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Abstract

In addition to the four typical penicillin-binding proteins (PBPs),
a strain of heterogeneously methicillin-resistant Staphylococcus
aureus produced an extra 78-kD PBP (PBP 2a) that had a
low affinity for nafcillin and penicillin. Addition of nafcillin to
cultures of this strain caused a rapid increase in the amount
of this PBP in cell membranes. This increase occurred at
subinhibitory concentrations of drug within minutes of exposure,
and was blocked by inhibitors of protein and RNA synthesis.
This suggests that the synthesis of PBP 2a can be stimulated
by exposure to beta-lactam antibiotics. This process may, in
part, explain the heterogeneity in methicillin-resistant .S. aureus.

Introduction

Penicillin-binding proteins (PBPs)' are cell membrane-bound
enzymes that catalyze the terminal steps in bacterial cell wall
synthesis (1). Bacterial species may synthesize several PBPs,
each serving a different function (1-3). Because to some extent
one PBP can substitute for the function of another PBP,
probably not all are essential for cell growth (4, 5).

PBPs are the targets of beta-lactam antibiotics. These
antibiotics inhibit cell growth by binding covalently to the
active sites of essential PBPs (1, 4). Although deactivation by
beta-lactamase is the most common mechanism of resistance
to these drugs (6), mutational alteration resulting in low affinity
of target PBPs for beta-lactam antibiotics has been proposed
as another mechanism of resistance to these drugs in some
bacterial species (7-9), including strains of methicillin-resistant
Staphylococcus aureus (MRSA) (10-13). For some bacterial
strains this mechanism may be sufficient to explain the resis-
tance observed, but for strains of MRSA it cannot account for
their unique property of heterogeneous resistance (14, 15).
That is, within a culture the vast majority of cells are susceptible
and are killed at low concentrations of beta-lactam antibiotic,
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so that only one cell in 10°, for example, can survive exposure
to 50 ug/ml of methicillin.

When resistance is homogeneous in a strain of MRSA,
most cells can survive high concentrations of methicillin. Such
strains, in addition to the four PBPs typical of methicillin-
susceptible strains (16), contain an additional’78-kD PBP, PBP
2a, that seems to be the biochemical correlate of resistance
(13). Interestingly, the same PBP 2a was also present in
heterogeneously resistant strains of MRSA in quantities suffi-
cient to be detectible by fluorography (B. Hartman and A.
Tomasz, Phenotypic expression of methicillin resistance in
heterogeneous strains of Staphylococcus aureus, Abstract no.
5, 24th Interscience Conference on Antimicrobial Agents and
Chemotherapy, Washington, DC, Oct. 8-10, 1984). If acqui-
sition of PBP 2a were the only mechanism required for
methicillin-resistance, why is it that this PBP, which must be
present in most cells of heterogeneously resistant strains, only
protects a tiny subpopulation from being killed even at low
concentrations of methicillin or other beta-lactam antibiotic?

In an effort to answer this question, we studied the effect
of growth in medium containing nafcillin on the PBPs in a
strain of MRSA, 67-0, that is heterogeneous in expression of
resistance (17). Nafcillin was used for these experiments instead
of methicillin because of the superior stability of the former
antibiotic (18).

Methods

Strain 67-0. Strain 67-0 was originally isolated from a patient at San
Francisco General Hospital Medical Center and produced beta-lacta-
mase. The strain was cured of its plasmid encoding for beta-lactamase
by treatment with ethidium bromide (19). After this treatment, a
culture from several clones, confirmed to be free of beta-lactamase by
the nitrocephin test (Glaxo Research, Ltd., Greenford, England) (20),
was frozen in stock vials at —70°C. Quantitative subculture of strain
67-0 into tryptic soy agar (TSA) and TSA containing 50 ug/ml of
nafcillin revealed that only one out of 10° cells could express high
level resistance.

Nafcillin selection of strain 67-NN. This strain was derived from
colonies of strain 67-0 that had survived two passages on TSA that
contained 50 ug/ml of nafcillin. This resulted in selection of organisms
from the subpopulation of 67-0 that could grow in the presence of
high concentrations of nafcillin. Quantitative subculture of strain 67-
NN on TSA and TSA containing 50 pg/ml of nafcillin revealed that
virtually all cells could express high level resistance, which was stable
for several subcultures (17). Strain 67-NN was also free of beta-
lactamase.

Susceptibility tests. The minimum inhibitory concentration (MIC)
was determined by macrotube dilution method (21) in tryptic soy
broth (TSB) (Difco Laboratories, Inc., Detroit, MI) at a concentration
of 2 X 10° colony-forming units (cfu)/ml and at 37°C.

The heterogeneity of strain 67-0 and its derivative, 67-NN, was
assessed by quantitative subculture from an overnight culture incubated
at 37°C. A volume of 0.1 ml from this broth culture or its serial
tenfold dilution was inoculated onto TSA containing one of several
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concentrations of nafcillin or no drug at all. After incubation for 72 h
at 37°C, colonies that grew were counted and the result was expressed
as log,o cfu/ml.

Preparation of cultures for PBP assay. For strain 67-0, colonies
picked from drug-free TSA were inoculated into 2 ml of TSB, which
was incubated at 37°C. The next day 0.5 ml of this culture was
inoculated into 100 ml of fresh, prewarmed TSB, which was incubated
at 37°C in a Gyrotary shaking water bath (New Brunswick Scientific
Co., Inc., New Brunswick, NJ). The culture was harvested in the
midexponential phase of growth, measured by nephelometry (Coleman
Instruments, Oak Brook, IL), usually at a nephelos of 600 corresponding
to ~5 X 10® cfu/ml. To prepare samples for PBP assays, we collected
cells by centrifugation at 10,000 g for 10 min at 4°C and then
resuspended them in 1/100th the original volume of TSB or 10 mM
sodium phosphate buffer, pH 7.0. Samples in buffer were assayed for
protein to determing the protein content in paired samples in TSB.

For strain 67-NN, colonies were picked from TSA containing 50
ug/ml of nafcillin and were inoculated into 2 ml of TSB containing
10 ug/ml of nafcillin. After overnight incubation at 37°C, cells were
washed twice in fresh TSB to remove the nafcillin. The cells were
resuspended in the original volume of TSB and 0.5 ml was inoculated
into 100 ml prewarmed TSB, which was incubated and processed in
the same manner as cultures of 67-0.

Effect of pre-exposure to nafcillin on appearance of PBPs. Nafcillin
was added to an exponentially growing culture of either 67-0 or 67-
NN, usually at a cell concentration of ~2 X 10® cfu/ml. Both the
concentration of nafcillin and the duration of drug exposure varied.
Samples for PBP assay were prepared as described.

Assay of PBPs in whole cells. Samples, each of 25 ul of concentrated
whole cells, were assayed for PBPs in either of two ways. (a) In the
direct assay, 10 ug/ml (final concentration) of [*H]benzylpenicillin
(ethyl-piperidium salt, 25 Ci/mmol, [Merck, Sharp & Dohme, West
Point, PA]) was added and the sample was incubated at 37°C for 10
min. (b) In the competition assay, nafcillin, usually 10 pg/ml, was
added and the sample was incubated at 37°C, usually for 10 min; then
the [*H]benzylpenicillin ([*H]pen) was added. Subsequent steps were
identical for both assays.

The reaction was stopped by adding 5 ul of 50 mg/ml of nonra-
dioactive penicillin. The sample was placed in a boiling water bath for
3 min. Cells were lysed by incubation with 20 ul of 500 ug/ml
lysostaphin (Sigma Chemical Co., St. Louis, MO) and 100 ug/ml of
Streptomyces globisporus muramidase (Miles Laboratories, Inc., Elkhart,
IN) in 10 mM sodium phosphate buffer, pH 7.6, for 45 min. PBPs
were solubilized by addition of 40 ul of double strength sample buffer
(7). The sample was then heated in a boiling water bath for 3 min.
Paired samples, both in TSB and in buffer, but without the addition
of drug or sample buffer, were assayed for protein content by the
Lowry method (22). On the basis of this determination the protein
content per sample was adjusted to ~400 ug of cellular protein.

PBPs were separated by electrophoresis in an SDS polyacrylamide
slab gel (13, 23). The acrylamide-bis-acrylamide ratio was 5%/0.065%
in the stacking gel and 10%/0.13% in the separating gel. The potential
difference was 75 mV through the stacking gel and 115 mV through
the separating gel. Protein content was checked by Coomassie Blue
stain. PBPs were detected by scintillation fluorography on Kodak X-
Omat film (13, 24, 25). Binding of [*H]pen to PBPs, represented by
the density of the band on the fluorogram, was measured by Quick-
scan Junior densitometer (Helena Laboratories, Beaumont, TX). The
densitometer generated a curve, the area (expressed in arbitrary units)
under which is proportional to the band’s density.

Assay of PBPs in membrane preparations. Whole cells from 400
to 1,000 ml of TSB were harvested in the exponential phase of growth.
These were resuspended in 10 ml of 10 mM sodium phosphate buffer,
pH 7.6. Lysostaphin at a final concentration of 50 ug/ml; RNase
(Millipore Corp., Bedford, MA), 2.5 ug/ml; DNase (Millipore Corp.),
2.5 pg/ml; and MgCl,, 10 mM were added. After a 60-min incubation
at 37°C, debris and intact cells were removed by centrifugation at
7,000 g for 10 min at 4°C. The supernatant was recovered and the
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Table 1. Minimum Inhibitory Concentrations (ug/ml) for the
Parent Strain, 67-0, and its Derivative, 67-NN

Strain 67-O Strain 67-NN
Antibiotic 24 h 48 h 24 h 48 h
Penicillin 1 16 32 64
Nafcillin 4 256 256 256
Methicillin 8 512 >512 >512

membrane pellet was collected after centrifugation at 80,000 g for 20
min at 4°C. The pellet was washed once in buffer and resuspended in
fresh buffer to a final protein concentration of 4 mg/ml.

200-ug samples of protein in 50 ul were dispensed into borosilicate
tubes. Both direct and competition assays were performed, as described
above. PBPs were solubilized in 25 ul of double strength buffer and
the sample was placed in a boiling water bath for 3 min.

Results

Susceptibility tests. Susceptibility tests confirmed that treatment
with ethidium bromide had not affected the resistance of this
strain to methicillin and other beta-lactam antibiotics. As is
typical for heterogeneous strains of MRSA, MICs for 67-0
were higher when interpreted at 48 h than at 24 h (Table I)
(26). MICs of strain 67-NN interpreted at 24 h were approxi-
mately the same as the values for 67-0 at 48 h.

Quantitative subculture of strain 67-0 onto TSA containing
nafcillin showed its heterogeneous pattern of resistance (Fig.
1). Most cells were killed upon exposure to 1.0 ug/ml of
nafcillin (survival of one in 1,000) and only one in 10° survived
100 ug/ml of nafcillin. In contrast, strain 67-NN was homo-
geneous in its resistance: all cells survived until the concentra-
tion of 100 ug/ml of nafcillin, at which point survival dropped
sharply.

These properties are characteristic for heterogeneous resis-
tance and have been attributed to the presence within the total
population of two subpopulations (14, 15): a methicillin-
susceptible population representing the vast majority of cells
and a very small population (in the case of 67-0, one in 10°

Surviving Organisms (log,q per ml)
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Figure 1. Effect of nafcillin on survival in strains 67-0 (0) and 67-NN
(a). An overnight culture incubated at 37°C was quantitatively sub-
cultured onto TSA containing increasing concentrations of nafcillin.
After incubation at 37°C for 72 h, the number of organisms surviv-
ing was determined by colony count.



cells) of highly resistant cells. By treatment of such a culture
with a beta-lactam antibiotic, susceptible organisms are killed
and the highly resistant subpopulation is selected out. Strain
67-NN is derived from this very minor subpopulation in 67-0
and represents a homogeneous population of highly methicillin-
resistant cells. '

PBPs of strains 67-0 and 67-NN. Other investigators have
reported that homogeneously resistant strains of MRSA, in
which all the cells are highly resistant, contain an extra PBP
(PBP 2a) with a low affinity for beta-lactam antibiotics (10—
13). Surprisingly, in a recent study, PBP 2a was also detected
in cells from heterogeneously resistant strains (B. Hartman
and A. Tomasz, see abstract reference in Introduction), in
which most cells were susceptible to methicillin. This obser-
vation was confirmed for strain 67-0, which is also heteroge-
neously resistant to methicillin.

Fluorograms of PBPs from cells of either strain 67-0 or
67-NN, grown to exponential phase in TSB and directly
labeled with [*H]pen, were identical (Fig. 2, lanes a and b),
and both were characteristic of the pattern of four normal
PBPs reported for methicillin-susceptible S. aureus (16). In
this pair of strains, no extra band indicative of PBP 2a was
detected by this direct assay technique.

The PBP assay was then repeated for strain 67-NN, but
this time 10 pg/ml of nafcillin was added to the exponentially
growing culture for 90 min. In the fluorograms of the assay of
this sample, a dark band indistinguishable from PBP 2a (13)
appeared between the positions of PBP 2 and PBP 3 (Fig. 2,
lane ¢).

The molecular weight of PBP 2a is close to that of PBP 2
and possibly it was “hidden” by the latter under the assay
conditions illustrated in lanes a and b of Fig. 2. To evaluate
this possibility, the PBPs of strain 67-0 and 67-NN were
reassayed, both directly and in a nafcillin competition assay,
in which samples were preincubated for 10 min with 10 ug/
ml of nafcillin, before the [*H]pen was added (see Methods).
PBPs 1, 2, and 3 are saturated at this concentration of nafcillin

a b-C

Figure 2. Fluorogram of direct PBP assay in whole cells. PBPs are
labeled 1 through 4. Lane a is from a sample of strain 67-0 grown in
TSB at 37°C; lane b is from strain 67-NN grown in TSB. Lane c is
from 67-NN in TSB to which 10 ug/ml of nafcillin was added for 90
min during the exponential growth phase. Cells were labeled for 10
min with 10 gg/ml of [*H]pen at 37°C.

(10-13, 16) and cannot bind [*H]pen that is added after the
nafcillin, and therefore these PBPs will not be visualized in
the fluorogram. A low affinity PBP should not bind nafcillin
at this concentration, should remain free to bind [*H]pen and,
therefore, should be detectable by fluorography. The results of
this experiment are shown in Fig. 3.

After competition assay, a faint band corresponding to that
of PBP 2a was visible in the fluorogram from samples of both
67-0 (Fig. 3, lane b) and 67-NN (Fig. 3, lane d). Although
PBP 2a is clearly detectable by this method, its intensity was
much less than that seen in lane c of Fig. 2.

In the next experiment, the culture of 67-NN was prepared
by the addition of 10 ug/ml of nafcillin to the growing cells
and PBPs were assayed both directly and by competition assay
(i.e., 10 min with nafcillin, followed by [*H]pen). An intense,
dark band was again seen between the position of the bands
corresponding to PBPs 2 and 3 (Fig. 3, lanes e and f).

PBPs 1, 2, 3, and 4 seemed to disappear (Fig. 3, lanes b,
d, e, and f) when nafcillin was added either during the
competition assay or to the growing culture. These PBPs,
although present, had been saturated by nafcillin, rendering
them unavailable for binding radiolabeled [*H]pen and, there-
fore, undetectable by fluorography.

The fact that both the relatively susceptible strain 67-0 and
the resistant strain 67-NN contained similarly small amounts
of PBP 2a when grown in the absence of nafcillin suggested
that 67-NN was not merely an overproducer of PBP 2a. It
seemed that only in the presence of nafcillin were large
amounts of PBP 2a detectable in strain 67-NN. Several exper-
iments were done to test the mechanism of this effect.

Exposure of strain 67-NN to a subinhibitory concentration
of nafcillin showed that growth for 90 min in TSB containing
0.25 pg/ml of drug (generation time of 37 min for 67-NN)
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Figure 3. Fluorogram of direct and competition assays for PBPs in
whole cells. PBPs are labeled 1 through 4. Lanes a and b are assays
of strain 67-0 grown in TSB: (q) direct assay with 10 ug/ml of
[*H]pen for 10 min; (b) competition assay with 10 ug/ml of nafcillin
added to the sample 10 min before [*H]pen. Lanes ¢ (direct assay)
and d (competition assay) are samples of strain 67-NN grown in
TSB. Lanes e (direct) and f (competition) are samples from culture of
strain 67-NN to which 10 ug/ml of nafcillin was added for 90 min
during the exponential phase of growth.
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Figure 4. Fluorogram of direct (first lane in each set) and competi-
tion (second lane in each set) PBP assays of whole cells of strain 67-
NN grown in TSB containing no nafcillin (0), 0.25 ug/ml of nafcillin
for 90 min, 10 ug/ml of nafcillin for 10 min, and 10 ug/ml of

typically resulted in a twofold increase in the amount of PBP
2a compared to untreated samples (generation time of 36 min)
(Fig. 4). When cells were grown for 10 min in TSB containing
10 pg/ml of nafcillin (generation time of 49 min), a similar
increase was observed.

Drugs inhibiting protein synthesis at the ribosome blocked
the increase in density for PBP 2a. Addition of 50 ug/ml of
chloramphenicol or 5 ug/ml of tetracycline to a culture of 67-
NN 10 min before nafcillin was added prevented the increased
density for PBP 2a observed for samples grown in nafcillin
alone (Table II). The addition of these drugs to cells after 10
ug/ml of nafcillin had been added for 30 min diminished the
band density compared to assays of cells exposed only to
nafcillin; the longer the exposure to inhibitors, the less intense
the band. Rifampin, a drug that inhibits protein synthesis by
blocking DNA-dependent RNA polymerase, had an effect on
PBP 2a similar to the other two drugs.

The removal of nafcillin from the culture of strain 67-NN
diminished the amount of PBP 2a present. After back-dilution
of a culture, previously grown for 90 min in 10 ug/ml of
nafcillin, into TSB free of drug, within six generations the
amount of PBP 2a in these cells was the same as that in
unexposed cells (Fig. 5). The appearance of large amounts of
PBP 2a in cells appeared to account for the high level of
resistance expressed by strain 67-NN. The differences in affinity
for nafcillin between PBP 2 and PBP 2a are striking (Fig. 6).
For strain 67-NN grown in 10 ug/ml of nafcillin for 60 min,
incubation of samples for 10 min at concentrations up to 100
ug/ml of nafcillin in competition assays caused a 50% or less
decrease in the density of PBP 2a. Complete elimination of
the band occurred at 600 ug/ml of nafcillin, the same concen-
tration that in TSA permitted no colony formation. When
nonradioactive penicillin instead of nafcillin was added to
similar samples in a competition assay, the results were the
same at approximately Y, the concentration of nafcillin (data
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~4

nafcillin for 90 min. Direct assays were performed with 10 ug/ml of
[*H]pen. Competition assays were performed with 10 ug/ml of nafcil-
lin for 3 min, instead of the usual 10 min.

not shown). In contrast, for cells grown in drug-free TSB, the
density of the band at this position was due almost entirely to
PBP 2 and was eliminated by 1 ug/ml of nafcillin, a concen-
tration close to the MIC of the susceptible cells.

Rapid appearance of large amounts of PBP 2a in cells

Table II. Percent Density of PBP 2a in Fluorograms
Jor Competition PBP Assays for Strain 67-NN
After Treatment by Inhibitors of Protein Synthesis*

Inhibitor
Chloram- Tetra-
Treatment} None phenicol cycline Rifampin
50 ug/ml 5 ng/ml 5 ug/ml
Untreated 38 — —_ —
Nafcillin alone 100 — — —
Inhibitor for 10 min,
then nafcillin — 16 11 9
Nafcillin, then
inhibitor for 10
min —_ 69 71 85
Nafcillin, then
inhibitor for 30
min — 43 27 65

* Values shown are the percent density of PBP 2a in cells after treatment com-
pared with that of PBP 2a in assays of cells grown for 30 min in TSB contain-
ing 10 pg/ml of nafcillin.

$ At a cell density of ~2 X 10® cfu/ml an exponentially growing culture of 67-
NN was split into 100-ml volumes. The untreated culture was harvested 30
min later. The nafcillin-treated culture was harvested 30 min after the addition
of 10 ug/ml of nafcillin to the cul For cul d with both nafcillin
and inhibitor, either the inhibitor was added 10 min before the nafcillin, 10 ug/
ml, for 30 min and then the cells were harvested; or the inhibitor was added
after the 30 min nafcillin treatment, and then the cells were harvested both 10
min and 30 min later.
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Figure 5. Fluorogram of direct and competition PBP assays of strain
67-NN before, during, and after nafcillin exposure. Lanes a (direct)
and b (competition, 10 ug/ml of nafcillin) are samples from a culture
grown in TSB at 37°C. Lanes c (direct) and d (competition) are from
a culture grown for 90 min in TSB to which 10 ug/ml of nafcillin
was added. Lanes e (direct) and f (competition) are samples from a
subculture of the culture from which samples for ¢ and d were
obtained, that was back-diluted into nafcillin-free TSB and harvested
after six generations of growth.

highly resistant to nafcillin compared with cells relatively
susceptible to nafcillin might be the explanation for the
heterogeneous resistance of this strain to this and other beta-
lactam antibiotics. To evaluate this possibility, we studied the
early effect of nafcillin upon the growth both of strain 67-0
and strain 67-NN (Fig. 7). During the first 30 min of exposure
to nafcillin, the effect on each culture was similar: growth
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Figure 6. Density of PBP 23 as percent of control in fluorograms of
samples of whole cells of strain 67-NN grown either in TSB free of
nafcillin (a) or for 60 min in TSB containing 10 ug/ml of nafcillin
(a). Samples were incubated for 10 min at each of several concentra-
tions of nafcillin, then with 10 ug/ml of [*H]pen for 10 min. Density
was measured and the result expressed as the percent of density of
band corresponding to PBP 2 and PBP 2a present in control samples

incubated only with [*H]pen.
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Figure 7. Effect of 10 ug/ml of nafcillin upon growth of strains 67-0
(o) and 67-NN (a). Nafcillin was added at 0 min to 100 ml cultures
in TSB incubated at 37°C in a shaking water bath. Growth was
determined both by nephelometry and by numbers of surviving
organisms per milliliter measured by quantitative subculture

onto TSA.

continued at similar rates when measured by nephelometry;
viable counts did not change. During the second 30-min
interval, viable counts for strain 67-NN began to increase, but
were still unchanged for strain 67-0. In subsequent intervals,
cells of 67-0 began to die, while those of 67-NN continued to
grow.

The amounts of PBP 2a present in cells of both strains
exposed to nafcillin for 30 and 60 min were determined to see
if these corresponded to the pattern of growth. Fluorograms
of PBP assays of membranes of strain 67-0 showed that, like
the derived strain 67-NN, the density of the band corresponding
to PBP 2a was increased by growth in nafcillin (Fig. 8, top).
Thus, the amounts of PBP 2a produced in strain 67-0 pre-
exposed to nafcillin were significantly less both at 30 min and
at 60 min than for stain 67-NN (Table III).

The bottom panel of Fig. 8 is a photograph of a Coomassie
Blue-stained gel from one of the four sets of membrane
preparations. The band indicated by the arrows is superimpos-
able onto the band for PBP 2a in fluorograms. In this set and
in all others, the dark staining of the protein band at the
position of PBP 2a shows that PBP 2a is a major membrane
protein of cells exposed to nafcillin (lanes ¢ and d). No such
band is detectable in membranes of cells grown in drug-free
broth (lanes a and b). No changes are apparent in any other
protein bands.

Discussion

These experiments provide further evidence that PBP 2a
mediates methicillin resistance in strains of S. aureus. PBP 2a
has been detected only in resistant strains (10, 11, 13, 16). It
is absent or unavailable for binding when cells are grown in
broth of pH 5.2 (13), a condition that suppresses expression
of resistance. Relatively small amounts of PBP 2a are present
in the membrane of the heterogeneous strain 67-0. Furthermore,
PBP 2a saturates at approximately the same concentrations of
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Figure 8. Typical fluorogram (4) and photograph from the stained
gel (B) of competition PBP assays of membranes prepared from
strain 67-0 grown in TSB (a) and TSB containing 10 ug/ml of
nafcillin for 30 min (c); and from 67-NN grown in TSB (b) and TSB
containing 10 ug/ml of nafcillin for 30 min (d). 5 ml from an
overnight culture was inoculated into 1,200 ml of TSB at 37°C. At
nephelos 400 the culture was divided into 400- and 800-ml volumes;
10 ug/ml of nafcillin was added to the latter. The untreated culture
was harvested 60 min later. Half of the treated culture was harvested
after 30 min and half after 60 min. Membranes were prepared as
described in Methods and the protein content, which was checked in
duplicate by the Lowry method, was adjusted to 200 ug in a volume
of 50 pl. Nafcillin, 10 ug/ml, for 10 min was used in these competi-
tion assays. Arrows indicate the position of PBP 2a in the Coomassie
Blue-stained gel.

beta-lactam antibiotics that inhibit cells when resistance is
maximally expressed (10, 13).

These experiments also showed that nafcillin caused growing
cells to increase substantially the amount of PBP 2a in the
membrane. Cells grown in sub-MIC concentrations of nafcillin
produced more PBP 2a than cells grown in drug-free broth,
and this effect was independent of the generation times.
Removal of nafcillin was followed by a return of PBP 2a to
baseline levels. The effect required both ongoing DNA tran-
scription and new protein synthesis, because inhibition of
either, before or after nafcillin was added, blocked the appear-
ance of PBP 2a. The Coomassie Blue staining of gels from
membrane preparations of cells exposed to nafcillin showed
one clear difference from unexposed cells: the exposed cells
produced large amounts of a darkly staining protein at the
same position where PBP 2a was found. No such band
occurred in unexposed cells.

As a possible explanation of the above observations, we
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suggest that nafcillin, either directly or indirectly, induces
increased synthesis of PBP 2a. Induction by a beta-lactam
antibiotic of either a normal or an altered PBP has not been
described for any bacterial species. The only related examples
are induction of beta-lactamases, proteins possibly related to
PBPs (27), and, in certain species of Gram-negative rods,
induction of a protein or proteins (28) that may trap beta-
lactam antibiotics in the periplasmic space and thereby reduce
their access to the target site (29). Our observations described
in this report seem to represent a fundamentally different
process, since the affinity of PBP 2a for beta-lactam antibiotics
is low, not high; and this protein is membrane-bound, not
secreted.

According to the current model of action of beta-lactam
antibiotics (1), intracellular concentrations of drug are negligible
and the physiological effects of these drugs are caused by
interactions with PBPs. Thus, it is likely that the observed
effect of nafcillin (and penicillin) on PBP 2a is also mediated
via some interaction with PBPs. Such an interaction with the
beta-lactam antibiotic would invoke a novel role for PBPs in
transmission across the cell membrane of a regulatory signal
leading eventually to increased amounts of PBP 2a.

Our observations may represent a novel aspect of the
mechanism for heterogeneous resistance in MRSA. Data in
Table III suggest that the relatively methicillin-susceptible cells
of strain 67-0 are killed by beta-lactam antibiotics because
nafcillin-stimulated production of PBP 2a may be inadequate
to provide sufficient numbers of copies of PBP 2a to allow
continued cell wall synthesis in the presence of antibiotic.

On the other hand, in the resistant fraction of cells (rep-
resented by strain 67-NN), production of PBP 2a occurs faster,
providing sufficient copy number even at high concentrations
of drug that saturate other PBPs. Inspection of the data in
Table III shows that for strain 67-0, the incremental increase
in PBP 2a was 59% after 30 min and 68% after 60 min in
medium that contained nafcillin. In contrast, for 67-NN the
incremental increases were 160% and 242%, respectively. Thus,
the basic difference between phenotypically susceptible (majority
population) and resistant (minority population) cells might be
in the regulation of the rate of transcription or translation of
the structural gene for PBP 2a. Further studies are needed to
test this hypothesis and to clarify the exact mechanisms by
which exposure to nafcillin and related drugs results in the
increased cellular concentration of PBP 2a.

Table I11. Densitometry Measurements of PBP 2a in Membrane
Preparations by Competition Assays with 10 ug/ml of Nafcillin*

Nafcillin exposuret

10 pg/ml, 10 pg/ml,
Source None 30 min 60 min
Strain 67-O 1,370+540 (4) 2,180+822 (4% 2,300+240 (3)"
Strain 67-NN 1,450+780 (4) 3,770+£630 (4)§ 4,960+780 (3)"

* Values are mean+SD.

 See Fig. 8 for details of these experiments. Parentheses indicate number of
membrane preparations assayed. )

§ P < 0.05 by ¢ test.

I P < 0.005 by 1 test.
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