other strains
(Fig. 4B and 5A). Remarkably, the percentage of WalR~P is ≈90% in the walKT222A

mutant. As a control, heating samples from the walKT222A mutant converted all WalR~P to
WalR, consistent with the heat-lability of aspartyl-phosphate bonds (Fig. 5A, right). Second,
there is a correlation between WalRK regulon expression and percentage of WalR~P in
mutants (ΔwalK; walKΔPAS, walKH218A, walKT222A, ΔwalK ΔpnpR, and ΔwalK ΔpnpRS)
defective in WalK phosphatase activity (Fig. 4, 5, and 6 (see next section)). This correlation
can be visualized by fitting values on a non-linear exponential curve (not shown). Third,
unlike the mutants, the correlation between regulon expression and percentage of WalR~P
breaks down in the WalK+ parent strain, which contained a barely detectable amount of
WalR~P (Fig. 4 and 5A). The most likely explanation for this lack of correlation is loss of
WalR~P during cell lysis of strains with active WalK phosphatase activity (see Discussion).
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Together, these results support the conclusion that WalK phosphatase is strongly active in
exponentially growing pneumococcal cells and that mutational inactivation of WalK
phosphatase activity results in high levels of WalR~P, accompanied by a large increase in
WalRK regulon expression.

The idea that WalK phosphatase can predominate over autokinase activity was further
supported by in vitro experiments. In cells, most response regulators are present in large
molar excess over their cognate sensor kinases (see (Goulian, 2010)). It was proposed that
for certain TCSs, the importance of phosphatase activity was overestimated, because sensor
kinases were present in molar excess over their cognate response regulators in coupled
biochemical reactions (Kenney, 2010). Our experiments do not support this idea for the
WalRKSpn TCS. In exponentially growing strain D39, ≈7-fold more WalR monomer is
present than WalK monomer (i.e., 13-fold more WalR monomer than WalK dimer) (Wayne
et al., 2010). At comparable molar ratios, WalR~P did not accumulate in coupled reactions
containing WalK+ in Mg2+ buffer (Fig. 7 and S13). In contrast, WalR~P did accumulate in
reactions containing WalK+ and Ca2+ buffer or in reactions containing phosphatase-deficient
WalKT222A (Fig. 6). We conclude that WalK functions primarily as a phosphatase in
biochemical reactions, consistent with the strong WalK phosphatase activity detected in
unstressed growing cells (Fig. 4 and 5).

WalK phosphatase activity limits crosstalk in exponentially growing cells
The amount of WalR~P in the ΔwalK and walKH218A mutants was close to the limit of
detection of this method (Fig. 4B and 5A). The residual WalR~P detected in ΔwalK and
walKH218A mutants likely reflects crosstalk. One source of crosstalk is phosphorylation by
non-cognate histidine kinases in the absence of WalK function. Alignment of other HisKA-
family sensor kinases revealed that the DHp recognition helix of WalK (HK02) has a similar
amino acid sequence to that of the PnpS (HK04), HK06, VncS (HK10), CiaH (HK05), and
HK08 senor kinases (Fig. S14). We expressed and purified soluble truncated derivatives of
these other 5 histidine kinases to test whether they could phosphorylate non-cognate WalR
(Table S3; Fig. S14 and S15). In coupled reactions containing cognate WalK~P, WalR~P
was detected rapidly within 1 min, despite WalK phosphatase activity (Fig. S7). In contrast,
a low level of crosstalk phosphorylation of WalR to WalR~P was detected for non-cognate
PnpS~P, HK08~P, and CiaH~P after long incubation times of >10 min (Fig. S15B, S15C,
and S15D). No WalR~P was detected for non-cognate VncS~P and HK06~P (Fig. S15E and
S15F), which phosphorylated their cognate response regulators, VncR and RR06 (Fig. S15G
and S15H). We conclude that crosstalk between PnpS~P, HK08~P, and CiaH~P and non-
cognate WalR requires long incubation times in biochemical reactions and is not kinetically
favored compared to cognate WalK~P (see (Laub et al., 2007, Laub & Goulian, 2007)).

Of the pneumococcal sensor kinases, the DHp recognition domains of WalK and PnpS are
the most closely matched (Fig. S14); therefore, PnpS was a likely candidate for crosstalk to
WalR in cells. The pneumococcal PnpRS TCS likely regulates phosphate uptake in S.
pneumoniae (Moreno-Letelier et al., 2011, Novak et al., 1999). Moreover, in B. subtilis,
crosstalk was detected between the PhoRBsu histidine kinase, which is the homologue of
PnpSSpn, and WalRBsu (Bisicchia et al., 2010, Botella et al., 2011, Howell et al., 2006).
Indeed, we detected significant phosphorylation of WalR in a ΔwalK ΔpnpR mutant, which
lacks WalK and the PnpR response regulator (Fig. 5B and 7B). WalR~P accumulation in the
ΔwalK ΔpnpR mutant led to ≈4-fold greater WalRK regulon expression than in the ΔwalK
mutant (Fig. 7A) and corrected the growth defect of the ΔwalK mutant (Fig. 3B).

The increase in percentage of cellular WalR~P was abrogated in a ΔwalK ΔpnpRS mutant,
indicating that PnpS phosphorylated WalR in the absence of WalK in the ΔwalK ΔpnpR
mutant (Fig. 5B and 7B). WalRK regulon expression was reduced in the ΔwalK ΔpnpRS
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mutant compared to the ΔwalK mutant (Fig. 7A), showing that the PnpS sensor kinase
contributed to the crosstalk that allowed growth of the ΔwalK mutant under these
conditions. Finally, for the three walK+ strains with corresponding alleles of pnpRS (walK+

pnpRS+; walK+ ΔpnpR; and walK+ ΔpnpRS), there was again a lack of correlation between
WalRK regulon expression and the percentage of WalR~P (Fig. 7A and 7B). WalRK
regulon expression was maintained around the wild-type level, whereas apparent WalR~P
amounts were low compared to the ΔwalK ΔpnpR mutant (Fig. 7A and 7B). As discussed
below, maintenance of wild-type levels of regulon expression in the walK+ strains is
consistent with a role of WalK phosphatase in preventing crosstalk from PnpS and other
non-cognate sensor kinases during exponential growth.

Discussion
WalK phosphatase is the default activity in biochemical reactions and exponentially
growing pneumococcal cells

In this study, we further analyzed the contributions of the WalK autokinase and phosphatase
activities in setting WalRK regulon expression and WalR~P amounts in non-stressed,
exponentially growing cells of S. pneumoniae. We also examined the role of crosstalk as the
basis for the non-essentiality of pneumococcal WalK. To carry out these studies, we
identified the WalKT222A mutant sensor kinase that is deficient for WalK mediated
dephosphorylation of WalR~P, but proficient in autokinase or phosphoryltransferase
activities (Fig. 2, S4-S7). We also optimized the Phos-tag SDS-PAGE method to quantitate
WalR phosphorylation levels in the walKT222A and other walK mutants (Fig. 5, S11, and
S12). We identified WalKT222A by a biochemical screen based on amino acids predicted to
be involved in the WalK-mediated phosphatase reaction (Results; Fig. S1). According to a
recent model proposed by Huynh and Steward (Huynh et al., 2010, Huynh & Stewart, 2011),
Thr222 of WalKSpn should coordinate a water molecule for nucleophilic hydrolysis of the
aspartyl-phosphate group of WalR~P. Our finding that the T222A (and to a lesser extent the
Thr222Y (Fig. S3G)) substitution results in a phosphatase-deficient, autokinase-proficient
WalK supports this role for Thr222. However, other changes made at Thr222 (e.g., T222D
and T222R) strongly decreased WalK autokinase activity (Fig. S3) (Gutu et al., 2010),
possibly by perturbing the structure of the DHp domain.

Our combined data support the idea that the WalK phosphatase is the default activity in
biochemical reactions and in unstressed pneumococcal cells growing exponentially. In
coupled biochemical reactions containing physiological ratios of WalR to WalK, WalK
phosphatase activity predominated over autokinase activity and prevented accumulation of
WalR~P (Fig. 6). WalR~P only accumulated to appreciable amounts in reactions containing
phosphatase-deficient WalKT222A instead of WalK+. Most importantly, the walKT222A

mutation greatly increased WalRK regulon expression by ≈7-fold (Fig. 4A) and increased
the percentage of WalR~P to ≈90% in exponentially growing cells (Fig. 4B). Constitutive
overexpression of the WalRK regulon in the walKT222A mutant did not decrease growth rate
or significantly alter yield (Fig. 3A and S8A) or strongly affect cell morphology or viability
(Fig. S8B and S9). Most members of the WalRK regulon likely function as murein
hydrolases, whose activities are allosterically regulated by cell division proteins (Sham et
al., 2011, Sham et al., 2012, Uehara & Bernhardt, 2011, Yang et al., 2011). Therefore,
overexpression alone of these proteins may not be deleterious to growing cells. For example,
overexpressed PcsB would likely be secreted into the growth medium, because the amount
of PcsB bound to the cell surface is set by the amount of its interaction partner, the FtsX
integral membrane protein (Sham et al., 2011). Taken together, these results support the idea
that WalK phosphatase activity plays a major role in setting the amount of WalR~P and the
level of WalRK regulon expression in exponentially growing S. pneumoniae cells. If the
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WalK phosphatase activity is ablated, WalR becomes nearly completely phosphorylated to
WalR~P, even in unstressed exponentially growing cells.

WalRK regulon expression correlates with cellular WalR~P amount in mutants deficient in
WalK phosphatase activity, but not in walK+ cells

WalRK regulon expression was correlated with percentage of WalR~P for walK mutants
deficient in phosphatase activity, but not for phosphatase-proficient walK+ strains (see
Results). The simplest and most likely explanation for this non-correlation is that WalR~P
was lost during cell lysis of walK+ strains due to WalK phosphatase activity. More
complicated explanations, such as function of unphosphorylated WalR, require additional
assumptions to account for other trends in the data and are difficult to reconcile with the
requirement for the aspartate residue that becomes phosphorylated in WalR (Introduction).
Initial tests limited loss of WalR~P from walK+ bacteria to the lysis step. Mixing equal
densities of walK+ (7% WalR~P) and walKT222A (90% WalR~P) bacteria before extraction
resulted in ≈50% WalR~P, indicating that loss of WalR~P was not occurring in the extracts
after cell disruption (data not shown). Longer chilling of cultures before centrifugation and
addition of commercially available phosphatase inhibitor cocktails (from Pierce or Roche)
did not increase the proportion of WalR~P in walK+ strains (data not shown). Additional
extraction protocols need to be tested to address this potential limitation of the Phos-tag
SDS-PAGE method. Nevertheless, we can use the correlation in the phosphatase-deficient
strains and the regulon expression levels in walK+ strains to calculate relative WalR~P
amounts. Based on this correction, ≈26% WalR~P is present in the non-stressed,
exponentially growing walK+ strains (dotted lines in Fig. 4 and 7).

The assumption that relative WalR~P amount is underestimated in phosphatase-proficient
walK+ strains allows interpretation of other trends in these data. The walKΔPAS mutant
showed modestly decreased (≈30%) WalRK regulon expression compared to the walK+

strain (Fig. 4A). This decreased regulon expression, which was insufficient to affect growth
(Fig. 3A), implied that the autokinase kinetic defect of WalKΔPAS (see Results) may have
decreased WalR~P amount in cells. Consistent with this interpretation, the ≈16% WalR~P
recovered from the walKΔPAS mutant is less than the ≈26% WalR~P estimated for the
walK+ strain (Fig. 4B). Moreover, the fact that we recovered increased WalR~P (≈2.5-fold)
from the walKΔPAS mutant compared to the walK+ parent (Fig. 4B) supports the idea that
WalKΔPAS is deficient in phosphatase activity in cells as well as in biochemical reactions
(Gutu et al., 2010). Another important implication of this interpretation comes from the
increased recovery of WalR~P from antibiotic treated walK+ bacteria (Fig. S11C) (K.
Kazmierczak, in preparation). Recovery of a substantial amount of WalR~P from a walK+

strain implies that the WalK phosphatase activity is somehow blocked during cell wall
stress, perhaps by interaction with a ligand or another protein.

WalK autokinase activity is required for normal pneumococcal growth and cell
morphology

The absence of WalK autophosphorylation in the walKH218A or ΔwalK mutant caused
moderate growth defects that did not reflect a severe drop in cell viability (Fig. 3, S8, and
S9). These phenotypes contrast with the severe drop in cell viability reported recently for
ΔwalKSmu mutants of S. mutans (Senadheera et al., 2012), which is distantly related to S.
pneumoniae (Kawamura et al., 1995, Sultana et al., 1998). This difference in growth
phenotypes may reflect the composition of the WalRK regulons in these two bacterial
species. In S. mutans, inactivation of walKSmu led to changes in relative transcription of
genes from many functional classes, including bacteriocin and competence genes
(Senadheera et al., 2012). In contrast, we show here that inactivation of walKSpn decreased
expression of a small number of genes that primarily mediates peptidoglycan hydrolysis
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(Table 1). Expression of this same limited set of genes was increased when pcsB was
underexpressed, suggesting feedback control (Fig. 1B) (Barendt et al., 2009). Likewise,
expression of this core set of murein hydrolase genes was increased or decreased when
walRSpn expression was increased or decreased, respectively (Mohedano et al., 2005, Ng et
al., 2003, Ng et al., 2005). Lack of WalKSpn autokinase activity resulted in ≈3-fold less
pcsB gene transcription (Table 1; Fig. S10). Previous work shows that this degree of pcsB
underexpression is sufficient to account for the slight decrease in growth rate, markedly
lower growth yield, and moderate defects in cell morphology of the ΔwalK and walKH218A

mutants (Barendt et al., 2009).

These combined observations suggest an attractive model that will be tested in future
experiments (Fig. 1B and S16). In exponentially growing S. pneumoniae, the PAS domain
regulates WalK phosphatase activity to set the basal WalR~P amount and WalRK regulon
expression level. Cell wall damage or limitation of PcsB amount induces a ligand or another
protein to bind to the PAS domain and turn off WalK phosphatase activity, thereby
increasing relative WalR~P amount and WalRK regulon expression. It has not been
determined whether the PAS domain of WalKBsu might play a similar role in B. subtilis, but
the PAS domain of WalKBsu does have an additional function compared to its counterpart in
WalKSpn. The PAS domain of WalKBsu interacts with the divisome and directs the
localization of WalKBsu to the septum of dividing B. subtilis cells (Fukushima et al., 2011).
In contrast, WalKSpn is randomly distributed in the membrane of dividing S. pneumoniae
cells (Wayne et al., 2010).

Crosstalk accounts for the non-essentiality of walK mutations in S. pneumoniae
ΔwalK and walKH218A mutants, which are deficient in both autokinase and phosphatase
activities (see Results), contained ≈8% WalR~P (Fig. 4B, Fig. 5, Fig. 7B) and were
moderately impaired in growth (Fig. 3 and S8). The ΔwalK ΔpnpR mutant strikingly
exhibited crosstalk phosphorylation of WalR by PnpS; the percentage of WalR~P increased
from 8% to 24% (Fig. 5B and 7B), WalRK regulon expression increased by ≈4-fold (Fig.
7A), and wild-type growth was restored (Fig. 3B) compared to the ΔwalK mutant. These
increases disappeared in a ΔwalK ΔpnpRS mutant demonstrating that crosstalk in the
ΔwalK ΔpnpR mutant depended on PnpS function (Fig. 7). Furthermore, the 2-fold drop in
WalRK regulon expression, decrease in relative WalR~P amount, and impaired growth of
the ΔwalK ΔpnpRS mutant compared to the ΔwalK mutant (Fig. 3B and 7B) shows that
crosstalk to WalR by PnpS contributes to the viability of walK mutants. In comparison, a
comparable analysis indicated that acetyl phosphate, which is plentiful (≈3 mM) in S.
pneumoniae, contributed negligibly (≈20%) to maintaining WalRK regulon expression in a
ΔwalK mutant (Ramos-Montanez et al., 2010). Presumably, the barely detectable, residual
(<3%) amount of WalR~P left in the ΔwalK ΔpnpRS mutant is provided by CiaH and
HK08, which phosphorylated WalR inefficiently in vitro (Fig. S15C and S15D). It remains
to be determined whether a ΔwalK ΔpnpRS ΔciaH Δhk08 mutant is viable in the absence
of constitutive PcsB expression (see (Ng et al., 2003, Ng et al., 2005)). Since the WalR
response regulator is abundant (≈6,000 monomers per cell), it is also possible that
unphosphorylated WalR may activate sufficient expression of the WalRK regulon (see
(Bourret, 2010, Gao et al., 2007, Gao & Stock, 2010)) to allow some level of growth in the
absence of WalR phosphorylation by crosstalk.

In contrast, no level of crosstalk seems to occur in walK+ S. pneumoniae growing
exponentially. Expression of the WalRK regulon was the same in the walK+ pnpRS+

(parent), walK+ ΔpnpR, and walK+ ΔpnpRS strains (Fig. 7A). As discussed above, the low
recovery of WalR~P from these walK+ strains likely reflects WalK phosphatase activity
during cell lysis. Following the correction described above, the percentage of WalR~P is
≈26% in each of these strains (dashed line, Fig. 7B). Thus, WalK+ function sets the level of
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WalRK regulon expression and presumably WalR~P amount. Notably, no crosstalk was
detected in the walK+ ΔpnpR mutant, despite the capacity of PnpS to phosphorylate WalR
in the ΔwalK ΔpnpR mutant (Fig. 7B). In B. subtilis, the PhoRBsu sensor kinase, which
responds to phosphate limitation, phosphorylates WalRBsu in walK+ strains during
phosphate limitation to provide a form of physiological cross regulation that links cell wall
maintenance to the phosphate stress response (Botella et al., 2011, Howell et al., 2003,
Howell et al., 2006). It remains to be determined whether certain combinations of stress
conditions, such as cell wall damage and phosphate limitation, elicit similar cross regulation
in S. pneumoniae. Paradoxically, both PhoRBsu of B. subtilis and PnpSSpn of S. pneumoniae
seem to have the capacity to phosphorylate their WalR homologues in ΔwalK mutants. Yet,
this crosstalk only occurs in S. pneumoniae walK mutants (Fig. 7A), and walK mutations are
lethal to B. subtilis (Fabret & Hoch, 1998). Perhaps the additional function of WalKBsu in
cell division described above (Fukushima et al., 2011), which is lacking in S. pneumoniae
(Wayne et al., 2010), accounts for this difference in the essentiality of WalKBsu and
WalKSpn.

Experimental procedures
Pneumococcus strains and growth conditions

Bacterial strains used in this study are listed in Supplemental Table S1. S. pneumoniae
cultures were grown statically in Brain-Heart Infusion broth (BHI; Becton-Dickinson BD) or
on plates containing Trypticase Soy Agar II modified (BD) and 5% (v/v) defibrinated sheep
blood (Remel) (TSAII BA) at 37°C in an atmosphere of 5% CO2. Growth was monitored
directly by determining OD620 using a Spectronic 20 Genesys spectrophotometer. For
overnight cultures, strains were inoculated from frozen stocks into 5 ml of BHI broth in 17-
mm-diameter polystyrene plastic tubes, serially diluted over five tubes, and grown for 11 to
13 h. Cultures at OD620 ≈0.1 to 0.3 were adjusted to OD620 ≈0.1 with fresh BHI and diluted
1/100 into BHI broth to start final cultures, which lacked antibiotics. For strain
constructions, antibiotics were present at concentrations indicated in Table S1.

Viability determinations by live-dead staining
Overnight and final cultures were grown as described above. 500 μL of culture were
removed at the indicated stages of growth. Cells were collected by centrifugation at 16,100
× g for 2 min at 25°C, suspended in 50 μl of fresh BHI broth with gentle pipetting, and
stained without fixation by adding 2 μL of a 1:1 (v/v) mixture of Syto-9 and propidium
iodide (LIVE/DEAD BacLight Bacterial Viability Kit, Molecular Probes) for 5 min in the
dark at 25°C. Stained bacteria were examined using a Nikon E-400 epifluorescence phase-
contrast microscope with FITC and Texas Red bandpass filters, and phase-contrast and
fluorescent images were captured using a cooled digital SPOT camera as described before
(Barendt et al., 2009). At least 100 and as many as 1,300 bacteria from 2 to 7 microscopic
fields were examined for each time point. The experiment was performed 3 times with
similar results.

Strain constructions
Oligonucleotide primers used in strain constructions are listed in Table S2. walK mutants in
S. pneumoniae were constructed by the Janus method of allele replacement used previously
(Table S1) (Gutu et al., 2010, Ramos-Montanez et al., 2008, Sung et al., 2001, Wayne et al.,
2010). walK mutants were described previously (Gutu et al., 2010), except for walKT222A,
which was constructed by crossing a walKT222A linear amplicon into strain IU1885 (Table
S1). Mutations in the pnpRS locus were constructed by replacing the pnpR or pnpRS
reading frames with an ErmR antibiotic cassette in strains IU1896 and IU1781 (Table S1).
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RNA extraction
Overnight cultures were grown as described above and inoculated into 30 ml BHI broth
cultures contained in 50 ml conical centrifuge tubes to a starting OD620 ≈0.001. At OD620
≈0.2, RNA was extracted from 4 ml of exponentially growing cultures by a hot lysis-acid
phenol extraction followed by purification using an RNAeasy minikit (Qiagen) and on-
column DNaseI treatment as described previously (Barendt et al., 2009, Kazmierczak et al.,
2009). For QRT-PCR assays, 5 μg of total RNA was further digested with DNase using a
DNA-free kit (Ambion).

Microarray analysis
Microarray analyses were performed as described in (Barendt et al., 2009) to compare
relative transcript amounts of strains IU1896 (ΔwalK) and IU1781 (walK+). Total RNA was
prepared as described above from 10 ml cultures. Microarrays were purchased from
Ocimum Biosolutions. Synthesis, labeling, hybridization, scanning, normalization, and
analysis using the Cyber-T web interface were performed as described previously (Barendt
et al., 2009). Fold changes and Bayesian P-values were based on 3 independent biological
replicates, including a dye swap. Intensity and expression ratio data for all transcripts are
deposited in the GEO database, accession number GSE19752.

Construction of recombinant protein-expression plasmids
Plasmids used in this study are listed in Table S1. Genomic DNA used to construct plasmids
was isolated from S. pneumoniae laboratory strain R6, which has the same DNA sequences
of the cloned genes as strain D39 (Lanie et al., 2007). PCR amplicons generated with the
primers in Table S2 were cloned into the BamHI and BsaI sites of plasmid pSumo
(LifeSensors, Inc.) to generate protein expression plasmids. Plasmids were transformed into
E. coli strain DH5α (Bioline) for storage and into strain Rosetta 2(DE3) (Novagen) or Tuner
(EMD) for protein expression and purification (Tables S1 and S3). Deletion and point
mutations in cloned histidine kinases were generated by fusion PCR as described previously
(Gutu et al., 2010) using PCR primers listed in Table S2.

Protein expression and purification
Recombinant (N)-His-WalR, other response regulators, and truncated histidine kinases
(Table S3) were purified as described previously (Gutu et al., 2010), with the following
modifications. E. coli strains were grown with shaking at 37°C to OD620 ≈0.4 to 0.6 in
Difco LB broth (BD) supplemented with antibiotics required for plasmid maintenance (see
Table S1). Protein expression was induced by addition of 0.2 mM isopropyl-1-thio-β-D-
galactopyranoside (IPTG; Calbiochem), followed by incubation at 16°C overnight with
shaking (220 rpm). Cells were collected by centrifugation at 8,000 x g at 4°C for 30 min and
stored at −80°C.

Cell pellets were suspended in cold buffer A (20 mM NaPO4, 0.5 M NaCl, 40 mM
imidazole, pH 7.4) supplemented with 50 μl per g of cell pellet of Protease Inhibitor set III
(Calbiochem). Cells were lysed by two passes through a chilled French pressure cell (20,000
lb in−2) and insoluble material was removed by two centrifugations at 12,000 x g for 20 min
at 4°C. Lysates were filtered through a 0.2-μm pore-size membrane (Pall) before loading
onto a HiTrap Chelating HP column (GE Healthcare) charged with 0.1 M NiSO4 (Sigma)
according to the manufacturer’s instructions and equilibrated with buffer A. Filtrates were
loaded at a flow rate of 1 ml per min at 4°C. Loaded columns were washed with cold buffer
A for 15 min and proteins were eluted by imidazole gradients as described previously (Gutu
et al., 2010). Fractions containing purified recombinant protein were pooled, concentrated,
and exchanged into the optimized storage buffers listed in Table S3. Purified protein
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samples were centrifuged at 100,000 x g for 15 min at 4°C to remove any remaining
insoluble material and distributed to several tubes for storage at −80 °C. The concentration
of purified proteins was determined by using the DC protein assay kit (Bio-Rad) with bovine
serum albumin (Sigma Fraction V) as the standard. The purity of the protein samples was
>95% based on Coomassie-stained gels (data not shown).

Autophosphorylation of WalK mutant proteins
(N)-Sumo-ΔN35-WalK proteins (2.0 μM) containing amino acid changes in the DHp
recognition helix (Fig. S1) were equilibrated in Mg2+ reaction buffer (50 mM Tris-HCl (pH
7.6), 200 mM KCl, 5.0 mM MgCl2) for 10 min at 25°C. Autophosphorylation reactions
were started by the addition of 100 μM of [γ-33P]ATP (0.25 Ci/ mmol, Perkin-Elmer).
Samples were removed at 10, 30, and 60 min, analyzed by SDS-PAGE, and quantified by
phosphorimaging as described in (Gutu et al., 2010).

Combined autophosphorylation-phosphoryltransfer-phosphatase assay
Combined assays were carried out as described previously (Gutu et al., 2010) with the
following modifications. Purified truncated (N)-Sumo-ΔN35-WalK (final concn = 2.0 μM)
or mutant derivatives of WalK containing amino acid substitutions (Fig. S1) were
equilibrated in 100 μl of Mg2+ or Ca2+ reaction buffer (50 mM Tris-HCl (pH 7.6), 200 mM
KCl, 5 mM MgCl2 or 5 mM CaCl2) for 10 min at 25 °C. Reducing agent was omitted from
reaction buffers as described previously (Gutu et al., 2010). Autophosphorylation reactions
were started by the addition of [γ-33P] ATP (0.25 Ci/ mmol, Perkin-Elmer) to 100 μM. A
15 μl sample was removed after 30 min and mixed with an equal volume of 2X Laemmli
sample buffer (Bio-Rad) containing 5% (vol/vol) β-mercaptoethanol (Sigma) to stop the
reaction. At this time point (t=0), purified (N)-His-WalR was added (final concn = 6.6 μM)
to the remaining reaction mixture to start the phosphoryltransfer reaction. Samples (15 μl)
were removed 1, 10, and 30 min after WalR addition, stopped as above, and analyzed by
10% Tris-glycine SDS-PAGE as described in (Gutu et al., 2010). Dried gels were exposed to
a storage phosphor screen (GE Healthcare) for at least 16 h and analyzed using ImageQuant
and GraphPad Prism 5 software as described previously (Gutu et al., 2010).

Combined assays at different WalK:WalR ratios
Purified (N)-Sumo-ΔN35-WalK and (N)-His-WalR proteins were equilibrated in Mg2+ or
Ca2+ reaction buffer for 10 min at 25°C. Reactions containing the following final protein
concentrations: 6.0 μM WalK and 6.0 μM WalR (1:1); 1.0 μM WalK and 6.0 μM WalR
(1:6); and 0.6 μM WalK and 6.0 μM WalR (1:10), were started by the addition of [γ-33P]
ATP (0.25 Ci/ mmol, Perkin-Elmer) to 100 μM. Samples were removed after 1, 30, and 60
min, analyzed by SDS-PAGE, and WalR~P amounts were quantitated by phosphorimaging
as described above.

Determination of WalKT222A autophosphorylation kinetic parameters
Autophosphorylation kinetic parameters were determined as described previously (Gutu et
al., 2010) with the following modifications. Purified (N)-Sumo-ΔN35-WalK+ or (N)-Sumo-
ΔN35-WalKT222A protein (final concn = 1.0 μM) was equilibrated with Mg2+ reaction
buffer (50 mM Tris-HCl (pH 7.6), 200 mM KCl, 5.0 mM MgCl2) for 10 min at 25°C.
Autophosphorylation reactions were started by addition of [γ-33P] ATP (0.25 Ci/ mmol,
Perkin-Elmer) to 6.0 μM, 12.5 μM, 50 μM, 100 μM, or 250 μM. Samples were removed
after 15, 30, 45, and 60 sec, analyzed by SDS-PAGE, and quantified by phosphorimaging as
described above. Quantitation of WalK~P in each lane and calculation of reaction rates and
Michaelis-Menton kinetic parameters was performed as described in (Gutu et al., 2010).
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Estimation of phosphoryltransfer efficiency between WalK~P constructs and WalR
The basis for the assay was described in (Gutu et al., 2010), and the assays were carried out
with the following modifications. (N)-Sumo-ΔN35-WalK+ or (N)-Sumo-ΔN35-WalKT222A

protein (final concn = 3.0 μM) was equilibrated in Mg2+ or Ca2+ reaction buffer (50 mM
Tris-HCl (pH 7.6), 200 mM KCl, 5.0 mM MgCl2 or CaCl2, 15% (vol/vol) glycerol) at 25°C
for 5 min. Autophosphorylation reactions were started by the addition of [γ-33P]ATP (0.25
Ci/ mmol, Perkin-Elmer) to 500 μM. After 20 min, excess ATP was removed from the
reaction by using spin desalting columns (Pierce), and a sample of desalted protein was
removed to determine the amount of WalK~P by SDS-PAGE. (N)-His-WalR (final concn =
0.5 μM or 1.0 μM) was added to the remaining desalted sample to initiate
phosphoryltransfer. Samples were removed after 30, 60, 120, and 240 sec, analyzed by SDS-
PAGE, and quantified by phosphorimaging. Phosphoryltransfer efficiency between WalK~P
constructs and WalR was evaluated as described previously (Gutu et al., 2010).

Quantification of WalKT222A-catalyzed dephosphorylation of WalR~P
Dephosphorylation activity of the (N)-Sumo-ΔN35-WalKT222A protein was determined as
reported previously (Gutu et al., 2010) with the following modifications. (N)-His-WalR
(final concn = 6.0 μM) was phosphorylated with 40 mM acetyl phosphate (Sigma) in
reaction buffer (50 mM Tris-HCl (pH 7.4), 200 mM KCl, 4.0 mM MgCl2) at 37°C for 70
min. Excess acetyl phosphate was removed by using spin desalting columns (Thermo
Scientific). Desalted WalR~P was incubated with 13.2 μM ADP (Sigma) in the presence or
absence of 2.0 μM (N)-Sumo-ΔN35-WalKT222A protein at 25°C. Samples were removed at
time points ranging from 30 min to 240 min, mixed with eluent A (20% (vol/vol)
acetonitrile and 0.1% (vol/vol) trifluoroacetic acid (EM Science) in water), and analyzed by
reversed-phase HPLC using a Phenomenex Jupiter 300A C4 column and a Shimadzu 10A
HPLC system as described in (Gutu et al., 2010). The relative amount of WalR~P remaining
at each time point was normalized to the starting amount of WalR~P, and half-lives were
calculated as described previously (Gutu et al., 2010).

Autophosphorylation of other pneumococcal HisKA-family histidine kinases followed by
phosphoryltransfer to WalR or cognate response regulators

Combined assays of autophosphorylation of truncated (N)-Sumo-ΔN206-PnpS, (N)-Sumo-
ΔN58-HK08, (N)-Sumo-ΔN210-CiaH, (N)-Sumo-ΔN165-HK06, or (N)-Sumo-ΔN164-
VncS and phosphoryltransfer to (N)-His-WalR were performed as described above for (N)-
Sumo-ΔN35-WalK. Similar combined assays were performed with cognate pair (N)-Sumo-
ΔN165-HK06 (final concn = 2.0 μM) and (N)-His-RR06 (final concn = 4.6 μM). Reactions
containing (N)-Sumo-ΔN164-VncS (1.0 μM) were started by addition of [γ-32P] ATP (0.5
Ci/mmol; Perkin-Elmer) to 250 μM. After 3 min (t=0), (N)-His-WalR or (N)-Sumo-VncR
(final concn = 6.7 μM) was added, and samples were removed at the times indicated in Fig.
S15.

QRT-PCR analysis
QRT-PCR analysis was performed as described in (Kazmierczak et al., 2009, Ramos-
Montanez et al., 2008) with the following changes. First-strand cDNA was synthesized
using a qScript Flex cDNA synthesis kit (Quanta Biosciences) according to the
manufacturer’s protocol. cDNA was diluted 6-fold and serially diluted in 5-fold steps 1 to 3
times more. QRT-PCR reactions contained 10 μL of 2× Brilliant III Ultra-Fast SYBR Green
QPCR Master Mix (Agilent), 2.0 μL each of 2 μM QPCR primers (Table S2), 0.3 μL of a
1:500 dilution of ROX reference dye, and 6.0 μL of diluted cDNA. Data were collected
using an MX3000P thermocycler (Stratagene) running the SYBR Green with dissociation
curve program modified as per the manufacturer’s recommendations and converted to the
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Comparative Quantitation with calibrator experiment type for analysis (MxPro v. 3.0).
Reactions were performed in duplicate using cDNA from at least two independent biological
samples, and transcript amounts were normalized to gyrA RNA amount (Kazmierczak et al.,
2009). Normalized transcript amounts were compared to that of the wild-type parent strain
by performing pairwise unpaired two-tailed t tests (GraphPad Prism 5).

Phos-tag SDS-PAGE and quantitative Western blotting
The Phos-tag SDS-PAGE method was based on (Barbieri & Stock, 2008) with the additions
and modifications described in Supplemental Information.

Validation of rapid extraction and Phos-tag SDS-PAGE
Several validation experiments were performed. Purified WalR and WalR~P phosphorylated
by acetyl phosphate in biochemical reactions (see above) (Gutu et al., 2010) were resolved
by 25 μM Phos-tag SDS-PAGE, although the resolution was not optimal (Fig. S11A and
S11B). WalR~P and WalR were resolved and detected on Western blots of extracts prepared
from exponentially growing cells (Fig. S11C). The percentage of WalR~P significantly
increased in response to antibiotic stress conditions that stimulated WalRK regulon
expression in the walR+ pcsB+ parent strain (Fig. S11C) (K. Kazmierczak, in preparation),
and the WalR and WalR~P bands were not detected for a ΔwalR Pc-pcsB+ mutant, where
the essential pcsB gene is expressed from a constitutive promoter (Fig. S11C) (Ng et al.,
2003). Our anti-WalRSpn antibody cross reacted with a faint contaminant band in Western
blots that sometimes interfered with quantitation of WalR~P amounts. Consequently, the
Phos-tag acrylamide was increased to 50 μM and finally 75 μM, which moved WalR~P
away from the contaminant band (Fig. 5 and S11C). In addition, we obtained the same
results shown in Fig. 5 for strains expressing WalR-L-FLAG3, which is detected with anti-
FLAG antibody (see (Wayne et al., 2010)). Additional controls demonstrated that the
WalR~P band was completely converted to WalR upon heating, as expected for the aspartyl-
phosphate residue in WalR~P (Fig.5 and S12). Results from three control experiments argue
against significant loss of WalR~P in extracts after cell disruption. We spiked purified
WalR~P, which was phosphorylated in biochemical reactions, into suspensions of walK+

parent cells right before they were disrupted. Since the amount of WalR~P recovered was
extremely low in these cells (Fig. 4B and 5A), we were able to follow loss of the added
WalR~P. We found minimal loss of WalR~P by Phos-tag SDS-PAGE (data not shown).
Second, the amount of WalR~P is ≈90% in the walKT222A strain (Fig. 4B and 5A),
indicating minimal loss of cellular WalR~P in this modified procedure. Third, as mentioned
in the text, mixing cultures of the walK+ (WalR~P ≈7%) with walKT222A (WalR~P ≈90%)
mutants before the first centrifugation yielded ≈50% WalR~P on Phos-tag gels, consistent
with minimal phosphatase activity in the extracts after cell disruption.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Genetic organization of the walRKJ operon in S. pneumoniae and model of WalRKSpn TCS
function in exponentially growing and stressed cells. (A). The co-transcribed walR (response
regulator), walK (histidine kinase/phosphatase) and walJ (auxiliary protein) genes are drawn
to scale at left. walR, but not walK or walJ, is essential under normal growth conditions.
Domains in one subunit of the WalK histidine kinase are shown at right, including the single
membrane-spanning domain, the HAMP (linker) and PAS (signaling) domains, the DHp
(dimerization/histidine phosphorylation) domain, and the CA (ATPase) catalytic domain.
Both WalK and WalJ are membrane associated, whereas WalR is cytoplasmic (Wayne et al.,
2010). (B) Model for WalRK signaling and gene regulation from this study. In exponentially
growing cells, ≈26% WalR is phosphorylated, and functions to stimulate a basal level of
WalRK regulon expression that maintains normal growth. In unstressed cells, WalK
functions mainly as a phosphatase that sets the amount of WalR~P and limits crosstalk by
non-cognate sensor kinases. In cells subjected to wall stresses or limitation of the pcsB
regulon gene (signal arrow), the phosphatase activity of WalK is reduced, possibly by
binding of a ligand or protein to the PAS domain of WalK, and the WalK autokinase/
phosphoryltransferase reactions lead to increased amounts of WalR~P and regulon
expression. See text for additional details.
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Fig. 2.
Combined assays of the autokinase, phosphoryltransfer, and phosphatase activities mediated
by truncated WalK+ or WalKT222A. Reactions were performed at 25°C in reaction mixtures
containing Mg2+ or Ca2+ buffer as described in Experimental procedures.
Autophosphorylation reactions containing 2.0 μM of purified (A) (N)-Sumo-ΔN35-WalK+

or (B) (N)-Sumo-ΔN35-WalKT222A protein proceeded for 30 min before (N)-His-WalR
(final concn = 6.6 μM) was added without removal of ATP (t=0). The experiment was
repeated >3 times, and representative phosphorimages of time courses are shown.
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Fig. 3.
Representative growth curves of mutant strains used in this study. (A) walK mutant strains
and (B) walK pnpRS mutant strains were grown in static BHI broth cultures at 37°C in an
atmosphere of 5% CO2 as described in Experimental procedures.
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Fig. 4.
WalRK regulon expression in different walK mutant strains during exponential growth and
corresponding cellular amounts of WalR~P. Strains were grown statically in BHI broth at
37°C in an atmosphere of 5% CO2 to OD620 ≈ 0.2. RNA samples for QRT-PCR analysis
and protein samples for Phos-tag SDS-PAGE were prepared and analyzed as described in
Experimental procedures. walK+ parent strain (IU1781); ΔwalK (IU1896); walKΔPAS

(IU2306); walKH218A (IU3102); walKT222A (IU5401). (A) Amounts of spd_1874 transcript
(a representative gene in the WalRK regulon) were normalized to that of gyrA. Transcript
amounts are expressed relative to that of the walK+ parent (≡ 1.0) and represent averages
from duplicate samples from at least 2 independent experiments. Unpaired two-tailed t tests
of relative transcript amounts compared to that of the WalK+ parent were performed using
GraphPad Prism 5 software. (B) Percentage of WalR~P compared to total WalR detected in
extracts of walK+ parent and walK mutant strains determined by Phos-tag SDS-PAGE and
quantitative Western blotting with anti-WalRSpn antibody as described in Supplemental
Information. The corrected amount of WalR~P in the walK+ parent strain is indicated by the
dotted line (see text). Averages are from 2 to 5 independent biological samples resolved on
50 and 75 μM Phos-tag acrylamide gels (see Fig. 5 and S12).
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Fig. 5.
Representative Western blots of Phos-tag gels containing extracts of walK and pnpRS
mutant strains grown exponentially in BHI broth. Growths, rapid preparation of protein
extracts, 75 μM Phos-tag SDS-PAGE, and quantitative Western blotting with anti-WalRSpn
antibody are described in Experimental procedures and Supplemental Information. The
positions of unphosphorylated WalR, WalR~P, and a very faint contaminant band are
indicated. (A) walK+ parent strain (IU1781); ΔwalK (IU1896); walKΔPAS (IU2306);
walKH218A (IU3102); walKT222A (IU5401); and control heated sample of walKT222A

(IU5401) showing heat lability of WalR~P. (B) walK+ ΔpnpR (IU3483); walK+ ΔpnpRS
(IU4086); ΔwalK ΔpnpR (IU5720); ΔwalK ΔpnpRS (IU5728); and control heated sample
of ΔwalK ΔpnpR (IU5720). Additional heated controls for extracts of other strains are
shown in Fig. S12. The faint contaminant band was at the limit of detection and still present
in extracts of a ΔwalR Pc-pcsB+ strain (EL1472), which lacks WalR and WalR~P (see Fig
S11).
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Fig. 6.
Dephosphorylation of WalR~P by WalK and WalKT222A in combined assays containing
physiologically relevant molar ratios of WalK sensor kinase to WalR response regulator
(1:6.7) (Wayne et al., 2010). Combined assays were performed in buffers containing Mg2+

or Ca2+ ion as described in Experimental procedures, and amounts of WalR~P remaining
after 30 min of incubation are shown. Similar trends were observed after 1 min and 60 min
incubations (Fig. S13). Means with standard errors are indicated from 3 independent
experiments.
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Fig. 7.
WalRK regulon expression in walK and pnpRS mutant strains during exponential growth
and corresponding cellular amounts of WalR~P. Strains were grown statically in BHI broth
at 37°C in an atmosphere of 5% CO2 to OD620 ≈ 0.2. RNA samples for QRT-PCR analysis
and protein samples for Phos-tag SDS-PAGE were prepared and analyzed as described in
Experimental procedures and Supplemental Information. walK+ pnpRS+ parent strain
(IU1781); walK+ ΔpnpR (IU3483); walK+ ΔpnpRS (IU4086); ΔwalK (IU1896); ΔwalK
ΔpnpR (IU5720); ΔwalK ΔpnpRS (IU5728). (A) Amounts of spd_1874 transcript were
normalized to that of gyrA. Transcript amounts are expressed relative to that of the walK+

parent (≡ 1.0) and represent averages from duplicate samples from at least 2 independent
experiments. Unpaired two-tailed t tests of relative transcript amounts compared to that of
the walK+ parent were performed using GraphPad Prism 5 software. (B) Percentage of
WalR~P compared to total WalR detected in extracts of walK+ parent and walK and pnpRS
mutant strains determined by Phos-tag SDS-PAGE and quantitative Western blotting with
anti-WalRSpn antibody as described in Supplemental Information. The corrected amount of
WalR~P in the walK+ parent strain is indicated by the dotted line (see text). Averages are
from 2 to 5 independent biological samples resolved on 50 and 75 μM Pho-tag acrylamide
gels (see Fig. 5 and S12). The walK+ pnpRS+ and ΔwalK pnpRS+ data are from Fig. 4.
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Table 1

Changes in relative transcript amounts in strain IU1896 (ΔwalK) compared to IU1781 (walK+) grown
exponentially in BHI brotha

Gene tag Gene descriptionb Fold
changes

Bayesian P
value

Decreased relative expression

spd_0104 LysM domain-containing protein −3.1 8.6E-07

spd_0391 Hypothetical protein −1.9 2.5E-05

spd_0392 Hypothetical protein −1.8 5.2E-05

spd_0447 glnR; transcriptional repressor of the glutamine
synthetase gene

−1.7 4.3E-04

spd_0451 hsdS; type I restriction enzyme −2.5 1.5E-06

spd_0703 Hypothetical protein, putative SEDS protein −1.9 3.0E-06

spd_0853 lytB, N-acetylglucosaminidase −1.6 6.9E-04

spd_1824 Putative transmembrane protein with
conserved FtsX superfamily domain

−1.6 1.4E-04

spd_1870 pcp-truncation; pyrrolidone carboxyl
peptidase, truncation

−1.7 4.8E-05

spd_1871 Conserved hypothetical protein −2.0 5.4E-06

spd_1872 marR; transcriptional regulator - MarR
family

−2.0 5.6E-05

spd_1874 LysM domain-containing protein, putative
N-acetylmuramidase

−4.4 2.7E-07

spd_2043 pcsB, putative peptidoglycan hydrolase −2.6 1.6E-06

Increased relative expression

spd_0094 Hypothetical protein 1.6 4.7E-04

spd_0453 hsdS; type I site-specific deoxyribonuclease
chain S

2.8 6.0E-07

a
Strain construction, growth, and microarray analysis are described in Experimental procedures. RNA was prepared from exponential cultures

grown to OD620 ≈ 0.2. Fold changes and Bayesian P-values are based on 3 independent biological replicates, including a dye swap. Cutoffs for

this table were 1.6-fold and P<0.001. A complete data set is deposited in GEO (accession GSE19752).

b
Members of the WalRKSpn regulon are shown in bold type.
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