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The two-component signal-transducing system CiaRH of Streptococcus pneumoniae plays an important role
during the development of beta-lactam resistance in laboratory mutants. We show here that a functional
CiaRH system is required for survival under many different lysis-inducing conditions. Mutants with an
activated CiaRH system were highly resistant to lysis induced by a wide variety of early and late cell wall
inhibitors, such as cycloserine, bacitracin, and vancomycin, and were also less susceptible to these drugs. In
contrast, loss-of-function CiaRH mutants were hypersusceptible to these drugs and were apparently unable to
maintain a stationary growth phase in normal growth medium and under choline deprivation as well. More-
over, disruption of CiaR in penicillin-resistant mutants with an altered pbp2x gene encoding low-affinity PBP2x
resulted in severe growth defects and rapid lysis. This phenotype was observed with pbp2x genes containing
point mutations selected in the laboratory and with highly altered mosaic pbp2x genes from penicillin-resistant
clinical isolates as well. This documents for the first time that PBP2x mutations required for development of
beta-lactam resistance are functionally not neutral and are tolerated only in the presence of the CiaRH system.
This might explain why cia mutations have not been observed in penicillin-resistant clinical isolates. The
results document that the CiaRH system is required for maintenance of the stationary growth phase and for
prevention of autolysis triggered under many different conditions, suggesting a major role for this system in

ensuring cell wall integrity.

Streptococcus pneumoniae contains 13 two-component signal
transduction systems (30, 48). The CiaRH system has been
identified as the first two-component signal transduction sys-
tem for this organism in spontaneous beta-lactam-resistant
laboratory mutants that were isolated in order to investigate
the development of beta-lactam resistance (14). Independent
mutant families were selected from the laboratory strain S.
pneumoniae R6, with each family consisting of a series of
spontaneous mutants with stepwise-increasing resistance to the
two beta-lactam antibiotics cefotaxime and piperacillin, respec-
tively (28). As expected, the resistant mutants contained mu-
tations in penicillin binding proteins (PBPs), the targets of
beta-lactam antibiotics. However, mutations in non-PBP genes
were also identified that conferred beta-lactam resistance (18).
In cefotaxime-resistant mutants, mutations were characterized
in the ciaH gene encoding a histidine protein kinase (14, 55).
This showed for the first time that beta-lactam resistance in S.
pneumoniae can be the result of non-PBP mutations.

The ciaH gene is part of an operon with the preceding ciaR
gene encoding the cognate response regulator CiaR. CiaH
belongs to the EnvZ subgroup of histidine kinases with an
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N-terminal extracytoplasmic sensor domain flanked by two
short putative transmembrane segments and a C-terminal cyto-
plasmic kinase domain. In every cefotaxime-resistant mutant
family, mutations in the histidine protein kinase CiaH confer-
ring a two- to threefold increase in resistance occurred after
from one to four selection steps (55). One mutation, T230—P,
that occurred during the third selection step in the mutant
C306 was located close to the conserved histidine residue
His226 and was shown recently to activate the CiaRH system
(14, 36). Another ciaH mutation, A203—V, located at the end
of the second transmembrane region connecting the external
receiver domain with the internal kinase domain, was found in
first-step mutants (55). The finding that these two ciaH muta-
tions mediated decreased cefotaxime sensitivity by itself with-
out additional mutations in pbp genes documented a com-
pletely PBP-independent contribution to resistance. CiaR
target genes were identified using a solid-phase DNA binding
assay in combination with a genomewide transcript analysis
(36). Comparison of the transcription profile of a ciaR™" mu-
tant (OFF mutant) with the ciaHH ON mutant R6ciaH<*"® con-
taining the CiaH mutation T230—P (ON mutation) revealed
the scope of the cia regulon, and it was suggested that the
CiaRH system is activated during cell wall damage induced by
treatment with beta-lactam antibiotics (36).

Another phenotype revealed in the cia ON mutant
R6ciaH="® was a complete transformation deficiency (14). A
point mutation in CiaR reverted the competence-negative phe-
notype of the ciaH ON mutation completely (10), and conse-
quently, loss-of-function ciaR mutants have been shown to be
competent (8, 15, 35), suggesting that the CiaRH system con-
trols directly or indirectly genetic competence.
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TABLE 1. Properties of the mutant lineage C003 and derivatives

J. BACTERIOL.

Strain Mutation in Mutation in MIC of CTX“ Competen Generation Growth Stat. phase
CiaR/H PBP2x (ng/ml) ompetence time (min) (N®) (h)®
R6 0.02 + 43 130 5
Ré6ciaR™" ciaR™" 0.02 + 57 110 4
C103 CiaH V203 0.04 (+)* 45 130 5
RéciaHC'" CiaH V203 0.04 (+)* ND¢ ND ND
C103ciaR™™" ciaR™" 0.03 + 66 110 35
C203 CiaH V203 D597 0.2 —r 39 135 7
C203ciaR™" ciaR™" D597 0.1 (+)* 65 105 2
C303 CiaH V203 D597/A550 0.8 - 39 125 7
Répbp2x© D597/A550 0.2 + 40 130 5
RéciaHC' pbp2x©3% CiaH V203 D597/A550 0.8 - ND ND ND
C303ciaR™" ciaR™" D597/A550 0.2 (+)* 92 70 0

4 CTX, cefotaxime.
N, Nephelo units reached in stationary phase.

¢ Similar results were obtained with constructs using the spectinomycin resistance cassette for gene disruption.

4 Transformation efficiency of 10! to 10~2 compared to that of the R6 strain.
¢ ND, not determined.

/ Transformation efficiency of <10~ compared to that of the R6 strain.

2 Length of stationary phase.

Regulation of genetic competence in S. pneumoniae, a quo-
rum sensing mechanism, involves another two-component sys-
tem, ComDE, and a peptide pheromone, CSP, the secreted
derivative of the comC gene (for a review, see reference 4).
CSP is targeted by the sensor kinase ComD, a process that
results in the activation of the response regulator ComE, which
in turn induces the cascades of early and late competence
genes required for genetic transformation (41).

The complicated interconnection between the two regu-
latory systems ComDE and CiaRH has become evident from
several studies since. Microarray-based transcription analy-
ses showed that the entire competence regulon including the
comCDE operon was turned off in the Ré6ciaH*"° strain,
whereas loss-of-function CiaR mutants were perfectly compe-
tent under growth conditions that prevented competence de-
velopment in the wild type (36, 44). On the other hand, the
CiaR regulon was shown to be induced during competence
within the group of “delayed” competence genes, i.e., it is itself
regulated indirectly by the ComDE system (41), and evidence
was presented that the CiaRH system might be required for
the cells to exit normally from the competent state (6).

Meanwhile, a variety of other phenotypes associated with
mutations in ciaH and ciaR have been described. The CiaRH
system is an important virulence factor in systemic infections in
mice and contributes to colonization of the mouse lung and the
nasopharynx of infant rats (34, 44, 48). One of the genes
controlled by CiaR, the protease/chaperone HtrA, has recently
been analyzed in detail and appears to be the main mediator of
the virulence phenotype and competence inhibition of cia mu-
tants (21, 22, 44, 45). Furthermore, increased autolysis of ciaR
mutant cells has been observed under many conditions, includ-
ing stationary-phase lysis and lysis triggered by deoxycholate or
upon addition of CSP (6, 10, 18, 30).

During investigations of the cefotaxime-resistant laboratory
mutants, we observed that the presence of a mutated pbp2x
gene apparently greatly enhanced the tendency of cia mutants
to autolyze. The aim of the present study was a detailed ex-

amination of the role of the CiaRH system in the context of
cefotaxime resistance conferred by pbp2x mutations and under
lysis-inducing or protective conditions. We will show that the
CiaRH system is apparently activated in mutants that are beta-
lactam resistant due to mutations in pbp2x, whereas disruption
of the cia system in pbp2x mutants is highly deleterious to the
cells and leads to enhanced autolysis. Furthermore, we inves-
tigated cia mutants under a variety of conditions that affect
autolysis in S. pneumoniae, such as treatment with antibiotics
that inhibit different steps during cell wall biosynthesis. Evi-
dence will be presented that lysis is greatly enhanced in cia™"
mutants during treatment with cell wall inhibitors indepen-
dently of their mode of action and that the cia ON mutation is
highly protective under such conditions.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Streptococcus pneumoniae R6 is a
nonencapsulated penicillin-sensitive derivative of the Rockefeller University
strain R36A (1). C103, C203, C303, and C206 are spontaneous cefotaxime-
resistant laboratory mutants derived from the R6 strain (28). The three-digit
number specifies the selection step (first numeral) and the mutant lineage (last
numeral). Properties of the mutants and derivatives are listed in Table 1. The
strains were grown at 37°C without aeration in C medium (26) supplemented
with 0,2% yeast extract. Growth was monitored by nephelometry. For growth at
defined choline concentrations, a chemically defined medium (53), which was
kindly provided by Werner Fischer, was used and supplemented with choline to
obtain the final concentrations as indicated in the Results section. Escherichia
coli InvaF’ (Invitrogen) was grown in LB medium, and pCR2.1 and derivates
were selected with ampicillin and kanamycin (50 wg/ml each).

MICs were determined on blood agar plates (3% sheep blood) containing a
narrow range of antibiotic concentrations and incubated at 37°C for 24 h. MICs
are the means from at least three independent experiments.

Microscopic techniques. Samples were observed and photographed with a
Nikon Eclipse E600 microscope equipped with a X40/numerical aperture 0.75
and a X100/numerical aperture 1.4 oil objective. Viability of the cells was de-
termined in growing cultures using the LIVE/DEADBacLight bacterial viability
kit (Molecular probes) according to the manufacturer. For the parallel observa-
tions of SYTO-9 and propidium iodide fluorescent stains, a B-2A green longpass
filter (EX 450 to 490; DM 505; BA 520; Nikon) was used. Photographs were
taken with a U-III photo unit and a Nikon FDX-35 camera and automatic
exposure time settings using Kodachrome 64 diapositive films.
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Transformation. To obtain competent cells, S. pneumoniae strains were cultured
in C medium supplemented with 0.07% bovine serum albumin and aliquots stored
in the presence of 10% glycerol at —80°C. Cells were transformed essentially ac-
cording to published procedures by 30 min of incubation in the presence of DNA at
30°C, followed by 2 h of phenotypic expression at 37°C (29, 49). Transformation
efficiency was determined using the S. pneumoniae AmiA9 high-level streptomycin
resistance marker as standard donor DNA (43). In some experiments, CSP was
used at a concentration of 100 ng/ml. R6 transformants containing mosaic blocks
of the penicillin-resistant clinical isolates S. pneumoniae 8249 (type 19) and 681
(6B) have been described (46). The pbp2x fragments containing the point mu-
tations of the mutants C103 and C203 were amplified by PCR using the oligo-
nucleotide primers 5’-A;5o; TCGTTTTAAATTTGG or 5'-Ci;00AAATGATC
AAACTGC and 5'-T,345sCTGGAACCTCCTCTG according to the sequence
available under GenBank accession number X16367, and transformation of the
pbp2x mutations into the R6 strain was verified by sequencing of the transfor-
mants. Antibiotic concentrations used for selection of transformants were as
follows: streptomycin, 200 wg/ml, final concentration; erythromycin, 1 pg/ml;
spectinomycin, 100 pg/ml. Cefotaxime-resistant transformants of the R6 strain
were isolated using cloned pbp2x genes as donor DNA and cefotaxime concen-
trations for selection as described below. The pbp2x mutations in the transfor-
mants were verified by DNA sequence analysis.

Construction of ciaR and ciaH mutants. R6ciaH“*"° was obtained by trans-
formation of R6 with the ciaH gene of the mutant C306 carrying the mutation
T230P (14). Two classes of loss-of-function ciaR mutants were constructed.
Insertion-duplication mutagenesis using the pJDC9-derivative pEGR91 contain-
ing an internal fragment of the ciaR gene has been described (14). Alternatively,
the gene was disrupted by insertion of the spectinomycin resistance gene aad9
from pDL278 (31), and no differences in phenotypes from the pJDC9 derivative
was noted. The R6ciaR™!" (Spc") mutant (R6ciaR::aad9) has been described
(36). No CiaH protein could be detected in the ciaR™" RéciaR::pEGR91 mu-
tants with CiaH-specific antiserum (55).

RNA extraction and real-time reverse transcriptase PCR (RT-PCR). S. pneu-
moniae R6 and mutant strains were grown exponentially in C medium to the
same cell density (n = 40) and harvested by centrifugation, and RNAs were
prepared using hot phenol essentially as described by Mascher et al. (36). Seven
hundred fifty nanograms of purified RNA was reverse transcribed into single-
stranded cDNA using the 1st Strand cDNA synthesis kit for RT-PCR (Roche)
following the manufacturers instructions. After a 1:50 dilution of the cDNA, 5 .l
was used in a RT-PCR using the LightCycler Fast Start DNA Master”"s SYBR
Green I kit (Roche). The reaction was performed according to the manufactur-
er’s instructions using 10 pmol of each primer in a total volume of 20 pl. The
reaction mix was placed into a LightCycler capillary, which was then centrifuged
at 735 X g for 15 s in the LC Carousel 2.0 centrifuge (Roche) and loaded into the
LightCycler 2.0 thermocycler. The thermocycler conditions were as follows: 10
min 95°C for activation of the polymerase; 45 cycles of 10 s at 95°C, 10 s at 54°C,
and 20 s at 72°C. SYBR green fluorescence was measured at the end of each
cycle. Melting-curve analysis was performed after the PCR cycles as follows: the
temperature was dropped to 65°C, followed by a 0.1°C s~ ! increase in temper-
ature until 95°C was reached. SYBR Green fluorescence was measured contin-
ually during the melting-curve analysis.

Gene-specific amplifications from cDNA were carried out with the follow-
ing primer combinations: 16sF (GGTGAGTAACGCGTAGGTAA) and
16sR (ACGATCCGAAAACCTTCTTC), htrA_fwd (GCAAAGTAGATA
TTCGATTGTC) and htrA_rev (GAGTGACAGTATTTGCATATTC), and
RT_0931_for (ACCGAAATGCAGCCGTAACT) and RT_0931_rev (CTG
GAATGGGTGCTGCTACA), yielding products of 325 bp, 209 bp, and 65 bp,
respectively. Total cDNA abundance between test samples was normalized using
the 16S rRNA gene as a housekeeping control. Each measurement was per-
formed in duplicate, and the mean was taken for calculating the differences of
expression levels, in Cp values. The experiment was performed with two inde-
pendently grown cultures.

RESULTS

C003 family of cefotaxime-resistant mutants. Previous in-
vestigations of CiaH mutants concentrated on the mutation
T230—P of the cefotaxime-resistant mutant C306. This mutant
was isolated after three successive selections on increasing
concentrations of cefotaxime. The ciaH mutation occurred
during the third selection step, after the introduction of one
pbp2x mutation each during selection steps 1 and 2 (Fig. 1).

CiaRH SYSTEM AND CELL WALL STRESS IN S. PNEUMONIAE 1961

CiaH A203V

Y T\
. . PBP2x G601V
y !
PBP2x G597D . . PBP2x G597D
y !
PBP2x T550A . .

FIG. 1. Cefotaxime-resistant laboratory mutants of the two lin-
eages C003 and C006. Mutants were obtained from the parental R6
strain by successive selection on increasing cefotaxime concentrations.
During each step, single point mutations in CiaH or PBP2x were
selected; the amino acid changes are indicated.

CiaH T230P

Transformation of the ciaH 3, allele into the parental strain,
R6, resulted in the transformant R6_,,;;c30 With a twofold
increase in the cefotaxime MIC compared to that for the R6
strain. Surprisingly, this transformant was completely noncom-
petent, documenting that this particular ciaH allele conferred
competence deficiency as well (10, 14, 18). The P230 mutation
in CiaH was later shown by genomic transcription analysis to
activate the CiaRH system and was hence referred to as ON
mutation (36). In other words, activation of the CiaRH system
is reflected by the absence of competence for genetic transfor-
mation. In fact, since all high-level cefotaxime-resistant mu-
tants were noncompetent and all of them contained mutations
in ciaH, we suggested that in all cases the CiaRH system is
activated.

During investigations of these mutants, we noticed that the
CiaH mutation A203—YV, which had occurred already during
the first selection step in the mutant C103, did not affect
competence substantially, although the mutant C503 isolated
at the fifth selection step was competence deficient (55). We
therefore analyzed this mutant family in detail.

The second- and third-step mutants of this family, C203 and
C303, contained mutations in pbp2x, resulting in the amino
acid changes PBP2x-G597D and T550A (27) (Fig. 1). The
genotypes of the mutants were verified by successive transfor-
mation of the individual ciaH and pbp2x mutations into R6.
The fact that the transformants were indistinguishable from
C103, C203, and C303, respectively, confirmed the acquisition
of one mutation per selection step in this mutant family and
hence the presence of three, and only three, mutations in C303
(Table 1). Complete competence deficiency occurred during
the third selection step in the mutant C303, but R6 derivatives
containing only the two pbp2x mutations of C303 were still
perfectly competent (Table 1). In only the mutants where both
the ciaH'* allele and pbp2x mutations were combined, com-
petence was affected: the transformation efficiency was re-
duced 10- to 100-fold in C203 and dropped below detectability
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FIG. 2. Effects of cia and pbp2x mutations in the mutant lineage C003. Growth in C medium was monitored by nephelometry (N). a. Cellular
growth of mutants C103, C203, and C303 in comparison with the parental R6 strain. O, R6; [J, C103; A, C203; V, C303. b. Cellular growth of C303
(V), Ropbp2x=% (O), and C303ciaR™" (V). The R6 strain was used as a control (@). c. Viability of C303 (®) and C303ciaR™" (V) during growth.
Numbers of CFU were determined by plating appropriate dilutions on blood agar plates. d. Cell morphology. Cells were grown in C medium
containing 2% choline to induce chain formation. Samples were taken during exponential growth phase, and pictures were taken with a Nikon

Eclipse E600 microscope in phase contrast.

(<10°) in C303 (Table 1). We therefore concluded that the
CiaRH system is activated in C203 and even more so in mutant
C303 and that the degree of activation was dependent on the
type of pbp2x mutation. In addition, the stationary phase was
longer and lasted 7 h in C203 and C303 rather than the 5 h seen
in R6 or C103, i.e., the onset of stationary-phase autolysis was
considerably delayed, whereas growth of both C103 with the
ciaH mutation and R6pbp2x“3* with the two pbp2x mutations
was indistinguishable from that of the parental R6 strain (Fig. 2a
and b). This suggested that activation of the CiaRH system
protects the cells from autolysis that typically occurs during
stationary phase in the pneumococcus to a certain degree.
The following experiments were performed in order to an-
alyze the link between the CiaRH system and pbp2x mutations.
Different pbp2x alleles were tested in combination with cia
mutations in order to see whether the effects observed in C203
and C303 are restricted to laboratory mutants or are relevant

for beta-lactam-resistant clinical strains as well. Second, loss-of-
function ciaH and ciaR mutants were constructed for a variety
of pbp2x mutants. In a second set of experiments, the impact of
cia mutations on conditions that affect the lytic behavior was
tested, such as treatment with cell wall inhibitors that induce
lysis or choline starvation that prevents lysis in the wild type.

Interaction between ciaH“'** and pbp2x mutations. In order
to see whether the phenotypes observed with C203 and C303
were restricted to these particular pbp2x mutations, pbp2x
genes of another laboratory mutant as well as highly divergent
mosaic pbp2x genes from clinical isolates were tested in com-
bination with the ciaH'* allele. Different pbp2x alleles from
beta-lactam-resistant clinical isolates representing highly diver-
gent mosaic genes were transformed into R6 and C103. The
mosaic pbp2x genes from two genetically distinct, major peni-
cillin-resistant S. pneumoniae clones from Spain and from
South Africa were used which differed by between 25 (S. pneu-
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TABLE 2. Cefotaxime resistance and competence
of PBP2x and/or CiaH mutants

Mutation
Strain MIC CTX Competence
CiaH PBP2x
C206 D597/V601 0.12 +
R6pbp2xC2%3 D597 0.07 +
Reépbp2x<3" D597/A550 0.2 +
Répbp2x©8! Mosaic 0.2 +
Répbp2x524 Mosaic* 0.2 +
C103pbp2x©81 V203 Mosaic“ 0.25 —b
C103pbp2x®*° V203  Mosaic” 0.3 -

Ré6ciaH=" P230 0.04 -

“ The mosaic pbp2x genes of the clinical isolates S. pneumoniae 681 and 8249
contained multiple alterations.
® Transformation efficiency of <10~> compared to that of the R6 strain.

moniae 8249) and 40 (S. pneumoniae 681) amino acids in the
transpeptidase domain, corresponding to 7 to 11% in peptide
sequence (46). None of these PBP2x variants contained the
mutations present in the laboratory mutant C303. When trans-
formed into the R6 strain, the pbp2x genes from the clinical
isolates conferred cefotaxime resistance of 0.2 pg/ml, identical
to that with the two point mutations in pbp2x<**, whereas the
MIC mediated by the single point mutation of pbp2x<2°*> was
only 0.07 wg/ml (Table 2). All these constructs were compe-
tent. However, when the pbp2x alleles were introduced into
C103 by transformation, transformants were noncompetent,
similar to C303. Thus, independently of the origin of mutated
pbp2x genes, when these genes were combined with the
ciaH<"* allele, competence was reduced, suggesting that the
alterations in pbp2x conferring beta-lactam resistance activate
the CiaRH system.

A functional CiaRH system is required in cefotaxime-resis-
tant mutants with pbp2x mutations. In order to examine the
contribution of the CiaRH system to the observed phenotypes,
loss-of-function ciaR mutants were constructed in the R6 strain
as well as in each of the three mutants C103, C203, and C303.
In the R6 strain, ciaR mutants showed no apparent growth
deficiency in C medium (Fig. 2). Disruption of ciaR in the
mutant C303, however, i.e., in combination with pbp2x contain-
ing the two mutations G597D and T550A, had a dramatic
effect on cellular growth (Fig. 2b to d). The cultures grew to a
lower cell density (n = 70 compared to 125), and showed no
stationary phase but lysed immediately upon reaching high cell
density. Furthermore, the generation time increased more
than twofold to more than 90 min (Table 1). The reduced
generation time for C303ciaR™" was at least partially due to
cell death, as determined by plating, which showed a 50- to
100-fold reduction of viable cells throughout the growth phase
(Fig. 2¢), and could also be detected by a differential staining
technique (LIFE-DEAD bacterial viability kit; not shown).
Moreover, the cell morphology was grossly altered. In medium
containing 2% choline, chain formation is induced and mor-
phological changes can be seen more easily (3). Under these
conditions, C303ciaR™" grew in shorter twisted chains of mis-
shaped cells, in contrast to C303, where cell morphology was
similar to that of the parental R6 strain (Fig. 2d).

CiaRH SYSTEM AND CELL WALL STRESS IN S. PNEUMONIAE 1963

In the mutant C203, which contains only one single point
mutation, G597D, in pbp2x, the effect of ciaR™" was less dra-
matic but principally similar to that observed with C303: the
generation time increased (but only 1.5-fold), the cells grew to
a lower cell density (but reached N = 105) and lysed early after
2 h of stationary phase (Table 1). All these phenotypes were
apparent independently of the class of pbp2x mutations used in
combination with the ciaR™" phenotype: the pbp2x gene of
another laboratory mutant, C206, containing the two muta-
tions G597D and G601V, and most importantly also with
highly altered mosaic pbp2x genes from the multiple antibiotic-
and high-level penicillin-resistant 23F clone (not shown). This
indicates that mutations in PBP2x that confer beta-lactam re-
sistance do have an impact on the cellular growth that can be
balanced by and therefore require a functional CiaRH system,
and depending on the nature of the PBP2x mutations, the cells
are affected to different degrees.

cia-dependent gene expression in pbp2x mutants. In order to
see whether the competence deficiency observed in the C303
mutant, i.e., the ciaH<'* allele, might lead to an activation of
the cia system in the presence of pbp2x mutants, RT-PCR
analysis was performed for two cia-regulated genes, htrA and
spr0931, both belonging to strongly cia-inducible genes (6, 36,
44). The expression of these genes was tested in a variety of
different backgrounds: C103, which contains only the ciaH
mutation A203V; Répbp2x<3°* and R6épbp2x***°, which con-
tain only pbp2x mutations either from the laboratory mutant
C303 or from the clinical isolate; and the mutant C303 with the
combination of pbp2x and ciaH mutations. The data were com-
pared to those of the R6 strain, and the cia ON mutant
Ré6ciaH*" and cia OFF mutant RéciaR™!" were also in-
cluded. As shown in Fig. 3, htrA expression was not signifi-

10

R6ciaHC306

C103
R6pbp2x234°
R6pbp2xC303

C303

0.1

htrA cDNA levels compared to that of the wildtype R6

; ]
0.01 R6ciaRmu |

FIG. 3. Effect of ciaH“'** on htrA expression. Wild-type and mu-
tant cells were grown to the same cell density (Nephelo 40). RNA was
extracted and cDNA prepared and quantified by RT-PCR for htrA
expression as described in the Materials and Methods section. The
relative amounts of htrA cDNA of the mutants in comparison to that
of the R6 strain are indicated. Error bars indicate the variance between
at least two measurements obtained with ¢cDNA isolated from two
independently grown cultures.
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FIG. 4. Effect of cell wall inhibitors on cia mutants. Growth in C medium was monitored by nephelometry (N), and the addition of antibiotic
is indicated by the arrow. Closed symbols, control cultures; open symbols, antibiotic-treated cultures. R6, @; RociaR™", m; R6ciaH"", A. (a)
Piperacillin was added at 0.1 wg/ml to R6 and R6ciaR™" and at 0.2 wg/ml to R6ciaH%; (b) vancomycin, 0.45 p.g/ml; (c) bacitracin, 20 wg/ml; (d)

cycloserine:, 75 pg/ml.

cantly altered compared to that in R6 in the mutants contain-
ing alterations in pbp2x only or in the C103 mutant. However,
the mutant C303 showed an almost twofold increase in htrA
expression, demonstrating that indeed, the combination of
pbp2x mutations plus the ciaH<'*? allele resulted in activation
of the cia-regulated gene. htrA expression was still higher in the
cia ON mutant R6ciaH*"®, whereas a dramatic decrease was
observed in the R6ciaR™". Similar results were obtained for
spr0931 gene expression (not shown). In other words, the cia
system appears to be already activated in the R6 strain, and
this activation is sufficient to support the presence of pbp2x
mutations. The data support our conclusion that the presence
of the particular ciaH<'* allele in combination with pbp2x
results in further activation of the cia system.

Effect of cell wall inhibitors on cia mutants. The lysis phe-
notype associated with cia mutants initiated a series of exper-
iments using lysis-inducing antibiotics that inhibit cell wall bio-
synthesis at different stages: fosfomycin and D-cycloserine,
which act upon cytoplasmic steps of murein biosynthesis and
target the MurA protein (UDP-N-acetylglucosamine enolpyru-
vyl transferase) and the two enzymes D-alanine racemase and

D-alanyl-p-alanine ligase, respectively; bacitracin, which pre-
vents dephosphorylation and thereby the recyclization of the
carrier lipid Css-isoprenyl pyrophosphate, essential for cell
wall polysaccharide biosynthesis, and inhibitors of late steps of
murein biosynthesis that take place outside of the cell, such as
the beta-lactam piperacillin, which inhibits S. pneumoniae
PBPs at very low concentrations and is highly lytic; and van-
comycin, which attaches to the terminal p-Ala-p-Ala moiety of
the murein, preventing polymerization and cross-linking reac-
tions. Two mutants were examined in detail: R6cia H>%°, with
an activated CiaRH system, and an R6ciaR™" mutant.

When added to growing cultures in C medium, penicillin
antibiotics as well as non-beta-lactam cell wall inhibitors were
highly lytic with the ciaR™" mutant, with lysis being triggered
almost immediately upon addition of the antibiotic, whereas
lysis with the R6ciaH*"® mutant was markedly reduced com-
pared to results with strain R6. Examples are shown in Fig. 4.
Thus, it is clear that activation of the CiaRH system is lysis
protective independently of the mode of action of the cell wall
inhibitors, a clear indication that it is not the antibiotic itself
that is targeted by the CiaH sensor kinase.
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When susceptibility was tested on blood agar plates, the
MICs of the ON mutants were always higher than in the R6
strain (from 1.5- to 3-fold) but only slightly reduced in the
ciaR™" background compared to that for R6 (not shown),
probably since the lysis-protective effect is less evident during
growth on the solid agar surface.

Effect of choline starvation in ciaR insertion-duplication
mutant. Choline is an important structural component of the
wall teichoic acid and the lipoteichoic acid, and pneumococci
have an absolute growth requirement for choline (42). In con-
trast to the autolysis that commences within a few hours after
reaching stationary phase in choline-containing growth me-
dium, starvation of choline results in a complete halt of cellular
growth and cells do not lyse at all (50). Therefore, we wanted
to see whether cia mutations that prevented (R6ciaR™") or
extended (R6ciaH3°) the stationary phase of growth also
influenced the apparent stationary state during choline starva-
tion. The ON mutant R6ciaH<*% stopped growing at the same
cell density independently of the choline concentrations
present, suggesting another choline-independent medium ef-
fect that prevented growth (Fig. 5c), and similar results have
been described previously (10). The R6ciaR™" mutant grew to
different cell densities depending on the choline concentration
in the medium without changes in generation time, similar to
the R6 strain (Fig. 5a and b). However, the R6ciaR™" mutant
differed markedly from the parental R6 strain: the culture
lysed immediately after reaching the highest cell density with-
out maintaining a plateau, except at choline concentrations of
2 pg/ml and higher (Fig. 5a and b).

DISCUSSION

Since the identification of the S. pneumoniae CiaRH system
in beta-lactam-resistant laboratory mutants, cia mutations have
been shown to cause a variety of pleiotropic effects. In addition
to the initial observations that mutations in the histidine kinase
CiaH cause changes in susceptibility to cefotaxime and inter-
fere with genetic competence (14), the CiaRH system contrib-
utes to autolysis in complex media (6, 10, 18, 30, 36), DOC-
mediated lysis (10), and thermotolerance and oxidative stress
tolerance (8, 22) and affects pneumococcal virulence in vivo in
mouse infection models (34, 44, 48). The present analysis has
extended cia-mediated effects to a whole battery of conditions
that are related to cellular lysis: inhibition of early and late
stages of peptidoglycan biosynthesis by antibiotics and preven-
tion of teichoic acid biosynthesis by depletion of choline in the
growth medium. Also, addition of the nonionic detergent Tri-
ton X-100 at concentrations as low as 0.005 to 0.01% caused a
differential effect in the cia mutants (data not shown). Under
all these conditions, cia™" mutants lysed much more rapidly
than wild-type cells, whereas an activated CiaRH system re-
duced the lytic response considerably. Surprisingly, mutations
in PBP2x that confer beta-lactam resistance cause similar phe-
notypes in cia mutants. In the absence of a functional CiaRH
system, PBP2x mutants not only grew poorly but lysed imme-
diately at the end of their exponential growth phase and
showed reduced viability and altered cell morphology (see
Table 1 and Fig. 2). Moreover, when PBP2x mutations—point
mutations selected in the laboratory as well as highly altered
mosaic genes—were combined with the ciaHH'** allele, an
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FIG. 5. Growth of cia mutants under limited choline concentrations.
Exponentially growing cells in C medium were centrifuged and resus-
pended in chemically defined medium containing different concentrations
of choline. (a) R6; (b) RéciaR™"; (c) RéciaH>*. Choline concentrations
(pg/ml): 5 (@), 2 (0), 0.5 (), 0.2 (O), 0.1 (A), and 0 (V).
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activation of the CiaRH system was observed, as deduced from
the fact that such cells were affected in competence and by an
elevated expression level of cia-regulated genes as determined
by real-time RT-PCR, i.e., the phenotypes associated with the
cia ON mutant (Tables 1 and 2 and Fig. 3). This documents
that mutations in the penicillin target protein are not harmless
to the cell but are tolerated only in the presence of a functional
CiaRH system.

What is the correlation between lysis triggered by PBP2x
mutations and inhibition of cell wall biosynthesis or membrane
damage? One possible explanation could be that the mutations
affect the specificity of PBP2x function and result in a biochem-
ically different peptidoglycan which can be directly monitored
by the CiaRH system. It could also be possible that mutations
in PBP2x might have only a minor effect on its function but
affect the stability of the protein structure, leading to misfolded
PBP2x molecules. These proteins could be targeted by HtrA,
which is part of the cia regulon (6, 36, 44), either in its function
as a chaperone or as a protease (47), thereby ensuring a func-
tional state of the cell wall synthesizing machinery. These two
explanations, however, fail to explain why the effect of other
non-beta-lactam cell wall inhibitors is also targeted by the
CiaRH system. Alternatively, the activity of mutated PBP2x
could be reduced rather than altered, an effect that may mimic
low concentrations of other cell wall inhibitors. We will discuss
PBP2x mutations and lytic conditions for S. pneumoniae in
relation to the CiaRH system below.

PBP2x mutations. Alterations in PBP2x are the prerequisite
for high resistance levels mediated by alterations in class A
high-molecular-weight PBPs. Resistance is mediated by PBP
mutations that cause a substantial decrease in the affinity to the
inhibitor (12). The interaction of mutated PBP2x with beta-
lactams as determined with purified soluble PBP2x derivatives
is certainly severely affected, and hydrolysis of substrate ana-
logues, such as depsipeptide compounds, was also reduced, but
only by a factor of 10 (23, 24, 32, 39). However, since no in vitro
test for the transpeptidation reaction with natural muropeptide
substrates is available, the impact of mutations on its actual
function remains unknown. Evidence has been provided that
the natural substrates for the S. pneumoniae PBP2x are the
branched muropeptides rather than linear molecules, mak-
ing in vitro biochemical studies even more difficult (54).
Nevertheless, no growth defect is apparent in most high-level-
resistant clinical isolates containing multiple alterations in at
least three PBP genes, and resistant transformants containing
low-affinity PBP2x from clinical isolates or from laboratory
mutants grow perfectly normally. Therefore, it was surprising
to see that PBP2x mutations are of such severe consequences
in cia™" mutants.

One should point out that the effects of cia mutations in
combination with different pbp2x alleles varied considerably,
an indication that the impact on protein function differs be-
tween different PBP2x mutations. In the case of the PBP2x
G597D mutation, introduction of the cia™" genotype resulted
in a 1.5-fold-longer generation time than that of the R6 strain,
and competence was only slightly reduced in the ciaH'%?
background, whereas the PBP2x“*%*/ciaR™" (PBP2x G597D
plus T550A) strain grew more than twofold slower than the
wild type, and competence was reduced by >10°fold by the
presence of the ciaHH“'*® allele; a similar phenotype was ob-
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tained with the mutant PBP2x“**®/ciaR™" (G597D/G601V).
The T550A mutation is unusual in that it confers specific cef-
otaxime resistance and at the same time hypersusceptibility to
penicillin beta-lactams independently of the presence of mu-
tations in other genes relevant for resistance (5, 13), and an
effect of mutations at this position on transpeptidation activity
has been suggested (38). PBP2x is localized at the division zone
(37), and the fact that morphology is grossly altered for the
C303ciaR™" mutant containing PBP2x T550A confirms the
importance of this mutation. The effect of the mutation 601V,
which is located on a11 according to the high-resolution PBP2x
structure (40), is not known. With the highly altered PBP2x
from clinical isolates, competence was also beyond detectabil-
ity when combined with the ciaH<'** allele. However, growth
of the corresponding pbp2x™**“ ciaR™" mutants was much
less impaired than that of the laboratory mutants, suggesting
that compensatory mutations in PBP2x have occurred during
evolution of resistant strains outside the laboratory.

Autolysis and CiaRH. In the absence of a functional cia
system, lysis proceeded much more rapidly not only for PBP2x
mutants but also under a variety of conditions: during station-
ary phase in normal growth medium or when induced by cho-
line depletion; and when triggered by early and late inhibitors
of cell wall biosynthesis. On the other hand, with activation of
the CiaRH system, e.g., in the ON mutant R6ciaH<%, a
strong lysis-protective effect was observed. The reduced lysis
rate in R6ciaH*"® upon drug treatment was paralleled with a
decreased susceptibility to these drugs. Although this effect of
the cia ON mutation was quite remarkable, the MIC changes
of such mutants were only within an approximately twofold
range, but lysis-related effects may have more-severe conse-
quences in liquid medium than for growth on solid agar sur-
faces. In agreement with this, the cia system appeared to be
activated in a vancomycin-tolerant mutant and was thus sug-
gested to play an important role in the bacterium’s response to
vancomycin stress (17).

Treatment with different cell wall antibiotics, such as baci-
tracin, D-cycloserine, or beta-lactams, induces a common re-
sponse in S. pneumoniae which can be detected in autolysis-
negative mutants: immediately upon addition of the drug,
secretion of peptidoglycan and teichoic acid precursors into
the growth medium commences and membrane vesicles are
shed from the cells, demonstrating that the integrity of the
cytoplasmic membrane is no longer maintained under these
conditions (19, 20). The peptidoglycan and teichoic acid chains
released during beta-lactam treatment in S. pneumoniae are
not linked to one another (9), and obviously, coordinated in-
corporation of peptidoglycan and teichoic acid units into the
cell wall growth zone does not take place under these condi-
tions (51), resulting in induction of the autolysin via a yet-
unknown mechanism.

Coordination of peptidoglycan and choline-containing teichoic
acid biosynthesis is also not guaranteed in choline-deprived
cells. In this case, the cells stop growing and autolysis appears
completely blocked, unlike the situation in choline-containing
growth media, where stationary phase is limited (50). However,
for the ciaR™" mutant, lysis commenced as soon as the cells
stopped growing (Fig. 5). This is in contrast to a report where
choline-independent growth of the ciaR mutant was noted, but
this could be due to differences in the growth medium (10).
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Choline starvation induces the licD2 gene (spr1152) (7), which
is part of a three-gene lic operon and is required for the
insertion of one-half of the choline residues into teichoic acids
(56). It is located adjacent to another /ic operon (spr1145 to
spr1149), which is transcribed in the opposite direction and
provides more functions in choline metabolism. A CiaR bind-
ing site has been mapped between these two operons, and
cia-dependent expression of spr1145 to -1149 has been ob-
served at the end of the exponential growth phase (36). It is
possible that the CiaRH system is also involved in licD2 ex-
pression under choline starvation, but further experiments are
required to reveal the relation between CiaRH, the licD2 prod-
uct, and cellular lysis. Interestingly, cells also respond to cho-
line deprivation with a rapid decline of cellular competence
(52), another indication that the cia system might be activated
and indeed required under these conditions.

It is curious that the CiaRH system belongs to the group of
“delayed” competence genes (41), i.e., it is activated during the
state of competence, where part of the cell population under-
goes lysis (16, 25). In fact, Claverys and colleagues showed
recently that addition of CSP induces lysis in ciaR mutants (6),
emphasizing that competence imposes a temporary stress on
the cells and that the CiaRH system is required to control
competence-induced lysis and is necessary for the cells to exit
normally from the competence state. Bacterial histidine pro-
tein kinases have been proposed repeatedly as targets for new
antibiotics (2, 11, 33). The situation described here—a highly
lytic response as the result of inactivation of a two-component
system—could also be exploited during the search for histidine
kinase inhibitors.

Taken together, our studies identified important functions of
the CiaRH system during many different lysis-inducing condi-
tions: (i) protection from a broad range of cell wall inhibitors
and (ii) protection from detrimental effects paralleling PBP-
mediated beta-lactam resistance. How this is achieved on the
molecular level remains to be clarified.
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