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Abstract

New mechanisms for b-lactam resistance indepen-
dent on the target penicillin-binding proteins were
detected in b-lactam-resistant laboratory mutants
of Streptococcus pneumoniae. The link between
mutations in the histidine protein kinase CiaH and
phenotypic expression of cefotaxime resistance
suggests that the cell is able tomonitor the integrity
of the cell wall and in emergency cases such as
during the action of b-lactams can counteract such
danger. At least one ciaH mutation Thr230 > Pro is
likely to affect its phosphatase activity resulting in
elevated phosphorylation of CiaR, the cognate
response regulator, but other CiaH-independent
signaling pathways may also result in CiaR phos-
phorylation. Mutants in CiaH, either alone or in
combination with a mutated penicillin-binding pro-
tein 2x(PBP2x) fail to develop genetic competence.
In all cases complementation of this phenotype was
observed upon addition of the competence indu-
cing pheromone peptide CSP, the processed pro-
duct of the comC gene. This indicates that the cia
system is part of a regulatory network that includes
another two component system comDE. The DNA
binding property of CiaR and ComE were exploited
to isolate specifically interacting DNA fragments as
a first step to identify genes targeted by individual
response regulators.

New Mechanisms for b-Iactam Resistance
in Streptococcus pneumoniae

In the late 80s we isolated spontaneous mutants of
S. pneumoniae resisting to increasing concentrations
of b-lactams in order to investigate the nature of point
mutations in penicillin binding proteins (PBPs), the
penicillin-target proteins, that contribute to the resis-

tance phenotype by reducing the PBP affinity to the
antibiotic (Laible and Hakenbeck, 1987). Two different
b-lactams were used for selection of the resistant
mutants: piperacillin, a penicillin that induces cellular
lysis at concentrations as low as 0.01 mg/ml; and
cefotaxime, a third generation cephalosporin that
curiously does not interact with PBP2b and does not
cause rapid lysis even though pneumococci are also
highly susceptible to this drug (Hakenbeck et al., 1987).
At this time, alterations in PBPs were believed to be
the only exclusive resistance mechanism in the non
b-lactamase producing pneumococcus. However, in
addition to identifying a series of PBP mutations, other,
non-PBP genes were also affected and contributed to
increased resistance in the mutants. In fact, mutations
in these genes conferred resistance without mutations
in PBPs, i.e. they functioned as primary resistance
determinants (for review, see (Hakenbeck et al., 1999)).

Not only were different PBPs affected in piperacillin-
resistant mutants (P-mutants) versus cefotaxime resis-
tant mutants (C-mutants), i.e. primarily PBP2b versus
PBP2x, but also different non-PBP genes were mutated
in P- and C-mutants: a putative glycosyl-transferase
gene cpoA was altered in the P-mutants, and ciaH,
encoding a histidine protein kinase of a two component
system in the C-mutants (Grebe et al., 1997; Guenzi
et al., 1994). Both, ciaH and cpoA alleles, could act as
primary resistance determinants. In other words, depend-
ing on the class of b-lactam used for selection, distinct
mutational pathways were involved in the evolution of
resistance. That implies that the damages induced by
piperacillin, a highly lytic antibiotic, differ from those
induced by the non-lytic cefotaxime, and thus required a
different set of genes for counteracting these effects. In
the following sections, results obtained with cia mutants
are summarized.

Phenotypes Associated with ciaH Mutations
Every C-mutant lineage contained at least one ciaH
mutation (Table 1). Some mutations are located in the
sensor domain, which is placed between two putative
membrane spanning regions and therefore presumably
facing the outside of the cell, or in the kinase domain
(Figure 1A). Each of the ciaH mutations is associated
with an increase of resistance to b-lactams by
approximately 2 fold, independent on the selection
step it occurred. Disruption of ciaH also results in
resistance (Table 1).

The ciaH gene is part of an operon and is located
immediately downstream from the ciaR gene, the
cognate response regulator (Figure 1B). The two
genes are transcribed as a unique RNA (Giammar-
inaro et al., 1999), and no CiaH protein is detectable in
mutants with an insertional inactivated ciaR gene
(Figure 1B). Disruption of ciaR, i.e. complete inactiva-
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tion of the cia system, does not affect susceptibility to
b-lactams in the parental strain R6 and abolishes the
ciaH-mediated resistance in mutant strains (Guenzi
et al., 1994; Zähner et al., 1996) (and unpublished
results). This led to the assumption that a functional
response regulator CiaR is required for the phenotype
mediated by the ciaH mutations.

Curiously, another phenotype was associated with
ciaH mutations: a decreased transformation efficiency
(Guenzi et al., 1994). This phenotype was differentially
expressed depending on the individual ciaH mutation.
The combination of ciaH point mutations with the pbp2x
mutations in the C-mutants always resulted in loss of
transformability, although pbp2x mutations alone had
no significant effect on transformation (Table 1). Some
ciaH alleles, such as those in C103 and C104 caused no
significant decrease in transformation efficiency,
whereas it was highly reduced in the mutant C102, and
the ciaHC306mutation when introduced into theR6 strain
conferred a complete transformation minus phenotype
(Guenzi et al., 1994; Zähner et al., 1996). Disruption of
ciaR in such mutants not only abolished the ciaH
mediated resistance phenotype but also restored

competence (Guenzi and Hakenbeck, 1995). Recently,
a ciaR frame shift mutant that resulted in a truncated
gene product was isolated that reversed the phenotype
in the C306 mutant itself, in agreement with the notion
that CiaR is required to mediate the effect of ciaH
mutations (Giammarinaro et al., 1999). The authors also
noted a the cia operon is constitutively activated in
strains carrying the ciaHC306 allele suggesting that the
cia system is positively autoregulated (Giammarinaro
et al., 1999).

The data can be explained if one assumes that it is
the phosphorylated form of CiaR that results in
b-lactam resistance as well as in competence defi-
ciency. This in turn means that CiaR is phosphorylated
in the ciaH missense mutations due to a defective
phosphatase activity of the mutated CiaH. A mutation
in the E. coli EnvZ histidine protein kinase which has
been characterized as a phosphatase mutation occurs
at a site homologous to the mutation in the ciaHC306

allele, supporting the first assumption (Forst and
Roberts, 1994). The data also suggest that CiaR can
be phosphorylated via a CiaH-independent pathway,
e.g. crosstalk with another protein kinase. This cross-

Table 1. Cefotaxime resistant mutant lineages.

lineage Mutant Protein Mutation Competence1

/complementation
MIC CTX

WT (R6) 0.02

1 C101 PBP2x L600 W + 0.09
C201 nd + 0.09
C301 PBP2x T550 A + 0.2
C401 CiaH W9 stop () yes 0.6

2 C102 CiaH Q236 K () yes 0.04
C202 CiaH A413 T ! yes 0.05

3 C103 CiaH A203 V + 0.04
C203 PBP2x G597 D () yes 0.2
C303 PBP2x T550 A ! yes 0.9

4 C104 CiaH A203 V + 0.04
C204 PBP2x G601 E + 0.08
C304 nd ! yes 0.12

5 C105 nd + 0.02
C205 PBP2x T526 S + 0.07
C305 CiaH N95 D ! yes 0.12

6 C106 PBP2x G601 V + 0.09
C206 PBP2x G597 D + 0.16
C306 CiaH T230 P ! yes 0.35

R6-TciaHC306 CiaH T230 P ! yes 0.04
R6ciaRnull

2 CiaR + 0.02
zR6ciaHnull

2 CiaH + 0.04

Only the first mutants of each of the lineages are described up to the step where competence deficiency occurred. The first digit
indicates the selection step, the last digit specifies the lineage. Mutants in cia genes obtained in the R6 strain are also shown: R6-
TciaHC306 is a transformant containing the ciaH allele of C306; null indicates mutants in ciaR and ciaH, respectively, generated by
insertion duplication mutagenesis using a pJDC9 derivative (Chen and Morrison 1987) with a cloned internal ciaR (ciaH) gene
fragment.
1Transformation efficiency: +, wild type; (): 10! 2–10! 3 fold reduction; ! : < 10!5 fold reduction. For complementation with CSP, 1 to
10 ng/ml synthetic peptide were added during the transformation assay.
2 Disruption by plasmid integration of a pJDC9-derivatives.
CTX: cefotaxime; MIC values were determined after 24 h at 30"C on blood agar plates containing a narrow concentration range of the
antibiotic; nd: not determined.
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talk mechanism becomes visible in mutants with
disrupted ciaH gene, that are b-lactam resistant
despite the fact that no signal can be transduced
through the CiaH kinase; and that are non transform-
able in combination with a pbp2x mutation. In other
words, signals are generated by the antibiotic, or via
the PBP2x mutation, that result in increased CiaR
phosphorylation in the absence of CiaH as shown in
the model in Figure 2.

It has been reported previously that the compe-
tence defect in ciaH mutants could not be restored with
competence factor (CF) (Giammarinaro et al., 1999;
Zähner et al., 1996). In these papers, ‘‘CF’’ referred to a
crude preparation of solubilized material from compe-
tent R6 cells prepared as described by Tomasz and
Mosser (Tomasz and Mosser, 1966). Meanwhile, CF
has been identified as a small unmodified pheromone
peptide termed CSP (competence stimulating peptide),
and in vitro synthesized CSP is fully active in compe-
tence induction (Håvarstein et al., 1995). Using CSP at
concentrations of 1–10 ng/ml, the competence defect of
every ciaHmutant could be complemented up to 30% in
terms of transformation efficiency when compared to
that of the R6 strain. Most likely, the concentration of
peptide in the crude preparations used earlier was not
sufficient to induce competence in the ciaH mutants.
The data indicate that ciaH mutants are affected at
an early step of the competence pathway, involving
either the synthesis or the secretion of CSP (Hakenbeck
et al., 1999). Similar conclusions were reached recently
where it was shown that comCDE expression paralleled
derepression of competence in mutants with disrupted
cia genes, convincingly confirming the link between the

cia system and competence (Echenique et al., 2000;
Martin et al., 2000).

The cia system may thus be visualized as a ‘‘super-
control’’ mechanism for transformation in S. pneumo-
niae which in itself is a complex regulation system.
A two component regulatory system is required for
CSP sensing, resulting in autocatalytic activation of
the comCDE operon by the response regulator ComE
which also induces ‘‘late’’ competence genes that are
involved in DNA uptake and recombination (for review,
see (Morrison 1997)). The regulatory network between
the ciaRH and the comCDE system is schematically
shown in Figure 2.

What is the signal for the cia system? Curiously, the
ciaHC306 allele conferred not only a change in cefotax-
ime but also in vancomycin susceptibility, resulting in a
twofold increase in resistance to both drugs. Giammar-
inaro et al. did not detect differences in vancomycin
susceptibility in mutant versus wildtype, but it is
possible that the concentration range tested did not
allow detection of a twofold difference, and experi-
mental details were not reported (Giammarinaro et al.,
1999). We therefore assume that the CiaH kinase plays
a role as sensor for cell wall damage rather than in
targeting the specific antibiotic. In addition to specific
cell wall associated effects, the cia system apparently
also responds to changes in the growth medium such as
Ca++ and phosphate concentration (Giammarinaro
et al., 1999), oxygen (Echenique et al., 2000), or is
required for growth in complex medium (Lange et al.,
1999). It is possible that alterations in cell surface
properties induced under these conditions, rather than
specific molecules, activate the cia system. Direct

Figure 1. Mutations in the cia two component system. A. Insertion duplication mutagenesis of ciaR with the plasmid ciaR::pDZR1 results in a
truncated ciaR gene as indicated by the open arrow (top). The positions of amino acid alterations in the histidine protein kinase CiaH in cefotaxime
resistant laboratory mutants are indicated below (see Table 1). The star marks the stop codon introduced in mutant C401. Putative transmembrane
regions are indicated by black boxes, the conserved His226 is marked. B. Western blot of cell lysates of the parental R6 strain and the mutant with a
disrupted ciaR gene as depicted in A. A rabbit antiserum raised against a purified CiaH-derivative covering the N-terminal domain amino acids
48–182 was used at a dilution of 1:10.000. The arrow indicates the position of intact CiaH.
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sensing of phosphate or calcium seems unlikely to us,
since BLAST searches conducted with the extracyto-
plasmic sensor domain alone did not reveal any
significant similarities to PhoQ kinases except for the
two putative transmembrane domains.

Toward Identification of the cia Regulon
In order to identify the genes controlled by the ciaRH
regulatory system, the DNA binding property of the
C-terminal domain of response regulators such as
CiaR was exploited using the solid-phase DNA binding
(SPDB) assay described by Roth and Messer for
analyzing the DNA binding specificity of E. coli DnaA
(Roth and Messer, 1995). In this assay, the gene
encoding the DNA binding is fused to a gene encoding
the subunit of the transcarboxylase complex of Pro-
pionibacterium shermanii that becomes biotinylated
when expressed in E. coli. The fusion protein can
easily be extracted from crude cell lysates using strep-
tavidin coupled magnetic beads. Consecutively, DNA
fragments that specifically interact with the DNA
binding domain can be isolated after incubation of
the fusion protein with restricted DNA (in the present
case with restricted chromosomal DNA of S. pneumo-
niae R6), followed by washing of the DNA-protein
complex in order to remove unspecifically bound DNA
fragments, and elution of specifically bound DNA in
buffer containing high salt concentration (1.3 M NaCl;

details will be published elsewhere). Only small
amounts of DNA could be obtained this way, and
characterization of fragments required amplification,
cloning of the fragments, and confirmation of specific
interaction with the response regulator using the
cloned DNA fragment in the presence of competitor
DNA in the binding assay (Zähner, 1999).

In addition to CiaR, theComEprotein which belongs
to a different class of response regulators (Grebe and
Stock, 1999) was also used in this approach (Kaminski,
1999). Four and five DNA fragments were isolated from
the pool of the SPDB-eluted fragments and were shown
to specifically interact with CiaR and ComE, respec-
tively (see Table 2).

ComE regulates the expression of the comC gene
via interacting with a region containing a direct repeat
upstream comC (Ween et al., 1999). The fact that one of
the five DNA fragments identified as specifically inter-
acting with ComE was indeed a 1.4 kb Sau3AI DNA
fragment that included the 50-end of comD, comC and
upstream regions confirms that the binding assay
represents a valid method for identifying target se-
quences. However, it should be pointed out that binding
also occurred to a subfragment located upstream comD
that did not contain the direct repeat previously
identified as the ComE specific DNA binding motif
(Ween et al., 1999), and none of the other three ComE
interacting fragments contained the repeat, suggesting

Figure 2. Model of the regulatory network between the ciaR/ciaH and comD/comE two component systems. CSP is the processed, exported comC
gene product; X depicts an unknown link that is responsible for CiaH independent phosphorylation of CiaR in the presence of b-lactam antibiotics and
in PBP2x mutants.
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that the nonphosphorylated ComE might bind to other
DNA motifs as well.

For all fragments, subfragments obtained either by
restriction endonuclease digestion or by PCR amplifica-
tion were tested to identify smaller regions that still re-
tained binding specificity. A list of the loci associated with
the smallest DNA fragments that specifically interact with
either the CiaR or the ComE-fusion protein are shown in
Table 2. These fragments included the 5’-end of a gene
and upstream regions except for one region downstream
of a tRNA cluster that specifically interacted with CiaR.
Among the CiaR-interacting DNA fragments was also an
intergenic region upstream of the uppS gene encoding the
undecaprenyl-pyrophosphate synthetase, a key enzyme
in cell wall polysaccharide biosynthesis (Apfel et al.,
1999). Other regions with both, CiaR and ComE binding
sites, included a potential bacteriocin locus related to the
Enterococcus faecalis cytolysin region which is located on
a potential mobile element (Hakenbeck et al., 2001). Of
particular interest are also fragments in the vicinity of
putative regulatory elements such as the celR-homologue
in case of ComE. The cia-dependent regulation of specific
genes has to be confirmed and is currently investigated
by comparing global expression pattern in wild type and
cia-mutant cells.

The genes located on the DNA fragments identified
thus far represent only part of the potential CiaR

respectively ComE regulated genes due to the metho-
dology used for isolation of the DNA fragments. The
ability to isolate a library of DNA fragments that
specifically interact with DNA binding transcriptional
regulators, combined with the availability of the ciaH
mutants described above for transcriptome analyses,
provide a powerful basis for future investigations. The
age of genomics presents us with tools such as DNA
microarrays suitable for accessing regulatory networks
that will help us to understand the role of the cia
regulatory system.
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