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Penicillin-binding protein 2x (PBP2x) of Streptococcus pneumoniae represents a primary resistance determi-
nant for beta-lactams, and low-affinity PBP2x variants can easily be selected with cefotaxime. Penicillin-
resistant clinical isolates of S. prneumoniae frequently contain in their mosaic PBP2x the mutation T338A
adjacent to the active site S337, and T338P as well as T338G substitutions are also known. Site-directed
mutagenesis has now documented that a single point mutation at position T338 confers selectable levels of
beta-lactam resistance preferentially to oxacillin. Despite the moderate impact on beta-lactam susceptibility,
the function of the PBP2x mutants appears to be impaired, as can be documented in the absence of a functional
CiaRH regulatory system, resulting in growth defects and morphological changes. The combination of low-
affinity PBP2x and PBPla encoded by mosaic genes is known to result in high cefotaxime resistance. In
contrast, introduction of a mosaic pbpla into the PBP2x ;5 mutant did not lead to increased resistance.
However, the mosaic PBP1a gene apparently complemented the PBP2x ;.. defect, since Cia mutant deriva-
tives grew normally. The data support the view that PBP2x and PBP1a interact with each other on some level
and that alterations of both PBPs in resistant clinical isolates have evolved to ensure cooperation between both

proteins.

Penicillin resistance in Streptococcus pneumoniae is a com-
plex process which involves multiple amino acid changes in
several penicillin-binding proteins (PBPs), the target enzymes
for beta-lactam antibiotics (12, 37). PBPs interact with the
beta-lactam inhibitor by acylating the active site serine residue
located in the first of three conserved motifs within the peni-
cillin-binding domain of all penicillin-interactive enzymes:
S*XXK, SXN, and KS/TG (16, 18).

S. pneumoniae contains six PBPs: the three high-molecular-
mass (hmm) class A PBPs 1a, 1b, and 2a, the class B hmm
PBPs 2x and 2b, and the low-molecular-mass D,b-carboxypep-
tidase PBP3. All six PBPs have been implicated in resistance
(for a review, see reference 12 and references within). How-
ever, only the two class B hmm PBPs are primary targets for
beta-lactams, i.e., mutations resulting in low-affinity variants
can be selected in sensitive strains and mediate resistance,
albeit only up to a moderate level. Whereas PBP2b mutations
can be selected with penicillins, cefotaxime does not interact
with PBP2b (24) and thus selects for PBP2x mutations only
(19, 32, 46, 56). Resistance mediated by low-affinity PBP2x in
the sensitive background leads to cefotaxime MICs of 0.08 to
0.3 pg/ml, depending on the allele, compared to 0.02 pg/ml in
sensitive cells, and a low-affinity PBP2b increases the piperacil-
lin MIC only up to twofold, independent of whether one single
point mutation or very-low-affinity variants of highly altered
PBP2b from clinical isolates are being investigated (19, 23).
High cefotaxime resistance levels in clinical isolates are depen-
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dent on a low-affinity PBP2x and require an altered PBP1a as
well, resulting in MICs of 1 wg/ml and higher (46).

PBPs are involved in late steps of murein biosynthesis, where
the transpeptidation of two muropeptides resulting in cross-
linked murein is the critical penicillin-sensitive step. Amino
acid alterations in PBPs that confer resistance reduce the bind-
ing efficiency for the inhibitor, whereas the actual enzymatic
function should not be severely affected. Resistant clinical iso-
lates and transformants containing a low-affinity PBP2x grow
perfectly well, at least under laboratory conditions. Therefore,
it had been assumed that PBP2x mutations involved in resis-
tance indeed did not affect the protein function. However, it
has been shown recently that PBP2x mutations selected in the
laboratory require a functional two-component system,
CiaRH; the combination of PBP2x mutations with an inacti-
vated Cia system resulted in reduced growth rates, early lysis,
and altered cell morphology (38). Depending on the point
mutations analyzed, the severity of these effects differed but
seemed to be less pronounced with a mosaic PBP2x from a
clinical isolate (38).

Resistant clinical isolates contain mosaic pbp2x genes in
which parts are replaced by highly divergent sequence blocks
as a result of horizontal gene transfer events followed by re-
combination involving genes of closely related streptococcal
species. Mosaic blocks may differ by over 20% from DNA
sequences from sensitive PBP genes and from each other,
resulting in over 10% amino acid changes, and many different
mosaic variants have been identified (12). Due to this variation
it is difficult to distinguish PBP mutations involved in resis-
tance development from alterations present due to the distinct
origin of the gene. Comparison of a large number of sequences
from resistant clinical isolates revealed that at least one of two
sites is changed in most resistant PBP2x isolates, both of which
are located in the active site cavity of the enzyme: Q552E close
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TABLE 1. Streptococcus pneumoniae strains

Reference strain Relevant characteristics Reference
R6 Penicillin-sensitive laboratory strain 4
RO,iur:-aaqo CiaR disruption (AciaR) 39

6 pbp2xC606 PBP2x: M289T, G422D, G597D, G601V 40
49 Spalin23F -1; mosaic PBPs2x, -1a, -2b 51

to the K547TG triad and T338A(P,G) within the S337TMK
motif (3, 7, 14, 43, 44, 47, 54, 57). Curiously, most of the many
PBP2x mutations identified in spontaneous cefotaxime-resis-
tant laboratory mutants are distinct from changes seen in clin-
ical isolates, including the T338 mutation (32), suggesting that
other selective forces are acting outside the laboratory.

It has been demonstrated that reversion of the mutation at
T338 in mosaic PBP2x resulted in a decrease of the resistance
level (9, 57), and further confirmation for the importance of
this mutation was obtained in kinetic studies with soluble
PBP2x derivatives containing a single point mutation at this
position (13, 43, 44). However, transformation of the T338
mutation via cefotaxime selection failed (10), and it is there-
fore unclear to what extent the mutation alone mediates beta-
lactam resistance in vivo without the context of a mosaic struc-
ture.

Based on observations in our laboratory that T338 mutations
can be selected with oxacillin rather than with cefotaxime, the
three mutations T338A, T338P, and T338G were introduced
into the sensitive S. pneumoniae R6 background and analyzed
for their resistance phenotypes. A mosaic pbpla gene was
introduced into the pbp2x mutants under conditions that avoid
beta-lactam selection in order to study the impact of such a
PBP combination. Moreover, the impact of PBP mutations on
cellular growth was investigated in combination with Cia loss-
of-function mutants.
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MATERIALS AND METHODS

Bacterial strains and growth conditions. S. pneumoniae R6 is a nonencapsu-
lated beta-lactam-sensitive derivative of the Rockefeller University strain R36A
(4). S. pneumoniae 2349 is a member of the high-level penicillin-resistant and
multiple antibiotic-resistant Spain?*F-1 clone (51). The cefotaxime-resistant lab-
oratory mutant C606, containing four PBP2x mutations, M289T, G422D,
G597D, and G601V (32), and R6,.;,x..qua0 (39) have been described elsewhere.
All other mutants and transformants described here are derivatives of the R6
strain (Tables 1 and 2). Cells were grown at 37°C without aeration in C-medium
(31) supplemented with 0.2% yeast extract (Becton, Dickinson and Co., Sparks,
MD) or on blood agar plates (D-agar supplemented with 3% defibrinated sheep
blood [Oxoid, Wesel, Germany]) (2). Growth in liquid culture was monitored by
nephelometry (reported in nephelo units [N]). Escherichia coli strains IM109 and
DHS5a were used for propagation of plasmids derived from pGEMTeasy (Pro-
mega, Madison, WI); they were grown aerobically at 37°C either in LB medium
or on LB agar plates. Plasmid pGEMTeasy was selected in E. coli with 100 pg/ml
ampicillin. Growth of E. coli was followed by measuring the optical density at 600
nm using a spectrophotometer.

MIC determinations. The MIC for each strain was determined by the agar
dilution method on blood agar plates under a natural atmosphere using cells of
an exponentially growing culture. A narrow range of antibiotic concentrations
was used in order to detect subtle differences in susceptibility. MICs were mon-
itored after 48 h of incubation at 37°C.

Transformation procedure. Transformation of S. pneumoniae R6 strains was
performed according to published procedures (38, 60). The beta-lactam concen-
trations used for selection are specified in the Results section; streptomycin (Sm)
and kanamycin (Km) were used at 200 pg/ml, and spectinomycin was used at 100
png/ml. Plates were incubated for 24 or 48 h at 37°C. The presence of mutations
was verified by DNA sequencing. Transformation of E. coli JM109 was per-
formed using electroporation following published procedures (53).

DNA techniques. All DNA techniques were performed using standard meth-
ods (53). Chromosomal DNA was isolated from S. pneumoniae as described
previously (33). Plasmids from E. coli were isolated using the QIAprep Spin
Miniprep kit (Qiagen, Hilden, Germany). Genes were amplified from chromo-
somal DNA by PCR using either GoldStar Tag polymerase (Eurogentec, Sera-
ing, Belgium) or high-fidelity iProof polymerase (Bio-Rad, Hercules, CA) ac-
cording to the manufacturers’s instructions. Alternatively, cells were taken from
glycerol stock cultures (approximately 400 wl) and centrifuged, and 1 pl of the
pellet was used directly in a PCR. PCR products were purified using the PCR
clean-up gel extraction kit (Macherey-Nagel, Diiren, Germany). The pbp2x,
pbpla, ciaH, and cpoA genes of the R6 PBP2x mutants were routinely sequenced
to verify desired mutations and to confirm that no mutations in the non-PBP

TABLE 2. R6 derivatives constructed in this study”

) Allele at: MIC (j.g/ml) Generation Max. f:ell Length of

Strain - - time (min) denilty stationary

PBP2x PBPla CiaR Pen Ctx Pip Oxa (N?) phase (h)
R6 WT WT WT 0.02 0.020 0.04 0.08 29 130 5.5
R6,1, 213384 T338A WT WT 0.03 0.035 0.09 0.18 31 128 5.0
6,6 2xT338P T338P  WT WwT 0.03 0.040 0.06 0.23 30 122 5.0
pbp2xT338G T338G WT WT 0.03 0.045 0.10 0.25 32 113 4.5
Opbp2c2349 2349 WT WT 0.04 0300 012  1.00 29 122 5.0
b 2x2349plp1a2349 2349 2349 WT 0.035 1.0 0.11  0.85 31 120 5.0
ROSM" 1,5 1338G pp1a23a0 T338G 2349 WwT 0.020  0.03 0.06 0.16 40 102 3.0
ROSM',1,,5:2340pbp 1a::5anus 2349 Disruption ~ WT 0.040  0.20 012 0.95 39 105 4.0
ROSM' 1,5, 73386 pip 1a::Tanus T338G  Disruption ~ WT 0.020  0.03 0.09 0.21 43 95 2.0
R6,i0r:aad0 WT Disruption  Disruption  0.020  0.025 0.06  0.08 32 121 4.0
RO, 338 AciaR 2000 T338A  Disruption  Disruption  0.040  0.045 0.11  0.20 33 120 3.0
pbp2XT338P ciaR::aad9 T338P Disruption  Disruption  0.025 0.045 0.06 0.24 35 109 2.0
0, p2aT338G ciaR:aad? T338G  Disruption  Disruption  0.025  0.055 0.08 025 38 101 1.0
pbp2x2349/ciaR: aad9 2349 Disruption  Disruption ND ND ND ND 30 115 4.0
b 2x2349/pbp1a2349/ciaR saad9 2349 2349 Disruption ND ND ND ND 36 107 3.0
M’ )2 T338G pbpla23d9jciaRzaads  1338G 2349 Disruption ND ND ND ND 38 117 3.0
RO6SM' ;) 503400 pp1a:ganusiciarzaaas 2349 Disruption  Disruption ND ND ND ND 38 104 1.5
ROSM' 1,5, 1338G pipia:yanus/ciar:aaao 1338G  Disruption  Disruption ND ND ND ND 50 80 1.0

¢ Data indicate the range of values obtained from at least three independent experiments; the variation of MICs below 0.1 pg/ml differed at most by +0.02 pg/ml
and above 0.1 pg/ml by +0.05 wg/ml. The generation time varied by =3 min, nephelometer units by =10, and the length of stationary phase by +45 min. Abbreviations:
WT, wild type; Pen, benzylpenicillin; Ctx, cefotaxime; Pip, piperacillin; Oxa, oxacillin; ND, not determined.

> Nephelo units reached at the end of the exponential growth phase.
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TABLE 3. Oligonucleotides relevant for this study

Oligonucleotide and use Sequence (5'—=3")

For site-directed mutagenesis

pbp2x 5 GATTGCTGAGGATGCAACCTC
TTATAATGTCTATG

pbp2x 3 GCCTTGAAATTCAAGTTCTAT
ATTGAGCCACTTAGC

Pp2X A-FM ..o, ATCATCACTTTCATGGCGGAA
CCTGGCTCATAGTTAC

Pop2X A-RMO ....oovooooeee TATGAGCCAGGTTCCGCCATG
AAAGTGATGATGTTGG

pbp2x_P-FM“ ..TCATCACTTTCATAGGGGAAC
CTGGCTCATAGTTAC

Pp2X P-RM  ....oovooooeeee AACTATGAGCCAGGTTCCCCT
ATGAAAGTGATGATG

Pp2X_ GFM ..o ATCATCACTTTCATGCCGGAA
CCTGGCTCATAGTTAC

Pop2X GRM ...oooooooieee TATGAGCCAGGTTCCGGCATG
AAAGTGATGATGTTG

For cia and pbpla derivatives
CiaR_for TTGGCAGCAGCTCTTGCATAC
AGTACAG
ACCGAAATCGTTGTATCACTA
TCAAATCC
Ja-pbpla_for..........cccvuieuvunnnne. GGCTGGTGCCTTCCCTCAAAT
TCCTTATC
Ja-pbpla_tev .........cvvecuvuennee. CAAGTGTTAGCCTAGCCCTAT
CTGCTCTC
..CATAAGGAAAGGGGCCCTAGA
ACCGCGACTGGGGATCAAC
TATG
Ja-pbpla-seq_1evl .....ovevveerrenne CCATTTCCTCTGGAATAGGCTG
TTTCTACTGCTTGGTTAA
TTCC
Ja-Kass_for’ ...occvevnrrenmernnrennes TTAACCAAGCAGTAGAAACAGC
CTATTCCAGAGGAAATG
Ja-Kass_1eV”....ovcvereenrrerrerennian GTTGATCCCCAGTCGCGGTICT
AGGGCCCCTTTCCTTATGC

CiaR_rev

Ja-pbpla-seq_for’

“ The mutated codon is underlined.
> The overlapping termini are shown in italics.

genes were present. The DNA oligonucleotides used for PCR and sequencing
relevant for this study are listed in Table 3.

Construction of PBP2x T338 mutants. S. pneumoniae R6 derivatives contain-
ing the PBP2x mutation T338A (R6,,2¢r3384)s T338P (RO,p,001338p), and
T338G (R6,,0.13386) Were constructed by replacing an internal 1,908-bp frag-
ment of the parental pbp2x with an R6 pbp2x containing a mutated codon to
introduce the respective point mutation. Site-directed mutagenesis with R6
pbp2x was performed by overlap extension PCR (26, 27), using chromosomal R6
DNA and the oligonucleotide pairs pbp2x_5 with pbp2x_A-FM and pbp2x_3 with
pbp2x_A-RM to introduce T338A, pbp2x_5 with pbp2x_P-FM and pbp2x_3 with
pbp2x_P-RM to introduce T338P, and pbp2x_5 with pbp2x_G-FM and pbp2x_3
with pbp2x_G-RM to introduce T338G (Table 3). Mutagenized PCR fragments
were subsequently cloned into the vector pGEMTeasy according to the manu-
facturer’s instructions and standard techniques (53). The presence of the muta-
tions was confirmed by double-stranded sequencing. Recombinant vector DNA
was used to transform strain R6, followed by selection of transformants with
oxacillin as described in the Results section. Introduction of the desired mutation
was verified by double-stranded DNA sequencing.

Construction of loss-of-function CiaR derivatives. Strain R6,;,z..aaq0» Which
contains the spectinomycin resistance gene aad9 from pDIL278 (36) within the
CiaR gene, has been described previously (39). For construction of ciaR loss-of-
function derivatives, the ciaR::aad9 region was amplified by PCR using the
oligonucleotides CiaR_for and CiaR_rev (Table 3). The purified PCR fragment
was transformed into the R6 PBP mutants using the spectinomycin resistance
marker aad9 for selection. Correct integration of the construct was confirmed by
DNA sequence analysis.

Introduction of the mosaic PBP1a,349. The ROSM" 0013386 /pbpra23s0 Mutant
was constructed via a two-step process using the Janus cassette (58). First, the
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Janus cassette was introduced into the pbpla gene of R6SM" 0,335 carrying
the AmiA9 streptomycin resistance marker (52). Introduction of the Janus cas-
sette confers a Km" Sm® phenotype. In a second step, the Janus cassette was
replaced by the mosaic pbpla gene of the penicillin-resistant clinical isolate S.
pneumoniae 2349, a member of the clone Spain®F-1 (51), resulting in
RO6SM" 50013386/ pbprazzao- 10 detail, two fragments of the PBPla gene were
amplified by PCR using chromosomal R6 DNA and the oligonucleotide pairs
Ja-pbpla_for plus Ja-pbpla-seq_rev and Ja-pbpla_rev plus Ja-pbpla-seq_for
(Table 3). These two fragments and the PCR product covering the Janus cassette
were combined via another PCR (oligonucleotides Ja-pbpla_for and Ja-pbpla_rev),
resulting in a product where the Janus cassette was flanked by the two pbpla fragments,
which provided targeting specificity for recombination. This final PCR product was
transformed into R6Sm" ;513356 followed by screening for kanamycin-resistant, strep-
tomycin-sensitive colonies (ROSM",pp201338G/pbprazganus)- Lhese constructs con-
tained a nonfunctional pbpla, since the transpeptidase domain was disrupted
between codons 363 and 366. One of the R6SM" 513386 /pbprazsanus CONStrUCts
was subjected to further transformation using the plasmid pGEM-1aRes as
donor DNA, which contains a 1,920-bp fragment of S. pneumoniae 2349 pbpla
(codon 79 to 719 of mosaic pbpla covering the entire mosaic block from codon
285 to 667), followed by selection on streptomycin plates. The presence or
absence of the PBPla gene was verified in all constructs by DNA sequence
analysis.

Detection of penicillin-binding proteins. Cells of an exponentially growing
culture were centrifuged and resuspended in 20 mM Na-phosphate buffer, pH
7.2. The volume was adjusted so that 5 pl of cell suspension of one sample
corresponds to 1 ml of culture at an N of 20, which in turn corresponds to
approximately one-sixth of the maximum cell density in wild-type cells. For cell
lysis and labeling of PBPs, 20 mM Na-phosphate buffer, pH 7.2, containing 0.2%
Triton X-100 and different concentrations of BocillinFL (Invitrogen, Eugene,
OR) (63) were added (Fig. 1 and 2). The samples were incubated using different
incubation times (30 s to 30 min) and temperatures (0°C to 37°C). PBPs were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) using 7.5% or 11% polyacrylamide gels with an acrylamide/bisacrylamide
ratio of 30:0.8. Bocillin-PBP complexes were visualized with a fluorimager (Mo-
lecular Dynamics, Sunnyvale, CA) at 488 nm. Proteins were stained with Coo-
massie brilliant blue.

Western blotting. After separation on SDS-PAGE, proteins were transferred
onto a polyvinylidene difluoride membrane. PBPs were visualized after incuba-
tion with affinity-purified PBP2x antibodies (1:10,000 in phosphate-buffered sa-
line) (40) or PBP1a antibodies (1:3,000 in phosphate-buffered saline) (21) fol-
lowed by incubation with alkaline phosphatase-conjugated goat anti-rabbit
immunoglobulin G (Sigma-Aldrich, St. Louis, MO) and staining with 4-nitroblu-
etetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate.

Microscopic techniques. Cell morphology and vitality of S. preumoniae were
monitored during exponential growth in C-medium containing 2% choline chlo-
ride, which inhibits cell separation (8) due to the inhibition of the LytB glu-
cosaminidase implicated in this process (17); therefore, morphological changes
are more visible. A Nikon Eclipse E600 microscope equipped with a 40X/
numerical aperture 0.75 and a 100X/numerical aperture 1.4 oil objective was
used for phase contrast and fluorescence microscopy. Photos were taken with a
Nikon CCD-1300B camera (Nikon, Diisseldorf, Germany). Vitality of cells was
determined using the LIVE/DEAD BacLight bacterial viability kit L13152 (In-
vitrogen, Eugene, OR) according to the manufacturer’s instructions. Cells were
centrifuged, washed, and resuspended in H,O, labeled with SYTO9 and pro-
pidium iodide fluorescent stains, and immobilized on slides with poly-L-lysine
hydrobromide (Sigma-Aldrich, St. Louis, MO). For parallel observation of both
stains, a B-2A green long-pass filter (EX 450 to 490, DM 505, BA 520; Nikon)
was used.

RESULTS

T338 mutations in PBP2x confer selectable resistance to
beta-lactam antibiotics. To assess the importance of mutations
at Thr338 for beta-lactam resistance in PBP2x, three mutants
were constructed in S. pneumoniae R6 containing an Ala, Pro,
or Gly substitution at this position. For site-directed mutagen-
esis the codons that appear most frequently in resistant strep-
tococci were chosen (Table 3). Transformants of the R6 strain
were isolated using the cloned pbp2x variants as donor DNA
followed by plating on 0.11 to 0.15 pg/ml oxacillin, concentra-
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tions which are slightly above the MIC of R6 (0.08 pg/ml).
Under these conditions, no colonies appeared on the R6 con-
trol plates.

Mutations in ciaH occur frequently in such transformants,
especially at higher concentrations of the selective beta-lactam,
and mutations in cpoA encoding a glycosyltransferase have
been identified in piperacillin-resistant mutants (15, 22).
Therefore, only transformants from the lowest selective con-
centration (0.11 pg/ml) were used for further analysis. At this
concentration, resistant colonies were obtained with a fre-
quency of approximately 10~> (mutants A and G) and 102
(mutant P). The absence of mutations in ciaH and cpoA as well
as the presence of the respective PBP2x point mutation were
confirmed by DNA sequencing.

Determination of MICs for benzylpenicillin, cefotaxime,
piperacillin, and oxacillin of the R6,,,,,.1333 mutants revealed
slightly different resistance levels, depending on the particular
point mutation in PBP2x (Table 2). Although the absolute
values differed by less than twofold, differences between the
three mutations were highly reproducible as determined using
narrow concentration ranges of 0.01-pg/ml steps for the MIC
determination. In general, the highest MICs were obtained for
oxacillin (up to three times the MIC of the parental strain R6),
whereas the effects on benzylpenicillin susceptibility were less
pronounced (1.5 times the MIC). With all three antibiotics, the
T338G mutation had the greatest effect.

For comparison we used R6,,,5.»349, Which contains the
mosaic PBP2x gene of the clinical isolate S. pneumoniae 2349,
a member of the high-level penicillin-resistant Spain**¥-1 clone
(41), which includes the T338A change within its mosaic block
(34, 51). This construct showed considerably higher oxacillin
and cefotaxime MICs compared to those observed with the
single PBP2x mutations, whereas piperacillin and benzylpeni-
cillin MICs increased only slightly (Table 2).

The effect of the point mutations on the interaction with
beta-lactams was tested using Bocillin FL and visualization of
the PBP-antibiotic complexes after SDS-PAGE and fluorom-
etry (Fig. 1a and b). In all cases decreased labeling of the
mutated PBP2x was observed using low concentrations and a
short incubation time (Fig. 1a). This was most pronounced in
the R6,,,5. 1335 mutant, in agreement with the reduced acy-
lation efficiency reported for the soluble PBP2x derivatives
(43). No effect on the protein amount was detected on Western
blots using affinity-purified PBP2x antibodies (Fig. 1c). The
growth of the R6,,,,»,1335 mutants was only marginally affected
in liquid medium. The generation time was slightly longer (30
to 32 min) compared to the R6 strain (29 min), and the cul-
tures grew to a lower cell density (N = 113 to 128) compared
to R6 (N = 130). Again, R6,,,.1335c showed the greatest
effect (Table 2).

Introduction of the mosaic pbpla,,,, into PBP2x mutants.
In order to investigate the effect of a combination of a pbp2x
allele containing a single point mutation with the mosaic
pbpla, we introduced pbpla,s,, via the Janus cassette, a bicis-
tronic cassette conferring a Km" Sm® phenotype which enables
the replacement of genes through negative selection (58). In-
sertion of the Janus cassette in the first step results in the
disruption of the gene. Therefore, this technique can only be
applied for nonessential genes, such as pbpla (29, 49). The
R6,,p20 1338 Mutant was chosen as recipient after introduction
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FIG. 1. PBP profiles of PBP2x mutants. Cell lysates were incubated
for 2 min at 20°C. (a and b) BocillinFL at 0.01 uM (a) or 0.3 uM (b)
final concentration. Bocillin-PBP complexes were visualized by fluo-
rography after separation on SDS-polyacrylamide gels. (c) Detection
of PBP2x after Western blotting of cell lysates and incubation with
affinity-purified anti-PBP2x antiserum. Note that the protein encoded
by the mosaic gene (2349) has slightly different electrophoretic mobil-
ity. R6, control; G, R6,,,5e133865 P ROpppaerszse; A, ROyppovrassas 23F,
R6,,,,2,2340- Black arrowhead, PBP2x. The molecular masses of marker
proteins are indicated on the left.

of the Sm" allele, since we expected that any effect on resis-
tance would be more visible in this strain compared to the
other single-point PBP2x mutants. Using this strategy the mo-
saic pbpla from strain 2349 was then successfully introduced
into R6Sm’ |, > 13356 (Table 2; Fig. 2).

The effect of PBP1a,,,, differed markedly, depending on the
PBP2x allele present. With the cognate PBP2x,5,4, the cefo-
taxime MIC increased to 1 pg/ml, compared to 0.3 wg/ml with
the PBP2x allele alone, whereas a slight but reproducible de-
crease in resistance for the other three beta-lactams was ob-
served (Table 2). In contrast, in the PBP2x 3555 background,
the MIC decreased for all four beta-lactams tested (Table 2).
The presence of PBPla,;,, had no effect on the amount of
PBP2x or PBP1a as determined on Western blots with affinity-
purified anti-PBP2x antibodies or PBPla antiserum (not
shown).

The impact of a disrupted PBP1a was then tested in combi-
nation with the two PBP2x alleles. With PBP2x,,,,, a decrease
in the cefotaxime MIC was observed, as expected, and in the
case of PBP2x 5555 a slight decrease in MICs for all beta-
lactams was apparent (Table 2). In all cases, the cells grew
significantly slower with inactivated PBP1a (Table 2).
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FIG. 2. PBP profiles of S. pneumoniae R6 derivatives containing
different pbp2x and pbp1a alleles. Lanes: R6 (control); G, R6,,,,>133565
G/la, ROSM' 0013386 mprazsa0; G/ALA, ROSM" 013386 pbp1astanuss
23F, pbp2x23495 a, R6,,1p2x2349pip 1023493 F/Ala,
ROSM" ,52349)pp1a::3anus- Black arrowhead, PBP1a. Cell lysates were
incubated for 30 min at 37°C using 6.7 pM BocillinFL (final concen-
tration). Proteins were separated by SDS-PAGE, and Bocillin-PBP-
complexes were visualized by fluorography. PBP2x,3,, has a slower
electrophoretic mobility than PBP2xy and derivatives, and PBP2x and
PBP2a are not resolved in the first four lanes.

A functional CiaRH system is required in R6,,,, 1335 mu-
tants. It was shown recently that disruption of the two-com-
ponent signal-transducing system CiaRH in combination with
particular PBP2x mutations selected in the laboratory results in
dramatic growth defects and morphological changes, indicat-
ing that these mutations somehow impair the function of the
PBP and that these defects can be complemented by an active
Cia system (38). In order to assess the impact of the T338
mutation on PBP2x function, the CiaR gene encoding the
response regulator was disrupted in each of the three
R6,,,p2v 1335 mutants and the R6,,;,,5.5349 construct, and cellular
growth and morphology were followed during incubation in
liquid medium. Due to the operon structure of ciaRH, a dis-
ruption of ciaR affects both genes, i.e., neither CiaH nor CiaR
are produced (62).

In all three PBP2x mutants, disruption of ciaR resulted in a
longer generation time (Table 2). Also, growth ceased at a
lower cell density, and an abbreviated or no stationary phase
was followed by early lysis (Fig. 3A, graphs a to ). Again, the
R6,,1,,2:1338G ciar-aado Mutant displayed the most dramatic ef-
fect compared to the parental R6,,,,,5, 13356, With a generation
time of 38 min compared to 32 min, a maximal cell density
of 100 N compared to 120 N, and an extremely reduced
stationary phase (Fig. 3A, graph d), whereas growth of
RO, 1p0c1338G ciar:andao A0 RO,p0 r338p ciar:aaao WaS less im-
paired (Fig. 3A, graphs b and c; Table 2). R6,,,,5.2349/ciar-aaa9
containing the mosaic pbp2x grew almost normally, and sta-
tionary lysis was only slightly enhanced (Fig. 3A, graph e), as
shown previously (38), suggesting the presence of compensa-
tory mutations within the PBP2x gene of the clinical isolate.

Cell morphology and division were monitored using the
LIVE/DEAD staining procedure during growth in medium
containing 2% choline, which induces chain formation (8),
therefore allowing alterations to be detected more easily. The
R6,,4p2v1338/ciar:-aado CONSITUCES grew in twisted chains of mis-
shaped cells which accumulated in cell clumps (examples are
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shown in Fig. 3B) and contained a considerable proportion of
nonviable cells (not shown). These effects were most dramatic
in the R6,,,,,5.1338G/ciar-aaa0 Mutant (Fig. 3B, panel d). Disrup-
tion of CiaR did not change the MICs and also had no effect on
the amount of PBP2x produced in the cells (Table 2).

PBPla and the Cia system. We then used the same strat-
egy, i.e., constructing ciaR::aad9 derivatives, to investigate
the role of PBPla in pbp2x mutants. First, the two PBP2x
mutants with the mosaic pbpla R6Sm' > 13386p0p1a2540
and R6,,,,5:2349/ppp 142340 a0, in a second set of experiments
the pbpla deletion mutants R6SM" 20 1338G/pbpra::ranus aNd
ROSM" 1,1, 2x0340/pip 1a::5anuss WETE €xamined in combination
with Cia loss-of-function mutations (Fig. 4).

Surprisingly, the presence of the mosaic pbpla allowed normal
growth of the cells in the absence of a functional Cia system in the
PBP2x 1335 mutant (ROSM' 213386 pip1a2349/ciar:zaaa0)> and only
a slight tendency for early lysis after reaching stationary phase
was observed (Fig. 4c). In contrast, the deletion of PBPla
in combination with the PBP2x and Cia mutations
(ROSM' 2013386 phprazdanusiciar:aade) €nhanced the growth
defects already seen in the R6,,,,5.1338G/ciar:-ana0 Mutant (Fig.
4e). This strongly indicates that the mosaic PBPla somehow
compensates the PBP2xG338 mutation and this compensation
becomes visible in the absence of the Cia system.

In the case of the mosaic PBP2x2349, disruption of CiaR
resulted only in a slightly enhanced stationary-phase lysis, in-
dependent of the presence or absence of the mosaic PBPla
(Fig. 4b and d). However, deletion of PBP1la in combination
with a nonfunctional Cia system also resulted in severe growth
deficiencies (Fig. 4f), indicating that CiaRH is required under
these conditions.

DISCUSSION

PBP2x mutations at T338 and beta-lactam resistance. Mu-
tations at T338 in the S. pneumoniae PBP2x are among the
best-characterized changes relevant to beta-lactam resistance
in clinical isolates. The threonine residue adjacent to the active
site S337 is frequently replaced by A or G, or occasionally by
Por S (3, 7, 14, 43, 44, 47, 54, 57). Such mutations occur in
strains of a whole range of resistance levels, with G338 having
been observed especially in context with high-level cefotaxime
resistance in S. pneumoniae (43) and in commensal strepto-
cocci as well (5).

Soluble PBP2x derivatives containing A338, -G, or -P have
been studied in vitro, revealing that the acylation efficiency for
cefotaxime is reduced between two- and eightfold, given a k,/K
ratio of 209,000 M~' s~ for the wild-type PBP2x (9, 10, 43,
44). The T338A mutation in the active site interferes with the
local hydrogen bonding network, which involves a crucial water
molecule, thereby possibly affecting the recognition of sub-
strate muropeptides (13, 44). In agreement with these findings,
reversion of A338T in the context of a mosaic PBP2x resulted
in an increased acylation efficiency, and the cefotaxime MIC of
an R6 transformant containing the revertant of the mosaic
PBP2x 5551 plus the cognate mosaic PBP1a dropped from 1 to
0.75 pg/ml (9). Similarly, reversion of T338P resulted in four-
and eightfold reductions of the MICs for cefotaxime and ben-
zylpenicillin, respectively, in a strain harboring the cognate
altered PBP1a, PBP2b, and MurM genes (57).
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FIG. 4. Effects of ciaR disruption in PBP2x/PBP1a double mutants.
Cells of an exponentially growing culture were diluted 1:20 in pre-
warmed C-medium. The cell density is given in nephelometer units
(N). Closed circles, wild-type Cia system; open circles, ciaR::aad9 derivatives.
(a and b) Parental strains R6,,, 13356 (@) and R6,,,50340 (D). (c and d)
PBPlays derivatives ROSM 003386 piprazza0 (€) and R6,p0.5340 102340
(d). (¢ and f) Apbpla derivatives ROSM" 15013386 pip 1 anus e) and

r
R6Sm pbp2x2349/pbpla::Janus (f)

time [min, 107

Whereas cefotaxime has generally been used to select PBP2x
mutants and transformants (19, 32, 56), we have now shown
that oxacillin can efficiently select T338 mutations and that
depending on the amino acid substitution (A, G, or P), the
oxacillin MIC increases between two- and threefold in the R6
background. Fine-tuning of the MICs revealed subtle differ-
ences mediated by a single point mutation, with T338G ap-
pearing the most effective one and which might have larger
effects in the context of other mutations in PBP2x and other
PBPs as well. The cefotaxime MIC increased only by approx-
imately twofold, whereas the mutation G601V has been shown
to result in a fourfold increase (40) and mutations at T550
result in MICs of 0.2 to 0.3 pg/ml (11, 19).

PBPs and the Cia system. Despite the apparently minor
impact on MICs, the PBP2x mutants showed some growth
defects when compared to the wild-type strain (Table 2). When
the PBP2x mutations were combined with a nonfunctional
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CiaRH regulatory system, these effects became more pro-
nounced: the generation time decreased further and many
dead cells were observed, and the stationary phase was much
shorter or not existent followed by early cell lysis. Again, the
severity of these phenotypes was most apparent in the T338G
mutant. Similar phenotypes have been described in other lab-
oratory PBP2x mutants (38).

In contrast to the PBP2x point mutations, the combination
of a highly altered mosaic PBP2x of clinical isolates with a
nonfunctional CiaRH system appears to be less critical (Fig. 3)
(38), strongly suggesting the presence of compensatory muta-
tions in the mosaic PBP2x. In this context it would be inter-
esting to compare the structure of PBP2x laboratory mutants
with the known structures of mosaic PBP2x (13, 50).

The role of the CiaRH regulatory system in this context is not
clear. Mutants in the Cia system have a pleiotropic phenotype,
affecting cellular lysis, genetic competence, and resistance to a
variety of different lytic agents (38). Although the Cia regulon has
been described in detail, the molecular basis for these phenotypes
is not well understood (25). So far, no mutations in ciaH have
been observed in clinical isolates, whereas all cefotaxime-resistant
and some piperacillin-resistant laboratory mutants contain CiaH
mutations (61, 62) (our unpublished data). Cia mutants show a
reduced virulence when tested in mouse models (35, 55, 59), and
thus selective forces to maintain a functional Cia system in vivo
seem obvious. The experiments described here confirm that Cia
mutants can be used to detect functional defects in PBP2x of
resistant strains.

PBP2x and PBP1la. A third property of the PBP2x mutants
relates to their interaction with PBP1a variants. Whereas the
combination of a low-affinity mosaic PBP2x with the cognate
mosaic PBP1a leads to high-level cefotaxime resistance (11,
46), introduction of a mosaic PBPla into the R6,,,5 13356
mutant resulted in a slight drop in resistance, similar to the
disruption of PBP1a in the PBP2x mutant. Failure to observe
a resistance increase with PBP1a must be due to the nature of
the PBP2x alterations, since also with another PBP2x mutant
(PBP2x(406), Which displays an unusually low acylation effi-
ciency for cefotaxime (k,/K value below 50 M~ s™') (40), no
resistant transformants were obtained with the mosaic pbpIla.

On the other hand, the presence of PBPla,,,, appeared to
compensate the growth defect mediated by the disrupted Cia
system in the PBP2x 535 mutant background (Fig. 4b),
whereas disruption of PBP1a led to slower growth and early
lysis in combination with PBP2x 5555 as well as PBP2xla,5,,
(Fig. 4e and f). These data strongly suggest that PBP2x and
PBP1a interact on some level. In E. coli, interactions between
the class A hmm PBP1b and the class B PBP3 have been
documented (6). Both murein-synthesizing enzymes also inter-
act with FtsN (45), and all these proteins are localized at the
division septum (1, 6), where they might be part of a larger
murein-synthesizing multienzyme complex (28). Also in S.

FIG. 3. Growth and cell morphology of PBP2x mutants with and without a functional CiaRH system. (A) Cells of an exponentially growing
culture were diluted 1:20 in prewarmed C-medium. The cell density is given in nephelometer units (N). Closed circles, PBP2x mutants; open circles,
ciaR::aad9 derivatives. (a) R6; (b) R6,,,5.133845 (€) ROpp,001r33805 (d) RO,p001338G5 (€) RO,p,000340. (B) Cells were grown in C-medium containing
2% choline. Samples were taken during the mid-exponential growth phase (N =~ 60), and cells were examined using phase-contrast microscopy as
described in Materials and Methods. (a) R6! (B) R6ciuR::aad9; (C) R6pprxT338G; (d) R6pbp2xT338G/(‘iaR::aadQ'
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pneumoniae, PBP2x and PBP1a appear to be located in the cell
equator, together with FtsZ (42). The aberrant morphology of
cell chains observed in PBP2x mutants, especially in the ab-
sence of a functional Cia system, indicates that their division
plane cannot be synthesized properly (Fig. 3B). It is thus fea-
sible that the PBP2x mutations have an impact on the interac-
tion with other components of the cell division machinery, such
as PBP1a, and that in clinical isolates compensatory mutations
have occurred. Alternatively, the PBP mutations might affect
the enzymatic function of the proteins; an in vitro assay system
with the actual substrate of the enzyme would be desirable to
solve these questions.

Two issues are noteworthy in this context. One is the fact
that no PBP1a mutations occurred in cefotaxime- or piperacil-
lin-resistant laboratory mutants, although resistance levels of 1
pg/ml and higher were obtained (23). Instead, PBP2a and
PBP3 mutations were found in addition to PBP2x or PBP2b
(30) (our unpublished results). Similarly, no mutations in
PBP1la, the homologue of S. pneumoniae PBPla, were de-
tected in penicillin-resistant Streptococcus gordonii mutants
with up to a 500-fold increase of the MIC, whereas again,
mutations in PBP2x, PBP2b, and non-PBP genes were selected
(20). In that study, deletion of PBP1A (and PBP2a) profoundly
slowed resistance development but only moderately affected
resistance in already highly resistant mutants. Those authors
suggested that the transglycosylation activity of class A PBPs
might facilitate early development of resistance by stabilizing
penicillin-altered peptidoglycan via transglycosylation, whereas
they might be less indispensable in highly resistant mutants
which have reestablished a penicillin-insensitive cell wall-build-
ing machinery.

Second, most of the PBP2x mutations selected with cefo-
taxime in the laboratory have not been found in clinical iso-
lates, with the exceptions of Q552E and T550A (19, 56).
T550A occurs rarely and has been found mainly in unusually
high-level cefotaxime-resistant isolates (3, 11, 48, 54). These
data clearly show that the selective forces used in the labora-
tory are distinct from those acting on clinical isolates, and the
data also indicate that the mosaic genes of clinical isolates have
evolved by selection not only for resistance but for mainte-
nance of other functions as well to ensure functionality of the
cell wall synthesis apparatus and the cell division complex.
Given the fact that many distinct PBP2x mosaic variants have
been described, the identification of mutations relevant for
resistance and the distinctions from alterations required for in
vivo function of this protein will be difficult.

Taken together, the data show that a single point mutation
in PBP2x affects cellular growth on several levels, although its
impact on resistance in a beta-lactam-sensitive background is
only minor. Cell division appears to be impaired in the PBP2x
mutants, and it remains to be seen to what degree the cell wall
structure is affected as well. Whether this is the consequence of
an altered enzymatic activity, due to disturbance of the inter-
action with a partner protein such as PBP1a, or related to the
activity of the Cia system remains to be clarified.
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