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To understand the biochemical basis of resistance of bacteria to b-lactam antibiotics, we purified a peni-
cillin-resistant penicillin-binding protein 2x (R-PBP2x) and a penicillin-sensitive PBP2x (S-PBP2x) enzyme of
Streptococcus pneumoniae and characterized their transpeptidase activities, using a thioester analog of stem
peptides as a substrate. A comparison of the kcat/Km values for the two purified enzymes (3,400 M21 s21 for
S-PBP2x and 11.2 M21 s21 for R-PBP2x) suggests that they are significantly different kinetically. Implications
of this finding are discussed. We also found that the two purified enzymes did not possess a detectable level of
b-lactam hydrolytic activity. Finally, we show that the expression levels of both PBP2x enzymes were similar
during different growth phases.

Penicillin-binding proteins (PBPs), the target enzymes of
b-lactam antibiotics, play an essential role in bacterial cell wall
biosynthesis, cell division, and cell elongation (17, 18, 33, 46).
PBPs are membrane-bound enzymes that are widespread in
gram-negative and -positive bacteria (17, 18, 23, 29, 33, 44, 46).
Two classes of PBPs were recognized mainly on the basis of
their molecular sizes (17, 18). Low-molecular-mass PBPs ex-
hibit DD-carboxypeptidase activity, and this class of PBPs ap-
pears to be important but not essential for cell growth (17, 18,
39, 41). High-molecular-mass PBPs constitute a class of essen-
tial transpeptidase and transglycosylase enzymes that catalyze
the final steps of cell wall peptidoglycan cross-linking and elon-
gation, respectively (17, 18, 33, 46). Transpeptidase and DD-
carboxypeptidase activities of PBPs are inhibited by b-lactam
antibiotics because of their structural similarity to the natural
substrates (stem peptides) and ability to form a covalent peni-
cilloyl complex via the active site serine residues (17, 18, 46).
Formation of the penicilloyl-PBP enzyme complex leads to the
functional inactivation of PBPs (17, 18, 46).

The emerging resistance of bacteria to penicillin is a fright-
ening problem with a number of common pathogenic bacterial
species (12, 35, 44, 45). Streptococcus pneumoniae, one of the
major human pathogens of the upper respiratory tract, has
developed resistance to many b-lactams, an important class of
antibiotics (12–15, 19, 20, 30, 35, 44, 45). The intrinsic resis-
tance of S. pneumoniae to b-lactam antibiotics has occurred by
the development of altered high-molecular-mass PBPs that
have reduced affinity for the antibiotics (12–15, 17–21, 30, 31,
44, 45). Five high-molecular-mass PBPs, 1a, 1b, 2x, 2a, and 2b,
could be resolved in penicillin-resistant and -sensitive isolates
of S. pneumoniae using sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE) by their binding of radiola-
beled penicillin (20, 21, 24, 28–31, 40, 43–45). Under labora-
tory conditions, however, only the pbp1a, pbp2x, and pbp2b
genes were able to confer resistance to penicillin when they
were transformed into penicillin-sensitive strains of S. pneu-
moniae (12–15, 28, 30, 31, 43–45). The pbp2b and pbp2x genes
were shown to be the primary resistance determinants for
different classes of b-lactam antibiotics (4, 10, 19). Further-
more, the penicillin-resistant pbp1a, pbp2b, and pbp2x genes of
S. pneumoniae were shown to have evolved by interspecies
recombinational events that replaced portions of the sensitive
pbp genes with parts of the pbp genes of closely related strep-
tococcal species (12–15, 30, 31, 44, 45).

Like other high-molecular-mass PBP enzymes, PBP2x ap-
pears to be multifunctional. The crystal structure of PBP2x
revealed the presence of three structural domains, one of
which corresponds to the transpeptidase domain (37). The
function of the other two domains is not known (18, 37).
However, unlike PBP1a and PBP1b, PBP2x does not appear to
contain a transglycosylase domain (18, 28, 37). Nevertheless,
the PBP2x enzyme of S. pneumoniae appears to be essential for
cell growth (24).

The mechanisms of bacterial resistance to penicillin have
been subjected to extensive molecular and genetic studies, yet
little is known about the biochemical basis of resistance. A
substantial amount of evidence shows that the cell wall com-
position of S. pneumoniae penicillin-resistant isolates differs
drastically from that of penicillin-sensitive strains (16, 40, 42,
43). On the basis of this observation, it was proposed that an
alteration in the substrate specificity of penicillin-resistant
PBPs might have resulted in the heterogeneity of cell wall
composition (16, 40, 42, 43). This hypothesis, however, has not
been tested biochemically.

In this study, we report the purification of the penicillin-
resistant PBP2x (R-PBP2x) and the penicillin-sensitive PBP2x
(S-PBP2x) enzymes of S. pneumoniae 328 and R6 and the
biochemical characterization of their transpeptidase activities,
using a thioester analog of stem peptides as a probe substrate.
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The results of our kinetic studies show that the two purified
PBP2x enzymes exhibited significantly different kinetic prop-
erties. These results are consistent with the proposed hypoth-
esis that the penicillin-resistant and -sensitive PBP enzymes
utilize different substrates in vivo. We also show that both
purified enzymes did not possess a detectable level of b-lactam
hydrolytic activity and that their cellular amounts were similar
during different growth phases.

MATERIALS AND METHODS

Materials. N-benzoyl-D-alanylmercaptoacetic acid (S2d) (1, 23, 25), N-benzo-
yl-glycylmercaptoacetic acid (S2a) (2, 23, 25), C-benzoyl-D-Ala, and C-benzoyl-
D-Ala-D-Ala were provided by Jean-Marie Frère (Université de Liege, Belgium).
p-Nitrophenylacetate, Ala-D-isoglutaminyl-lys-D-Ala-D-Ala, Ala-D-g-glu-lys-D-
Ala-D-Ala, 4,49-dithiodipyridine, alkaline phosphatase-conjugated goat anti-rab-
bit immunoglobulin G, nitroblue tetrazolium, 5-bromo-4-chloro-3-indolyl phos-
phate, and molecular mass standards for gel filtration (cytochrome c, 12.4 kDa;
carbonic anhydrase, 29 kDa; bovine serum albumin [BSA], 66 kDa; and alcohol
dehydrogenase, 150 kDa) were purchased from Sigma Chemical Company (St.
Louis, Mo.). Nitrocefin was obtained from Difco Laboratories (Detroit, Mich.),
and clavulanic acid was purchased from Smith-Kline Beecham (Bala Cynwyd,
Pa.). Macro-Prep ceramic hydroxyapatite type I (80 mm) was obtained from
Bio-Rad Laboratories (Hercules, Calif.). Prestained molecular mass standards
for SDS-PAGE (myosin, 250 kDa; BSA, 98 kDa; glutamic dehydrogenase, 64
kDa; alcohol dehydrogenase, 50 kDa; carbonic anhydrase, 36 kDa; myoglobin, 30
kDa; and lysozyme, 16 kDa) were obtained from Novex (San Diego, Calif.).
LY303834 (a thioester compound), LY359210 (a b-lactam compound), and
penicillin G were obtained from Eli Lilly and Company. Source-Q (15 and 30
mm), Source-S (15 mm), and chelating Sepharose fast flow resin were obtained
from Pharmacia LKB Biotechnology (Alameda, Calif.).

Bacterial strains and culture conditions. The following strains of Escherichia
coli and S. pneumoniae were used in this study: E. coli BL21(DE3) pLysS [F2

dcm ompT hsdS (rB
2 mB

2) gal l (DE3) (pLysS Camr)] (Stratagene, La Jolla,
Calif.); E. coli XL2-Blue {rec1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac[F9
proAB lacIqZDM15 Tn10 (tetr)] (Stratagene), E. coli BL21(DE3) pLysS(pRCX1)
(R-PBP2x1} Ampr [this study]); E. coli BL21(DE3) pLysS(pRCX2) (his-R-
PBP2x1 Ampr [this study]); E. coli BL21(DE3) pLysS(pRCX3) (S-PBP2x1,
Ampr [this study]); E. coli BL21(DE3) pLysS(pRCX4) (his-S-PBP2x1 Ampr [this
study]); S. pneumoniae R6 (MIC of penicillin 5 0.006 mg/ml [22]), an unencap-
sulated derivative of the Rockefeller University strain R36A (3, 22) that was
kindly provided by A. Tomasz (Rockefeller University); and S. pneumoniae 328
(MIC of penicillin 5 4 mg/ml), a penicillin-resistant clinical isolate that was
kindly provided by R. Moellering (New England Deaconess Hospital).

Luria-Bertani (LB) (5 g of NaCl per liter), C medium (25a) plus 0.1% yeast
extract (CY), and Todd-Hewitt media were purchased from Difco Laboratories.
Ampicillin (Amp; 100 mg/ml), chloramphenicol (Cam; 30 mg/ml), penicillin G (1
mg/ml), and isopropyl-1-thio-b-galactopyranoside (IPTG, 1 mM) were added to
media as indicated in each experiment.

Cloning of genes encoding PBP2x from S. pneumoniae R6 and 328. Chromo-
somal DNA was prepared from S. pneumoniae R6 and 328 that were grown in
CY medium at 37°C in the presence of 5% CO2 and harvested at logarithmic
phase. The cells were washed once with 50 mM sodium phosphate (pH 7.5),
resuspended in a solution containing 1 mM EDTA, 3.3% deoxycholate, and
0.01% SDS, and incubated at 37°C until cell lysis. After incubation, 3 ml of 0.03
mM sodium citrate, pH 8.5, was added to the preparations, followed by protein-
ase K (80 mg/ml), and then the preparations were incubated at 37°C for 30 min.
The resulting DNA preparations were phenol extracted twice, precipitated with
ethanol, and resuspended in 20 mM Tris-HCl, pH 8.0, and 1 mM EDTA.

The genes encoding PBP2x from the penicillin-sensitive laboratory strain, S.
pneumoniae R6, and the penicillin-resistant clinical isolate, S. pneumoniae 328,
designated S-PBP2x and R-PBP2x genes, respectively, were cloned by PCR
amplification of their chromosomal DNA with the primers: 59-CGGAATTCAT
ATGAAGTGGACAAAAAGAGTAATCCG-39 and 59-GCTCTAGACCAGC
ACTGATGGAAATAAACATA-39. Vent (exo1) DNA polymerase, a high-fidel-
ity enzyme (New England Biolabs, Beverly, Mass.), was used following the
manufacturer’s instructions. An expected 2.1-kb DNA fragment was amplified
under these conditions. The amplified DNA fragment was purified from an
agarose gel by electroelution and cloned into pCR-Script SK(1) (Stratagene) in
accordance with the manufacturer’s instructions. The resulting ligation mixture
was transformed into supercompetent cells of E. coli XL1-Blue (Stratagene).
Plasmids were purified from several white transformants with a Wizard miniprep
DNA purification kit (Promega, Madison, Wis.), digested with NotI and BamHI,
and shown to carry a 2.1-kb DNA fragment as expected. Sequencing analyses
confirmed that the sequence of the S-PBP2x gene was identical to that published
previously (28 and data not shown). For the R-PBP2x gene, two independent
PCR amplification reactions generated fragments with an identical sequence,
which was concluded to be the sequence of the R-PBP2x gene (see GenBank
accession no. below). The sequence of this R-PBP2x gene is nearly identical to
that of a previously published R-PBP2x gene cloned from S. pneumoniae 577

(30). The only difference in the transpeptidase domain is that the R-PBP2x gene
cloned from S. pneumoniae 328 contains an Ala codon at 572, but the PBP2x
gene sequenced from S. pneumoniae 577 has a Val codon instead (30). The
mutations in the R-PBP2x gene from S. pneumoniae 328 are typical of those in
other PBP2x genes from penicillin-resistant clinical isolates (18, 19, 30).

To create water-soluble forms of PBP2x enzymes, the hydrophobic transmem-
brane domain coding region of each PBP2x gene was removed by PCR ampli-
fication of its downstream transmembrane domain coding region with the prim-
ers 59-CCATCGATCATATGGGGAGTGGTAGTAAATTTGG-39 (upstream)
and 59-CGCGGATCCCATGGAGCTGAGCTAGTCCG-39 (downstream) for
R-PBP2x and 59-CCATCGATCATATGGGGACAGGCACTCGCTTTGG-39
(upstream) and 59-CGCGGATCCCATGGAGCTGAGCTAGGCCG-39 (down-
stream) for S-PBP2x. The upstream primers each contained an NdeI site that was
used to create an ATG start site which was followed by codons for R-PBP2x and
S-PBP2x beginning at 49 when the gene was cloned into an expression vector.
The downstream primers each contained BlpI and BamHI sites to facilitate the
cloning process. A 470-bp DNA fragment was PCR amplified with these primers.
The amplified DNA fragment was purified from a gel by electroelution and
cloned into pCR-Script SK(1) as described above. The DNA fragment was
released by digestion with ClaI and BlpI. This ClaI-BlpI DNA fragment was then
ligated to the rest of each PBP2x gene that was carried on pCR-Script SK(1),
which was digested with the same enzymes. Analysis of this 470-bp region
confirmed its sequence identity with the original gene except for the lack of the
48 codons at its 59 end including the coding region for the hydrophobic trans-
membrane domain.

A polylinker was created to facilitate the cloning of the gene into pET vectors
that would generate an NotI and EcoRI overhang: 59-GGCCGCGTCGACG
GTACCG-39 and 59-CGCAGCTGCCATGGCTTAA-39. The R-PBP2x and S-
PBP2x genes lacking their hydrophobic transmembrane domain coding regions
were cloned into the expression vectors pET5a and pET16b (Novagen, Madison,
Wis.). The resulting constructs were designated pRCX1 (the R-PBP2x gene was
cloned into pET5a), pRCX2 (the R-PBP2x gene was cloned into pET16b and the
resulting gene was designated the his-R-PBP2x gene), pRCX3 (the S-PBP2x
gene was cloned into pET5a), and pRCX4 (the S-PBP2x gene was cloned into
pET16b and the resulting gene was designated the his-S-PBP2x gene). The
PBP2x proteins expressed from the pRCX1 and pRCX3 constructs were desig-
nated R-PBP2x and S-PBP2x, respectively. The PBP2x proteins expressed from
the pRCX2 and pRCX4 constructs that contained histidine tags at their N
termini were designated his-R-PBP2x and his-S-PBP2x, respectively.

Enzyme assay, kinetics, and 125I-labeled penicillin V binding assay. Transpep-
tidase activities of the R-PBP2x, S-PBP2x, his-R-PBP2x, and his-S-PBP2x en-
zymes were assayed by measuring their ability to hydrolyze S2d, S2a, and phenyl-
methoxyl-carbonyl-amino-acetyl-mercaptoacetic acid (LY303834) thioester
analogs of cell wall stem peptides (1, 2, 23, 25). The thio-group release that was
coupled to 4,49-dithiodipyridine was measured by monitoring the increase in
optical density at 325 nm (molar extinction coefficient 5 19,800 M21 cm21) as
described before (23, 25, 29), with minor modifications. Reaction mixtures (1 ml
each) contained 52 mM potassium phosphate (pH 7.0), 2.0 mM each of thioester
substrate, 0.8 mM 4,49-dithiodipyridine, and 2 to 4 mg of S-PBP2x and his-S-
PBP2x or 75 to 180 mg of R-PBP2x and his-R-PBP2x. The increase in A325 was
monitored at 37°C for 3 min with a double-beam BioSpec-1601 spectrophotom-
eter (Shimadzu Instruments, Inc.). Protein concentrations were determined with
a Bradford protein assay kit (Bio-Rad) with BSA as a standard (7).

The binding of penicillin to purified PBP2x enzymes was measured as de-
scribed previously (38) with 125I-labeled penicillin V (5). For the determination
of binding constants of S-PBP2x and R-PBP2x enzymes for 125I-labeled penicillin
V and of 50% inhibitory concentrations of other antibiotics, 0.2 mg of each
purified S-PBP2x and R-PBP2x enzyme was used. Binding intensities of individ-
ual protein bands were quantified with an Ultroscan XL Laser Densitometer
(Pharmacia LKB Biotechnology) after exposure of the gels (12%) to X-ray films.

Purification of the soluble R-PBP2x and S-PBP2x enzymes of S. pneumoniae
328 and R6. E. coli BL21(DE3) pLysS(pRCX1) and (pRCX3) were grown in a
10-liter fermentor containing a minimal salt medium supplemented with Cam
and Amp and induced with 1 mM IPTG (47). Approximately 30 g of cell pellet
was used in each purification, and all steps of purification were carried out at 4°C.
For the purification of the S-PBP2x enzyme, the cell pellet was suspended in 150
ml of 20 mM Tris-HCl (pH 8.0)—1 mM EDTA (buffer A) and disrupted by
passage through a 20K French press cell (Aminco Laboratories, Inc.) twice at
20,000 lb/in2. The resulting suspension was centrifuged at 180,000 3 g for 60 min
(Beckman Ti 70 rotor). The supernatant (crude extract) was collected and loaded
onto a Source-Q (30-mm diameter) column (5 by 11 cm) that was previously
equilibrated with buffer A. The column was washed with 600 ml of buffer A and
eluted with a linear gradient of 0 to 1,000 mM KCl in buffer A. The presence of
S-PBP2x in fractions was monitored by assaying its S2d hydrolysis activities and
also followed by SDS-PAGE (26). The fractions containing S-PBP2x were pooled
and dialyzed in dialysis tubing (50-kDa cutoff; Spectrum Medical Industries,
Houston, Tex.) at 4°C overnight against 5 liters (no change) of 20 mM potassium
phosphate (pH 7.0) and 1 mM EDTA (buffer B). The dialyzed enzyme prepa-
ration was applied to a Macro-Prep ceramic hydroxyapatite type I (80-mm di-
ameter) column (2.6 by 12 cm) that was equilibrated with buffer B. The column
was washed with 200 ml of buffer B and then eluted with a linear gradient of 20
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to 700 mM potassium phosphate (pH 7.0) and 1 mM EDTA. The fractions
containing S-PBP2x were pooled, dialyzed as described before in 20 mM potas-
sium phosphate (pH 5.2) and 1 mM EDTA (buffer C), and then loaded onto a
Source-S (15-mm diameter) column (1.6 by 13 cm) equilibrated with buffer C.
The column was washed with 140 ml of buffer C, and the fractions containing
S-PBP2x that was not retained by Source-S were pooled. The pooled fractions
were dialyzed in buffer A as described before and stored in buffer A containing
15% (vol/vol) glycerol at 270°C in small aliquots.

R-PBP2x was purified as described for S-PBP2x except that the last step of
purification was omitted.

Purification of the soluble his-R-PBP2x and his-S-PBP2x enzymes of S. pneu-
moniae 328 and R6. E. coli BL21(DE3) pLysS(pRCX2) and (pRCX4) were first
grown overnight with vigorous shaking at 37°C in LB medium supplemented with
Cam and Amp. The overnight cultures (2%) were inoculated into 2.5 liters of
fresh LB medium containing Cam and Amp. Cultures were induced with 1 mM
IPTG at an optical density at 600 nm of 0.5 to 0.6 for 3 h. Cells were harvested
by centrifugation at 4,400 3 g for 10 min, washed with 20 mM potassium
phosphate (pH 7.5), and resuspended in 10 ml of 20 mM Tris-HCl (pH 7.9)–0.5
M NaCl–5 mM imidazole. The resulting suspension was disrupted by passage
through a French press cell and centrifuged as described before. The supernatant
collected was loaded onto a 4-ml chelating Sepharose column charged with 50
mM NiCl. The column was washed and eluted following the manufacturer’s
instructions (Novagen). The fractions containing his-PBP2x were pooled as
judged by SDS-PAGE analysis of each fraction. The pooled fractions were
dialyzed overnight in 5 liters of 20 mM Tris-HCl (pH 8.0–1 mM EDTA (buffer
D) as described before and then loaded onto a Source-Q (15-mm diameter)
column (1.6 by 3 cm) that was previously equilibrated with buffer D. The column
was washed with 10 ml of buffer D and eluted with a linear gradient of 0 to 1,000
mM KCl in buffer D. The fractions containing his-PBP2x were pooled as deter-
mined by SDS-PAGE and their S2d hydrolysis activities. The pooled enzyme
preparation was concentrated with a Centriprep 50 (50-kDa cutoff; Amicon, Inc.,
Beverly, Mass.) and diluted 2 to 3 times in buffer D. The enzyme preparation was
adjusted to 15% (vol/vol) glycerol and stored at 270°C in small aliquots.

Biochemical characterization of purified PBP2x enzymes. The native molec-
ular mass of each purified PBP2x enzyme was determined on a calibrated Su-
perdex 200 HR10/30 column (Pharmacia LKB Biotechnology) that was equili-
brated with 50 mM Tris-HCl (pH 7.5) and 100 mM KCl. The subunit molecular
mass of each purified protein was determined by SDS-PAGE (26).

N-terminal sequences of purified PBP2x enzymes were determined with a
Procise protein sequencer equipped with a Model 140C microgradient delivery
system (Applied Biosystems, Inc.). The purified R-PBP2x and S-PBP2x enzymes
were first dialyzed in 2 liters of water as described before and then subjected to
N-terminal sequencing.

Temperature optima of purified PBP2x enzymes were determined in reaction
mixtures (1 ml each) containing 52 mM potassium phosphate (pH 7.0), 2.0 mM
S2d, 0.8 mM 4,49-dithiodipyridine, and either 3.2 mg of S-PBP2x, 2.7 mg of
his-S-PBP2x, 140 mg of R-PBP2x, or 55 mg of his-R-PBP2x at various tempera-
tures for 3 min. pH optima of purified PBP2x enzymes were determined at
various pH values in reaction mixtures (1 ml each) containing 52 mM potassium
phosphate, 0.8 mM 4,49-dithiodipyridine, 2.0 mM S2d, and either 3.2 mg of
S-PBP2x, 175 mg of R-PBP2x, 2.7 mg of his-S-PBP2x, or 82.5 mg of his-R-PBP2x
at 37°C for 3 min.

Electrospray ionization mass spectrometry was carried out in a PE-Sciex API
III triple quadrupole mass spectrometer equipped with a pneumatically assisted
electrospray source (Perkin-Elmer Sciex Instruments, Inc.). Protein samples (3.5
mg of R-PBP2x per ml and 2.0 mg of S-PBP2x per ml) were dialyzed in 2 liters of
water as described before, and then 50 ml of each sample was mixed with or
without penicillin G at a final concentration of 0.5 mM (for R-PBP2x) or 0.2 mM
(for S-PBP2x) at 37°C for 15 min. The samples were diluted 1:1 (vol/vol) with 1%
(vol/vol) acetic acid in acetonitrile and were then directly injected into the
electrospray ionization source at 10 ml/min with a syringe pump. Analyses were
performed in the positive ion detection mode, and data were acquired over a
range of 1,000 to 2,000 u in 0.1-u intervals, with a dwell time of 1 ms per interval.
A total of 20 scans were averaged for each sample.

Antibody preparation and quantitative Western blotting analysis of the S-
PBP2x and R-PBP2x enzymes in S. pneumoniae. Polyclonal antibodies against
SDS-denatured R-PBP2x were prepared by HRP, Inc. (Denver, Pa.). Purified
R-PBP2x enzyme was denatured by SDS and subjected to SDS-PAGE (10%
Tris-glycine gel from Bio-Rad). Protein bands were visualized by incubating the
gel in a solution containing 0.5 M KCl and 50 mM potassium phosphate (pH 7.2)
(48) and were cut out with a razor blade. Each protein band, which contained
approximately 100 mg of R-PBP2x enzyme, was injected into two New Zealand
White rabbits from which preimmune sera had been taken.

S. pneumoniae R6 and 328 were grown overnight in Todd-Hewitt broth me-
dium at 37°C in the presence of 5% CO2. The overnight cultures (2%) were
inoculated into fresh Todd-Hewitt medium and grown to early logarithmic,
middle logarithmic, and early stationary phases by monitoring cell densities at
600 nm. S. pneumoniae 328 was also grown to the three phases in Todd-Hewitt
medium containing 1 mg of penicillin G per ml. The cultures were harvested at
8,000 3 g for 10 min, washed with 20 mM potassium phosphate (pH 7.5), and
resuspended in SDS-denaturing solution (26). These protein samples were
heated at 100°C for 2 min and were then subjected to Western blotting that was

carried out essentially as described previously (48). The protein concentrations
were determined with a Dc protein assay kit from Bio-Rad.

Nucleotide sequence accession number. The nucleotide sequence of the S.
pneumoniae 328 R-PBP2x gene has been deposited in GenBank and assigned
accession no. U87092.

RESULTS

Purification, identification, and electrospray mass spectro-
metric analysis of the R-PBP2x, S-PBP2x, his-R-PBP2x, and
his-S-PBP2x enzymes. To compare the enzymatic properties of
S-PBP2x and R-PBP2x enzymes, we created four expression
constructs that produced soluble forms of PBP2x enzymes and
purified both enzymes to apparent electrophoretic homogene-
ity (Fig. 1A). Approximately 100 mg each of S-PBP2x and
R-PBP2x enzymes was purified from 30 g of cells (data not
shown). The purified proteins had subunit molecular masses of
75 kDa as determined by SDS-PAGE, which are in reasonable
agreement with those of 77,085 for R-PBP2x and 76,734 for
S-PBP2x calculated from their amino acid sequences. Both
purified proteins bound 125I-labeled penicillin V (Fig. 1B). The
sequence of 40 residues at the N terminus of each purified
protein was determined and exactly matched the sequences
predicted for the S-PBP2x and R-PBP2x enzymes except that
the first methionine residue was absent from each protein.
Together, these data show that the purified proteins were the
S-PBP2x and R-PBP2x enzymes of S. pneumoniae R6 and 328,
respectively.

Using the thioester substrate of S2d, an analog of stem
peptides that has been utilized as a colorimetric substrate for
several PBPs (1, 18, 23, 25, 29), the purified S-PBP2x enzyme
showed more than a 100-fold-higher level of hydrolysis activity
than did the purified R-PBP2x enzyme (Table 1). The hydro-
lysis activities of R-PBP2x and S-PBP2x were completely in-
hibited by penicillin G (Table 1). When tested against S2d as a
substrate, the purified his-R-PBP2x and his-S-PBP2x enzymes
(Fig. 1A) exhibited specific activities virtually identical to those
of R-PBP2x and S-PBP2x, respectively (data not shown and
Table 1). The two purified proteins were shown to bind 125I-
labeled penicillin V and had the expected molecular masses
(Fig. 1).

To rule out the possibility that the purified R-PBP2x enzyme
was inactive, we determined its penicillin-binding ability by
electrospray mass spectrometry. In the absence of penicillin G,

FIG. 1. SDS-PAGE of purified S-PBP2x, R-PBP2x, his-S-PBP2x, and his-R-
PBP2x enzymes and their ability to bind 125I-labeled penicillin V. PBP2x enzymes
were purified as described in Materials and Methods. The purified proteins (2.3
mg each) were labeled with 125I-labeled penicillin V and separated on a 10% gel.
The gel was stained with Coomassie blue (A), dried, and exposed to an X-ray film
(B). (A and B) Lane 1, prestained molecular mass standards; lane 2, his-S-
PBP2x; lane 3, his-R-PBP2x; lane 4, S-PBP2x; and lane 5, R-PBP2x.
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the purified R-PBP2x protein exhibited only one major peak
and was shown to have a molecular mass of 76,961, which is in
good agreement with the predicted value of 76,953 (excluding
the first methionine residue) (Fig. 2A). In the presence of
excess penicillin G, the purified R-PBP2x protein again exhib-
ited only one major peak but had a molecular mass of 77,301
(Fig. 2B). Penicillin G was shown by mass spectrometry to have
a molecular mass of 335 (data not shown). Therefore, the
major peak detected in the presence of penicillin G must be
the R-PBP2x-penicillin G covalently bound complex. These
binding results clearly established that the purified R-PBP2x
enzyme was active, and therefore the much lower hydrolysis
activities observed were a result of its intrinsic property. Sim-
ilar results were obtained with S-PBP2x in the presence or
absence of penicillin G except that there was a minor peak
('20% of the total) which exhibited a slightly higher molecular
mass but also bound penicillin G (data not shown). This het-
erogeneous behavior of S-PBP2x revealed by mass spectrom-
etry is consistent with previous observations (23, 29, and data
not shown). S-PBP2x enzyme preparations derived from dif-
ferent peak fractions of the Mono-S column were shown to
have similar kinetic properties (23).

Biochemical properties of the purified S-PBP2x, his-S-PBP2x,
R-PBP2x, and his-R-PBP2x enzymes. All four purified enzymes
hydrolyzed the thioester substrates, S2a and LY303834 (Table
1), but the purified R-PBP2x and his-R-PBP2x enzymes showed
much lower activities than those of S-PBP2x and his-S-PBP2x
(Table 1 and data not shown). All four purified enzymes, how-
ever, did not hydrolyze C-benzoyl-D-Ala, C-benzoyl-D-Ala-D-
Ala, Ala-D-isoglutaminyl-lys-D-Ala-D-Ala, and Ala-D-g-glu-
lys-D-Ala-D-Ala (data not shown) when D-alanine release was
monitored (47), a result that is consistent with previous find-
ings for other PBPs (17, 18, 23).

The purified S-PBP2x, his-S-PBP2x, R-PBP2x, and his-R-
PBP2x enzymes had native molecular masses of 86, 82, 86, and
82 kDa, respectively, as determined by gel filtration, and thus
appeared to be monomeric enzymes. The S2d hydrolysis activ-
ities of all four purified PBP2x enzymes increased slowly, with
temperature between 25 and 45°C at pH 7.0 (data not shown).
The S2d hydrolysis activities of the four purified enzymes rose
sharply between pH 5.0 and 5.5 and then dropped steadily
between pH 5.5 and 8.0 (data not shown). Thus, the optimal
pH for the PBP2x enzymes was 5.5.

The kinetic parameters of the purified PBP2x transpepti-
dases were determined by standard steady-state methods with

S2d as a substrate. All assays were carried out at pH 7.0. The
apparent Km values obtained for the purified S-PBP2x, his-S-
PBP2x, R-PBP2x, and his-R-PBP2x enzymes were 2.5, 2.3, 25,
and 25 mM, respectively. The apparent Vmax (kcat) values ob-
tained for the purified S-PBP2x, his-S-PBP2x, R-PBP2x, and
his-R-PBP2x enzymes were 6.7 mmol/min/mg (8.5 s21), 6.5
mmol/min/mg (8.3 s21), 0.22 mmol/min/mg (0.28 s21), and 0.25
mmol/min/mg (0.32 s21), respectively. The kinetic properties
determined for the purified S-PBP2x enzyme in this study are
two- to threefold lower than those determined before (Km 5
5.6 mM and kcat 5 30 s21) (23). The apparent discrepancy is
probably due to the fact that we monitored the hydrolysis
reaction by measuring thiol-group release that was coupled to
4,49-dithiodipyridine (see Materials and Methods and refer-
ence 25), while Jamin et al. directly measured the hydrolyzed
product by monitoring UV absorption decrease (23). The mea-
surement of the thiol-group release by coupling to 4,49-dithio-
dipyridine is approximately 15-fold more sensitive than the
direct measurement of the hydrolyzed product by monitoring
the decrease in UV absorption (25).

When assays were done at pH 5.5, a severe substrate inhi-
bition of the S-PBP2x and R-PBP2x hydrolysis activities was
observed when the S2d concentrations used in the assay were

FIG. 2. Electrospray mass spectrometric analysis of purified R-PBP2x and
S-PBP2x enzymes. The purified R-PBP2x and S-PBP2x enzymes were dialyzed in
water, incubated with or without penicillin G at 37°C for 15 min, and injected
into a mass spectrometer (see Materials and Methods). Panel A, R-PBP2x; panel
B, R-PBP2x 1 penicillin G.

TABLE 1. Enzymatic activities of the purified S-PBP2x and
R-PBP2x enzymes of S. pneumoniae tested against

different thioester analogs of stem peptidesa

Substrate

Hydrolysis activity
(nmol/min/mg)b for:

S-PBP2x R-PBP2x

2 mM S2d 3608 20
2 mM S2d 1 0.25 mM Pen Gc 0.0 0.0
2 mM S2a 161 6.2
2 mM S2a 1 0.25 mM Pen G 0.0 0.0
2 mM LY303834 110 2
2 mM LY303834 1 0.25 mM Pen G 0.0 0.0

a Assay conditions are described in Materials and Methods.
b D-Alanine release activity was not detected in reaction mixtures containing 2

mM C-benzoyl-D-Ala, 2 mM C-benzoyl-D-Ala-D-Ala, 1 mM Ala-D-isoglutaminyl-
lys-D-Ala-D-Ala, and 2 mM Ala-D-g-glu-lys-D-Ala-D-Ala, and p-nitrophenyl
group release activity was not detected at 402 nm in reaction mixtures containing
2 mM p-nitrophenylacetate (data not shown).

c Pen G, penicillin G.
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higher than 2 and 3 mM, respectively (data not shown). The
mechanism of this inhibition is unknown and probably war-
rants further investigation. The apparent Km values deter-
mined for S-PBP2x and R-PBP2x were 1.6 and 16 mM, respec-
tively. The apparent Vmax (kcat) values determined for S-PBP2x
and R-PBP2x were 8.3 mmol/min/mg (10.5 s21) and 0.13 mmol/
min/mg (0.17 s21), respectively. Thus, the Km and Vmax values
determined for both enzymes at pH 5.5 did not differ signifi-
cantly from those determined at pH 7.0.

Determination of the binding affinity of S-PBP2x and R-
PBP2x for 125I-labeled penicillin V gave Kd values of 0.11 and
1.28 mM, respectively (Fig. 3). The 12-fold-lower Kd value of
S-PBP2x for 125I-labeled penicillin V is in good agreement with
our kinetic results showing that the Km value of S-PBP2x for
S2d is 10-fold-lower than that of R-PBP2x. We also deter-
mined 50% inhibitory concentration (IC50) values of nitrocefin
and LY359210 for R-PBP2x and S-PBP2x enzymes assayed
with 125I-labeled penicillin V (3 mM) as a probe substrate. The
IC50 values of nitrocefin and LY359210 were 2.5 and 0.7 mM,
respectively, for S-PBP2x and 12 and 8.5 mM, respectively, for
R-PBP2x. Thus, the two drugs tested did not effectively inhibit
the purified R-PBP2x enzyme.

Lack of b-lactam hydrolytic activities of S-PBP2x and R-
PBP2x enzymes. To test whether the lower binding affinity of
R-PBP2x for 125I-labeled penicillin V was due to an intrinsic
ability to hydrolyze penicillin, we tested both S-PBP2x and
R-PBP2x enzymes for their ability to hydrolyze nitrocefin, a
b-lactam antibiotic that has been routinely used as a colori-
metric substrate for b-lactamases (8, 32, 36). Hydrolysis activ-
ity was measured at 480 nm in reaction mixtures (1 ml each)
containing 50 mM potassium phosphate (pH 7.0), 0.5 to 1.0
mM nitrocefin, and 7 to 20 mg of the enzymes (36). Under
these conditions, neither the R-PBP2x nor the S-PBP2x en-
zyme showed a detectable level of nitrocefin hydrolysis activity
(data not shown).

To further confirm this result, we carried out 125I-labeled
penicillin V dilution experiments with R-PBP2x and S-PBP2x.
First, both enzymes (2 mg of each) were labeled with 16 mg of
125I-labeled penicillin V per ml (see Materials and Methods),
and the reaction mixtures were diluted with equal volumes of
430 mg of cold penicillin G per ml. Immediately after dilution,
the reaction mixtures were incubated at 37°C for 0, 10, and 90
min, denatured by boiling at 100°C in SDS-denaturing solu-
tion, and subjected to SDS-PAGE. The binding intensities of
penicillin to PBP2x enzymes remained unchanged after the 0-,

10-, and 90-min incubations (data not shown). Taken together,
these data suggest that neither R-PBP2x nor S-PBP2x pos-
sessed a detectable level of penicillin or nitrocefin hydrolysis
activity under the assay conditions. Therefore, the resistance of
S. pneumoniae to b-lactams did not result from the ability of
R-PBP2x to hydrolyze the antibiotics.

Cellular amounts of PBP2x enzymes in S. pneumoniae. We
wanted to know whether the levels of R-PBP2x and S-PBP2x
enzymes differed in penicillin-resistant and -sensitive strains of
S. pneumoniae, whether penicillin would induce expression of
R-PBP2x, and finally, whether levels of R-PBP2x and S-PBP2x
in penicillin-resistant and -sensitive isolates of S. pneumoniae
would change during growth. As shown in Fig. 4, the amounts
of R-PBP2x and S-PBP2x appeared to vary in different growth
phases, but the amount of S-PBP2x did not differ significantly
from that of R-PBP2x. Further, the expression pattern and the
amount of R-PBP2x in S. pneumoniae 328 did not change when
grown in Todd-Hewitt medium alone or supplemented with 1
mg of penicillin G per ml (data not shown).

DISCUSSION

In this study, we found that R-PBP2x and his-R-PBP2x en-
zymes exhibited 10-fold-lower affinity for S2d and approxi-
mately 30-fold-lower activity (Vmax) than those of S-PBP2x and
his-S-PBP2x enzymes. The much lower activities of R-PBP2x
and his-R-PBP2x enzymes were not due to enzyme contami-
nation or inactivation. First, R-PBP2x and his-R-PBP2x en-
zymes were purified by different column chromatographic
methods, yet they exhibited similar kinetic properties. Second,
the relative affinity of the R-PBP2x enzyme for 125I-labeled
penicillin V was approximately 12-fold lower than that of S-
PBP2x. Third, electrospray mass spectrometric analysis of the
purified R-PBP2x enzyme confirmed that virtually 100% of the
R-PBP2x enzyme molecules were active with respect to peni-
cillin binding.

It is well established that the intrinsic resistance of S. pneu-
moniae to b-lactam antibiotics is due to the alteration of PBPs
that have reduced affinity for these antibiotics (see Introduc-
tion). As a result, bacteria become resistant to the antibiotics.
However, the underlying biochemical basis of resistance is not
well understood. Studies have shown that the cell wall pepti-
doglycan composition of penicillin-resistant clinical isolates of
S. pneumoniae differs significantly from that of penicillin-sen-
sitive strains (16, 40, 42, 43). The cell wall peptidoglycan of

FIG. 3. Determination of binding constants (Kd) of R-PBP2x and S-PBP2x enzymes for 125I-labeled penicillin V. Protein samples (0.2 mg each) were incubated with
various concentrations of 125I-labeled penicillin at 37°C for 15 min, separated on a 12% gel, and exposed to X-ray films after drying. Penicillin binding intensities were
quantified with a laser scanner as described in Materials and Methods. Panel A, S-PBP2x; panel B, R-PBP2x.
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penicillin-sensitive strains contains a majority of monomeric
and oligomeric forms of linear-stem peptides (16, 40, 42, 43).
On the other hand, the cell wall peptidoglycan of penicillin-
resistant clinical isolates contains mainly abnormal branched-
stem peptides (16, 40, 42, 43). These studies suggest that the
abnormal branched-stem peptides might be the preferred sub-
strates for penicillin-resistant PBPs in vivo (16, 40, 42, 43). We
do indeed show that R-PBP2x differed drastically from S-
PBP2x kinetically when it was assayed with the thioester S2d as
a substrate. A comparison of their kcat/Km values, 3,400 and
11.2 M21 s21 for S-PBP2x and R-PBP2x, respectively, shows
that the S-PBP2x enzyme is approximately 300-fold more ac-
tive than the R-PBP2x enzyme. Therefore, these kinetic results
clearly demonstrate that the purified enzymes are significantly
different. This observation may indicate that the two purified
enzymes utilize two different physiological substrates in vivo.
Together, our kinetic studies along with the cell wall compo-
sition studies suggest a working hypothesis that these altered
PBPs utilize the abnormal branched-stem peptides rather than
the linear-stem peptides as substrates for the cell wall biosyn-
thesis in penicillin-resistant clinical isolates of S. pneumoniae.
This hypothesis can certainly be tested with the linear- and
branched-stem peptides as substrates if they are available.

Recently, experiments have shown that the abnormal cell
wall composition of penicillin-resistant strains of S. pneu-
moniae is separable from their resistance to penicillin by ge-
netic transformation (40). These results are consistent with the
well-established fact that pbp genes are essential for bacterial
resistance to penicillin (12, 44, 45) and also suggest that genetic
elements responsible for the production of the abnormal-stem

peptides are dispensable for the resistance, at least under lab-
oratory conditions. However, these genetic elements may play
an important role in the long-term survival of penicillin-resis-
tant clinical isolates in nature. Three lines of evidence seem to
support this view. First, penicillin-resistant clinical isolates of S.
pneumoniae are often faster growers compared with the peni-
cillin-resistant mutants generated in the laboratory (16, 27, 28,
43). Second, the degree of cross-linking in the peptidoglycan of
penicillin-resistant clinical isolates of S. pneumoniae was shown
to be similar to that of penicillin-sensitive strains, but a drastic
reduction in the cross-linking of the peptidoglycan was ob-
served for penicillin-resistant laboratory mutants (16, 40, 42,
43). Third, penicillin-resistant mutants generated in the labo-
ratory were usually associated with a low level rather than a
high level of resistance to the drug (21, 22, 27, 28).

Our direct measurement of R-PBP2x and S-PBP2x proteins
in the cell demonstrated that their expression levels varied at
different growth phases and that the cellular amount of R-
PBP2x was similar to that of S-PBP2x during growth. The fact
that the R-PBP2x enzyme was not significantly overproduced
in S. pneumoniae 328, a high-level penicillin-resistant clinical
isolate, suggests that the resistance of S. pneumoniae to b-
lactam antibiotics may have arisen from the alteration of the
substrate specificity of PBP enzymes rather than their overpro-
duction. This result also implies that altered PBP enzymes can
efficiently utilize the branched-stem peptides as substrates
even in the presence of penicillin and the normal-stem pep-
tides in the cell that are potential inhibitors of the altered
PBPs.

As shown in Fig. 4, 25 mg each of the crude extracts of S.

FIG. 4. Quantitative Western blotting analysis of cellular amounts of S-PBP2x and R-PBP2x in S. pneumoniae harvested at different growth phases. Cells were grown
under the conditions described in Materials and Methods. (A) Lanes 1 to 3, 5.0 ng of purified S-PBP2x mixed with 25 mg of crude extract of S. pneumoniae R6 harvested
at early stationary, middle logarithmic, and early logarithmic phases, respectively; lanes 4 to 6, 2.5 ng each of purified S-PBP2x mixed with 12.5 mg of crude extract of
S. pneumoniae R6 harvested at early stationary, middle logarithmic, and early logarithmic phases, respectively; lanes 7 to 8, 5.0 and 2.5 ng of purified S-PBP2x,
respectively. (B) Lanes 1 to 3, 5.0 ng of purified R-PBP2x mixed with 25 mg of crude extract of S. pneumoniae 328 harvested at early stationary, middle logarithmic,
and early logarithmic phases, respectively; lanes 4 to 6, 2.5 ng of purified R-PBP2x mixed with 12.5 mg of crude extract of S. pneumoniae 328 harvested at early stationary,
middle logarithmic, and early logarithmic phases, respectively; and lanes 7 and 8, 10 and 5 ng of purified R-PBP2x, respectively.
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pneumoniae R6 and 328 harvested at the middle logarithmic
phase contained approximately 2 ng each of S-PBP2x and
R-PBP2x enzymes. The amounts of S-PBP2x and R-PBP2x
enzymes present in the cell, therefore, represent 0.008% of the
total cellular protein. Recently, PBP1a and PBP1b of E. coli
K-12 were shown to be present at 221 and 127 molecules per
cell, respectively, when E. coli cells were grown exponentially
in LB medium (11). Since the molecular masses of E. coli
PBP1a and PBP1b were calculated to be 93.6 and 88.9 kDa,
respectively (9), and the average total protein of an E. coli K-12
cell was estimated to be 4.4 3 1027 mg (6), the amounts of E.
coli PBP1a and PBP1b represent 0.0078 and 0.0043% of the
total cellular protein, respectively. Since the molecular masses
of S-PBP2x and R-PBP2x were predicted to be 82.4 and 82.5
kDa (28 and this study), which are similar to those of the E. coli
PBP1a and PBP1b, the cellular amounts of the S. pneumoniae
R-PBP2x and S-PBP2x enzymes are thus virtually the same as
that of E. coli PBP1a but approximately twofold higher than
that of the E. coli PBP1b. This comparison suggests that the
PBP enzymes from gram-positive and -negative bacteria are
present at a low level.

Finally, the results of our kinetic studies have an important
practical implication in drug development. On the basis of the
kinetic property that the R-PBP2x enzyme may utilize the
branched peptides as substrates, it should be possible to design
a molecule with the features of the branched-stem peptides
and penicillin. This molecule should have an antimicrobial
activity against both penicillin-resistant and -sensitive organ-
isms.
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