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The highly conserved serine threonine kinase StkP of Streptococcus
pneumoniae contributes to penicillin susceptibility independently
from genes encoding penicillin-binding proteins
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Abstract

Background: The serine/threonine kinase StkP of Streptococcus pneumoniae is a major virulence
factor in the mouse model of infection. StkP is a modular protein with a N-terminal kinase domain
a C-terminal PASTA domain carrying the signature of penicillin-binding protein (PBP) and
prokaryotic serine threonine kinase. In laboratory cultures, one target of StkP is the
phosphoglucosamine mutase GImM involved in the first steps of peptidoglycan biosynthesis. In
order to further elucidate the importance of StkP in S. pneumoniae, its role in resistance to f3-
lactams has been assessed by mutational analysis in laboratory cultures and its genetic conservation
has been investigated in isolates from infected sites (virulent), asymptomatic carriers, susceptible
and non-susceptible to B-lactams.

Results: Deletion replacement mutation in stkP conferred hypersensitivity to penicillin G and was
epistatic on mutations in PBP2X, PBP2B and PBP| A from the resistant 9V clinical isolate URA1258.
Genetic analysis of 55 clinical isolates identified | | StkP alleles differing from the reference Ré6 allele.
None relevant mutation in the kinase or the PASTA domains were found to account for
susceptibility of the isolates. Rather the minimal inhibitory concentration (MIC) values of the strains
appeared to be determined by their PBP alleles.

Conclusion: The results of genetic dissection analysis in lab strain Cpl0I5 reveal that StkP is
involved in the bacterial response to penicillin and is epistatic on mutations PBP 2B, 2X and IA.
However analysis of the clinical isolates did not allow us to find the StkP alleles putatively involved
in determining the virulence or the resistance level of a given strain, suggesting a strong
conservation of StkP in clinical isolates.

Background

Streptococcus pneumoniae is one of the main aetiological
agents of invasive infectious disease. Penicillin-resistant
pneumococci were first observed in the 70s, and resist-

ance to penicillin and multidrug-resistance have since
then increased worldwide. Cell-wall biosynthetic
enzymes named Penicillin Binding Proteins (PBP) are the
targets for B-lactam antibiotics; mutations in these pro-
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teins constitute a major mechanism of resistance in clini-
cal isolates. In laboratory strains, murMN, ciaRH and cpoA
genes are also involved in penicillin susceptibility suggest-
ing their involvement in cell wall metabolism [1-3]. One
of the first steps of cell wall biosynthesis is catalysed by the
phosphoglucosamine mutase GImM [4]. In Escherichia
coli, GImM is activated by phosphorylation and it has
been shown, in vitro, that GlImM of S. pneumoniae is a sub-
strate for the serine/threonine kinase Stk, suggesting a role
for StkP in cell wall metabolism [5,6].

StkP protein from S. pneumoniae contains a eukaryotic
kinase domain (Hanks kinase domain) and a PASTA
(penicillin-binding protein and serine threonine kinase)
domain signature only found in prokaryotes and puta-
tively involved in cell wall sensing [7]. In this study we
evaluate the role of StkP in B-lactam susceptibility both in
"the model laboratory strain Cp1015" and in natural clin-
ical isolates carrying different PBP alleles.

Methods

Bacterial strains, plasmids and growth conditions

The plasmids and strains used in this study are described
in Table 1[8]. Escherichia coli was grown in LB (Difco,
Sparks, Maryland) supplemented or not with ampicillin
(100 pg ml1) (Atral, Castanheira do Ribatejo, Portugal).
S. pneumoniae clinical isolates were grown at 35°C on
Columbia agar plates supplemented with 5% horse blood

Table I: Strains and plasmids used in the study

http://www.biomedcentral.com/1471-2180/9/121

(Biomerieux, Carnaxide, Portugal), in an atmosphere
enriched with 5% CO,. Serotyping was performed by the
Quellung reaction with antisera produced by the Statens
Seruminstitut, Copenhagen, Denmark [9]. Laboratory
unencapsulated strains derived from D39 were routinely
grown in casitone and tryptone (CAT) medium at 37°C
[10]. CTM transformation medium was used to induce
competence and for transformation, as described previ-
ously [11]. The CSP concentration was 100 ng ml-! and
DNA concentration was 1 pg ml!l. The chromosomal
source of DNA carrying mutated PBP alleles was the 9V
derivative Spain23F-1 clone (strain URA1258) which car-
ries the following mutations near or within the conserved
motifs on the PBPs: GIn443Glu, Thr451Ala, Glu481Gly,
Ser485Ala and Thr494Ala in PBP2B, Thr338Ala,
Met343Thr, Ala346Ser, Ala347Ser, Leu364Phe,
11e371Thr, Arg384Gly, Leu546Val and Asn605Thr in

PBP2X, and Thr371Ala, Glu388Asp, Pro432Thr,
Asn546Gly, Thr574Asn, Ser575Thr,  GIn576Gly,
Phe577Tyr, Leu606lle, Asn609Asp, Leu611Phe and

Thr612Leu in PBP1A. Transformants were selected on
plates containing 0.1 pg ml-! and 0.5 pg ml-! penicillin,
and appropriate integration of PBP mutations was con-
firmed by nucleotide sequencing. Plates containing 2 pg
ml! rifampicin and 10 pg ml! chloramphenicol were
used to select rif-23 and Astkp::cat transformants. All con-
structions were verified by PCR with the primers described
in Table 2[6,12]. Spontaneous mutation to penicillin in

Strain or plasmid Genotype or description Phenotype? Source or reference

S. pneumoniae

R6 Non-capsulated D39 derivative, susceptible reference strain; genome AtbS Laboratory stock
sequence available (R6)

ATCC BAA-334 Virulent reference strain, genome sequence available (TIGR4) AtbS ATCC

ATCC 51916 Reference strain Tennessee 23F-4 PenR, EryR, ATCC

ATCC 700670 Reference strain Spain 6B-2 PenR, CmR, TetR ATCC

ATCC 700673 Reference strain Hungary 19A-6 PenR, EryR, CmR, TetR ATCC

URA1258 Multiresistant strain closely related to Spain 23F-1 clone PenR, CmR, TetR [21]

Cplol5 D39 derivate, strl; hexA SmR [31]

Cplolé D39 derivate, strl; hexA, rif23 RifR [31]

Cp7000 Cpl015, stkP::cat SmR CmR This study

Penl Cpl0I5, penA, and pbpX from URA258 SmR PenR This study

Pen2 Cpl015, penA, pbpX and pbp A from URA1258 SmR PenR This study

PenlISTK Cpl0I5Penl, stkP:cat SmR PenR CmR This study

Pen2STK Cp1015Pen2, stkP:cat SmR PenR CmR This study

E. coli

DH5a F-, $80lacZAMI5, A(lacZY A-argF)U 169, deoR, recAl, endAl, hsdR17(rk:, NalR [8]
mk*), phoA, supE44, A-, thi-l, gyrA96, relAl

plasmid

pISTK 3.5 kb EcoRlI/Sacll fragment containing stkP and flanking regions with cat ApR, CmR [6]

cassette inserted

2: ApR, resistant to ampicillin; AtbS, Susceptible to all tested antibiotics; CmR, resistant to chloramphenicol; EryR, resistant to erythromycin; NalR,
resistant to nalixidic acid; PenR, non-susceptible to penicillin G; RifR, resistant to rifamycin; SmR, resistant to streptomycin; TetR, resistant to

tetracycline.
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Table 2: Primers used for PCR amplification
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Primer Name Primer sequence Gene targeted Reference
STKP-F 5'-AGGATGCCATATGATCCAAATCGGCAA-3' stkP [6]
STKP-R 5 -TTGATTATGAATTCGCTTTTAAGGAGTAGC-3' stkP [6]
STKP-F2 5'-GTAGGACAGAATTCAAGACAAGTCTACATACA-3' stkP [6]
pbplaF 5'-CCAGCAACAGGTGAGAGTC-3' pbplA [12]
pbplaR 5'-GTAAACACAAGCCAAGACAC-3' pbplA [12]
pbplaF2 5'-GAACTTCAAGACAAGGCAGT-3' pbp A [12]
pbp2bF 5'-CCGTCTTAATCCCGATACC-3' penA [12]
pbp2bR 5-ATTTTTGGGTGACTTGTTGAG-3' penA [12]
pbp2xF 5'-GGAATTGGTGTCCCGTAAGC-3' pbpX [12]
pbp2xR 5'-CATCTGCTGGCCTGTAATTTG-3' pbpX [12]

DNA free medium was < 10-. Penicillin G was from Atral,
Castanheira do Ribatejo, Portugal, and rifampicin was
from Aventis Pharma. To assess StkP and PBPs conserva-
tion 50 strains were randomly selected among those iso-
lated between 1994 and 2005 in various areas in Portugal;
they included forty invasive isolates from blood and cere-
brospinal fluid and ten colonizing isolates from the
nasopharynx of asymptomatic carriers. Half of the isolates
(n = 25) were non-susceptible to penicillin [minimal
inhibitory concentration (MIC) > 0.1 pg ml-!|. These iso-
lates were compared to the following reference strains: the
highly resistant serotype 9V strain URA1258, two suscep-
tible and three non-susceptible strains provided by the
ATCC and the unencapsulated strain R6 (Table 1).

Measurements of penicillin susceptibility

The MIC of penicillin G for the strains constructed were
determined in duplicate by E-test (AB Biodisk, Solma,
Sweden) according to the manufacturer's recommenda-
tions (incubation at 35°C in 5% CO, for 18 to 24 H), and
for clinical isolates by an agar dilution method with the
testing conditions and susceptibility interpretation stand-
ards proposed by the Clinical and Laboratory Standards
Institute (CLSI) [13]. Strains were considered penicillin
susceptible for MIC values < 0.06 pg ml-!, intermediate
MIC for values of 0.1 - 1 pg ml, and highly resistant for
MIC values > 1.6 ug ml-!. Strains were classified as non-
susceptible for MIC values > 0.1 pg ml-!, according to CLSI
criteria.

stkP genotyping by amplification and nucleotide
sequencing

The stkP gene of clinical strains was amplified by PCR
using the primers listed in Table 2 and a Qiagen multiplex
PCR kit (Qiagen, Hilden, Germany) according to the
manufacturer's instructions. In brief, this routinely
involved 40 cycles with an annealing temperature of 56°C
for 1 minute. The PCR products were purified on ExoSAP-
IT (USB, Cleveland, Ohio) and the nucleotide sequence
was established (BigDye Cycle sequencing kit v1.1 from
Applied Biosystems, Foster City, California). BioNumerics

software v3.5 (Applied Maths, Sint-Martens-Latem, Bel-
gium) was used for contig assemblages of the DNA
sequences.

Genetic diversity of the StkP kinase in 56 pneumococcal
strains

The amino acid sequences deduced from the 56 stkP genes
were aligned using the CLUSTALW program built in the
MEGA version 4 software package [14]. There were a total
of 637 positions in the final dataset, of which 8 were par-
simony informative. The evolutionary history was
inferred using the Maximum Parsimony (MP) method
[15]. The bootstrap consensus tree inferred from 1000
replicates was taken to represent the evolutionary history
of the stkP gene [16]. Branches corresponding to parti-
tions reproduced in less than 50% of bootstrap replicates
were collapsed. The MP tree was obtained using the Close-
Neighbor-Interchange algorithm [17] with search level 3
[16,17] in which the initial trees were obtained with the
random addition of sequences (10 replicates). The tree is
drawn to scale with branch lengths calculated by the aver-
age pathway method [17] and with the number of
changes over the whole sequence as units.

Estimates of Average Evolutionary Divergence over
Sequence Pairs of stkP within penicillin susceptibility
groups

The number of amino acid and of nucleotide substitu-
tions per site was averaged over all sequence pairs within
each group by the Poisson correction method and the
Maximum Composite Likelihood method, respectively,
using MEGA version 4 software [14]. Standard error esti-
mates were obtained by the bootstrap procedure (1000
replicates).

StkP modelling

A 3D-model of the kinase domain of the StkP protein
(271 residues long) of strain R6 was obtained using the
sequence (accession number NP_359169). BLASTP analy-
sis indicated that the serine-threonine kinase from strain
R6 has 63% sequence identity with serine-threonine
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kinase of Mycobacterium tuberculosis (PDB ID: 106yA). The
following structure PDB ID: 1o6yA; 1mruA.pdb,
1mruB.pdb, 1y8gB.pdb and 1zmwB.pdb were used as a
template for building a homology model for the kinase
domain of StkP with the SWISS-MODEL server [18,19].
Ramachandran plot analysis for phi and psi torsion angles
indicated that 95.9% of residues were in the allowed
region of the plot, which is more than the average cut-off
of 90% used in most reliable models [20]. The final align-
ment adjustments and visualisation were undertaken with
Deep View/Swiss-PdbViewer version 3.7.

Genotyping of pbp genes

Genetic polymorphism of penA, pbpX and pbplA genes
(encoding PBP2B, PBP2X and PBP1A, respectively) of all
clinical strains was investigated first by restriction frag-
ment length polymorphism (RFLP) analysis. A number
was given to each restriction pattern for each of the three
pbp genes analysed, so the PBP profile has three numbers
(for example: 4-9-7). The full genes were amplified by
PCR using the primers described in Table 2 and 0.8 U of
iProof Polymerase (Bio-Rad, Hercules, California) accord-
ing to the manufacturer's instructions, with 35 cycles at an
annealing temperature of 56°C for 30 seconds. The
amplification products of penA and pbpX were digested for
1 H with 5 U of both Haelll and Rsal restriction endonu-
cleases. The amplification product of pbp1A was similarly
digested with Haelll and Ddel (all restriction enzymes
supplied by New England Biolabs, Beverly, Mas.). The
digested products were separated on agarose gel. Dice
coefficient of similarity was used for cluster analysis with
the unweighted pair group method with arithmetic aver-
ages using BioNumerics software v3.5 (Applied Maths,
Sint-Martens-Latem, Belgium). The position tolerance was
set to 1.0% and the optimization 1.5%. For each pbp gene
restriction pattern identified, one isolate was randomly
chosen and re-amplified by PCR for nucleotide sequenc-
ing. Contig assemblages of the DNA sequencing were per-
formed as described above.

Nucleotide sequence accession numbers
Sequences determined in this study have been deposited
in the DBJ/EMBL/GenBank database under accession

http://www.biomedcentral.com/1471-2180/9/121

numbers AM889231 to AM889284 for stkP, AM779386 to
AM779409 for penA, AM779338 to AM779361 for pbpX,
and AM779362 to AM779385 for pbplA.

Results

Influence of stkP mutation on penicillin susceptibility in a
model system

The role of StkP in penicillin resistance, has been assessed
by genetic analysis in the laboratory transformable strain
Cp1015 (Table 1). The penicillin sensitive strain Cp1015
was transformed with DNA from the serotype 9V resistant
strain URA1258 related to the international multiresistant
clone Spain23F-1 [21]. Penicillin-resistant transformants
were selected on plates containing 0.1 pug ml-! of penicil-
lin. One transformant was isolated: strain Pen1, isogenic
to Cp1015 but with mutations in PBP2X and 2B and
resistant up to 0.125 pg ml-! of penicillin. Strain Pen1 was
then transformed with DNA from URA1258 and trans-
formants were selected on plates containing 0.5 pg ml-!
penicillin; this gave strain Pen2 isogenic to Penl but for
mutations in pbp1A and resistant to 0.5 pg ml-! penicillin.
Transformation of strains Cp1015, Penl and Pen2 with
plasmid pISTK (Table 1) and selection on chlorampheni-
col plates gave the corresponding isogenic strains differing
by their PBP and StkP alleles. The MICs of these strains
were determined: the StkP- allele significantly and repro-
ducibly increased penicillin susceptibility (Table 3). The
StkP-mutations not only increased the penicillin suscepti-
bility of strain Cp1015 carrying wild-type penicillin bind-
ing proteins, but was also epistatic on mutations PBP2B,
2X and 1A; therefore StkP acts upstream from the PBPs.

Polymorphism of stkP in clinical isolates and relationship

to penicillin resistance

The effect of the StkP- mutation on penicillin susceptibil-
ity, as observed in an isogenic system, led us to question
the importance of the stkP gene on penicillin susceptibil-
ity among clinical isolates. Thus, we evaluated the level of
genetic conservation of the stkP gene and the presence of
mutations related to alterations of susceptibility to peni-
cillin on a sample of clinical isolates recovered from inva-
sive disease and asymptomatic carriers.

Table 3: Resistance phenotype and transformability of RX derivatives with different combinations of PBP and StkP alleles

Strain Genotype MIC Pen2 (ug ml')
URAI258 Multiresistant strain closely related to Spain 23F-I clone 0.5-1

CploI5 Rx derivate, strl; hexA 0.016

Cp7000 Cp1015, stkP:cat 0.008

Penl Cpl015, penA and pbpX from URA1258, allelic exchange mutant 0.064 —0.125

Pen2 Cpl015, penA, pbpX and pbp IA from URA1258, allelic exchange mutant 0.38-0.5

PenISTK Penl, stkP::cat 0.016 —0.032

Pen2STK Pen2, stkP::cat 0.032-0.125

2: MIC Pen, Minimum inhibitory concentration for penicillin. ND, not determined.
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The sequence of the stkP gene from 50 clinical isolates and
6 reference strains was determined. The stkP gene in each
strain was amplified by PCR using oligonucleotides com-
plementary to sequences at -10 and +1997 of the gene. In
each case, a 2007 bp DNA fragment was obtained and the
nucleotide sequences confirmed that they corresponded
to stkP. There were 61 segregating sites (S) with a rate of
segregating sites per site (pS) of 0.033, resulting in 27
allelic variants with an average of 10.26 nucleotides sub-
stitutions per sequence. Analysis of the encoded amino-
acid sequences revealed 11 segregating sites (S) and a rate
of segregating sites per site (pS) of 0.020, resulting in 12
allelic variants (including strain R6) with an average of
1.37 amino acid substitution per sequence (Additional
file 1: Table ST1 and Figure 1). Thus, the full-size StkP pro-
tein is well conserved in invasive and colonising clinical
isolates and independent of their penicillin-resistance
character.

We considered PASTA domains and kinase domains indi-
vidually: nucleotide divergence was higher in the 5' termi-
nal part of the gene encoding the kinase module (d =
0.0072; S.E.: 0.0013) than in the 3' part of the gene encod-
ing the PASTA modules (d = 0.0048; S.E.: 0.0011). By con-
trast, amino acid divergence was higher in the PASTA
domains (d = 0.0037; S.E.: 0.0011) than in kinase domain
(d =0.0012; S.E.: 0.0007). The distribution of the amino
acid allelic variants of StkP into penicillin-resistance
classes was assessed (Figure 1): alleles 2, 3, 5, 6, 7, 8, 10
and 11 were found in penicillin-susceptible strains and
alleles 1, 4, 9 and 12 were found both in penicillin-resist-
ant and -sensitive strains (Additional file 1: Table ST1).
The StkP amino acid sequence divergence was similar
among penicillin-susceptible strains (d = 0.0027; S.E.:
0.0009), penicillin-intermediate strains (d = 0.0015; S.E.:
0.0009) and highly resistant strains (d = 0.0017; S.E.:
0.0011).

To evaluate the effects of the StkP mutations on its kinase,
a model of the enzymatic domain, amino acid 4 to 274,
based on the sequence of the strain R6 was developed
(Accession number: NP_359169) (Figure 2). The muta-
tions carried by the various alleles were located outside of
the catalytic site and appeared unlikely to affect the ATP
binding site. Thus, these clinical isolates are unlikely to
carry loss of kinase function mutations.

To evaluate the consequences of mutations in the PASTA
domains on the penicillin susceptibility of clinical isolates
we analysed the genetic polymorphism of PBP2B, PBP2X
and PBP1A, in relation the PASTA alleles in the different
isolates (Additional file 1: Table ST1). RFLP patterns 4, 5,
7,9, 18 of PBP2B, patterns 5 to 9 of PBP2X and patterns 4
to 10, 13, 16 and 17 of PBP1A (see Additional file 1:
Tables ST2, ST3 and ST4) are not associated with muta-

http://www.biomedcentral.com/1471-2180/9/121

tions involved in penicillin resistance, according to previ-
ous descriptions [22-30]. Four PASTA alleles (StkP alleles:
3, 7, 10 and 11) were only found in sensitive strains
(URA3826, URA5133, URA3537, URA3388, URA3444,
URAG035, URA4549). These strains showed PBP profiles
characteristic of sensitive strains, suggesting that their
MICs were determined by their PBPs rather than mutation
in their PASTA sequence. The other PASTA alleles were
found in all the three classes of strains (high and interme-
diate resistance, and susceptibility) suggesting that this
allele did not affect the MIC. We checked, for each strain,
that the resistance character corresponded to the PBP pro-
file (Additional file 1: Table ST1). Findings for strain
URA5132 were, however, more ambiguous: it was suscep-
tible with a MIC of 0.006 pg ml! despite carrying the
PBP2X mutations Arg384Gly and GIn552Glu related to
resistance [22]; it also carries the Val623Ala PASTA allele
suggesting that it may have a putative suppressor function
leading to the susceptible phenotype. However, we did
not test whether the PASTA Val623Ala allele is directly
involved as a suppressor of the PBP mutations, partly
because mutation Val623Ala is the replacement of one
non polar amino acid with another. Note that this muta-
tion was also found in resistant (URA5805 and URA4203)
and intermediate (URA4566, URA4731 and URA5779)
strains and therefore it is unlikely that it determines the
penicillin susceptibility of strain URA5132.

Discussion

This work presents two different approaches for the eval-
uation of StkP on penicillin susceptibility. By the Cp1015
model system, we present genetic and physiological evi-
dence of the involvement of the serine threonine kinase
StkP in cell wall metabolism upstream from the steps cat-
alysed by penicillin binding proteins PBP2B, 2X and 1A in
S. pneumoniae. The second approach allowed us to observe
that StkP is genetically conserved among clinical strains,
regardless of penicillin susceptibility or site of isolation.
Indeed, no change of genetic diversity or any specific
amino acid substitution was found to be related to iso-
lates recovered from invasive disease or colonizing strains.
These results suggest that neither virulence nor penicillin
susceptibility cause a selection pressure on StkP. However,
the results obtained from the analysis of clinical strains,
seem to oppose the idea of an association of StkP with vir-
ulence [31], and with penicillin susceptibility found in the
model system in this work. This suggests that StkP may
play an important role in the homeostasis of pneumococ-
cus in man, regardless of both virulence and penicillin
susceptibility, suggesting that none of the characteristics
play a central role on StkP. In fact, it has been suggested
that StkP is a global regulator of gene expression [32].

The work by Gienfing et al., described the conservation of

StkP among clinical strains and also observed the impact
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Allele 2

Rre-aTccasesr  Allele 5

URA1258
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URA3420
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URA4893
URA4087
URA3891
URA3699
URA4835
URA5391
5 URA3557
ATCC700673 (Hungary 19A-6)
URA5939
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TIGR4 - ATCCBAA-334
64| URA3537
—|URA3388 Allele 3
URA3635
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66 URA3444
69! URA6035
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URA5805
URA4203
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URA4566
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Figure |

Allele 7

Allele 11

Inference of phylogenetic history of StkP from 56 strains using the Maximum Parsimony method. A number was
given to each branch corresponding to the StkP alleles. The percentage of replicate trees in which the associated taxa clustered

together in the bootstrap test (1000 replicates) are shown next to the branches.
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Pro237

Figure 2
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Active kinase site (Asp136)

ATP binding site (Lys42)

Predicted structure of the kinase catalytic domain of StkP. (A) Image of backbone with oxygens of the StkP kinase
domain (4-274). In white, predicted catalytic zones: ATP-binding site (18—42) and kinase motif (132—144). In green: Asp136 —
phosphorylation site and Lys42 — ATP binding site. The amino acid substitutions, relative to the Ré sequence, are in red:
Arg45Lys, Alal I3Val, Asn227Lys and Ser237Pro. (B) Image of computed molecular surface of StkP kinase domain (4-274). The

colours are otherwise as in Fig. 2A.

of stkP mutation on penicillin susceptibility on a suscepti-
ble genetic background [33]. However the association
between PBPs and StkP mutation were not assessed. Here,
we showed that the role of StkP on penicillin susceptibil-
ity is not related to the major genetic determinants for
penicillin susceptibility in pneumococci among a set of
clinical and reference strains as well as in the set of peni-
cillin resistant mutants.

A contribution of the StkP towards penicillin susceptibil-
ity, notably attributed to its PASTA domains, has already
been proposed elsewhere [34], but there was previously
no supporting experimental evidence. This role for StkP is
consistent with previous observations showing that the
phosphoglucomutase GImM is involved in the first steps

of peptidoglycan biosynthesis is a target for StkP [6]. Con-
sistent with this notion, GImM in E. coli is activated by
phosphorylation [4] and in S. aureus functional GImM is
needed for full expression of methicillin resistance [35].

Although StkP is not essential and loss of function muta-
tions can be obtained in laboratory conditions ([6,31]
and this work), it is strongly conserved in clinical isolates,
reminiscent of housekeeping genes [36]; presumably, it
has an important role in natural niches. Extensive
sequence analysis of StkP in susceptible and resistant
pneumococcal isolates did not reveal any mutation signif-
icantly associated with susceptibility to penicillin. This
suggests that stkP is of great importance for the cellular
homeostatic mechanisms of S. pneumoniae and is not sub-
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ject to the selective pressures caused by the B-lactams,
unlike pbp genes presenting mosaic structures.

PASTA domains in prokaryotic serine-threonine kinases
and PBP2X are involved in cell wall motif recognition [7].
Consistent with our study, Jones and Dyson reported that
the PASTA domain of STK from several species showed
high amino acid sequence divergence and Ka/Ks values,
suggesting that PASTA domain interact with a wider range
of stem-peptide ligands [7]. We report similar observa-
tions for invasive and colonizing strains. It is thus unlikely
that mutation in the kinase or the PASTA domains con-
tributes to the characteristics of the virulent strains in our
collection.

Although the mechanism(s) regulating StkP activity
remain(s) to be determined, it is likely that GImM under
the control of StkP is a control point for cell wall homeos-
tasis and allows penicillin insult to the cell wall to be
bypassed. Interestingly, the highly conserved serine threo-
nine-kinase of S. pneumoniae is thus involved in the proc-
esses underlying three key features of bacterial physiology
and evolution: virulence in animals, development of com-
petence for genetic transformation culminating in gene
transfers [7], and susceptibility to penicillin (this work).
This makes StkP a potentially promising target in S. pneu-
moniae for the development of new prophylactic measure-
ments against pneumococcal disease.

Conclusion

In summary, the results of the present study suggest that
pneumococcal serine-theonine kinase (StkP) is related to
penicillin susceptibility, as demonstrated in isogenic
strains. However, is a highly conserved protein, not func-
tionally related to the major genetic determinants for pen-
icillin susceptibility in pneumococci, being a promising
target for the development of new therapies.

Authors' contributions

RD and DF carried out the laboratory experiments. MC
and MCT designed the study and RD, MC and MCT wrote
the manuscript. All authors read and approved the final
manuscript.

Additional material

Additional file 1

Data Tables. Data tables. This file contains table ST1 for the deduced
amino acid substitutions in StkP and related PBP profiles of 50 clinical
strains and G reference as well as tables ST2, ST3 and ST4 for the deduced
amino acid substitutions in PBP2B; PBP2X and PBP1A, respectively, of
25 representative pneumococcal strains.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2180-9-121-S1.pdf]

http://www.biomedcentral.com/1471-2180/9/121

Acknowledgements

R. Dias was supported by grant BIC 03.2002 from NIH Dr. Ricardo Jorge
and was the recipient of a short-term research fellowship grant from the
Fundagio Calouste Gulbenkian. The authors thank Tania Arcondeguy for
her critical reading of the manuscript and suggestions.

References

I. Filipe SR, Tomasz A: Inhibition of the expression of penicillin
resistance in Streptococcus pneumoniae by inactivation of cell
wall muropeptide branching genes. Proc Natl Acad Sci USA 2000,
97:4891-4896.

2. Guenzi E, Gasc AM, Sicard MA, Hakenbeck R: A two-component
signal-transducing system is involved in competence and
penicillin susceptibility in laboratory mutants of Streptococ-
cus pneumoniae. Mol Microbiol 1994, 12:505-515.

3. Hakenbeck R, Grebe T, Zahner D, Stock |B: Beta-lactam resist-
ance in Streptococcus pneumoniae: penicillin-binding proteins
and non-penicillin-binding proteins. Mol Microbiol 1999,
33:673-678.

4. Mengin-Lecreulx D, van Heijenoort |: Characterization of the
essential gene gimM encoding phosphoglucosamine mutase
in Escherichia coli. | Biol Chem 1996, 271:32-39.

5. Jolly L, Ferrari P, Blanot D, Van Heijenoort ], Fassy F, Mengin-Lecreulx
D: Reaction mechanism of phosphoglucosamine mutase
from Escherichia coli. Eur | Biochem 1999, 262:202-210.

6. Novakova L, Saskova L, Pallova P, Janecek |, Novotna |, Ulrych A,
Echenique J, Trombe MC, Branny P: Characterization of a
eukaryotic type serine/threonine protein kinase and protein
phosphatase of Streptococcus pneumoniae and identification
of kinase substrates. Febs | 2005, 272:1243-1254.

7.  Jones G, Dyson P: Evolution of transmembrane protein kinases
implicated in coordinating remodeling of gram-positive pep-
tidoglycan: inside versus outside. | Bacteriol 2006,
188:7470-7476.

8.  White WB, Coleman JP, Hylemon PB: Molecular cloning of a gene
encoding a 45,000-dalton polypeptide associated with bile
acid 7-dehydroxylation in Eubacterium sp. strain VPI 12708. |
Bacteriol 1988, 170:611-616.

9.  Sorensen UB: Typing of pneumococci by using 12 pooled antis-
era. | Clin Microbiol 1993, 31:2097-2100.

10.  Morrison DA, Lacks SA, Guild WR, Hageman |M: Isolation and
characterization of three new classes of transformation-defi-
cient mutants of Streptococcus pneumoniae that are defective
in DNA transport and genetic recombination. | Bacteriol 1983,
156:281-290.

Il. Pestova EV, Morrison DA: Isolation and characterization of
three Streptococcus pneumoniae transformation-specific loci
by use of a lacZ reporter insertion vector. | Bacteriol 1998,
180:2701-2710.

12.  Sanbongi Y, Ida T, Ishikawa M, Osaki Y, Kataoka H, Suzuki T, Kondo
K, Ohsawa F, Yonezawa M: Complete sequences of six penicil-
lin-binding protein genes from 40 Streptococcus pneumoniae
clinical isolates collected in Japan. Antimicrob Agents Chemother
2004, 48:2244-2250.

13.  Clinical and Laboratory Standards Institute: Performance standards for
antimicrobial susceptibility testing. Approved standard M[100-S17 Wayne,
Pa: Clinical and Laboratory Standards Institute; 2007.

14.  Tamura K, Dudley J, Nei M, Kumar S: MEGA4: Molecular Evolu-
tionary Genetics Analysis (MEGA) software version 4.0. Mol
Biol Evol 2007, 24:1596-1599.

15.  Eck RV, Dayhoff MO: Atlas of Protein Sequence and Structure Silver
Springs, Maryland: National Biomedical Research Foundation; 1966.

16. Felsenstein J: Confidence limits on phylogenies: An approach
using the bootstrap. Evolution 1985, 39:783-791.

17. Nei M, Kumar S: Molecular Evolution and Phylogenetics New York:
Oxford University Press; 2000.

18. Guex N, Peitsch MC: SWISS-MODEL and the Swiss-Pdb-
Viewer: an environment for comparative protein modeling.
Electrophoresis 1997, 18:2714-2723.

19. Schwede T, Kopp J, Guex N, Peitsch MC: SWISS-MODEL: An
automated protein homology-modeling server. Nucleic Acids
Res 2003, 31:3381-3385.

20. Ramachandran GN, Ramakrishnan C, Sasisekharan V: Stereochem-
istry of polypeptide chain configurations. | Mol Biol 1963,
7:95-99.

Page 8 of 9

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1471-2180-9-121-S1.pdf
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10759563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10759563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8065267
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10447877
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10447877
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8550580
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10231382
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15720398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15720398
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16936012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16936012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16936012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2448288
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8370735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8370735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6619096
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6619096
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9573156
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9573156
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15155228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15155228
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17488738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17488738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9504803
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9504803
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12824332
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12824332
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13990617
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=13990617

BMC Microbiology 2009, 9:121 http://www.biomedcentral.com/1471-2180/9/121

21. Canica M, Dias R, Vaz-Pato MV, Carvalho C: Two major Spanish
clones of penicillin-resistant Streptococcus pneumoniae in
Portuguese isolates of clinical origin. | Antimicrob Chemother
2003, 51:409-414.

22. Carapito R, Chesnel L, Vernet T, Zapun A: Pneumococcal beta-
lactam resistance due to a conformational change in penicil-
lin-binding protein 2x. | Biol Chem 2006, 281:1771-1777.

23. Chesnel L, Carapito R, Croize ], Dideberg O, Vernet T, Zapun A:
Identical penicillin-binding domains in penicillin-binding pro-
teins of Streptococcus pneumoniae clinical isolates with differ-
ent levels of beta-lactam resistance. Antimicrob Agents
Chemother 2005, 49:2895-2902.

24. Contreras-Martel C, Job V, Di Guilmi AM, Vernet T, Dideberg O,
Dessen A: Crystal structure of penicillin-binding protein la
(PBPla) reveals a mutational hotspot implicated in beta-
lactam resistance in Streptococcus pneumoniae. | Mol Biol 2006,
355:684-696.

25. Dessen A, Mouz N, Gordon E, Hopkins J, Dideberg O: Crystal
structure of PBP2x from a highly penicillin-resistant Strepto-
coccus pneumoniae clinical isolate: a mosaic framework con-
taining 83 mutations. | Biol Chem 2001, 276:45106-45112.

26. Gordon E, Mouz N, Duee E, Dideberg O: The crystal structure of
the penicillin-binding protein 2x from Streptococcus pneumo-
niae and its acyl-enzyme form: implication in drug resist-
ance. | Mol Biol 2000, 299:477-485.

27. Grebe T, Hakenbeck R: Penicillin-binding proteins 2b and 2x of
Streptococcus pneumoniae are primary resistance determi-
nants for different classes of beta-lactam antibiotics. Antimi-
crob Agents Chemother 1996, 40:829-834.

28. Smith AM, Klugman KP: Alterations in penicillin-binding protein
2B from penicillin-resistant wild-type strains of Streptococcus
pneumoniae. Antimicrob Agents Chemother 1995, 39:859-867.

29. Smith AM, Klugman KP: Site-specific mutagenesis analysis of
PBP IA from a penicillin-cephalosporin-resistant pneumo-
coccal isolate. Antimicrob Agents Chemother 2003, 47:387-389.

30. Smith AM, Klugman KP: Amino acid mutations essential to pro-
duction of an altered PBP 2X conferring high-level beta-
lactam resistance in a clinical isolate of Streptococcus pneu-
moniae. Antimicrob Agents Chemother 2005, 49:4622-4627.

31. Echenique J, Kadioglu A, Romao S, Andrew PW, Trombe MC: Pro-
tein serine/threonine kinase StkP positively controls viru-
lence and competence in Streptococcus pneumoniae. Infect
Immun 2004, 72:2434-2437.

32. Pallova P, Hercik K, Saskova L, Novakova L, Branny P: A eukaryotic-
type serine/threonine protein kinase StkP of Streptococcus
pneumoniae acts as a dimer in vivo. Biochem Biophys Res Commun
2007, 355(2):526-530.

33. Giefing C, Meinke AL, Hanner M, Henics T, Bui MD, Gelbmann D,
Lundberg U, Senn BM, Schunn M, Habel A, et al.: Discovery of a
novel class of highly conserved vaccine antigens using
genomic scale antigenic fingerprinting of pneumococcus
with human antibodies. | Exp Med 2008, 205:117-131.

34. Yeats C, Finn RD, Bateman A: The PASTA domain: a beta-
lactam-binding domain. Trends Biochem Sci 2002, 27:438.

35. WuS§, de Lencastre H, Sali A, Tomasz A: A phosphoglucomutase-
like gene essential for the optimal expression of methicillin
resistance in Staphylococcus aureus: molecular cloning and
DNA sequencing. Microb Drug Resist 1996, 2:277-286.

36. Feil EJ, Enright MC, Spratt BG: Estimating the relative contribu-
tions of mutation and recombination to clonal diversifica-

tion: a comparison between Neisseria meningitidis and Publish with Bio Med Central and every
Streptococcus pneumoniae. Res Microbiol 2000, 151:465-469. scientist can read your work free of charge

"BioMed Central will be the most significant development for
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and published immediately upon acceptance
« cited in PubMed and archived on PubMed Central
« yours — you keep the copyright

Submit your manuscript here: O BioMedcentral
http://www.biomedcentral.com/info/publishing_adv.asp

Page 9 of 9

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12562712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12562712
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16303769
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16303769
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16303769
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15980366
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15980366
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16316661
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11553637
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11553637
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10860753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10860753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8849235
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8849235
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7785985
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12499220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12499220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12499220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16251304
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15039376
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17307148
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18166586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18166586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18166586
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12217513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12217513
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9158773
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9158773
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10961460
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Bacterial strains, plasmids and growth conditions
	Measurements of penicillin susceptibility
	stkP genotyping by amplification and nucleotide sequencing
	Genetic diversity of the StkP kinase in 56 pneumococcal strains
	Estimates of Average Evolutionary Divergence over Sequence Pairs of stkP within penicillin susceptibility groups
	StkP modelling
	Genotyping of pbp genes
	Nucleotide sequence accession numbers

	Results
	Influence of stkP mutation on penicillin susceptibility in a model system
	Polymorphism of stkP in clinical isolates and relationship to penicillin resistance

	Discussion
	Conclusion
	Authors' contributions
	Additional material
	Acknowledgements
	References

