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Obijective: Penicillin resistance in Streptococcus pneumoniae isolates results from altered penicillin-binding proteins (PBPs),
especially PBP2, which has a reduced affinity to penicillin. This study evaluated drug resistance and the gene sequence of the
conserved motif pbp2b of penicillin-resistant isolates in Thailand.

Material and Method: Penicillin-resistant pneumococci with minimum inhibitory concentrations (MIC) for penicillin > 4 ug/
ml and penicillin-susceptible strains were identified from clinical specimens. The pbp2b genes were amplified by polymerase
chain reaction (PCR), and the purified PCR product was cloned into E. coli. The recombinant plasmid clones containing
pbp2b were sequenced and evaluated for mutations corresponding to penicillin and cefotaxime resistance.

Results: Penicillin-susceptible S. pneumoniae isolates were susceptible to 12 other antibiotics tested (range 95-100%) while
penicillin-nonsusceptible isolates were resistant to most antibiotics except amoxicillin/clavulanate and levofloxacin. Sequence
analysis of pbp2b showed a substitution of A for T, next to the region of the SSN triad in all six resistant isolates tested and
mutations clustered around the KTG triad in two isolates. Using the ClustalW alignment program, Thai isolates differed from
those of European countries, but were more similar to those from Japan than Korea.

Conclusion: Penicillin or cefotaxime resistance in S. pneumoniae in Thailand was due to affinity reduction of PBP2b, similar

to changes found in other Asian isolates.
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Streptococcus pneumoniae is a normal
inhabitant of the upper respiratory tract in 5-40% of the
general population®. It primarily causes infection of
the middle ear, paranasal sinuses, mastoids and lung
parenchyma, and may spread to other sites, including
joints, peritoneum, endocardium, biliary tract and, in
particular, meninges. It is genetically flexible as
demonstrated by frequent recombination events
between different strains®*.

[B-lactam antimicrobial agents act on penicillin
binding proteins (PBPs), which are involved in cell wall
synthesis. Resistance is most often caused by the
presence of B-lactamase, but mutations in PBPs
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resulting in reduced affinity for B-lactam antibiotics are
also commonly observed®. Penicillin resistance among
pneumococci is due to the presence of altered PBPs,
especially PBP2, which has a reduced affinity for
penicillin. And B-lactamases have never been detected
in pneumococci®. Pneumococci encode six PBPs,
termed PBP1a, PBP1b, PBP2a, PBP2b, PBP2x, and PBP3.
In susceptible strains, these PBPs are highly
conserved. The genes for low-affinity PBP1a, PBP2b,
and PBP2x found in resistant strains diverge
significantly™®, It is assumed that all PBPs retain the
same basic tertiary structure in their penicillin binding
module®, with three conserved motifs forming the
catalytic center: SXXK, SXN, and KTG (X denotes any
amino acid residue). In S. pneumoniae, PBP2b is the
main target for penicillin, but PBP2x is the target for
cefotaxime®®. The purpose of this study was to
evaluate drug resistance and analyze the gene
sequences of the conserved motifs of pbp2b in
penicillin-resistant isolates.
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Material and Method
Clinical isolates

Two hundred S. pneumoniae isolates from
clinical specimens were obtained from the Bacteriology
Laboratory, Department of Microbiology, Faculty of
Medicine Siriraj Hospital; the Queen Sirikit National
Institute of Child Health; Ramathibodi Hospital; and
the Department of Medical Sciences, Thailand-Culture
Collection (DMST-CC) as part of antimicrobial
resistance surveillance. They were isolated from
patients during July 2002-August 2003 from different
regions of Thailand. Most (138) isolates were from non-
sterile sites (e.g., sputum, nasal swabs, adenoids, ear
drainage, eyes) and 62 isolates were from sterile sites
(e.g., blood, cerebrospinal fluid, and pleural fluid).

Antimicrobial susceptibility tests

In vitro antimicrobial susceptibility to
oxacillin, erythromycin, clindamycin, levofloxacin and
co-trimoxazole was determined for all isolates by disk-
diffusion, according to guidelines of the Clinical and
Laboratory Standards Institute, 2005V, In addition,
minimum inhibitory concentrations (MIC) to penicillin,
amoxicillin/clavulanic acid, cefuroxime, cefotaxime,
cefdinir, cefprozil, levofloxacin, roxithromycin and
azithromycin were determined by Etest (AB BIODISK,
Sweden). For quality control, five standard bacteria
(i.e., S. pneumoniae ATCC 49619, E. coli ATCC 25922,
E. coli ATCC 35218, S. aureus ATCC 25923 and S.
aureus ATCC 29213) were tested against all appro priate
antimicrobial agents.

Pbp2b gene sequencing

Pbp2 genes were amplified from chromosomal
DNA for seven pneumococcal isolates with penicillin
MICs > 4 ug/ml by polymerase chain reaction (PCR).
The 2.5 kb pbp2b fragment was amplified using
two primers (H.2131 and H.2132), as previously
described®?. The 2.4 kb pbp2b fragment was amplified
by using two primers (H.2131 and Pn2B down)®®. The
PCR amplification of the PBP-encoding genes was
performed in a 25 ml volume containing approximately
50 ng of chromosomal DNA, 1.5 mM MgCl,, 1x Promega
PCR buffer, 0.01 U of Tag DNA polymerase (Promega,
USA), 0.2 mM deoxynucleoside triphosphates and 0.2
mM of each primer. Thermal cycling was performed
using the GeneAmp PCR System 9700 (Applied
Biosystems, USA) and consisted of pre-denaturation
at 94°C for 1 min followed by 30 cycles of 1 min at 94°C,
1 min at 52C and 2 min at 72°C, with a single final
extension step at 72°C for 3 min. The amplified products
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were detected by electrophoresis in a 0.8% agarose
gel, stained in ethidium bromide solution and
photographed. The PCR products were purified with
the QIAquick Gel Extraction kit (Qiagen, UK) and cloned
into E. coli using a TOPO vector kit (Invitrogen, USA).
The pbp2b gene was sequenced using the ABI PRISM
BigDye Terminator Cycle Sequencing Ready Reaction
kit and analyzed with an ABI PRISM 310 Genetic
Analyzer (Applied Biosystems, USA).

Bioinformatic analysis of pbp2b

The protein alignment of a putative amino acid
sequence of PBP2b was used to determine the mutation
of the pbp2b gene comparing penicillin-resistant strains
and penicillin-susceptible strain R6 by a ClustalW
alignment program. The latter program and the
phylogenetic tree program (http://www.ebi.ac.uk/
cgibin/clustalw) were used to compare the penicillin-
resistant isolates with the pneumococcal strains from
other countries, focusing only on the transpeptidase
domain. The BLAST program (http:/Avww. ncbi. nlm.nih.
gov/BLAST/Blast.cgi) was used to compare the
resistant isolates with pneumococcal strains from other
countries.

Results
Antimicrobial susceptibility

Of 200 S. pneumoniae isolates tested, 120
(60%) were penicillin nonsusceptible (PNSP). None of
the PNSP produced B-lactamase enzymes based on
testing by the nitrocefin method. The cross-resistance
of pneumococci to penicillin and other antimicrobial
agents as determined by disk-diffusion method and
MIC analysis is shown in Table 1. Based on the disk-
diffusion results, penicillin-susceptible isolates were
also susceptible to levofloxacin (100%), erythromycin
(96.2%), clindamycin (95%) and co-trimoxazole (70%).
PNSP isolates had high rates of resistance to co-
trimoxazole (86.7%), erythromycin (80%) and
clindamycin (36.7%) but a low rate of resistance to
levofloxacin (1.7%). Based on Etests, most penicillin-
susceptible isolates were also susceptible to amoxicillin/
clavulanate (100%), cefuroxime (100%), cefotaxime
(100%), cefdinir (100%), cefprozil (100%), levofloxacin
(100%), azithromycin (96.2%) and roxithromycin
(95%). PNSP isolates had high rates of resistance to
roxithromycin (81.7%), cefdinir (80.8%), azithromycin
(74.2%), cefuroxime (64.2%) and cefprozil (32.5%) but
low rates of resistance to cefotaxime (5%), levofloxacin
(1%), and none was resistant to amoxicillin/clavulanate.
Minimum inhibitory concentrations (MICs) of

S17



Table 1. Cross-resistance of pneumococcal isolates to penicillin and other antimicrobial agents

Antimicrobial agents Percentage of isolates with indicated resistant profile?

Penicillin-susceptible (n = 80) Penicillin-nonsusceptible (n = 120)

S | R S | R
Disk diffusion
Oxacillin 925 - 75 - - 100
Erythromycin 96.2 - 3.8 17.5 2.5 80
Clindamycin 95 25 2.5 63.3 - 36.7
Levofloxacin 100 - - 98.3 - 1.7
Co-trimoxazole 70 13.8 16.2 6.7 6.7 86.7
Etest
Penicillin 100 - - - 48.3 51.7
Amoxicillin/clavulanate 100 - - 100 - -
Cefuroxime 100 - - 20.8 15 64.2
Cefotaxime 100 - - 59.2 35.8 5
Cefdinir 100 - - 15 4.2 80.8
Cefprozil 100 - - 30.8 36.7 325
Levofloxacin 100 - - 98.3 0.7 1
Azithromycin 96.2 - 3.8 20 5.8 74.2
Roxithromycin 95 1.2 3.8 18.3 - 81.7

2 S; susceptibility, I; intermediate, R; resistant. Breakpoints used to define percentages of susceptible, intermediate and
resistant categories are those recommended by CLSI®%

Table 2. Minimum inhibitory concentrations (MICs) (ug/ml) of pneumococcal strains that were selected for sequencing of

the pbp2b gene
Strain Source of specimen MICs (ug/ml)?
PEN CTX CXM CDR CPz AUG AZI ROX LEV

S171 Gastric wash 0.008 0.032  0.016 0.125 0.125 0.032 2 025 1
S146 NP wash 4 0.5 4 8 16 1 256 256 2
S197 Sputum 4 16 16 16 8 2 16 16 0.5
S250 Bronchial wash 8 4 8 16 16 2 32 16 1
S275 Sputum 4 1 4 8 8 1 8 8 1
GP136/46 CSF 8 4 16 16 8 2 256 256 0.5
124/jun03  Tracheal wash 4 2 8 8 8 2 16 16 2

3PEN, penicillin; CTX, cefotaxime; CXM, cefuroxime; CDR, cefdinir; CPZ, cefprozil; AUG, amoxicillin/clavulanate; AZI,
azithromycin; ROX, roxithromycin; LEV, levofloxacin

pneumococcal strains that were selected for pbp2b gene
sequencing are shown in Table 2.

substitutions (Fig. 1). The first group occurred within
the region of the S, .-S-N (SXN) triad, and these
mutations were observed in all seven isolates.
Mutations occurring in this region, in particular the
substitution of A for T, , have been shown to mediate

Sequencing of the pbp2b gene
Within the penicillin-binding domain (PBD)

of pbp2b, isolates with intermediate and full penicillin
resistance carried a variety of non-synonymous
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the interaction of PBPs with u-lactam and may
contribute to the development of penicillin resistance.
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Fig. 1 The ClustalW protein alignment of a putative amino acid sequence of PBP2h. The dots indicate identical amino

acids, shaded areas indicate same amino acids, black line group indicate active site, thick gray lines indicate classification
based on amino acid alteration, and dashes indicate non-sense codon in the sequence.
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The second group of mutations was clustered around
the K,,,-T-G (KXG) triad, and both isolates with this
mutation had penicillin MICs of 4 ug/ml (isolates S197
and S275). In resistant S. pneumoniae strains we found
the T,,, to Aand T, to S changes that were described
previously in penicillin-resistant pneumococci; these
changes were reportedly responsible for low-level
penicillin resistance, lower lysis rate, and piperacillin
resistance®. However, alignments showed additional
substitutions, which were present only in resistant S.
pneumoniae strains. The penicillin-binding domain and
transpeptidase domain of PBP2b isolated from six
penicillin-resistant strains contained 16 to 30 amino
acid changes over the sequence of PBP2b from the R6
B-lactam-sensitive strain (Table 3).

Analysis of pbp2b revealed similar patterns of
nucleotide and amino acid sequence variations in all
resistant isolates (MICs > 2 pg/ml) and penicillin-
susceptible isolates (MIC = 0.008 pug/ml). However, DNA
sequence analysis of pbp2b revealed extensive
sequence divergence in all penicillin-resistant isolates
compared to the sequences of the genes of penicillin-
susceptible strain R6. BLAST analysis of the S146, S197,
S250, S275, GP136/46, and 124/jun03 strains revealed
PBP2 sequences nearly identical to the PBP2b
sequences of the S. pneumoniae strains SP00083
(98%), SP00086 (99%), SPO0077 (95%), SPO0081 (96%),
SP00086 (98%) and SP00079 (97%), respectively, as
published by Yumiko Sanbongi, Meiji Seika Kaisha Ltd.,
Pharmaceutical Research Center; Clinical Isolates
Collected in Japan (GenBank code; AB119903,
AB119906, AB119897, AB119901, AB119906 and

AB119899, respectively). From the ClustalW alignment
(Fig. 1) and phylogenetic tree program (Fig. 2) (http://
www.ebi.ac.uk/cgi-bin/clustalw), the Thai isolates were
different only in the part of the transpeptidase domain
when compared to those from other countries,
especially Kenya, the Netherlands and Vietnam.

Isolates S250, S275 and 124/jun03 were closely
related to French isolates. Isolates S146, S197, and
GP136/46 were more closely related to Japanese
isolates than Korean isolates. The transpeptidase
domain of Thai isolate 124/jun03 was closely related to
the S. sanguis protein accession number D35965 from
the United Kingdom [identities = 352/352 (100%)]“,
but the PBP dimer domain had low simi- larity [identities
=123/134 (91%)].

Interestingly, there were two non-sense
mutations found in strain S197 in the gene coding region
for the transpeptidase domain of the PBP2b. The DNA
sequences have been confirmed in two different clones
of E. coli transformants to have the same nonsense
codons.

Discussion

By the mid 1980s, ceftriaxone or cefotaxime
were typically recommended for empirical treatment of
children with suspected bacterial meningitis®®. S.
pneumoniae isolates were uniformly susceptible to
these extended-spectrum cephalosporins. However, by
the early 1990s, as PNSP became more common
throughout the world, treatment failures associated with
cefotaxime or ceftriaxone administration for
pneumococcal meningitis were reported®®. In this

Table 3. Distribution of nucleotide and amino acid substitutions in the penicillin binding domain of PBP2b from clinical

isolates of S. pneumoniae

Strains Penicillin Cefotaxime ~ Serotype % of | No.(%) of*: Amino acid motif®
MIC (ug/ml) MIC (ug/ml) dentity
Nucleotides Aminoacids SVVK SSNT KTGTA
altered altered
S.171 0.008 0.032 23F 99 4(0.2) 1(0.1)
S.146 4 0.5 19F 94 96 (4.7) 21(3.1) _ —A —
124/jun03 4 2 23F 94 99 (4.8) 20(2.9) _ —A —
S.250 8 4 19F 93 116 (5.6) 16 (2.3) _ —A —
GP.136/46 8 4 23F 92 148 (7.2) 28 (4.1) _ —A —
S.197 4 16 23F 92 147 (7.1) 28 (4.1) — —A S
S.275 4 1 19F 91 164 (8) 30(4.4) — —A S

2 Published sequence of penicillin-susceptible S. pneumoniae R6 was used for comparison
® Only amino acid residues different from the PBP2b conserved motif sequences of S. pneumoniae R6 are shown.

Conserved amino acid motifs are underlined
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Fig. 2 Phylogram constructed from transpeptidase domain data showing the genetic relatedness of the 58 pneumococcal
strains and 3 viridans streptococcal strains from other countries. EMBL/GenBank/DDBJ
Nucleotide sequence accession numbers: AB119897, AB119899, AB119901, AB119903, AB119906, AB119910,
AB119911 and AB11912 were isolated in Japan. AF467811 to AF467816, AF210767, AF210768, SPN18687 and
SPN18688 were isolated in France. AY609304 to AY 609306, AY515395 to AY515397 and AF180878 to AF180886
were isolated in Korea, AF446224 to AF446226 were isolated in Spain, SPN243058, SPN243059, AAA72069 (S.
oralis) and D35965 (S. sanguis) were isolated in UK. AF068901 was isolated in Italy. D35965, E35965 and
AAAT2069 (S. oralis) were isolated in USA. CAA05300 (S. mitis) was isolated in Germany

study, up to 41% of isolates were cefotaxime-
nonsusceptible (Table 1).

The National Committee for Clinical
Laboratory Standards guidelines” state that a
pneumococcal isolate that is susceptible to penicillin
can be considered susceptible to other B-lactams.
Consequently, it has been suggested that penicillin
MICs can be used to predict the MICs of other B-lactam
antimicrobials for S. pneumoniae®®. It is generally
accepted that the MICs for amoxicillin and extended-

S22

spectrum cephalosporins are usually equal to or two to
four times less than the MIC of benzylpenicillin®. In
our study all PNSP isolates were sensitive to amoxicillin/
clavulanate. The reason for this result is unclear given
that pneumococci do not produce B-lactamase.
However, amoxicillin and clavulanate have been
reported to bind selectively to different target penicillin-
binding proteins®®, which may lead to synergy of
bactericidal effects and subsequent susceptibility to
amoxicillin/clavulanate.
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A unique mutation was unique in isolates S250
and GP136/46 may contribute to the development of
high-level penicillin resistance. The majority of these
nucleotides and associated amino acid alterations
occurred within a + 250-bp area between A, and T,
and were located within the vicinity of the SVVK
tetrad (which houses the active-site serine) and the
SSN motif. The exchange of Afor T, , which has been
identified in all resistant isolates analyzed to date,
occurs adjacent to the conserved SSN motif. Because
the N residue of this motif has been proposed to form a
hydrogen bond with the carbonyl group of the penicillin
R1 side chain, the substitution of Afor T, presumably
disrupts this hydrogen bond and leads to a reduction
in the affinity of the protein®. Analysis of pbp2b
revealed very similar patterns of nucleotide and amino
acid sequence variation among all penicillin-resistant
isolates (MIC >4 ug/ml), as well as cefotaxime-resistant
isolate S197 (MIC = 16 pg/ml). Further analysis of these
mutations is required to confirm their role in the
development of resistance and their contribution to
this unusual phenotype. We hypothesize that precise
amino acid changes would be present along with a
mosaic structure, at least in primarily affected B-lactam
targets (PBP2b and PBP2x), to yield highly resistant
isolates. There also may be point mutations among
these strains in addition to recombination events that
result from mosaics. More information about the three-
dimensional structure of these proteins is needed to
validate these observations. Further, for the amino acid
changes, we found that after protein alignment, the
changes occurred at positions common to PBP2b. This
is especially true for the cefotaxime-resistant strain S197,
which had amino acid changes around the K -T-Gly
triad. From the BLAST program, all penicillin-resistant
isolates had nearly identical pbp2b gene sequences to
clinical S. pneumoniae clinical isolates collected in
Japan, which were published by Yumiko Sanbongi, Meiji
Seika Kaisha Ltd., Pharmaceutical Research Center. The
non-sense mutations found in pbp2b in strain S197
were confirmed in two different E. coli transformants.
Itis very likely that the mutations found were artifacts
from the cloning experiment, as the pbp2b gene has
been shown experimentally to be essential for growth
in S. pneumoniae®. However, these mutations in the
transpeptidase domain in clinical isolates have never
been described, and it is possible that the mutations
may confer cefotaxime resistance in isolates that
express no penicillin binding protein. Further
investigation of these mutations is needed to confirm
our observation.
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The sequence of pbp2b from the susceptible
isolate (S171) had 99% identity to the sequence of the
S. pneumoniae PBP2b strain R6, a descendant of the
original type 2 capsule S (smooth or encapsulated)
clinical isolate used by Avery and coworkers to
demonstrate the genetic function of DNA®®, and used
worldwide as a standard laboratory strain. The lack of
a polysaccharide capsule in R6 renders it avirulent. A
few additional substitutions are seen in all penicillin-
resistant strains. Based on our analyses, Thai isolates
were different from those in other countries, especially
those from European countries. Thai isolates were more
similar to Japanese than Korean isolates, and had not
been reported before; therefore our study could point
to interesting results underlying a reduced affinity of
the PBP2b in Thai isolates. Most of these amino acid
changes are probably responsible for increasing MICs.
In PBP2b Japanese isolates, the T,  AFS and E,;,G
mutations close to the SSN motif were observed in 24
isolates from Japan®®, some of which showed full
penicillin resistance and some had intermediate
resistance similar to Thai and Korean isolates.
Comparison of the pbp2b gene in our isolates with
those of Korean isolates revealed that our isolates

had r?O l_\l276(475) tO_K’ R285(484) tO C’ and S305(504) tO F
substitution mutations ®®. However, the Toousy 1O A
and E ,to G were similarly found in the translated

282(481; ” : i
sequences of our isolates as in all Korean strains and

other penicillin-resistant strains from other parts of the
world®?9. The mutations found near the S, ,,,-S-N
triad, which was A for T ysassy Were similar to those
described in a report from France®). The mutations
around the K, -T-G triad (amino acids, .) were also
similar to those French isolates, except for the mutations
in $197 and S275 that had T, S. Serine is in the same
amino acid group as threonine, so the importance of
this mutation is not obvious. The MIC data among
various B-lactams were somewhat inconclusive, and
we had no amoxicillin resistance in our isolates. Further
mutagenesis studies of the amino acid in this 624
position would clarify the possible effect of this change.

The higher the penicillin MIC, the more likely
itis that the strain will be multidrug resistant. Multidrug-
resistant (including resistance to fluoroquinolones)
pneumococci have been reported in Hong Kong®®,
Canada®, and Spain®, and the clonal spread of these
strains from country to country and continent to
continent is of concern. It may be inferred that resistant
strains of Thai isolates were related to Japanese and
French isolates.

For B-lactam antimicrobial agents, high-level
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resistance requires a sequential transformation event
which may then be followed by point mutations,
whereas intermediate resistance can be conferred by a
single transformation event®®. Penicillin resistance in
S. pneumoniae is the result of the acquisition of series
of stepwise mutations in PBP genes®®, Mutations that
reduce the amount of drug binding are selected by -
lactam antibiotics. In the laboratory, very low-level
resistance to penicillin can result from a point mutation
leading to amino acid substitution within the
transpeptidase domain of the PBP. High-level penicillin
resistance can be established by alteration in only three
of these PBPs, i.e. PBPs 2x, 2b and 1a, while only altered
PBPs la and 2x are required for high-level cefotaxime
resistance®b.

In conclusion, the analysis of pbp2b revealed
highly similar patterns of nucleotide and amino acid
sequence variation among all penicillin-resistant
isolates (MICs, > 4 ug/ml), as well as cefotaxime-
resistant isolate S197 (MIC, 16 pg/ml). The importance
of the exchange of Afor T, which has similarly been
identified in all resistant isolates analyzed to date,
occurs adjacent to the conserved SSN motif in
penicillin-resistant pneumococci and is reportedly
responsible for low-level penicillin resistance.
Modifications that are almost always observed
upstream and downstream of the SXN motif were found
to confer significant resistance. Interestingly, all
resistant isolates containing the pbp2b gene were
closely related to those belonging to pneumococcal
clinical isolates in Japan. In addition, from the ClustalW
alignment and the phylogenetic tree program, Thai
isolates differed from isolates from other countries,
especially European countries (except in France), and
were more similar to Japanese isolates than Korean
isolates. The phylogenetic tree of the transpeptidase
domain of Thai isolate number 124/jun03 was closely
related with the S. sanguis protein accession number
D35965, which was isolated in the United Kingdom.

Acknowledgments

This work was partially supported by grants
from GlaxoSmithKline (Thailand) Ltd., and the Siriraj
Graduate Thesis Scholarship 2002. We thank the Queen
Sirikit National Institute of Child Health, Ramathibodi
Hospital and the Department of Medical Sciences,
Thailand-Culture Collection (DMST-CC) for provi ding
some pneumococcal isolates. The expertise of the
technical staff at the Department of Microbiology,
Faculty of Medicine Siriraj Hospital, Mahidol University
and at the Miscellaneous Bacteriology Section, National

S24

Institute of Health, Department of Medical Sciences, is
gratefully acknowledged.

References

1. Brooks G, Betel JS, Morse SA. The streptococci.
In: Brooks G, Betel JS, Morse SA, editors. Jawetz,
Melnick, & Adelberg’s Medical microbiology. 22nd
ed. New York: Appleton & Lange; 2001: 203-16.

2. Breiman RF, Butler JC, Tenover FC, Elliott JA,
Facklam RR. Emergence of drug-resistant
pneumococcal infections in the United States.
JAMA 1994; 271: 1831-5.

3. Jacobs MR, Koornhof HJ, Robins-Browne RM,
Stevenson CM, Vermaak ZA, Freiman I, et al.
Emergence of multiply resistant pneumococci. N
EnglJ Med 1978; 299: 735-40.

4. Klugman KP. Pneumococcal resistance to
antibiotics. Clin Microbiol Rev 1990; 3: 171-96.

5. Fluit AC, Visser MR, Schmitz FJ. Molecular
detection of antimicrobial resistance. Clin
Microbiol Rev 2001; 14: 836-71.

6. Chen DK, McGeer A, de Azavedo JC, Low DE.
Decreased susceptibility of Streptococcus
pneumoniae to fluoroquinolones in Canada.
Canadian Bacterial Surveillance Network. N Engl J
Med 1999; 341: 233-9.

7. Dowson CG, Hutchison A, Spratt BG. Extensive re-
modelling of the transpeptidase domain of
penicillin-binding protein 2B of a penicillin-
resistant South African isolate of Streptococcus
pneumoniae. Mol Microbiol 1989; 3: 95-102.

8. Laible G, Spratt BG, Hakenbeck R. Interspecies
recombinational events during the evolution of
altered PBP 2x genes in penicillin-resistant clinical
isolates of Streptococcus pneumoniae. Mol
Microbiol 1991; 5: 1993-2002.

9. Goffin C, Ghuysen JM. Multimodular penicillin-
binding proteins: an enigmatic family of orthologs
and paralogs. Microbiol Mol Biol Rev 1998; 62:
1079-93.

10. Krauss J, van der LM, Grebe T, Hakenbeck R.
Penicillin-binding proteins 2x and 2b as primary
PBP targets in Streptococcus pneumoniae. Microb
Drug Resist 1996; 2: 183-6.

11. Clinical and Laboratory Standards Institute.
Performance standards for antimicrobial
susceptibility testing: fifteenth informational
supplement. Document M100-S15, Vol. 25, No. 1.
Wayne, PA: CLSI; 2005.

12. Coffey TJ, Dowson CG, Daniels M, Zhou J, Martin
C, Spratt BG, et al. Horizontal transfer of multiple

J Med Assoc Thai Vol. 93 Suppl. 5 2010



13.

14.

15.

16.

17.

18.

19.

20.

21.

penicillin-binding protein genes, and capsular
biosynthetic genes, in natural populations of
Streptococcus pneumoniae. Mol Microbiol 1991;
5: 2255-60.

Dowson CG, Hutchison A, Brannigan JA, George
RC, Hansman D, Linares J, etal. Horizontal transfer
of penicillin-binding protein genes in penicillin-
resistant clinical isolates of Streptococcus
pneumoniae. Proc Natl Acad Sci USA 1989; 86:
8842-6.

Hakenbeck R, Tornette S, Adkinson NF. Interaction
of non-lytic beta-lactams with penicillin-binding
proteins in Streptococcus pneumoniae. J Gen
Microbiol 1987; 133: 755-60.

Dowson CG, Hutchison A, Woodford N, Johnson
AP, George RC, Spratt BG. Penicillin-resistant
viridans streptococci have obtained altered
penicillin-binding protein genes from penicillin-
resistant strains of Streptococcus pneumoniae.
Proc Natl Acad Sci USA 1990; 87: 5858-62.

Kaplan SL, Mason EO Jr. Management of infections
due to antibiotic-resistant Streptococcus
pneumoniae. Clin Microbiol Rev 1998; 11: 628-44.
National Committee for Clinical Laboratory
Standards. Methods for dilution antimicrobial
susceptibility tests for bacteria that grow
aerobically. 5" ed. NCCLS approved standard M7-
A5. Wayne, PA: NCCLS; 2000.

Brueggemann AB, Pfaller MA, Doern GV. Use of
penicillin MICs to predict in vitro activity of other
beta-lactam antimicrobial agents against
Streptococcus pneumoniae. J Clin Microbiol 2001;
39:367-9.

Butler DL, Gagnon RC, Miller LA, Poupard JA,
Felmingham D, Gruneberg RN. Differences
between the activity of penicillin, amoxycillin, and
co-amoxyclav against 5,252 Streptococcus
pneumoniae isolates tested in the Alexander
Project 1992-1996. J Antimicrob Chemother 1999;
43:777-82.

Smith GM, Slocombe B, Abbott KH, Mizen LW.
Activity of amoxicillin-clavulanate against
penicillin-resistant Streptococcus pneumoniae in
an experimental respiratory infection model in rats.
Antimicrob Agents Chemother 1998; 42: 813-7.
Herzberg O, Moult J. Bacterial resistance to beta-
lactam antibiotics: crystal structure of beta-
lactamase from Staphylococcus aureus PC1 at 2.5
A resolution. Science 1987; 236: 694-701.

J Med Assoc Thai Vol. 93 Suppl. 5 2010

22,

23.

24,

25.

26.

27.

28.

29.

30.

3L

Kell CM, Sharma UK, Dowson CG, Town C,
Balganesh TS, Spratt BG. Deletion analysis of the
essentiality of penicillin-binding proteins 1A, 2B
and 2X of Streptococcus pneumoniae. FEMS
Microbiol Lett 1993; 106: 171-5.

Avery OT, MacLeod CM, McCarty M. Studies on
the chemical nature of the substance inducing
transformation of pneumococcal types: Induction
of transformation by a desoxyribonucleic acid
fraction isolated from pneumococcus type Ill. J
Exp Med 1944; 79: 137-58.

Sanbongi Y, Ida T, Ishikawa M, Osaki Y, Kataoka
H, Suzuki T, et al. Complete sequences of six
penicillin-binding protein genes from 40
Streptococcus pneumoniae clinical isolates
collected in Japan. Antimicrob Agents Chemother
2004; 48: 2244-50.

Song JH, Yang JW, Jin JH, Kim SW, Kim CK, Lee
H, et al. Molecular characterization of multidrug-
resistant Streptococcus pneumoniae isolates in
Korea. The Asian Network for Surveillance of
Resistant Pathogens (ANSORP) Study Group. J
Clin Microbiol 2000; 38: 1641-4.

Smith AM, Klugman KP. Alterations in penicillin-
binding protein 2B from penicillin-resistant wild-
type strains of Streptococcus pneumoniae.
Antimicrob Agents Chemother 1995; 39: 859-67.
du Plessis M, Bingen E, Klugman KP. Analysis of
penicillin-binding protein genes of clinical isolates
of Streptococcus pneumoniae with reduced
susceptibility to amoxicillin. Antimicrob Agents
Chemother 2002; 46: 2349-57.

HoPL, Que TL, Tsang DN, Ng TK, Chow KH, Seto
WH. Emergence of fluoroquinolone resistance
among multiply resistant strains of Streptococcus
pneumoniae in Hong Kong. Antimicrob Agents
Chemother 1999; 43: 1310-3.

Linares J, de la Campa AG, Pallares R.
Fluoroquinolone resistance in Streptococcus
pneumoniae. N Engl J Med 1999; 341: 1546-7.
Schrag SJ, Beall B, Dowell SF. Limiting the spread
of resistant pneumococci: biological and
epidemiologic evidence for the effectiveness of
alternative interventions. Clin Microbiol Rev 2000;
13:588-601.

Hakenbeck R, Grebe T, Zahner D, Stock JB. beta-
lactam resistance in Streptococcus pneumoniae:
penicillin-binding proteins and non-penicillin-
binding proteins. Mol Microbiol 1999; 33: 673-8.

S25



PP

NSANEIAIALLUAYDIAY pbp2b dlul,%ﬂ Streptococcus pneumoniae mslwuﬁ iAanas peni-
cillin Faueinlaluslszinalng

F1yIng pawnesaY, Jauu waite, U5 uani/znn, auns Asinadny

’3'mq1/€::ﬂ\7ﬂ: 178 Stre/otococcus pneumoniae Angn penicillin WEinaauLasTes penicillin-bind-
ing protein (PBP) Tagianns @EI’NEN pbp2 nmﬂmuuﬂmzﬂumwﬂw penicillin aransosureulay peni-
cillin- b/no’/ng protein %dLﬂ‘lJLU’?WJ’)EI‘Z/@JE/’]lZ@ﬂﬁ)@\m’?ﬁ‘ﬂﬂt‘f’luW?LW@U?&LHU@Q’]W’)’)?QJN’??@@El’ul,ﬂv

dz

Qmmxwmmummmw pbp2b Yum@ S. ,oneumon/ae mﬂwuﬁwmm@m penicillin wuan?m?uﬂa‘:mﬁﬁm/
'mmm ’Jﬁﬂ’l?' ﬁ)m@@mﬂf@ S. pneumon/ae ‘Vlﬁ)@il’] penicillin JJ’]Tﬁ)E/@‘*]’7ﬂi’]’)ﬂlf)’)F)CJ’IJ\IL‘I;/JJ%”HJ@EIW@@%@QEI’)
WZV?JJ’??‘E)E/UENT’)’)ﬂ"V?‘(L/i/@x?LLUP)WLi‘E!’Zﬁ) >4 lefﬂiﬂ?ll/ﬂﬂ@ﬂﬁ?ﬁ‘ as ‘VI"Z’JEI,'E?EH pen/c////n LL@E/%I’IJJ’)LW:NIFJ\I’IM
ﬁ’)iWi&ﬁﬂﬁ‘ﬂl%@ﬂ@u pbp2b ﬁ?f)E/L‘V)ﬂuﬂW@@LN@L@‘@L‘HU?LL@ﬂTU ‘1/73‘@ Wsﬂ@’ii W?ZWU?@WﬁLL@&Z@@U@%%L%’?ZUL?@
E. coli mnuummwmﬂm’ZwngwmwwﬂZﬂm@mmummmmrvwmwmmu‘z‘/@mmmuﬂmafﬂﬂmm
NN b/o/nformat/c

Namsﬂnm L%@ S. pneumoniae WJF)CJ’)J\I‘ZQW@EI’) pen/cd//n @52097@5/’77’107/71/@@7’7 12 %umwmmmﬁvmu
(95-100%) mu S. pneumoniae ‘Wﬁ?@ﬁ!’? penicillin ﬂ’“?ffﬁ)@ﬁ?@il’)@u“] VIW’)H’)?‘?’I@ZV@U@QEIE/MQMEN@WJ
m?:ﬂ?ﬁmm amOX/C////n/c/avu/anate wag /evof/oxacm mnwy@mmmu:,umww pbp2b ‘va’mmﬂmumlm
Ala ‘Vlﬁ?’?LL‘l/?L!\? Thr sﬁd@ﬂﬁlﬁ)ﬂ.‘uﬂﬁu SSN 7’]\7 6 ﬂ’?EI‘VVL!ﬁ has ‘VVL/i’]’)ﬁ‘L?JZ\?%I‘lJLL?J@x?U?LQMﬂ@EJ?@U“] KTG SZ‘lJ 2
mwwuﬁ L:J@’Z%Tﬂﬂmm ClustalW iieuffeuitaumaumiiouas Wmlvmz/w”ufgrﬁ'uﬂnZmyiuﬂixmﬂi‘wy
JJF’)CJ’)JJLLEIﬂM70@7HWWUYULLQU8T?7J LLZ\?!‘J‘VVUCJ73\17579’73\1slﬂ@Lﬁ)E/\?i’]llm@@’7ﬂ7./?‘5“/)ﬁl[ﬁ'ﬂ’ug\l’)ﬂﬂ?‘ﬁﬂﬁ‘zwflmﬂ’Wﬁ

zm./ L°17@ S. pneumoniae MEIWLIE‘VW?@W@FJ? penicillin Wsa cefotaxime ?ﬂdLLE/ﬂZﬁ)sluﬂa‘:mﬂ’lmlwmwnw
Lﬂ@ﬂuuﬂm%m@u pbp2b L%UL@EIQFI.‘L/ZV’?EIWU@Z%WLJL@LGEEI

S26 J Med Assoc Thai Vol. 93 Suppl. 5 2010



