ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Nov. 2001, p. 3070-3075
0066-4804/01/$04.00+0 DOI: 10.1128/AAC.45.11.3070-3075.2001

Vol. 45, No. 11

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Role of Penicillin-Binding Protein 4 in Expression of Vancomycin

Resistance among Clinical Isolates of Oxacillin-Resistant
Staphylococcus aureus

J. E. FINAN,' GORDON L. ARCHER,"* MICHAEL J. PUCCL? ano MICHAEL W. CLIMO'**

Departments of Medicine and Microbiology/Immunology,> Medical College of Virginia at Virginia Commonwealth
University, and Hunter Holmes McGuire Veterans Affairs Medical Center,* Richmond, Virginia, and
The Bristol-Meyers Squibb Pharmaceutical Institute, Wallingford, Connecticut®

Received 30 January 2001/Returned for modification 30 April 2001/Accepted 23 July 2001

It has been reported that penicillin-binding protein 4 (PBP4) activity decreases when a vancomycin-
susceptible Staphylococcus aureus isolate is passaged in vitro to vancomycin resistance. We analyzed the PBP
profiles of four vancomycin intermediately susceptible S. aureus (VISA) clinical isolates and found that PBP4
was undetectable in three isolates (HIP 5827, HIP 5836, and HIP 6297) and markedly reduced in a fourth
(Mu50). PBP4 was readily visible in five vancomycin-susceptible, oxacillin-resistant S. aureus (ORSA) isolates.
The nucleotide sequences of the pbp4 structural gene and flanking sequences did not different between the VISA
and vancomycin-susceptible isolates. Overproduction of PBP4 on a high-copy-number plasmid in the VISA
isolates produced a two- to threefold decrease in vancomycin MICs. Inactivation of pbp4 by allelic replacement
mutagenesis in three vancomycin-susceptible ORSA strains (COL, RN450M, and N315) led to a decrease in
vancomycin susceptibility, an increase in highly vancomycin-resistant subpopulations, and decreased cell wall
cross-linking by high-performance liquid chromatography analysis. Complementation of the COL mutant with
plasmid-encoded pbp4 restored the vancomycin MIC and increased cell wall cross-linking. These data suggest

that alterations in PBP4 expression are at least partially responsible for the VISA phenotype.

Vancomycin is currently the treatment of choice for serious
infections caused by oxacillin-resistant Staphylococcus aureus
(ORSA). ORSA isolates recovered from patients with serious
infections in both Japan (11) and the United States (23) have
recently been described that have reduced susceptibility to
vancomycin and other glycopeptides (vancomycin intermedi-
ately susceptible S. aureus [VISA]). In addition to having re-
duced vancomycin susceptibility, these isolates are also resis-
tant to other antimicrobials, leaving few options for effective
antimicrobial therapy.

The mechanism of decreased vancomycin susceptibility is
poorly understood and still largely speculative (4, 7, 16). VISA
isolates demonstrate decreased autolysis, slower growth rates, and
thicker cell walls in comparison to vancomycin-susceptible S. au-
reus (7). In a vancomycin-resistant S. aureus strain derived by in
vitro passage, the cell walls of the mutant have a decrease in
peptidoglycan cross-bridges and an increase in monomeric mu-
ropeptides carrying intact carboxyl-terminal D-alanyl-D-alanine
residues (19, 20), the targets of vancomycin, as stem peptide
termini. The passage mutant has also been shown to have mark-
edly decreased or absent PBP4, as assessed by radiolabeled pen-
icillin binding (19). PBP4 is a low-molecular-weight (LMW) PBP
hypothesized to be involved in secondary cell wall remodeling (9,
10, 26). It has transpeptidase activity and appears also to act as a
D,D-carboxypeptidase, cleaving terminal p-alanine residues from
un-cross-linked muropeptides (12). It has been proposed that
VISA strains, with their thicker cell walls, provide an increased
number of vancomycin targets at the cell wall periphery, prevent-
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ing access of the molecule to its site of lethal action at the cell
membrane (19). A decrease in PBP4 activity would increase the
number of surrogate vancomycin targets by increasing the total
cell wall content of D-alanine-D-alanine-containing mu-
ropeptides. However, there has been no rigorous test of this
hypothesis. As a first step, we have begun to assess the role of
PBP4 in the VISA phenotype among clinical isolates. We have
confirmed the absence of PBP4 activity in clinical VISA iso-
lates and have sought to define the role of PBP4 in S. aureus
vancomycin susceptibility by pbp4 complementation and dele-
tion mutation. PBP4 activity and regulation appear to be im-
portant to the response of S. aureus to vancomycin.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in the
present study are summarized in Table 1.

Materials and media. Mueller-Hinton broth (MHB) and Mueller-Hinton agar
(MHA; BBL Microbiology Systems, Cockeysville, Md.) and brain heart infusion
(BHI) broth and agar (Difco Laboratories, Detroit, Mich.) with and without selec-
tive additives (Sigma, St. Louis, Mo.; United States Biochemicals, Cleveland, Ohio),
were used for the subculture and maintenance of Escherichia coli and S. aureus
strains. The antibiotics and concentrations used for E. coli strains for initial selection
after transformation were as follows: ampicillin, 50 pg/ml; minocycline, 1 pg/ml;
chloramphenicol, 25 pg/ml. The antibiotics used for initial selection of S. aureus after
electroporation and for subsequent maintenance on agar were as follows: chloram-
phenicol, 10 pg/ml; erythromycin, 10 wg/ml; minocycline, 1 pg/ml.

Cloning, transformation, and DNA manipulation. All restriction endonucle-
ase digestions and ligations were performed in accordance with the manufactur-
er’s (New England Biolabs, Beverly, Mass.) specifications. Plasmids were elec-
troporated into E. coli in a Bio-Rad Gene Pulser in accordance with the
manufacturer’s (Bio-Rad Laboratories, Richmond, Calif.) instructions. Shuttle
vectors were moved from E. coli to S. aureus by electroporation (17) into re-
striction-deficient S. aureus strain RN4220 as previously described (18). VISA
isolates were electroporated with plasmid DNA purified from strain RN4220.
Plasmids were introduced into other S. aureus strains by transduction with gen-
eral transduction phage 80« (15). Transductions with phage 80« and isolation of
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TABLE 1. Bacterial strains and plasmids used in this study

Strain, isolate, or plasmid (origin)

Relevant characteristics

Source or reference

Strains or isolates

HIP 5836 (New Jersey) Vancomycin MIC of 8 pg/ml 23

HIP 6297 (New York) Vancomycin MIC of 6 ug/ml 23

HIP 5827 (Michigan) Vancomycin MIC of 8 pg/ml 23

Mu50 (Japan) Vancomycin MIC of 6 pg/ml 11

Mu3 (Japan) Vancomycin MIC of 2 pg/ml 11

RN4220 Restriction-deficient derivative of 8325-4

RN450M Heterogeneous Oxa" 14

N315 Heterogeneous Oxa" 14

COL Homogeneous Oxa’ 14

27619 Homogeneous Oxa" 2

RN450MVR Passage-derived mutant of RN450M; vancomycin MIC of 8 pg/ml This study

N135VR Passage-derived mutant of N315; vancomycin MIC of 8 pg/ml This study

COLVR Passage-derived mutant of COL; vancomycin MIC of 8 pg/ml This study
Plasmids

pJF3 1.8-kb pbp4 gene and 5’ sequences with pRN5543 staphylococcal replicon; Chl" This study

pJF14 pE194(ts)-based vector with pbp4 interrupted by tetM; Erm" Tet" This study

both plasmid and genomic DNAs were performed as previously described (18).
PCR of the entire pbp4 gene with its promoter was performed by using primers
20 (5'-ACCCACTGGCCATGATAG-3") and 40 (5'-TACAGAAGGCATTTC
GACG-3'). The resulting 1.8-kb PCR fragment was cloned into pCR2.1 (Invitro-
gen). To this construct, staphylococcal replicon pRN5543 (3) was added as a
BamHI fragment. The resulting plasmid was designated pJF3. This plasmid
confers chloramphenicol resistance on S. aureus and ampicillin resistance on
E. coli. Construction of pJF14 was accomplished by first cloning the coding
region of pbp4 into pUC19. The resulting construct was then digested with Sacl,
and the tetM cassette was added as a Sacl fragment. Temperature-sensitive
staphylococcal replicon pE194ts was added as an Xbal fragment. The resulting
plasmid (pJF14) confers ampicillin resistance on E. coli and resistance to both
minocycline and erythromycin on S. aureus.

Plasmid curing and allelic replacement. S. aureus isolates harboring plasmid
constructs with the pE194ts replicon were cured of their plasmids in order to
detect allelic replacement of chromosomal genes by homologous recombination.
Briefly, single colonies were inoculated into 5 ml of BHI and allowed to grow for
16 h at the permissive temperature (30°C). Following growth at the nonpermis-
sive temperature for plasmid replication (43°C), colonies were patched to mino-
cycline and erythromycin plates. Colonies were sought that were resistant to
minocycline but sensitive to erythromycin, indicating secondary recombination to
remove plasmid DNA. Allelic replacement was confirmed by PCR of the pbp4
gene and its promoter, resulting in a fragment 4.7 kb in length compared to the
native-size fragment of 1.8 kb. The addition of tetM added roughly 3 kb.

DNA sequencing. The sequences of pbp4 were determined by direct sequenc-
ing of specific amplified PCR products obtained from genomic template DNA
prepared with a Genomic Qiagen-tip kit (Qiagen, Valencia, Calif.). Sequencing
of the PCR fragments was performed by the dideoxy-chain termination proce-
dure on an ABI 1377 automatic sequencer with an ABI PRISM Dye Terminator
Cycle Sequencing Ready Reaction Kit with Ampli-7ag DNA polymerase FS
(Perkin-Elmer, Applied Biosystems Division, Foster City, Calif.)

PBP analysis. PBPs were analyzed by Michael Pucci at the Bristol-Myers
Squibb Pharmaceutical Research Institute by methods previously described (14).
Briefly, cell membrane protein samples were labeled with [H?]benzylpenicillin
(27.2 Ci/mmol; DuPont NEN, Boston, Mass.), resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, fixed, stained, and subjected to fluorography.

Susceptibility testing. MICs for S. aureus isolates were determined by the
broth microdilution method in cation-adjusted MHB in accordance with NCCLS
guidelines (13). MICs of vancomycin for isolates containing the multicopy plas-
mid encoding PBP4 (pJF3) were determined in the presence of chloramphenicol
(5 pg/ml). MIC determinations were performed in quadruplicate and read after
18 to 24 h of incubation at 35°C. Susceptibility to vancomycin was also deter-
mined by the E-test method (AB Biodisk, Dammartin sur Tigeaux, France)
performed in accordance with the manufacturer’s recommendations, except that
BHI agar was used in addition to MHA.

EOP. Phenotypic expression of vancomycin resistance was determined by the
efficiency-of-plating (EOP) procedure described by Hackbarth et al. (6), except
that vancomycin was used instead of methicillin.

Analysis of muropeptide composition. Isolated cell walls were prepared by the
method of Stranden as described previously (25). Lyophilized peptidoglycan was
digested with mutanolysin (Sigma), and the resulting muropeptides were reduced

to their muramitol derivatives. Separation of muropeptides was achieved by
reversed-phase high-pressure liquid chromatography (HPLC) using a Hewlett-
Packard 1100 series system. Samples were applied to a Beckman octyldecyl silane
column (4.5 by 250 mm) protected by a Altex Ultrasphere- octyldecyl silane
precolumn (4.6 by 4.5 mm). The column was eluted with a methanol-NaH,PO,
gradient as previously described (24). Muropeptides were detected at 206 nm.
The degree of cross-linking of muropeptides was calculated as described by
Stranden et al. (25) by the formula 0.5 X muropeptide dimers (%) + 0.67 X
muropeptide trimers (%) + 0.9 X muropeptide oligomers (%).

Generation of passage-derived mutants. Three methicillin-resistant non-VISA
isolates (N315, 450M, and COL) were grown in broth containing no antibiotic to
stationary phase. An inoculating loop (10 wl) of each culture was streaked onto
vancomycin-containing MHA gradient plates (0 to 8 pg of vancomycin/ml).
Gradient plates were incubated overnight at 37°C. Colonies growing on the
highest concentration of vancomycin were picked and grown in broth containing
a similar vancomycin concentration. This procedure was repeated until mutants
with stable vancomycin MICs of 8 to 16 ug/ml were obtained for each isolate.

RESULTS

PBP analysis of VISA isolates. PBP analysis, performed on
four clinical VISA isolates and vancomycin-susceptible ORSA
isolate 450M (Fig. 1), revealed no or greatly reduced PBP4-
binding activity, as assessed by the ability of proteins to bind
radiolabeled penicillin, in three of the VISA isolates (HIP5827,
HIP5836, and HIP6297). Pre-VISA isolate Mu3 had PBP4
activity. Its intermediately vancomycin-susceptible counter-
part, Mu50, had detectable but decreased activity compared to
that of Mu3. In addition, each of the VISA isolates was grown
in vancomycin prior to PBP analysis and no change in PBP4
activity was detected. An additional five vancomycin-suscepti-
ble ORSA isolates have been examined during the course of
other studies, and all have been shown to have detectable
PBP4 (data not shown).

PBP4 after passage of VISA isolates in vitro. Three methicillin-
resistant non-VISA isolates (COL, RN450M, and N315) were
passaged on vancomycin-containing agar until isolates with stable
MIC:s of 8 to 16 pwg/ml were produced. None of the three passage-
derived isolates, COLVR, RN450MVR, and N315VR, had any
difference in PBP4 activity from that seen in the parent.

pbp4 nucleotide sequence in VISA isolates. The pbp4 struc-
tural gene was sequenced in four clinical VISA (HIP5836,
HIP5827, HIP6297, and Mu50) and four vancomycin-suscep-
tible, oxacillin-resistant S. aureus (RN450M, 27619, N315, and
Mu3) isolates. The predicted amino acid sequences of the pbp4
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FIG. 1. PBP profiles in the presence and absence of vancomycin.
Lanes: 1, RN450M without vancomycin; 2, HIP5827 with vancomy-
cin; 3, HIP5827 without vancomycin; 4, HIP5836 with vancomycin; 5,
HIP5836 without vancomycin; 6, Mu50 with vancomycin; 7, Mu50 with-
out vancomycin; 8, Mu3 with vancomycin; 9, Mu3 without vancomycin.

structural gene were identical among all of the isolates except
RN450M, which differed by one amino acid, 409,_. (Table
2). Comparison of the four clinical VISA isolates (Mu50,
HIP5836, HIP5827, and HIP6297) and three vancomycin-sus-
ceptible isolates (27169, N315, and Mu3) to the previously
published sequences of pbp4 demonstrated a two-amino-acid
difference from BB938-32 (accession number CAA62899.1),
234,,_,; and 409, _.; a two-amino-acid difference from 8325-4
(accession number CAA62899.1), 200, _,, and 409,_,r; and a
two-amino-acid difference from SG511-55 (accession number
CAA60581.1), 251, 5 and 3755_,g. None of these amino acid
polymorphisms involved known functional motifs or the three
predicted penicillin-binding motifs of PBP4. The nucleotide
sequence of the 419-bp promoter-operator region 5’ to the
start of the pbp4 structural gene was the same among all four
VISA isolates (HIP5836, HIP5827, HIP6297, and Mu50), four
vancomycin-susceptible S. aureus isolates (RN450M, 27619,
N315, and Mu3), and the published sequences of BB938-32
(accession number X91786) and 8325-4 (accession number
U29454) but differed from the published sequence of SG511-
55 (accession number X87104) by 12 bases.
Complementation of pbp4 in VISA isolates. The entire pbp4
gene and 476 bases upstream of the pbp4 translation start site
were ligated into an E. coli-staphylococcus shuttle plasmid that
replicates in high copy in S. aureus. The resulting plasmid,

TABLE 2. Amino acid polymorphisms in PBP4
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FIG. 2. PBP profiles of control strains RN4220 (lane 1), RN4220/
pJE3 (lane 2), and RN450M (lane 3) and VISA isolates Mu3 (lane 4),
Mu3/pJF3 (lane 5), Mu50 (lane 6), Mu50/pJF3 (lane 7), HIP6297 (lane
8), HIP6297/pJF3 (lane 9), HIP 5836 (lane 10), HIP5836/pJF3 (lane
11), HIP5827 (lane 12), and HIP5827/pJF3 (lane 13).

designated pJF3, was transformed into each of the VISA iso-
lates, and expression of PBP4 was confirmed by PBP analysis
(Fig. 2.). All of the VISA isolates showed detectable PBP4 in
radiolabeled penicillin-binding assays after transformation by
pJF3. Despite the absence of detectable PBP4 among VISA
isolates in penicillin-binding assays, Northern analysis demon-
strated similar pbp4 transcript levels (data not shown) for both
VISA (HIP5827, HIP5836, HIP6297, and Mu50) and vanco-
mycin-susceptible isolates (RN450M, 27619, and Mu3). VISA
isolates transformed with high-copy plasmid pJF3 demon-
strated large increases in PBP4 transcripts (data not shown).

Determination of vancomycin susceptibilities of pbp4-com-
plemented VISA isolates. MICs, determined by broth microdi-
lution, were decreased for all of the VISA isolates containing
plasmid-encoded pbp4 (Table 3) from threefold to almost four-
fold (HIP5827). All strains had no change in vancomycin sus-
ceptibility with the plasmid vector alone (pRN5543). COL,
RN450M, and Mu3, strains with detectable PBP4 activity,
showed no vancomycin MIC change when pbp4 was introduced
on a high-copy plasmid (pJF3). Loss of the plasmid restored
the parental vancomycin susceptibility to each of the comple-
mented VISA isolates.

TABLE 3. Effect of PBP4 overproduction on
vancomycin susceptibility

Vancomycin MIC (ug/ml)”

Strain or Broth microdilution” E-test
Amino acid at position: isolate
Strain Parent Parent +  Parent + Parent Parent +  Parent +
200 234 409 pJF3(pbp4) pRN5543 pIF3(pbp4) pRNS5543
BBY38-32 R L T RN450M 2 2 2 2 2 2
COL R L T Mu3 2 2 2 3 2 3
8325-4 A H T Mus50 6 3 6 8 3 8
RN450M R H T HIPS827 12 3 12 12 4 12
N315 R H A HIP5836 8 2 8 8 6 8
HIP 5836 R H A HIP6297 6 3 6 6 3 6
HIP 5827 R H A
HIP 6297 R H A “ Microdilution MICs were determined at 1-pg/ml increments of vancomycin.
Mu50 R H A ® In order to keep pressure on plasmid pJF3, 5 g of chloramphenicol per ml

was also added. Failure to do so resulted in loss of the plasmid.
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FIG. 3. EOP curves for HIP5836 and HIP5827. Shown are num-
bers of S. aureus bacteria (in log,, CFU per milliliter) remaining on
plates containing various concentrations of vancomycin. Each parental
VISA isolate is represented as a solid square. Each parental VISA
isolate containing the cloning vector alone (pSK265) is represented as
a solid circle. Each VISA isolate expressing pbp4 on high-copy plasmid
pJF3 is represented as a solid diamond.

EOP experiments performed with two of the pbp4-comple-
mented VISA isolates (HIP5827 and HIP5836) showed a de-
crease in highly vancomycin-resistant subpopulations in com-
parison to the parent or the parent containing the plasmid
vector alone (Fig. 3).

Inactivation of PBP4 in vancomycin-susceptible ORSA.
pbp4 was stably inactivated by allelic replacement mutagenesis
in three vancomycin-susceptible isolates (N315, RN450M, and
COL). Inactivation of PBP4 was confirmed in all three isolates
by the absence of a band of the appropriate size in radiolabeled
penicillin-binding assays (data not shown). Allelic replacement
of pbp4 and secondary recombination to remove integrated
plasmid sequences were confirmed by PCR. Following pbp4
inactivation, the vancomycin MIC for neither N315 nor 450M
changed in broth microdilution testing using MHB in accor-
dance with NCCLS guidelines (Table 4). However, there were
discernible differences in the vancomycin susceptibilities of
N315 and RN450M using the vancomycin E-test on BHI agar.
Both N315 and RN450M demonstrated a reduction in vanco-
mycin susceptibility following pbp4 inactivation. For COL, the
vancomycin MIC increased from 2 to 4 pg/ml following pbp4
inactivation in broth microdilution testing and from 3 to 6
pg/ml in the E-test. Complementation of all three strains with
pbp4 inactivated with the high-copy plasmid encoding pbp4

TABLE 4. Effect of pbp4 inactivation on vancomycin susceptibility

Vancomycin MIC (pg/ml)*

Strain
Broth microdilution E-test
RN450M 2 2
RN450MAPBP4 2 3
RN450MAPBP4/pJF3? 2 2
N315 1 1
N315APBP4 1 3
N315APBP4/pJF3” 1 1
COL 2 3
COLAPBP4 4.0 6
COLAPBP4/pJF3° 2.0 3

“MICs were determined by the broth microdilution and E-test methods as
described in Materials and Methods.

® MIC determination was done in the presence of chloramphenicol (5 wg/ml)
to maintain pressure on pJF3.
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FIG. 4. EOP curves for pbp4 knockouts of COL and N315. Shown on
the y axis are the numbers of S. aureus bacteria (in log,, CFU per milli-
liter) remaining on the plates containing various concentrations of van-
comycin. Parent strains N315 and COL are represented by solid squares,
and their isogenic pbp4 knockouts are represented by solid circles.

(pJF3) restored the vancomycin susceptibility to that of the
parent strains. Subpopulations that were more highly resistant
to vancomycin, as determined by EOP, were seen in all three
strains following pbp4 inactivation. These subpopulations were
most pronounced for COL and COL with pbp4 inactivated
(Fig. 4). Inactivation of pbp4 was associated with a lower de-
gree of cross-linking of oligomeric muropeptides, as demon-
strated by cell wall analysis by HPLC (Fig. 5). The degrees
of cross-linking for COL, 450M, and N315 (78.46, 77.33, and
61.24%, respectively) were substantially decreased in these iso-
lates with pbp4 inactivated (65.06, 63.28, and 54.47%, respec-
tively). Complementation of COL with pbp4 inactivated with
high-copy plasmid pJF3 encoding pbp4 led to an increase in
muropeptide cross-linking (Fig. 5C). The percentage of cross-
linked muropeptide stem peptides increased from 65.06% in
COL with pbp4 inactivated to 70.10% following transformation
with pJF3 encoding pbp4. Finally, pbp4 inactivation was asso-
ciated with a greater ability to develop higher levels of vanco-
mycin resistance. Following overnight incubation in vancomy-
cin (1 pg/ml), COL with pbp4 inactivated demonstrated a
greater proportion of cells able to grow on higher levels of van-
comycin in comparison to its parent with intact pbp4 (Fig. 6).

DISCUSSION

PBP4 is the only demonstrated LMW PBP present in S. aureus.
(26). In vitro studies have demonstrated that PBP4 has DD-
carboxypeptidase, transpeptidase, and B-lactamase activities (12).
The extent to which these activities are expressed in vivo is spec-
ulative (8, 23, 25). Unlike LMW PBPs of other bacteria that are
predominately carboxypeptidases, several lines of evidence indi-
cate that PBP4 in S. aureus functions primarily as a secondary
transpeptidase and has little or no in vivo DD-carboxypepti-
dase activity. First, the high level of cross-linking seen in the S.
aureus cell wall makes extensive carboxypeptidase activity un-
likely. Increased carboxypeptidase activity decreases cell wall
cross-linking due to loss of the free pD-Ala—D-Ala termini nec-
essary for transpeptidation. Second, a mutant lacking PBP4 has
been shown to have a cell wall with fewer cross-links, indicating
decreased transpeptidation (19). In our own experiments, in-
activation of PBP4 by allelic mutagenesis in three ORSA iso-
lates (450M, N315, and COL) resulted in a lower degree of
cross-linking, as demonstrated by HPLC analysis of muropep-
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FIG. 5. Analysis of peptidoglycan from S. aureus COL (A), COL with pbp4 inactivated following allelic mutagenesis (B), and COL with pbp4
inactivated complemented with pJF3 (C) by reverse-phase HPLC. COL with pbp4 inactivated demonstrates a lower degree of muropeptide cross-linking,
as evidenced by the lower number of oligomeric muropeptides at the end of the chromatogram. Complementation of the inactivated pbp4 gene with pJF3
leads to a higher degree of cross-linking, as evidenced by the increase in trimers and oligomers in panel C. mAU, milliabsorption units.

tides. Third, a mutant that overproduces PBP4 has been shown
to have a more highly cross-linked cell wall than its parent (7),
suggesting increased transpeptidation. Lastly, vancomycin-re-
sistant passage mutants that lack PBP4 activity have also been
shown to have a cell wall with decreased cross-linking (20).

In the present study, loss of PBP4 activity was a consistent
finding in clinical VISA isolates. This loss of activity was shown
to be directly related to vancomycin resistance by demonstrat-
ing a two- to threefold decrease in vancomycin resistance when
PBP4 activity was provided in trans on a high-copy plasmid.
Furthermore, pbp4 knockout mutants of vancomycin-sus-
ceptible strains COL, RN450M, and N315 had reduced sus-
ceptibility to vancomycin, as demonstrated by antimicrobial
susceptibility testing. Interestingly, the decrease in vancomycin
susceptibility was best demonstrated by the E-test using BHI
agar. Previous investigators have also noted an increase in the
detection of glycopeptide resistance using BHI-based media in
place of MHB-based media in vancomycin susceptibility test-
ing (1). pbp4 knockout mutants also demonstrated an increase
in the number of highly vancomycin-resistant subpopulations
compared to their parent strains with intact pbp4.

It is unclear how PBP4 activity is related to S. aureus van-
comycin susceptibility. Several investigators have suggested
that higher levels of resistance to vancomycin are associated
with thicker cell walls and a lower degree of cell wall cross-
linking, with more p-Ala-D-Ala-terminating cell wall muropep-
tides (5, 7). These changes could be caused by decreases in
PBP4 activity, reducing secondary transpeptidation. This may
allow greater vancomycin-binding capacity of the cell wall.
Increases in the vancomycin-binding capacity of cell walls have
been proposed to occur through three possible mechanisms.
First, vancomycin could be bound throughout the cell wall due
to increases in the entire cell wall mass. Second, a thicker cell
wall could lead to greater binding along the entire periphery of
the cell wall. Finally, greater binding of vancomycin at the
periphery could lead to reduced passage of additional vanco-
mycin molecules to the interior due to steric hindrance by the
large vancomycin complex. However, it is unlikely that the
vancomycin-binding capacity of cell walls is the sole explana-
tion for decreases in vancomycin susceptibility. Previous stud-
ies with passage-derived glycopeptide-resistant mutants have
shown that the vancomycin-binding capacity of cell walls cor-
relates poorly with vancomycin MICs (16, 21).

Loss of PBP4 activity in association with higher levels of

vancomycin resistance has been reported previously in pas-
sage-derived mutant VM (19, 22). However, several important
differences between this laboratory-derived passage mutant
and clinical VISA isolates should be noted. Most importantly,
there is a large difference between the level of vancomycin
resistance seen in clinical VISA isolates (vancomycin MIC, 8
pg/ml) and that seen in VM (vancomycin MIC, 100 pg/ml).
During passage to high-level resistance to vancomycin, mutant
VM gradually lost PBP4 activity, as measured by radiolabeled
penicillin binding (22). Complete loss of detectable PBP4-binding
activity was not seen until a vancomycin MIC of 50 pg/ml. The
loss of detectable PBP4-binding activity at this level was associ-
ated with a mutation of the structural pbp4 gene causing prema-
ture translational termination (19). Similarly, the three strains for

6pg/ml

1 2 3 4

FIG. 6. Vancomycin gradient plate of COL and COLApbp4 before
and after overnight exposure to vancomycin at 1 pg/ml. Lanes: 1, COL
with no exposure; 2, COL after overnight exposure to vancomycin; 3,
COLApbp4 with no exposure; 4, COLApbp4 after overnight exposure
to vancomycin.
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which the vancomycin MICs are similar to those for VISA isolates
(8 to 16 pg/ml) that we generated in the present study by labo-
ratory passage all still demonstrated detectable PBP4-binding ac-
tivity, a finding similar to that seen in the passage of VM. These
studies suggest that passage-derived VISA isolates may have fun-
damentally different mechanisms of acquired vancomycin resis-
tance than clinical VISA isolates. Since our data indicate that the
complete loss of PBP4 activity seen in all of the clinical VISA
isolates tested was not associated with changes in the structural
gene, the loss of PBP4 in the clinical VISA isolates appears to
be posttranscriptional in nature.

The factors responsible for transcriptional regulation of
pbp4 are unknown. Immediately 419 bp 5’ to pbp4 is a gene
with an unknown function that has an ATP-binding cassette
motif in its sequence, abcA. pbp4 and abcA are divergently
transcribed and have overlapping promoter regions. Previous
studies examining the role of abcA in the regulation of pbp4
have given conflicting results (4, 7). Berger-Béchi et al. found
that PBP4 overproduction had no effect on abcA transcription.
In that same study, it was also noted that a deletion in the
putative promoter region of abcA resulted in increased PBP4
production but no change in abcA transcription (8). These data
seemed to indicate the lack of a relationship between pbp4 and
abcA. However, Bayles et al. found a sevenfold increase in
pbp4 transcription in an abcA knockout mutant compared to
the parent with intact abcA (5). It is reasonable to assume that
two genes with overlapping and divergent regulatory sequences
are coordinately regulated and share a functional pathway. How-
ever, any regulatory hypothesis would have to account for the
observation that the PBP4 deficiency could be corrected and its
quantity could be increased by increasing the pbp4 gene dosage.

In summary, we have shown that detectable binding of ra-
diolabeled penicillin to PBP4 was not observed in any of the
clinical VISA strains we examined and both the quantity of
radiolabeled PBP4 and the susceptibility of VISA strains to
vancomycin were increased by providing the cloned gene on a
high-copy-number plasmid. These data suggest that loss of
detectable PBP4-binding activity, which appears to result in
less cell wall stem peptide cross-linking, is common to all
clinical VISA isolates and therefore is likely to be essential for
the development of this phenotype. Furthermore, since the
altered expression of PBP4 appears to be regulatory or post-
transcriptional in nature, finding the factor(s) responsible for
this defect may lead to the discovery of other molecules with
altered expression as a result of the VISA phenotype.
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