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The human pathogen Streptococcus pneumoniae has been treated for decades with 3-lactam antibiotics. Its resistance is now
widespread, mediated by the expression of mosaic variants of the target enzymes, the penicillin-binding proteins (PBPs). Under-
standing the mode of action of B-lactams, not only in molecular detail but also in their physiological consequences, will be cru-
cial to improving these drugs and any counterresistances. In this work, we investigate the piperacillin paradox, by which this
B-lactam selects primarily variants of PBP2b, whereas its most reactive target is PBP2x. These PBPs are both essential mono-
functional transpeptidases involved in peptidoglycan assembly. PBP2x participates in septal synthesis, while PBP2b functions in
peripheral elongation. The formation of the “lemon”-shaped cells induced by piperacillin treatment is consistent with the inhi-
bition of PBP2x. Following the examination of treated and untreated cells by electron microscopy, the localization of the PBPs
by epifluorescence microscopy, and the determination of the inhibition time course of the different PBPs, we propose a model of
peptidoglycan assembly that accounts for the piperacillin paradox.

treptococcus pneumoniae is a facultative bacterial pathogen that

belongs to the human nasopharyngeal microbiota (1). When a
pneumococcus invades other areas, it can cause mild diseases,
such as otitis media, sinusitis, and bronchitis, or life-threatening
pneumonia, meningitis, or septicemia. Following the introduc-
tion of B-lactams to treat bacterial infections, the first pneumo-
coccal penicillin-resistant strain was reported in 1967 (2), and
extensively multidrug-resistant pneumococci have now emerged
(3, 4). Understanding the molecular mechanisms of antibiotic re-
sistance in pneumococci is therefore of major importance.

B-Lactam antibiotics interfere with the assembly of pepti-
doglycan, the main constituent of the bacterial cell wall. The pep-
tidoglycan is a network of glycan chains reticulated by peptide
links, constituting a single macromolecule that encases the cell.
This essential layer protects bacteria from turgor pressure and
provides a scaffold to anchor other surface molecules (5). Fine-
tuning the dynamics of peptidoglycan assembly is essential for
proper cell division and shape determination. In ovoid bacteria,
the synthesis of peptidoglycan is thought to involve two machin-
eries that allow bacteria to elongate and divide (6, 7). A set of six
penicillin-binding proteins (PBPs) catalyzes the last step of pepti-
doglycan assembly in S. pneumoniae. The three class A PBPs
(PBP1la, PBP1b, and PBP2a) are bifunctional enzymes that po-
lymerize glycan chains (glycosyltransferase activity) and cross-
link them through peptide bonds (transpeptidase activity). The
two class B PBPs (PBP2x and PBP2b) are monofunctional trans-
peptidases. PBP3 is a class C PBP with D,D-carboxypeptidase ac-
tivity, which is involved in the maturation of peptidoglycan (8).
While the class A and C PBPs are not essential in pneumococci (9,
10), both class B PBPs are necessary, with PBP2b being essential
for elongation and PBP2x for division (11-14). In pneumococci,
B-lactam-resistant strains harbor PBP variants with reduced reac-
tivities toward the drugs (15, 16).

An early study intended to correlate the specificities of 18
B-lactams for different PBPs and the morphological defects they
caused in S. pneumoniae (17). A very interesting phenotype of
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pneumococcal cells was observed in the presence of piperacillin,
an extended-spectrum (3-lactam antibiotic used to treat polymi-
crobial infections (often in combination with tazobactam, a B-lac-
tamase inhibitor) (18). The cells treated with 0.5X MIC of pipera-
cillin for 4 h acquired a characteristic lemon shape, with a central
bulge and pointy ends (17). In addition, it was reported that pip-
eracillin used at the MIC inhibits about 50% of PBP2b and PBP3
and 27% of PBP2a. However, since PBP2x was not known at that
time because it comigrated with PBP2a in the experimental setup,
the reported PBP2a inhibition corresponds to that of both PBP2x
and PBP2a. Accordingly, PBP2x was not considered in the con-
clusions drawn at that time. Meanwhile, it is apparent that there is
a complex redundancy of the different PBPs, and the morpholog-
ical, physiological, and biochemical effects induced by one partic-
ular PBP remain largely open today.

Further studies investigated the resistance of pneumococci to
piperacillin in the laboratory (19-21). Pneumococci were gradu-
ally selected in increasing concentrations of piperacillin, and the
PBP sequences of the resulting strains were determined. Interest-
ingly, in the three selected piperacillin-resistant lineages, PBP2b
variants appeared first, and PBP2x variants were found only in
strains subsequently selected for a higher resistance level (21). In
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TABLE 1 Strains and plasmids

Strain or plasmid Relevant characteristic(s)”

Reference or source

Strains

R6 Unencapsulated laboratory strain 42

R6 AlytA IytA::CAT; Cm" 43

R6 AlytA gfp-ftsZ IytA::CAT bgaz:tetM-P, ,-gfp " ~ftsZ; Cm" Tet" This study
DKLO031 bga::tetM-P_-gfp " -pbp2x pbp2x::aad9; Tet" Spc” 13

R6 AlytA gfp-pbp2x Apbp2x IytA::kanR bga::tetM-P, ,-gfp ™" -pbp2x pbp2x::aad9; Kan' Tet" Spc” This study
sspCM54 R6; bga::tetM-P, ,-gfp " -pbp2b; Tet" This study
sspCM99 R6; bga::tetM-P_,,-gfp ™t -pbp2b pbp2b::CAT; Tet” Cm" This study
R6 AlytA gfp-pbp2b Apbp2b IytA::kanR bga::tetM-P, :gfp™ -pbp2b pbp2b::CAT; Kan' Tet" Cm" This study
R6 AlytA pbp2bR AlytA::CAT pbp2b 44645 Cm" This study
R6 AlytA pbp2b5 AlytA::CAT pbp2b>°*; Cm" This study
R6 AlytA pbp2xR AlytA::CAT pbp2x 13353305 CM" This study
R6 AlytA pbp2x5 AlytA:CAT pbp2x>*°*; Cm" This study

Plasmids

pNM15 PCR-Script::pbp2b; Cm" This study
pCM25 pIWV25 bga::tetM-P., -gfp " -pbp2b; Tet" This study, 44
pCM57 PCR-Script::ftsZ; Cm" This study
pCM49e pIWV25 bga::tetM-P, -gfp ™ -ftsZ; Tet" This study, 44
pET28-his-IytA pET28a::his-lytA This study
PET30-2b 4464 PET30 pbp2b.4464; Kan® 30
pGEX-2b>2* pGEX pbp2b>°*; Amp* 30
PGEX-2X1338 3308 PGEX pbp2x13355 m3308 AMP” 33
pGEX-2x2%* pGEX pbp2x>*°*; Amp* 33

% Cm, chloramphenicol; Tet, tetracycline; Spc, spectinomycin; Kan, kanamycin.

subsequent experiments in which pbp genes were randomly mu-
tagenized, PBP2b variants were again selected by piperacillin ex-
posure (20). The T446A substitution in PBP2b, which is com-
monly found in resistant clinical isolates, increased the MIC for
piperacillin 2-fold. The same piperacillin MIC was determined for
a strain having incorporated the full PBP2b sequence of a clinical
isolate.

These selection studies strongly suggest that the primary essen-
tial target of piperacillin is PBP2b. However, the morphological
defects induced by piperacillin challenge (i.e., the lemon shape)
resemble those induced by the depletion of PBP2x (11, 13). More-
over, of the PBPs, PBP2x was found to be the most reactive with
piperacillin (12, 19). In this work, we revisited the effect of pipera-
cillin treatment on the morphology and localization of both class
B PBPs, as well as the specificities for the different PBPs. We con-
firm here that the primary target of piperacillin is PBP2x, causing
morphological defects that are consistent with PBP2x inhibition,
despite the fact that it is the lesser inhibition of PBP2b that pre-
vents growth, a behavior that we dub the piperacillin paradox. The
results are discussed in light of the recent knowledge on the re-
spective roles of PBP2x and PBP2b, as well as peptidoglycan com-
position modifications that play a role in resistance.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains (Table 1)
were grown on Columbia blood agar plates supplemented with defi-
brinated horse blood to 4% (CB agar) or in liquid C+Y medium (22) at
37°Cin a 5% CO, atmosphere. A stock of each strain was prepared from
an exponentially growing culture (optical density at 600 nm [ODyq],
between 0.2 and 0.4) and stored at —80°C in 20% glycerol.

The S. pneumoniae R6 AlytA gfp-ftsZ strain and the R6 AlytA strains
with low-susceptibility PBPs (Table 1; see also Fig. S1 in the supplemental
material) were constructed by transformation of the appropriate plasmid
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in the R6 AlytA and homologous recombination at the bgaA locus. The
clones of R6 AlytA gfp-ftsZ were selected on CB agar containing 2.5 wg/ml
tetracycline. The clones of R6 AlytA pbp2x1335am330r (PPP2x encoding
the T338A/M339F substitutions) (R6 AlytA pbp2xR) and R6 AlytA
pbp2x°*°* (R6 AlytA pbp2x5) (pbp2x>*°* is the pbp2x allele from S. preu-
moniae strain 5204) were selected on CB agar containing 0.1 pg/ml
cefotaxime. The clones of R6 AlytA pbp2b s, (R6 AlytA pbp2bR)
(pbp2byyaen is pbp2b encoding the T446A substitution) and R6 AlytA
pbp2b>*°* (R6 AlytA pbp2b5) were selected on CB agar containing 0.03
pg/ml piperacillin.

The R6 AlytA gfp-pbp2x Apbp2x and AlytA gfp-pbp2b Apbp2b strains
were obtained by transformation of their lytA™ parent, with a PCR frag-
ment consisting of a kanamycin resistance cassette flanked by 1,000-bp-
long fragments homologous to the upstream and downstream regions of
the IytA gene, as described by Fadda et al. (23).

Transformations of pneumococci with PCR products or plasmids
were performed using the competence-stimulating peptide 1 (CSP1) for
convenience (24). The region surrounding the modified or introduced
gene was systematically sequenced in the clones used for further experi-
ments. In the case of R6 AlytA pbp2b5, only a partial fragment of pbp2b>2°*
missing the 3’ region of the gene was found to have recombined in the
genome (see Results and Fig. S1 in the supplemental material). The
growth curves were measured and compared to that of the R6 AlytA strain
(see protocol below). All strains grew identically (doubling time, 34 * 2
min), except the strains grown in the presence of 150 uM ZnCl,, which
had a longer (1.3-fold) generation time.

Growth curves. Volumes of 2.5 ml of C+Y medium were inoculated
with 250 pl of preculture at an ODyg, of 0.3 in 24-well plates, sealed, and
grown at 37°C without added CO, in a FLUOstar plate reader (BMG
Labtech) equipped with a 595-nm filter. The OD5,5 was recorded every 20
min after shaking. Each strain was grown in triplicate in parallel with the
R6 AlytA control strain, in two independent experiments. The strains
containing green fluorescent protein (GFP) fusions under the control of
the P, zinc-inducible promoter were grown with 150 uM ZnClL,.
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MICs. The MICs were determined in liquid cultures to determine the
piperacillin concentrations to be used in the various experiments. Pipera-
cillin was obtained from Sigma (P8396). Glycerol stocks were diluted
100-fold in 30 ml of C+Y medium. Nine hundred fifty microliters of this
dilution was added to 50 pl of a 20X piperacillin solution in 96-deep-well
plates. The final piperacillin concentrations were 0, 0.02, 0.03, 0.04, 0.05,
0.06, 0.08, and 0.1 pg/ml. The cultures were incubated for 6 h at 37°C
before 200 pl of culture was transferred to a 96-well microplate to record
the ODsy5 in a FLUOstar plate reader (BMG Labtech). The MIC was
defined as the lowest piperacillin concentration that did not permit
growth. MIC determination was always carried out in triplicate, in two
independent experiments, including the R6 AlytA control strain.

Piperacillin treatment for optical microscopy analysis. Glycerol
stocks were diluted 100-fold in 5 ml of C+Y medium and grown to an
ODg of 0.3. Nine hundred fifty microliters of this culture was added to
50 ul of a 20X piperacillin solution to obtain the desired concentrations
and incubated further for 2 h. The samples were centrifuged at 5,000 X g
for 3 min and resuspended in 50 wl of supernatant. Four microliters of
concentrated bacteria was transferred to microscope slides. Images were
acquired with an Olympus BX61 microscope equipped with a UPFLN
100X O-2PH/1.3 objective and processed using the Volocity software
package (luminosity and contrast adjustment). The cell dimensions were
determined using the Object] plugin written by Norbert Vischer (Univer-
sity of Amsterdam [http://simon.bio.uva.nl/objectj/]), which runs with the
Image] software. Global representations of length and diameter were gener-
ated using Object].

Time-lapse microscopy. A glycerol stock of R6 AlytA gfp-fisZ was
diluted 107 times in 15 ml of C+Y medium and grown overnight to an
ODy, of 0.1. An agarose pad containing C+Y medium, 1.5% low-melt-
ing agarose, and 150 uM ZnCl, was prepared on a microscopy slide, as
described by de Jong et al. (25). To avoid antibiotic degradation, the
medium was incubated at 60°C until complete melting of the agarose, and
piperacillin was added just prior to casting on the slide. A volume of 2.5 pl
of culture was inoculated on the agarose pad. When the droplet was com-
pletely absorbed in the pad, a coverslip was mounted and the samples were
observed using an inverted Olympus IX81 microscope equipped with a
Plan Apo 60X/1.42 objective and a 37°C incubation chamber. Videos
were acquired and processed using the Volocity software.

Electron microscopy. Glycerol stocks were diluted 10° times in 50 ml
of C+Y medium and incubated overnight. Atan ODyg,, of 0.3, piperacillin
was added at a concentration of 0.06 pg/ml, and incubation was pursued
for 2 h. The bacteria were then centrifuged at 3,220 X g for 10 min. A pellet
volume of 1.4 .l was dispensed on the 200-pum side of a type A 3-mm gold
platelet (Leica Microsystems), covered with the flat side of a type B 3-mm
aluminum platelet (Leica Microsystems), and was vitrified by high-pres-
sure freezing using an HPM100 system (Leica Microsystems). Next, the
samples were freeze substituted at —90°C for 80 h in acetone supple-
mented with 2% OsO, and warmed up slowly (1°C/h) to —60°C in an
automated freeze substitution device (AFS2; Leica Microsystems). After 8
to 12 h, the temperature was raised (1°C/h) to —30°C, and the samples
were kept at this temperature for another 8 to 12 h before being rinsed
several times in acetone. The samples were then infiltrated with gradually
increasing concentrations of Epon in acetone (1:2, 1:1, 2:1 [vol/vol], and
pure) for 2 to 3 h while raising the temperature. Pure Epon was added at
room temperature. After polymerization at 60°C, 80-nm-thin sections
were obtained using an ultramicrotome UC7 (Leica Microsystems) and
were collected on Formvar-carbon-coated 100-mesh copper grids. The
thin sections were poststained for 5 min with 5% aqueous uranyl acetate,
rinsed, and incubated for 2 min with lead citrate. Note that no negative
staining was performed with the samples presented in Fig. S2 in the sup-
plemental material. The samples were observed using a CM12 (Philips) or
Tecnai 12 (FEI) microscope operating at 120 kV with an Orius charge-
coupled-device (CCD) camera (Gatan) at 5,000 to 45,000X magnifica-
tions.
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Recombinant protein purification. Recombinant His-tagged LytA
was purified from Escherichia coli Rosetta cells transformed with the
pET28a-his-lytA plasmid. After induction with 500 wM isopropyl 3-p-1-
thiogalactopyranoside at an OD,, of 0.6 and overnight expression at
25°C, the cell pellet from 2 liters of culture was resuspended in 50 ml of 50
mM Tris-HCI (pH 8), 500 mM NaCl, 25 mM imidazole, and 10% glycerol,
and it was frozen at —80°C. Once thawed, the cells were lysed using a
Microfluidizer M-110P (Microfluidics), and the lysate was centrifuged at
40,000 X g for 30 min at 4°C. The supernatant was applied onto a 10-ml
Ni-nitrilotriacetic acid (NTA) column (Qiagen) in the same buffer. The
protein was eluted with a 25 mM to 500 mM imidazole gradient. Pooled
fractions were concentrated and further purified by size exclusion chro-
matography using a Superdex 5200 10/300 GL column (GE Healthcare) in
25 mM Tris-HCI (pH 8) and 150 mM NaCl. Ten milliliters of purified
Hisg-LytA was obtained at a concentration of 500 pg/ml.

Recombinant PBP2b from R6 and from the R6 AlytA pbp2b5 strain
was purified as described before with a C-terminal Strep tag (26). The
pbp2b5 gene was PCR amplified from the genomic DNA of the R6 AlytA
pbp2b5 strain. PBP2b5 was expressed from a pET30-derived plasmid after
cloning, as described previously (26).

PBP inhibition profiles. PBP profiles were determined by a procedure
derived from those previously reported (11, 12). Glycerol stocks were
diluted 100-fold in 30 ml of C+Y medium and grown to an ODg, of 0.3.
Piperacillin was added at various concentrations. The cultures were fur-
ther incubated for 10 min at 37°C and centrifuged at 3,220 X g at room
temperature for 10 min. The pellets were resuspended in 150 wl of phos-
phate-buffered saline (PBS) containing 25 pg/ml purified LytA. After
complete lysis, typically obtained after 1 h at 37°C (determined visually as
the samples become transparent), membrane proteomes were isolated by
centrifugation at 20,000 X g for 20 min at 4°C. The pellets were resus-
pended in 150 pl of fresh PBS and stored at —20°C. The total protein
concentration of each sample was estimated by the absorbance at 280 nm
determined with a NanoVue Plus spectrophotometer (GE Healthcare).
The sample protein concentrations were adjusted to 1 mg/ml, and 10 pl of
each sample was supplemented with 0.5 pl of Bocillin FL (Life Technol-
ogies) at 300 uM (final concentration, 15 wM) and incubated for 10 min
at room temperature. After boiling for 10 min in Laemmli buffer, the
proteins were separated by SDS-PAGE at 4°C using 4 to 12% acrylamide
gradient gels (Criterion; Bio-Rad) with the XT MOPS running buffer
(Bio-Rad). The PBP profiles were revealed under UV illumination in a
ChemiDoc imager (Bio-Rad). Densitometry of the band pattern was per-
formed using the Image] freeware.

In vitro peptidoglycan synthesis and PBP2b inhibition. The reac-
tions were performed and analyzed as described previously (26). Briefly,
unlabeled isoglutamine-containing lipid II and dansylated lipid II were
mixed in a 10:1 ratio and dried prior to dissolution to final concentrations
of 50 and 5 pM, respectively, in a reaction mixture containing 50 mM
HEPES (pH 7.5), 150 mM NaCl, 10 mM MgCl,, 25% (vol/vol) dimethyl
sulfoxide (DMSO), 0.02% (wt/vol) Triton X-100, I wM PBP2a with the
S410A substitution (PBP2ag, ), and 0.5 pM PBP2b. Aliquots were
withdrawn after various times of incubation at 30°C, and the reaction was
stopped by adding penicillin G (1 mM) and moenomycin (0.5 mM). The
samples were analyzed by SDS-PAGE and visualized with UV transillumi-
nation.

The reactivities of R6 PBP2b and PBP2b5 with piperacillin were eval-
uated by incubation of 0.5 or 0.25 wM enzyme, respectively, for 10 min at
room temperature in their purification buffer with serial dilutions of the
drug. Bocillin FL was then added to a concentration of 100 wM for a
further 10 min prior to SDS-PAGE analysis and imaging under UV trans-
illumination and Coomassie blue staining.

RESULTS

The primary target of piperacillin is PBP2x. As piperacillin pri-
marily selects substitutions in PBP2b of pneumococci in the lab-
oratory, this B-lactam is expected to specifically inhibit PBP2b.
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TABLE 2 MICs of piperacillin

Strain MIC (pug/ml)
R6 0.03
R6 AlytA 0.03
R6 AlytA gfp-ftsZ 0.03
R6 AlytA gfp-pbp2x Apbp2x 0.03
R6 AlytA gfp-pbp2b Apbp2b 0.03
R6 AlytA pbp2b5 0.06
R6 AlytA pbp2x5 0.04
R6 AlytA pbp2bR 0.06
R6 AlytA pbp2xR 0.04

However, the most reactive PBP with piperacillin was reported to
be PBP2x (12, 19). To investigate this paradoxical behavior, we set
out to characterize the effect of piperacillin on pneumococci.

The MIC of piperacillin on the R6 strain of S. pneumoniae was
determined (Table 2). The effect of piperacillin on the morphol-
ogy of pneumococci was observed 2 h after its addition at twice the
MIC (0.06 pg/ml) during exponential growth (ODg,, 0f0.3). The
cells were lemon shaped or bulging and elongated, as observed by
phase-contrast and differential interference contrast microscopy.
However, a large proportion of cells had also lysed at this stage. To
facilitate observation, we then used an R6 strain depleted of the
major autolysin LytA by substituting the coding gene with an an-
tibiotic resistance cassette. Autolysis was nearly nonexistent in this
AlytA strain and allowed the observation of morphological defects
due to the toxicity of the antibiotic. The piperacillin MIC was not
changed (Table 2), showing that the absence of LytA does not
modify susceptibility to piperacillin. Unless otherwise mentioned,
all the experiments described below were performed in a AlytA
background.

Piperacillin treatment of the AlyfA strain also resulted in the
accumulation of lemon-shaped cells with a characteristic bulge at
mid-cell, as observed by phase-contrast microscopy (Fig. 1A). In
the absence oflysis, nearly all cells adopted abnormal shapes. Most
cells were in the shape of a citrus fruit (81% of 155 analyzed mis-
shapen cells and top two cells in Fig. 1A), i.e., with pointy poles
bracketing a bulky mid-cell. A number of cells (19% of 155 ana-
lyzed misshapen cells and the bottom cell in Fig. 1A) were longer
and trilobed, the middle lobe having the wider diameter (Fig. 1A).
The ratio between the cell length and the larger diameter was
greater in the presence of piperacillin (Fig. 1B). Note that by cell
length, we mean the longitudinal dimension of entities that con-
stitute a continuum of forms from the single cell to diplococci,
including trilobed elongated cells. Figure 1C represents the cells
sorted by length, and the brightness of each vertical line is propor-
tional to the width of a particular cell along its long axis. While the
sorting of the control cells shows a dark zone corresponding to the
constricted region at mid-cell, the sorting of cells exposed to pip-
eracillin shows a bright central region, revealing the absence of
mid-cell constriction. All together, these data indicate that pipera-
cillin treatment results in the enlargement of pneumococcal cells
at their middle, regardless of their length. Strikingly, the morphol-
ogy induced by piperacillin resembles that resulting from the de-
pletion of PBP2x (11, 13) (Fig. 1A).

To further investigate this observation, we determined which
PBPs are targeted by piperacillin. Exponentially growing cultures
were incubated with different concentrations of piperacillin prior
to lysis and incubation with a large excess of Bocillin FL. The
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membrane proteins were finally separated by SDS-PAGE, and Bo-
cillin-labeled proteins were visualized by UV illumination. The
PBP inhibition profile of the R6 strain was identical to that of its
AlytA derivative, indicating that the absence of LytA did not influ-
ence the accessibilities or reactivities of the PBPs to piperacillin
(Fig. 2A and B). The band corresponding to PBP2x was the first to
disappear from the fluorogram with increasing piperacillin con-
centration, followed by PBP3 and PBP2b (Fig. 1D and 4B). PBP2x
has the strongest affinity for piperacillin, consistent with the ob-
servation that morphological defects caused by piperacillin resem-
ble the morphological defects caused by the depletion of PBP2x
(11, 13).

Inhibition by piperacillin of PBP2b and PBP2x does not af-
fect their localization, nor that of FtsZ. To probe the mechanism
underlying the morphological defects induced by piperacillin, we

A Piperacillin Control

B
25 Ratio Ratio:
2 1.5
1.5 @ Length
1 o Diameter
0.5
0
Control Piperacillin
(n=296) (n=386)
C
iR TTEITETT Control
n =296
(TR Piperacilln
D 0 14 12 1 2 4xMIC
PBP1 a|
PBP2 a|
PBP3

FIG 1 Morphological consequences of piperacillin treatment and PBP inhi-
bition profile. (A to C) R6 AlytA cells were observed following 2 h of incuba-
tion at twice the piperacillin MIC (0.06 g/ml). (A) Phase-contrast micros-
copy. (B) Mean apparent lengths and diameters (with standard deviations).
(C) Global representation of cell lengths and diameters. The vertical light bars
represent individual cells sorted by length. The intensity of a bar is propor-
tional to the cell width (perpendicular to the long axis). (D) Fluorogram show-
ing the in vivo PBP inhibition profile by piperacillin. The cells were incubated
for 10 min with the drug prior to washing, membrane isolation, and PBP
labeling with Bocillin FL.
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FIG 2 In vivo PBP inhibition profile with different concentrations of pipera-
cillin. The cells were incubated for 10 min with the drug prior to washing,
membrane isolation, and PBP labeling with Bocillin FL. A representative fluo-
rogram is shown for each strain. The intensity of the bands was quantified by
densitometry, and the results are presented for each PBP as the fraction re-
maining reactive (r.f.) with Bocillin FL after piperacillin treatment (means
from three independent experiments, with the error bars as the standard de-
viations). The vertical dashed lines represent the MICs.

investigated whether the drug affects the localization of FtsZ and
the class B PBPs. FtsZ is the tubulin-like protein that polymerizes
on the cytoplasmic face of the membrane at the division site and
recruits the other proteins involved in the division process (15,
27). Three different strains expressing FtsZ, PBP2x, or PBP2b
fused to the green fluorescent protein (GFP) from an ectopic site
under the control of a Zn-inducible promoter were created in the
R6 AlytA background. In the cases of GFP-PBP2x and GFP-
PBP2b, the fluorescence signal observed in the initial merodiploid
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strains was unsatisfactory. The fluorescence signal was improved
by deleting the endogenous copy of pbp2x or pbp2b. The GFP-PBP
fusions were functional, as they complemented the absence of the
corresponding native proteins. The essentiality of pbp2x and
pbp2b was confirmed, as the expression of the GFP-fused version
was required, and the cells could not grow in the absence of zinc.
GFP-PBP2x and GFP-PBP2b were localized at mid-cell and at the
equators, as expected from previous immunofluorescence and
GFP fusion studies (13, 14, 28, 29) (Fig. 3A, control [Ctl]). The
GFP fusions were overexpressed compared to the native proteins
(Fig. 3B). Note that an additional Bocillin FL-reactive species ap-
peared at the size of PBP2b. This product might result from the
cleavage of the GFP fusion protein, but the corresponding GFP
fragment was not detected by immunoblotting (Fig. S3 in the sup-
plemental material). Some synthesis of PBP2b may have been ini-
tiated from an alternative start codon. Also, a faint band is visible
at the size of PBP2x in the Apbp2x strain. This protein is not a
cleavage product of GFP-PBP2x, as it does not disappear in the
absence of zinc and is not detected by immunoblotting with an
anti-PBP2x serum (see Fig. S3). It may correspond to a fragment
of PBP1a or PBP1b.

Also, the zinc-inducible GFP-PBPs retained their reactivi-
ties with Bocillin FL (Fig. 3B). The determination of the MICs
of the three strains showed that the induction of expression
with zinc did not affect their viabilities or susceptibilities to
piperacillin (Table 2).

To localize the GFP fusions, the appropriate strains were
grown with zinc to an ODg, of 0.3, and piperacillin was added or
not to the culture at twice the MIC (0.06 pg/ml). Unexpectedly,
piperacillin did not cause delocalization of the FtsZ ring, in the
sense that FtsZ was observed at mid-cell and at the equators, even
when the mid-cell was grossly enlarged (Fig. 3A). Similarly, the
equatorial and mid-cell localizations of both PBP2b and PBP2x
were not affected by the action of piperacillin (Fig. 3A).

In order to gain insight into the dynamics of formation of the
mid-cell bulge, we imaged the growth of the GFP-FtsZ-expressing
strain using time-lapse microscopy (Fig. 3C). Pneumococci were
grown to an ODy, of 0.3 and transferred to an agarose pad of
culture medium supplemented or not with 0.06 pg/ml piperacil-
lin. The cells were then observed over time at 37°C. The strain
expressing GFP-FtsZ in the presence of zinc is shown in Fig. 3C. In
the absence of piperacillin, the cells divided normally in 20 to 30
min. In contrast, the presence of piperacillin inhibited proper cell
separation, and a mid-cell bulge appeared after 30 min. In some
cases, the cells continued to inflate until lysis after >1 h of pipera-
cillin treatment. The FtsZ ring was found to enlarge with the bulge
formation at mid-cell. Remarkably, bulging occurred equally in
cells that were at different stages of the cell cycle at the time of
piperacillin addition. Indeed, in Fig. 3C at time 0’, the cell on the
left was at an advanced stage of the cell cycle (elongated diplococ-
cus), whereas the cell on the right was at an early stage. In both
cases, the FtsZ ring enlarged during bulge formation.

We did not obtain good time-lapse fluorescence microscopy
data with strains expressing GFP-PBPs, as the illumination inten-
sity required to obtain a good fluorescence signal caused photo-
toxicity.

Morphological details of piperacillin-treated pneumococci.
To shed light on the bulge formation, piperacillin-treated cells
were observed by electron microscopy. R6 AlytA cells were grown
to exponential phase and treated with piperacillin as for optical
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FIG 3 Localization of FtsZ and class B PBPs. (A) Localization of GFP-FtsZ, GFP-PBP2b, and GFP-PBP2x after 2 h of treatment with (Pip) or without (Ctl)
piperacillin at 2X the MIC. (B) Bocillin FL fluorogram of R6 AlytA, R6 AlytA gfp-pbp2x Apbp2x, and R6 AlytA gfp-pbp2b Apbp2b strains in the presence (Zn) or
absence (—) of inducer (Zn>"). Depletion was achieved by growing the cells to an OD, of 0.3 with zinc, diluting the culture 16X (Apbp2x) or 256X (Apbp2b)
in fresh medium without zinc and further incubation to an ODy, of 0.3. (C) Time-lapse localization of GFP-FtsZ in the presence (Pip) or absence (Ctl) of
piperacillin at 2X the MIC. The arrows point to bulging cells. The scale bars represent 1 wm. DIC, differential interference contrast.

microscopy. Next, the cells were flash-frozen under high pressure
to keep the cellular structures intact. The cells were then slowly
brought back to room temperature while being included in Epon
resin. Thin sections of resin-embedded pneumococci were then
negatively stained with uranyl-acetate to enhance the contrast of
lipid membranes and peptide-containing peptidoglycan.

Interestingly, three distinct types of abnormal bulging cells
were observed (Fig. 4; see also a colorized version in Fig. S4 in the
supplemental material highlighting the features of the cell enve-
lope). First, some bulging cells were in fact constituted of two cells
adjoined by a continuous peptidoglycan septum, at least in the
plane of the thin section, which apparently failed to split (Fig. 4A
and C). Second, some lemons were single cells, as the membrane
underlying their cell wall was clearly continuous along the bulge
(Fig. 4B and D). Finally and surprisingly, some bulging shapes
were formed by two distinct cells separated by their respective
plasma membranes but without a normal continuous peptidogly-
can septum (Fig. 4C and E). In those cases, a nascent cross-wall is
present close to the periphery but does not extend inward. How-
ever, we cannot exclude that a thinner incomplete peptidoglycan
layer is present and undetectable. To our knowledge, this is the
first observation of this phenomenon in ovoid bacteria. The three
types of bulging shapes may result from cells that were at different
stages of the cell cycle at the time of piperacillin addition, as pro-
posed in the Discussion.

To determine whether the absence of LytA-induced lysis plays
a role in the observed morphological defects, these experiments
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were repeated with the R6 parental strain. In this case, cells were
observed after both 1 and 2 h of piperacillin treatment. Most cells
were lysed 2 h after the addition of piperacillin. However, after
only 1 h, the bulging morphology was observed, but none of the 20
cells observed had a peptidoglycan or membrane septum, com-
plete or partial (see Fig. S2 in the supplemental material). This
observation suggests that upon piperacillin inhibition, LytA may
be involved in the specific lysis of pneumococcal cells with a sep-
tum through the targeted degradation of septal peptidoglycan.

PBP2b variants confer piperacillin resistance, in contrast to
PBP2x variants. We showed that the primary target of piperacillin
is PBP2x (Fig. 1D). PBP2b and PBP3 are less reactive to this 3-lac-
tam. In the late 1980s, piperacillin-resistant pneumococci were
selected in the laboratory by successive plating on medium with
increasing piperacillin concentrations (20, 21). Interestingly, the
first level of piperacillin resistance was conferred by low-affinity
PBP2b variants. The PBP2x variants did not provide pneumococci
with this first level of resistance (20). Low-affinity PBP2x variants
were selected in lineages in which a low-affinity PBP2b was already
present, conferring a second higher level of resistance.

To further document this paradox, we constructed four strains
in the R6 AlytA background. Two strains had a variant pbp2b allele
introduced by selection on piperacillin. One allele codes for the
T446A PBP2b point mutant (20, 30) (pbp2bR), while the other
encodes a PBP2b derivative from the clinical resistant strain S.
pneumoniae 5204 (31, 32) (pbp2b5). PBP2b5 has 23 substitutions,
including the critical T446A, but compared to PBP2b from strain
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FIG 4 Electron micrographs of negatively stained cryo-thin sections of R6 AlytA cells treated for 2 h with 0.06 pg/ml piperacillin (2X the MIC). The scale bars
are 200 nm (A and B) and 50 nm (C to E). Bulging cells with complete (A and C), absent (B and D), or partial septa (B and E) are shown. The white arrows point
to the two leaflets of the plasma membrane. The black arrows point to the cell wall.

5204, it lacks 21 substitutions following residue 520. This impos-
sibility of introducing the complete pbp2b sequence from strain
5204 into an R6 background was reported previously (30).

Similarly, two strains had their pbp2x alleles replaced with al-
leles coding for low-affinity variants, which were introduced by
selection with cefotaxime. The first allele coded for PBP2x with the
T338A-M339F mutations (herein referred to as pbp2xR), known
to reduce its affinity to B-lactams (33). The second incorporated
the full-length pbp2x allele of strain 5204 (herein referred to as
pbp2x5) that encodes a variant with 80 amino acid substitutions,
including 41 in the transpeptidase domain (31, 33, 34).

The MIC:s of piperacillin were determined for the four strains
(Table 2). The low-affinity PBP2b variants increased the MIC
2-fold. In contrast, low-affinity PBP2x variants conferred only a
modest increase in the piperacillin MIC. This modest effect on the
MIC was not sufficient to select the introduction of pbp2xR and
pbp2x5 alleles by piperacillin, in contrast to the pbp2bR and
pbp2b5 alleles.

Profiles of PBP inhibition by piperacillin in strains with low-
affinity class B PBPs. Given the apparent conflict between the
morphological observations, which point to a predominant role
of PBP2x inhibition in the action of piperacillin, and the selection
experiments that indicate the importance of the inhibition of
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PBP2b, we determined the profile of PBP inhibition of our four
resistant strains compared to that of their parental R6 AlytA and
R6 strains (Fig. 2). After 10 min of incubation with various con-
centrations of piperacillin below and above the MIC, the fraction
of free PBP remaining reactive was determined by a reaction with
an excess of Bocillin FL and SDS-PAGE separation. All the strains
were challenged in three independent experiments. For each PBP,
the data were normalized against the intensity of the Bocillin FL
labeling without piperacillin treatment (Fig. 2).

The PBP inhibition profiles with piperacillin were similar for
the R6 strain and its AlytA derivative (Fig. 2A and B). At the pip-
eracillin MIC (0.03 pg/ml), <20% of PBP2x remained reactive,
whereas about 50% of PBP2b and PBP3 were so. The class A PBPs
were nearly not impaired (>80% still reactive). The two strains
with low-affinity PBP2b variants had similar profiles, regardless of
their pbp2b allele (Fig. 2C and D). Both retained >75% of their
PBP2b with a free active site after incubation with 0.12 pg/ml
piperacillin, and PBP2b was nearly not affected at 0.03 and 0.06
pg/ml piperacillin, which are the MICs of the parental and trans-
formed strains, respectively. In those strains, PBP2x showed the
same inhibition profile as those of the parental strains. At 0.03
pg/ml piperacillin, i.e., below the MIC, most of PBP2x (>80%)
was inhibited. Thus, <20% of the PBP2x present in the cell is
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sufficient to sustain growth and cell division. In these strains, the
class A and C PBP inhibition profiles showed no variation com-
pared to those of the parental strains.

Both strains with variants of PBP2x showed a lower affinity of
PBP2x for piperacillin than those containing the R6 pbp2x allele
(Fig. 2E and F). However, whereas PBP2x5 was nearly not inhib-
ited even at the highest piperacillin concentration, the double mu-
tation in PBP2xR caused only a modest decrease in the reactivity
for piperacillin. In the case of PBP2xR, its inhibition profiles are
very similar to those of PBP2b. Note that despite their differing
inhibition profiles, the strains carrying pbp2xR and pbp2x5 have
the same MIC for piperacillin (Table 2).

In the case of the strain carrying pbp2b5, the low affinity of
PBP2b5 impaired Bocillin FL. Thus, we had to increase the con-
centration of Bocillin FL to allow a reaction with PBP2b5 during
the preparation of the membrane samples. With this higher con-
centration of Bocillin FL, the SDS-PAGE profile gave a saturated
fluorescent smear that was not interpretable. To avoid this, Bocil-
lin FL-treated membranes of this strain were pelleted again and
resuspended in fresh PBS, removing the free Bocillin FL responsi-
ble for the smear. However, some material was probably lost dur-
ing this additional step, which explains why the PBP profile of this
strain is less intense and the standard deviations are larger.

Kinetics of in vivo inhibition of PBPs by piperacillin. A major
caveat of the experiments presented above is that they monitor
different parameters at different times. The profiles of PBP inhi-
bition were recorded after 10 min of incubation with piperacillin,
whereas the morphological consequences were observed after 1 or
2 h. MICs, on the other hand, were determined after inoculation
in fresh medium containing the antibiotic. To verify that the ob-
servations reported above are significant, we performed time
course experiments in which the growth, viability, morphology,
and PBP inhibition profiles were determined at various times fol-
lowing the addition of piperacillin at different concentrations. The
R6 AlytA and R6 AlytA pbp2x5 strains were examined, and the
mean values from three independent experiments are shown in
Fig. 5.

After 10 min at their respective piperacillin MICs, both
strains continued to gain mass, as observed by the optical den-
sity of the culture (Fig. 5A and F), but they stopped multiplying
(Fig. 5B and G). This result is consistent with the way the MIC
was determined and its definition. At the lowest concentrations
of piperacillin, PBP2x is the most inhibited PBP in the R6 AlytA
strain, with PBP2b and PBP3 being impacted to a lesser extent
(Fig. 5E). In the R6 AlytA pbp2x5 strain, PBP2x is not affected
by piperacillin, whereas PBP2b and PBP3 remain inhibited
(Fig. 5J). The very limited impact of the noninhibition of
PBP2x5 on the MIC indicates that it is determined by the inhi-
bition of PBP2b, which is consistent with the selection of
PBP2b variants by piperacillin.

The viability of the R6 AlytA strain decreases after 1 h of incu-
bation with piperacillin above the MIC (Fig. 5B). This loss of via-
bility likely correlates with the morphological aberrations (lemon
shape) arising from the inhibition of PBP2x (Fig. 5D). Indeed, in
the R6 AlytA pbp2x5 strain, the viability decreases less sharply in
the presence of piperacillin (Fig. 5G). Interestingly, with this
strain, the morphological changes observed after 1 h at the MIC of
piperacillin resemble those (chained “lentils”) brought by the de-
pletion of PBP2b (Fig. 5I) (11), which is consistent with the inhi-
bition of PBP2b and the noninhibition of PBP2x5.
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On the other hand, when the R6 AlytA pbp2b5 strain was ob-
served after 2 h of incubation with piperacillin at the MIC (0.6
pg/ml), cells were found in a variety of shapes, including a major-
ity of lemon-shaped cells, as well as elongated and trilobed cells,
resembling the effect of piperacillin on the susceptible R6 AlytA
strain (see Fig. S5 in the supplemental material). In the absence of
drug, both R6 AlytA pbp2x5 and R6 AlytA pbp2b5 showed normal
morphologies.

It is remarkable that the amount of Bocillin FL-reactive PBPs
decreases with time, with the exception of PBP2x, even in the
absence of piperacillin. This is particularly the case for the class A
PBP1a. It is possible that the amount of PBP enzymes is down-
regulated upon entry into the stationary phase, when the optical
density at 600 nm is approaching 1.

Invitro activity of PBP2b5. To check if the activity of PBP2b in
strain R6 AlytA pbp2b5 was altered compared to that in the R6
PBP2b, the pbp2b5 gene encoding the full-length protein was
cloned in a vector for expression with a C-terminal Strep tag, as
described by Zapun et al. (26). PBP2b5 in R6 differs from PBP2b
in strain 5204, which served as the sequence donor for the trans-
formation, for two reasons. First, the gene fragment used lacked
the sequence for the cytoplasmic and transmembrane segments.
Second, despite the addition of a 3" extension, homologous re-
combination can occur within the pbp2b gene. Thus, PBP2b5 dif-
fers from the R6 PBP2b at 29 positions, including the important
T446A substitution (30). PBP2b5 also differs from the 5204
PBP2b at 27 positions in the C-terminal region. The difficulty or
impossibility of incorporating the 3" sequence of pbp2b from clin-
ical strains in the R6 background has already been reported (30).

Recombinant PBP2b5 and R6 PBP2b were purified in par-
allel in the same way, as described before (26). An activity time
course was performed using PBP2ag,,, to provide the glyco-
syltransferase activity, with a mixture of 90% amidated lipid II
and 10% nonamidated dansylated lipid II, and it was analyzed
by SDS-PAGE. No difference in activity was detected in this
manner (Fig. 6A). Note that the polymerization of the glycan
chains by PBP2ag,,,, may have been limiting.

As expected from the observation in vivo, PBP2b5 was less
reactive with piperacillin than was the R6 PBP2b (Fig. 6B). After
10 min of incubation at room temperature, the R6 PBP2b was
quantitatively titrated by piperacillin, whereas PBP2b5 was not,
even with a 4-fold excess of the drug. Further doubling the con-
centration of piperacillin, however, resulted in the complete inhi-
bition of PBP2b5.

When in vitro peptidoglycan synthesis reactions were set up to
test the inhibition by or resistance to piperacillin, no difference
was found between the R6 PBP2b and PBP2b5, with both enzymes
being inhibited by piperacillin (not shown). The inhibition of the
transpeptidase activity was observed even when the drug and pro-
tein concentrations were the same as those used to demonstrate
that PBP2b5 has a lower reactivity toward piperacillin (0.25 pM
PBP2b5 and 0.5 uM piperacillin; Fig. 6B). The reason for this
discrepancy is likely due to the rates of the reactions. In vitro as-
sembly of the peptidoglycan is very slow and inefficient with
PBP2b under the experimental conditions (requiring typically an
overnight incubation). It is likely that even at the very low near-
stoichiometric concentration of piperacillin, PBP2b5 has time to
be fully inhibited before significant transpeptidation has oc-
curred.
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FIG 5 Consequences of the exposure of strain R6 AlytA (A to E) and strain R6 AlytA pbp2x5 (F to J) to piperacillin (pip) at 0 (green), 1/2 (blue), 1 (red), 2
(purple), and 4 (orange) times the MIC. The means from three independent experiments are shown with standard deviations. (A and F) Turbidity measured after
addition of piperacillin. (B and G) Viability after addition of piperacillin. (C and H) Morphology observed by phase-contrast microscopy after 1 h of further
incubation without piperacillin. (D and I) Morphology after 1 h of incubation with piperacillin at the MIC. The white arrows point to lemon-shaped (D) or
lentil-shaped (I) cells. (E and J) Quantification of PBP profiles. The bars represent the amount of a particular PBP that has reacted with Bocillin FL after
incubation with piperacillin. The amounts are given relative to that of PBP2x (or PBP2x5) at time zero (set arbitrarily to 100). a.u., arbitrary units.

DISCUSSION

PBP2x is inhibited by piperacillin to a greater extent than PBP2Db,
yet this B-lactam selects low-affinity PBP2b variants. The follow-
ing explanation can be proposed to solve this paradox. Even a
partial inhibition of PBP2b involved in elongation signals the ar-
rest of growth (understood as the completion of cell cycles in-
creasing the number of cells). In the meantime, the inhibition of
PBP2x, which is more extensive, leads to the abortion of septation
associated with the observed morphological aberrations resulting
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from piperacillin exposure. Note that there must be a range of low
piperacillin concentrations in which the partial inhibition of
PBP2b stops multiplication, whereas the near-complete inhibi-
tion of PBP2x is not sufficient to completely prevent cell division.
Under such fine-line conditions, the incorporation of a low-affin-
ity pbp2b allele is sufficient to maintain cell multiplication, which
allowed us to select the strains harboring the PBP2bR or PBP2b5
variants. In support of this interpretation, the piperacillin MIC
was nearly not affected by the presence of PBP2x variants that were
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FIG 6 Transpeptidase activity and reactivity of PBP2b with piperacillin in
vitro. (A) Time course of peptidoglycan synthesis by R6 PBP2b or PBP2b5 with
PBP2ag,, o, to provide glycosyltransferase activity. A mixture of 50 WM ami-
dated lipid IT and 5 M nonamidated dansylated lipid II was incubated with
0.5 uM PBP2b and 1 pM PBP2ag,,, at 30°C. Aliquots were withdrawn after
various time intervals, and the reaction was stopped by adding moenomycin
and penicillin G. The samples were analyzed by SDS-PAGE, and the dansyl
fluorescence was imaged by UV transillumination. (B) Concentrations of 0.5
M R6 PBP2b or 0.25 uM PBP2b5 were incubated with various concentra-
tions of piperacillin for 10 min at room temperature prior to a reaction with
100 M Bocillin FL. The samples were analyzed by SDS-PAGE fluorescence
imaging and Coomassie blue staining.

not inhibited. At the MIC, this strain did not display the morpho-
logical defects associated with an inhibition of the septation, and
yet the cells failed to multiply.

Note that PBP3, the p,pD-carboxypeptidase PBP from S. preu-
moniae, is inhibited by piperacillin to the same extent as PBP2b. As
PBP3 is not essential and variants do not arise by B-lactam selec-
tion, we chose to ignore PBP3 in our simple interpretation. How-
ever, the deletion of pbp3 (dacA) causes morphological aberration
and growth defects (35, 36). We cannot therefore discount a more
complex explanation in which the effect of piperacillin on pneu-
mococcal growth results from the combined synergistic inhibition
of PBP2x, PBP2b, and PBP3. The primary selection of pbp2b vari-
ants might then be due to it being more prone to mutations or
recombination.

Likewise, our explanation ignores a possible role of the class A
PBPs. The absence of transpeptidase activity of PBP2x inhibited
by piperacillin may be compensated by that of one of the class A
PBPs. The activity of PBP2b may more specific and therefore can-
not be rescued by a class A PBP.

It is somewhat surprising that even a partial inhibition of
PBP2b by piperacillin stops multiplication, as it was shown that
the depletion of PBP2b must be very extensive in order to achieve
the same arrest (reference 11 and our unpublished data). Note
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that both types of experiments (B-lactam challenge and genetic
depletion) were performed with R6 AlytA strains, so that cell lysis
does not contribute to the different behavior. We propose here
two mutually nonexclusive hypotheses to account for the large
impact of PBP2b inhibition.

At the beginning of the cell cycle, peripheral peptidoglycan is
inserted, with the participation of the transpeptidase activity of
PBP2b. Septal synthesis is initiated using the transpeptidase activ-
ity of PBP2x. When splitting of the septal disc occurs, the periph-
eral machinery, which includes PBP2b, follows the inward moving
circular junction between the peripheral and the septal wall. In
this configuration, PBP2b and the peripheral machinery insert
material into or onto fresh peptidoglycan assembled by the septal
machinery and PBP2x. This model (Fig. 7) is consistent with the
old measurements of cell wall dimensions (37) and the most re-
cent data about the localization of the synthetic machineries and
their activities (12, 14, 38). Upon mild piperacillin challenge, the
transpeptidase activity of PBP2x is mostly inhibited, but septal
material could still be assembled by class A PBPs, although with a
lower degree of cross-linking. The low PBP2x activity could be
tolerated, as long as sufficient PBP2b activity in the peripheral
machinery consolidates the peptidoglycan at the splitting site to
produce a viable cell wall. Thus, PBP2b would be under greater
selection pressure by piperacillin than PBP2x, despite being less
reactive with this drug.

A second possible explanation may be related to the propor-
tion of branched muropeptides incorporated in the peptidogly-
can. In pneumococcal peptidoglycan, peptide stems can be linked
either directly, with the third residue L-Lys connected to the fourth
residue D-Ala of another peptide, or indirectly, with an Ala-Ala or
Ser-Ala intervening dipeptide. The dipeptides are added in the
cytoplasm on the precursor by the MurM and MurN enzymes
(39). Upon the depletion of PBP2b, the fraction of cross-linked
peptides containing a Ser-Ala dipeptide increases, and the dele-
tion of murM increases the amount of necessary PBP2b (11). It is
therefore possible that during the depletion of PBP2b by dilution
in medium without an inducer, which requires several cell cycles,
cells have time to adapt and build up a sufficient amount of
branched muropeptides, whereas the effect of PBP2b inhibition
by piperacillin is much more rapid and does not allow metabolic
adaptation.

Some murM alleles are known to increase the resistance con-
ferred by low-affinity PBPs and increase the proportion of
branched muropeptides in the peptidoglycan (40). This appears to
be due to the greater catalytic efficiency of the variant MurM (39).
A prediction from the above hypothesis is that a murM allele that
increases the pool of branched precursors would decrease the sus-
ceptibility to piperacillin. We attempted to transform several of
our strains with the murM allele from the clinical strain 5204 but
failed to select transformants.

B-Lactams that inhibit PBP2b, such as piperacillin, are known
to trigger lysis, whereas those that do not react with PBP2b, such as
cephalosporins, are nonlytic (41). Could this observation be re-
lated to the piperacillin paradox? Now that the functions of PBP2x
and PBP2b in the septal and peripheral cell wall assembly, respec-
tively, are firmly established (11, 12, 14), the different Iytic re-
sponses can be rationalized. In the septal disc, new peptidoglycan
can be added directly at the leading inner edge. In contrast, it is a
topological necessity that insertion at any other site in order to
produce an enlargement of the peptidoglycan sacculus requires
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FIG 7 Model for the assembly of peptidoglycan in the pneumococcal cell wall.
Peptidoglycan resulting from the septal machinery, which includes PBP2x
(blue box), is shown in blue. Peptidoglycan resulting from the peripheral ma-
chinery, including PBP2b (red box), is in orange. The septum-splitting hydro-
lase activity is the green symbol. This model of peptidoglycan deposition can
account for the greater required proportion of active PBP2b than PBP2x, since
synthesis by the peripheral machinery can reinforce the material laid down by

diminished septal machinery.

Pneumococcus and the Piperacillin Paradox

cleavage of the preexisting peptidoglycan. Without the associated
hydrolytic activity, the addition of new material would only result
in thickening of the peptidoglycan layer. Thus, PBP2x can func-
tion without an associated hydrolase, whereas PBP2b works nec-
essarily in concert with an unidentified hydrolase. When PBP2b is
inhibited, the associated hydrolytic activity would not be compen-
sated and lysis would ensue. Note, however, that lysis cannot be a
direct effect, since the absence of the major autolysin LytA pre-
vents lysis when PBP2b is inhibited. Instead, the action of the
PBP2b-associated hydrolytic activity may be to sensitize the cell
wall to the activity of LytA. Also, piperacillin selection of low-
affinity PBP2b variants in a AlytA background demonstrates that
it is not the susceptibility to lysis that limits cell multiplication.
Instead, a change in the peptidoglycan properties (e.g., rigidity,
elasticity, and shape) brought about by the imbalance between
PBP2b and its cognate hydrolase may constitute the signal that
stops growth.

As the morphological modifications resulting from piperacil-
lin exposure resemble those occurring during PBP2x depletion,
we conclude that the inhibition of PBP2x is driving these changes
in shape. Cells adopted lemon or elongated bulging shapes, with
the elongated shapes appearing in phase-contrast or differential
interference microscopy as the juxtaposition of three beads, with
the middle one often being the largest. Electron microscopy of
negatively stained cryo-thin sections showed that the elongated
bulging pneumococci can have three distinct anatomies: a single
elongated cell with a swollen mid-cell, two distinct cells with an
abnormally extended peptidoglycan septal cross-wall, or two cells
separated by their respective plasma membranes but without a
continuous peptidoglycan septum. We propose that these differ-
ent morphologies arise from the arrest of septation by piperacillin
at different stages of the cell cycle, while some peripheral cell wall
building continues (Fig. 8). To explain the absence of cells with
complete or partial septa in the presence of LytA, we propose that
cells that were actively inserting peptidoglycan at the septum when
piperacillin was added were lysed by the septal action of LytA. The
PBPs responsible for the ongoing peripheral synthesis are un-
known but might involve any of the three class A PBPs that are not
affected by piperacillin and the residual activity of PBP2b, which is
less affected than PBP2x.

The observation of pneumococcal cells separated by continu-
ous membranes without a cross-wall suggests that constriction of
the FtsZ ring and the membrane invagination and fission can pro-
ceed without simultaneous peptidoglycan septal growth. Note
that a delay between the constriction and relocalization of FtsZ
and that of PBP2x has been observed during the normal cell cycle

o D

+ piperacillin

> cScbalo

lemon

elongated tri-lobed cells

FIG 8 Model for the generation of abnormal morphologies following exposure to piperacillin. Depending on the stage of the cell cycle at the time of piperacillin
inhibition (top row), the ongoing insertion of new cell wall material (light gray) generates the abnormal bulging shapes shown on the lower row. The plasma

membrane is shown in dark gray.
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of S. pneumoniae (14, 28). The piperacillin inhibition of PBP2x
highlights this decoupling.

The examination of the localization of GFP-coupled FtsZ,
PBP2x, and PBP2b shows that the inhibition of PBPs by pipera-
cillin does not affect the localization of the morphogenetic ma-
chineries. It is particularly notable that FtsZ remains localized
at the mid-cell of bulging cells. Time-lapse microscopy showed
that the FtsZ ring enlarges with the bulge. This observation sup-
ports the idea that the localization of the FtsZ ring in ovococci
occurs at the position with the largest diameter. Although no
time-lapse data were obtained with GFP-fused PBPs, the localiza-
tion of GFP-PBP2x and GFP-PBP2b indicates that the PBPs also
localize at the largest cell diameter.

The observations in this report reveal the complexity of the
response to B-lactam challenge. Most importantly, the PBP most
inhibited by a particular B-lactam, even though the resulting mor-
phology is consistent with the inactivation of this PBP, may not be
the essential enzyme that determines growth arrest.
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