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About 80% of methicillin- and cefazolin-resistant strains of Staphylococcus aureus isolated clinically in Japan
in 1982 retained their resistance even after elimination of penicillinase-encoding plasmids. The penicillin-
binding proteins (PBPs) of the penicillinase-free, methicillin- and cephem-resistant subclones of Staphylococcus
iureus (MRSA) were cotnpared with those of spontaneous susceptible revertants which had been obtained by

the replica method after 10 subcultures in drug-free media. A new PBP fraction (PBP2') having a molecular
weight of 78,000 and low binding affinities for various ,-lactam antibiotics was found in MRSA exclusively, The
levels of resistance of MRSA strains were reduced markedly by culturing them at 43°C or at pH 5.2 or both.
We found that the binding capacity of PBP2' for 14C-labeled penicillin G was decreased by preintubation of the
membrane fractions ofMRSA strains at 43°C for 60 min and that the amount of PBP2' in MRSA strains grown
at pH 5.2 was less than that the amount of PBP2' in MRSA strains grown at pH 7.0. Temperature- and
pH-dependent expression of resistance in MRSA is likely to reflect the temperature sensitivity and neutral
pH-dependent production of the specific PBP fraction (PBP2'). We suggest that MRSA strains can grow in the
presence of l-lactam antibiotics because of the low affinities of the specific PBP2' fraction for various ,I-lactam
antibiotics.

The isolation frequencies of strains of methicillin- and
cephem-resistant Staphylococcus aureus (MRSA) from clin-
ical specimens have been gradually increasing (3, 7, 8, 21).
These strains tend to be resistant to various ,B-lactam anti-
biotics, although the levels of resistance to each drug are
different. In particular, these organisms are highly resistant
to many of the expanded-spectrum cephem antibiotics with
few exceptions. This fact may be due to the wide clinical use
of semisynthetic penicillins and third-generation cephem
antibiotics which possess rather weak anti-staphylococcal
activity.

Methicillin-resistant strains of Staphylococcus aureus
were first reported in 1961 (15). These strains expressed
cross resistance to other P-lactam antibiotics (22), and the
resistance was intrinsic rather than due to penicillinase, as
penicillinase-free mutants of the methicillin-resistant strains
retained the resistance (9). Furthermore, the resistance was
unusual in that the cell populations were heterogeneous (24)
with respect to the levels of resistance in each cell. The
levels of resistance in MRSA strains were affected mnarkedly
by growth conditions; namely, the levels of resistance of
MRSA strains were higher at 30°C and pH 7.0 than at 43°C
and pH 5.2, respectively (1, 18-20). The levels of resistance
were also higher in media containing 5% NaCl than in
salt-free media (2).
The mechanism of methicillin and cephem resistance in

MRSA remained unanswered for a long time. Brown and
Reynolds (4) and Hayes and colleagues (14) reported de-
creased affinity of penicillin-binding protein 3 (PBP3) in one
strain of MRSA. In 1982 Georgopapadakou et al. (12)
published a paper dealing with the decreased production of
PBP3 and the low binding affinity of PBP2 in an oral
cephem-resistant Staphylococcus aureus strain. Yokota and
Sekiguchi (T. Yokota and R. Sekiguchi, Program Abstr.
Intersci. Conf. Antimicrob. Agents Chemother. 22nd, abstr.
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no. 342, 1982) reported that in addition to PBP1, PBP2,
PBP3, and PBP4 a new PBP fraction with molecular weight
of 78,000 appeared in two penicillinase-free MRSA strains
and that the new PBP fraction possessed low affinities for
various P-lactam antibiotics. In this paper we describe the
role of the specific PBP fraction in MRSA strains in relation
to temperature- and pH-dependent expression of resistance.

MATERIALS AND METHODS
Bacterial strains. We used 60 MRSA strains isolated

clinically from outpatients having primary infections (7, 8);
these strains were resistant to both methicillin and cefazolin
at concentrations of more than 25 ,ug/ml.

Elimination of penicillinase-encoding plasmids and prepa-
ration of spontaneous drug-susceptible revertants from
MRSA. MRSA strains were cultured at 44°C (16) in drug-free
L-broth overnight with shaking. Subcultures were streaked
onto plates containing drug-free heart infusion agar (HIA;
Eiken Chemical Co., Ltd., Tokyo, Japan), and penicillinase-
free subclones were selected by replica plating onto 14IA
plates with or without 10 jig of ampicillin per ml. The clones
were further confirmed to be free of penicillinase by the
nitrocefin color test (17).
The penicillinase-free MRSA clones were successively

subcultured in 10-ml portions of drug-free L-broth by using
an inoculum size of 105 CFU at 37°C with shaking overnight.
After 10 subcultures the cultures were diluted 105-fold with
fresh L-broth, and 0.1-ml portions of the diluted samples
were spread onto drug-free HIA plates; this was follwed by
incubation at 37°C overnight. Colonies grown on drug-free
HIA plates were replicated on HIA plates with and without
3.13 ,ug of methicillin per ml. After incubation at 37°C
overnight, colonies growing on drug-free agar plates but not
on methicillin-containing agar plates were selected and con-
firmed to be drug-susceptible spontaneous revertants.

Chemicals. Methicillin was obtained from Banyu Pharma-
ceutical Co., Ltd., Tokyo, Japan; ampicillin was obtained
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from Sankyo Co., Ltd., Tokyo, Japan; cefazolin was ob-
tained from Fujisawa Pharmaceutical Co., Ltd., Osaka,
Japan; and cefotaxime was obtained from Hoechst Japan
Ltd., Tokyo, Japan. "4C-labeled penicillin G (potassium
6-phenyl [1-'4C]acetamidopenicillanate; 54 mCi/mmol) and
nitrocefin were purchased from Amersham International
Plc., Buckinghamshire, United Kingdom, and Glaxo Labo-
ratories, Ltd., Greenford, United Kingdom, respectively.

Susceptibility test. Susceptibility testing of MRSA parent
strains, the penicillinase-free subclones, and the drug-
susceptible revertants with various 1-lactam antibiotics was
carried out by using the twofold plate dilution method and
Mueller-Hinton agar (Becton Dickinson and Co., Madison,
Wis.) on which one loopful of a 106-CFU/ml suspension of
the test bacterium was streaked, followed by incubation at
30, 37, or 43°C for 18 h.

Preparation of membrane fractions. Cells of penicillinase-
free MRSA subclones and their drug-susceptible spontane-
ous revertants were cultured overnight in 10 ml of L-broth
with shaking at 30, 37, or 43°C. The subcultures were
transferred into 200-ml portions of fresh L-broth in 500-ml
flasks and incubated in a shaking water bath at 30, 37, or
43°C until late logarithmic phase. The bacterial cells were
harvested by centrifugation in a refrigerated centrifuge at
6,000 x g for 15 min. The cells were suspended in 8 ml of 50
mM sodium phosphate buffer containing 10 mM MgCl2 and
disrupted by sonication 20 times at 10 kc for 30 s with 15-s
intervals in ice-cold water, followed by centrifugation at
3,000 x g for 15 min at 4°C. The clear supernatants were
centrifuged at 100,000 x g for 30 min at 4°C, and the
membrane fractions were washed once with 50 mM sodium
phosphate buffer containing 10 mM MgCl2 and suspended in
a small volume of the same buffer. Each membrane suspen-
sion was adjusted to a concentration of 8 mg of protein per
ml.

Analysis of PJ3Ps. The PBPs of Staphylococcus aureus
were analyzed by the method of Spratt (23), with some
modifications. Experiments to determine competitive bind-
ing of P-lactam antibiotics by the PBPs were performed by
preincubation of the membrane fractions with various non-
radioactive P-lactam antibiotics at 30°C for 10 min before the
addition of 4C-labeled penicillin G. After electrophoresis of
the samples in acrylamide slab gels, 2,5-diphenyloxazole
was incorporated into the gels, and the gels were dried in
vacuo; this was followed by exposure to X-ray film (Eastman
Kodak Co., Rochester, N.Y.) at -70°C for 14 days or more.
To achieve better separation of the Pl3Ps, a separating gel
consisting of 8% (wt/vol) monoacrylamide and 0.06% (wt/vol)
N,N'-methylenebisacrylamide (both from Seikagaku-kogyo
Co., Ltd., Tokyo, Japan) in 0.25 M Tris-hydrochloride buffer
(pH 8.8) (Sigma Chemical Co., St. Louis, Mo.) was used.
Fluorographs of the PBPs of MRSA strains were quantita-
tively analyzed with a densitometer (model CS-910;
Shimadzu Corp., Kyoto, Japan), when necessary.

RESULTS
Change in susceptibility to ,-lactam antibiotics in cefazolin-

resistant Staphylococcus aureus strains by elimination of
penicillinase-encoding plasmid. Penicillinase-free subclones
were obtained from 39 of 60 clinically isolated cefazolin-
resistant Staphylococcus aureus strains. Tests to determine
the susceptibilities of these subclones to 1-lactam antibiotics
were carried out at 37°C. The MICs of ampicillin, cefazolin,
and methicillin for 8 of 39 subclones were 0.05 ,ug/ml or less,
0.78 ,ug/ml or less, and 6.25 jxg/ml or less, respectively.
These MICs are similar to the values for the standard

susceptible strain of Staphylococcus aureus (strain FDA
209P). The restoration of susceptibility in these eight
subclones by elimination of plasmids suggests that resistance
in 20% of the strains was plasmid determined. In contrast, 31
subclones (80%) retained resistance, and the levels of resist-
ance of 20 subclones were not changed at all, even after
elimination of penicillinase-encoding plasmids. These results
indicate that the major part of the resistance of the cefazolin-
resistant Staphylococcus aureus strains used in this study
was intrinsic, whereas a small portion of the resistance of
these cefazolin-resistant Staphylococcus aureus strains de-
pended on a plasmid.

Preparation of drug-susceptible spontaneous revertants
from MRSA strains, A total of 31 penicillinase-free subclones
retaining resistance to methicillin were subcultured 10 times
in drug-free L-broth at 37°C overnight, and susceptible
spontaneous revertants were selected by replica plating at a
rate of 0.5 to 1.3% from the final subcultures in 6 of 31
subclones. The level of susceptibility of these revertants was
comparable to that of the susceptible standard strain of
Staphylococcus aureus (strain FDA 209P). No methicillin-
resistant cells appeared from the selected susceptible rever-
tants. Susceptible revertants were not obtained from the
remaining 25 penicillinase-free, methicillin-resistant strains
by this method. The proportion of susceptible cells in
different MRSA strains varied.

Specific profile of PBPs in MRSA strains and competition of
various j(-lactam antibiotics for the PBPs. The results of
fluorography of PBPs of MRSA strains and of their suscep-
tible revertants are compared in Fig. 1. All MRSA strains
tested (strains 6-1, 108-1, 123-1, and 228-1) possessed a
specific PBP fraction (PBP2') having a molecular weight of
78,000 in addition to possessing PBP2 and PBP3, which have
been reported to be essential PBPs for murein synthesis by
S. aureus and to be required for normal growth, and nones-
sential PBP1, PBP4, and minor components (5, 6, 11, 14, 26).
The susceptible revertants (strains 6-1-4, 108-1-1, 123-1-2,
and 228-1-1) were found to have lost PBP2'. The electropho-
retic mobilities of PBPs other than PBP2' in MRSA strains
were identical to those of the PBPs in susceptible revertants.
For a clear demonstration of the PBP2' fraction specific for
MRSA, we used a separating slab gel consisting of 8%
monoacrylamide and 0.06% N,N'-methylenebisacrylamide.
Otherwise, identification of PBP2' became difficult because
of overlapping with PBP2.
The results of fluorography to determine competition by

nonradioactive methicillin, cefazolin, and cefotaxime at con-
centrations of 25, 100, and 400 pug/ml for 14C-labeled penicil-
lin G binding to the PBPs of MRSA strain 123-1 are shown in
Fig. 2. All PBP fractions other than PBP2' were
outcompeted by relatively low concentrations (i.e., 25 ,ug or
more of a drug per ml). In particular, PBP1 and PBP3 were
fully saturated by 25 ,ug of methicillin per ml, 25 ,ug of
cefazolin per ml, and 25 ,ug cefotaxime per ml. PBP2 showed
a low binding affinity for methicillin, but it was saturated by
25 ,ug of cefazolin per ml and 25 ,ug of cefotaxime per ml. The
much lower binding affinity of the PBP2' fraction for 1-
lactam antibiotics compared with the other PBP fractions
was confirmed, as even 400 jig of methicillin per ml, 400 ,ug
of cefazolin per ml, and 400 ,ug of cefotaxime per ml did not
saturate it. The MICs of methicillin, cefazolin, and cefotax-
ime for MRSA strain 123-1 were 400, 200, and 400 jig/ml,
respectively, when the organism was tested at 37°C. The
reason why MRSA is resistant to 13-lactam antibiotics may
be the specific low binding affinity of the PBP2' fraction for
the drugs.
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FIG. 1. PBP profiles of penicillinase-free MRSA subclones 6-1, 108-1, 123-1, and 228-1, susceptible revertant strains 6-1-4, 108-141,
123-1-2, and 228-1-1, and standard susceptible strain FDA 209P. A new PBP fraction (PBP2') was present only in each MRSA strain between
PBP1 and PBP2. (R), Resistant strains; (5), susceptible strains.

Influence of culture temperature and pH on the levels of
resistance of MRSA strains. The levels of resistance of 22
penicillinase-free MRSA subclones were examined at 30, 37,
and 43°C by using Mueller-Hinton agar plates (pH 7.0). The
levels of resistance of the same subclones were also exam-
ined with the same medium adjusted to pH 7.0 and 5.2 at
37°C. The MICs of methicillin, cefazolin, and cefotaxime at
30, 37, and 43°C are shown in Fig. 3. As Fig. 3 shows, all of
the MRSA subclones were highly resistant at 30 and 37°C but
moderately susceptible at 43°C, as reported previously by
Annear (1) and Parker and Hewitt (18). The MICs of
methicillin for the MRSA strains ranged from 200 to 1,600
jig/ml at 30°C, from 25 to 1,600 ,ig/ml at 37°C, and from 3.13
to 50 ,ug/ml at 43°C. The levels of resistance of the subclones
to cefazolin and cefotaxime at 43°C were also lower.
The effect of pH on expression of resistance in MRSA

strains was more striking than the effect of temperature. The
effect of medium pH was most prominent in the MICs of
cefotaxime. The levels of resistance of MRSA strains to
cefotaxime ranged from 200 to 1,600 ,ug/ml at pH 7.0, but
varied at pH 5.2 to as low as 0.78 to 3.13 jig/ml. The
decreases in the MICs of cefotaxime for MRSA strains due
to a lowering of the medium pH were 256-fold or more. In
the same way the MICs of methicillin and cefazolin for the 22

MRSA subclones were decreased from 25 to 1,600 ,ug/ml
(methicillin) and 50 to 400 ,ug/ml (cefazolin) at pH 7.0 to 1.56
to 6.25 ,ug/ml (methicillin) and 0.39 to 1.56 ,ug/ml (cefazolin)
at pH 5.2. The influence of pH on the MICs of drug-
susceptible strains of Staphylococcus aureus was essentially
unchanged (20). These results indicate that recently isolated
MRSA strains manifested the same behaviors as those
reported previously (1, 18-20); i.e., the levels of resistance
were temperature and pH dependent.

Influence of temperature on the profile of PBPs in MRSA
strains. The relative amounts of every PBP fraction in
MRSA strains grown for 4 h at 43°C were compared with the
amounts in the same bacteria grown for 4 h at 30°C (Table 1).
The amounts of each PBP fraction were measured from the
fluorograms with a densitometer, and each value was ex-
pressed as the ratio of the density of PBPs prepared from the
MRSA cells grown at 43°C to the density of PBPs prepared
from the bacteria grown at 30°C. The penicillin-binding
capacities of PBP1, PBP2', and PBP2 in four penicillinase-
free MRSA subclones grown at 43°C were 70 to 80, 30 to 70,
and 60 to 80%, respectively, of the capacities of the PBPs in
the same strains grown at 30°C. The penicillin-binding ca-
pacities of PBP3 and PBP4 in MRSA strains grown at 43°C
were almost the same as the capacities of PBP3 and PBP4 in
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FIG. 2. Competition of methicillin (DMPPC), cefazolin (CEZ), and cefotaxime (CTX) at concentrations of 25, 100, and 400 p.g/ml with
14C-labeled penicillin 0 for binding to the PBPs of MRSA strain 123-1. Membrane fractions from cells grown at 370C and pH 7.0 were
incubated with nonradioactive P-lactams before the addition of radioactive penicillin 0. The PBP2' fraction could not be saturated even by
high concentrations (400 p.g/ml) of the drugs.
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FIG. 3. Effects of temperature and pH on the MICs of methicillin, cefazolin, and cefotaxime against 22 MRSA strains. Symbols: 0,
methicillin; A, cefazolin; *, cefotaxime.

strains grown at 30°C. The fact that the MRSA subclones
subcultured at 43°C were capable of growing on HIA plates
containing 100 jig of methicillin per ml when the plates were
incubated at 30°C suggested that these MRSA strains could
not express resistance at 43°C, although the genetic capacity
of the strains was unchanged.
To clarify the mechanism of temperature-dependent ex-

pression of resistance in MRSA, membrane fractions of
MRSA strains grown for 4 h at 30°C were preincubated at 30
and 43°C for 60 min, and then 14C-labeled penicillin G was
added; this was followed by electrophoresis in an acrylamide
slab gel. As shown in Fig. 4, the penicillin-binding capacities
of PBP1, PBP2', PBP2, and PBP4 in the membrane fractions
preincubated at 43°C were much lower than the capacities of
the PBPs in the membranes preincubated at 30°C, whereas
the PBP3 fraction retained high penicillin-binding capacity
even after preincubation at 43°C for 60 min. To study the
details of the temperature sensitivity of the PBPs in MRSA
strains, membrane fractions were preincubated at 30 and
43°C for 180 min, and small portions of the samples were
removed at different intervals; this was followed by the
addition of radioactive penicillin G and incubation at 30°C
for 10 min. The relative amounts of "4C-labeled penicillin G

TABLE 1. Effect of growth temperature on the amounts of PBPs

Relative amt of PBPs (43/30'C)' MIC of methicillin
Strain (pLg/ml) at:

PBP1 PBP2' PBP2 PBP3 PBP4 3OoCb 43oCb

1-1 0.68 0.36 0.75 1.12 0.91 1,600 3.13
160-1 0.67 0.30 0.69 1.05 1.00 1,600 3.13
72-1 0.83 0.63 0.79 1.04 1.12 1,600 6.25
137-1 0.76 0.70 0.62 1.07 1.08 1,600 12.5

a The data are expressed as the ratio of the level of 14C-labeled penicillin G
bound to a PBP from bacteria grown at 43°C to the level bound to the PBP
from bacteria grown at 30°C.

b At pH 7.0.

bound to the PBP2', PBP2, and PBP3 of two MRSA
subclones (strains 1-1 and 72-1) under such conditions are
shown in Fig. 5. After preincubation at 43°C, the binding
capacities of PBP2 and PBP2' were decreased within 30 min
to 20 to 40 and 50 to 70%, respectively, of the values before
preincubation. Both fractions were further inactivated by
prolonged preincubation at 43°C, and they lost their activi-
ties almost completely within 60 to 120 min. PBP1 and PBP4
were inactivated more rapidly than other PBP fractions (data
not shown). However, PBP3 retained a higher penicillin-
binding capacity than the other fractions even after 180 min.
On the other hand, the activities of every PBP fraction in
MRSA strains remained completely intact even after 180 min
of preincubation at 30°C. Our results indicate that the

7000ff;E _ "ItC

FIG. 4. Effects of preincubation temperature on the PBPs of
MRSA strains 1-1, 160-1, 72-1, and 137-1. Cells were grown at 30°C
and pH 7.0, and the membrane fractions were preincubated at 30
and 43°C for 60 min before addition of 14C-labeled penicillin G.
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decreased amounts of PBP1, PBP2', and PBP2 in MRSA
strains grown at 43°C were based upon thermolability of the
PBP fractions.

Effect of pH on the PBPs of MRSA strains. Membrane
fractions prepared from MRSA subclones grown for 4 h at
pH 7.0 in a liquid medium were suspended in phosphate
buffer (pH 7.0 or 5.2) and then incubated with radioactive
penicillin G at 30°C for 10 min, followed by slab gel electro-
phoresis and fluorography. As shown in Table 2, the relative
binding capacities of each fraction of PBPs at pH 5.2 were
less than those at pH 7.0. The most acid-sensitive fraction
was PBP1, followed by PBP3, although the PBP2' fraction
that appears to be responsible for the intrinsic resistance of
MRSA was not acid sensitive. The amounts of 14C-labeled
penicillin G bound to PBP1, PBP2, PBP3, and PBP4 in the
membrane fractions suspended at pH 5.2 were decreased to
less than 10, 60 to 80, 50, and 60 to 70%, respectively, of the
amounts in the membrane fractions suspended at pH 7.0. On
the other hand, the amounts of radioactive penicillin G
bound to PBP2' in the membrane fractions suspended at pH
5.2 were nearly the same as those in the membrane fractions
suspended at pH 7.0.
To clarify the mechanism of the pH-dependent level of

resistance in MRSA, the amounts of the PBP2' fraction in
MRSA strains were compared in cells grown for 4 h at pH
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FIG. 5. Kinetic analysis of the the

MRSA strains 1-1 (A and B) and 72-1 (C
were preincubated at 43'C for 30, 60, '

and C) and at 30'C for 60, 120, and 180
expressed as the relative amounts of 14
to each PBP fraction compared with
preincubation. Symbols: *, PBP2; *,

(30-C)

TABLE 2. Effect of pH on the stability of PBPs

Relative stabilities of PBPs (pH 5.2/7.0)' MIC of methicillin
Strain (L/l t

PBP1 PBP2' PBP2 PBP3 PBP4 pH 7.0b pH 5.2b

69-1 <0.1 0.93 0.65 0.52 0.60 800 3.13
72-1 <0.1 0.86 0.78 0.55 0.62 400 3.13
75-1 <0.1 0.88 0.62 0.51 0.68 1,600 3.13
140-1 <0.1 0.86 0.68 0.53 0.63 800 3.13

a The data are expressed as the ratio of the level of '4C-labeled penicillin G
bound to a PBP from a membrane fraction suspended in pH 5.2 buffer to the
level bound to the PBP from a membrane fraction suspended in pH 7.0 buffer.

b At 37°C.

7.0 and 5.2 at 300C. The membrane fractions from both cell
preparations were prepared with phosphate buffer (pH 7.0)
and then were incubated with 14C-labeled penicillin G at 30°C
for 10 min; this was followed by slab gel electrophoresis and
fluorography. The PBP profiles from four MRSA subclones
grown at pH 7.0 and 5.2 are shown in Fig. 6. The amount of
every PBP fraction in the MRSA cells grown at pH 5.2 was
less than the amount in the cells grown at pH 7.0. In
particular, the amounts of the PBP2' and PBP2 fractions in
the cells grown at pH 5.2 were decreased to as low as 30 and
20%, respectively, of the amounts in the cells grown at pH
7.0. The amounts of PBP3 in the MRSA cells grown at pH
5.2 were 50 to 60% of the amounts in the cells grown at pH
7.0. No area corresponding to PBP1 or PBP4 was identified
in the MRSA cells erown at nH 5.2.I IlILI r1--VD '''A'--r

DISCUSSION

A specific 78,000-dalton PBP fraction (PBP2') was identi-
fied exclusively in all of the MRSA strains, as we reported
previously (Y. Utsui, M. Tajima, R. Sekiguchi, E. Suzuki,
and T. Yokota, Abstr. 13th Int. Natl. Congr. Chemother.,
abstr. part 88, p. 2.11/3:7-10, 1983). For a clear demonstra-
tion of the PBP2' fraction, the use of slab gel containing 8%
acrylamide and 0.06% bisacrylamide was essential, as oth-
erwise the PBP2' fraction overlapped with the normal PBP2

B fraction and could not be differentiated. In 1984 Hartman
and Tomasz (13) reported that the presence of 78,000-dalton
fraction (PBP-2a) was confirmed exclusively in two MRSA

l--strains by using a slab gel containing 10% acrylamide and
0.13% bisacrylamide. In their case, however, the 78,000-
dalton fraction had a faster mobility than PBP2. The discrep-
ancy between our results and those of Hartman and Tomasz
may be due to a difference in gel composition.
Experiments to examine competition between P-lactam

antibiotics and 14C-labeled penicillin G for PBPs indicated
that the PBP2' fraction possessed a low binding affinity for
P-lactams. The fact that even high concentrations of ,B-
lactam antibiotics which completely inactivated other PBP
fractions could not saturate the PBP2' fraction suggests that

D ,-lactam resistance in MRSA strains is related to the pres-
ence of a low-affinity PBP2' fraction. MRSA strains may be

o 60 120 180 capable of growing in the presence of certain P-lactam
I(min) antibiotics because of acquisition of the specific 78,000-

dalton PBP fraction which can act as murein transpeptidasermostability of the PBPs in for cell wall biosynthesis despite the presence of P3-lactam
and D). Membrane fractions
90and,D).,Meane fractions antibiotics. This suggestion is similar to that proposed pre-
mn (B and D). The data are viously (10) for the possible function of a low-affinity binding
'C-labeled penicillin G bound protein detectable in 1-lactam-resistant strains of Strepto-
the amounts bound before coccus faecalis and Streptococcus faecium.
PBP2'; A, PBP3. The recently isolated MRSA strains also retained the
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FIG. 6. Amounts of PBP fractions in MRSA strains 69-1, 72-1, 75-1, and 140-1 grown either at pH 7.0 and 30'C or at pH 5.2 and 30'C.
Membrane fractions were prepared with phosphate buffer (pH 7.0), and this was followed by incubation with '4C-labeled penicillin G.

temperature- and pH-dependent phenotype of,-lactam re-
sistance, as reported previously (1, 18-20). The influence of
pH on the phenotypic expression of 1-lactam resistance in
MRSA strains was more prominent than the influence of
temperature.
The thermosensitivity of expression of a PBP has been

described previously (4, 14). The 14C-labeled penicillin G
binding activities of the PBP fractions other than PBP3 were
decreased according to the length of preincubation at 43°C
and were almost lost after preincubation for more than 120
min. It is of interest to note that although the PBP1, PBP2',
and PBP2 fractions are thermosensitive, the PBP3 fraction is
not. The amounts of the PBP1, PBP2', and PBP2 fractions
were decreased partially in MRSA cells grown for 4 h at
43°C, whereas these PBP fractions might be inactivated
much more in MRSA cells grown overnight at 43°C. The fact
that phenotypic expression of 3-lactam resistance in MRSA
is moderately susceptible at a high temperature may be due
to the decreased amounts of the PBP1, PBP2', and PBP2
fractions in vivo because of slow inactivation based on
thermolability of these PBP fractions.
The influence of low pH on an additional PBP fraction also

has been described by Hartman and Tomasz (13). These
authors reported that the extra PBP fraction (PBP-2a) was
not detectable in cultures grown at pH 5.2. We found that
only the PBP2' fraction was almost stable even after prein-
cubation at pH 5.2. However, the amounts of the PBP
fractions other than PBP3 in MRSA cells grown for 4 h at pH
5.2 were much less, and PBP3 might be the only fraction to
be produced in MRSA cells grown overnight at pH 5.2. Our
results indicate that the reason that the levels of resistance of
MRSA strains are lower at pH 5.2 than at pH 7.0 is that the
production of each PBP fraction is lower at an acidic pH than
at neutral pH, rather than that PBP2' is stable at pH 5.2. The
reason why the influence ofpH on the phenotype of P-lactam
resistance in MRSA strains is more prominent than the
influence of temperature is that there is no production of any
PBP fraction other than PBP3 at acidic pH values.
The essential PBP fractions of Staphylococcus aiureus

have been confirmed to be PBP2 and PBP3 by Curtis and
Hayes (5). The PBP2' fraction, like PBP2, was found to be
thermosensitive. Alteration of either the PBP2 fraction or
the PBP3 fraction might result in the appearance of the

78,000-dalton PBP2' fraction, but details of the origin of this
specific PBP fraction are not clear yet.

Recently, Ubukata et al. (25) and Tomasz and colleagues
(H. Chambers, B. Hartman, and A. Tomasz, Program Abstr.
Intersci. Conf. Antimicrob. Agents Chemother. 24th, abstr.
no. 6, 1984) reported that the specific 78,000-dalton PBP
fraction (PBP2') is inducible only when strains bear a plas-
mid encoding inducible penicillinase. Inducible PBP2'
changed to constitutive PBP2' when the penicillinase-
encoding plasmid was eliminated. This is a newly recognized
mysterious characteristic of MRSA strains.
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