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The effect of methicillin, cloxacillin, 1078/1/1, penicillin G, and cephaloridine
upon the penicillin-binding proteins of a permeability mutant of Escherichia coli
K-12 and its isogenic wild type have been investigated. Comparison of the 50%
inhibition values for the antibiotics against the penicillin-binding proteins of the
two strains with the minimal inhibitory concentrations for the same compounds
indicates that methicillin, cloxacillin, 1078/1/1, and to a lesser extent penicillin G,
owe their poor antibacterial activity to exclusion from the bacterial cell, whereas
cephaloridine is not excluded and is equally active against both the mutant and
its wild type. The results further suggest that the lesion in the permeability
mutant E. coli DC2 allows free access of all the compounds tested to the inner
membrane target proteins.

The antibacterial activity of a f3-lactam anti-
biotic against E. coli K-12 depends on at least
three factors. First, the ability of the compound
to bind to and inhibit the "lethal" target peni-
cillin-binding proteins (PBPs) located in the in-
ner or cytoplasmic membrane (20, 21). Second,
the antibiotic must penetrate the permeability
barrier afforded by the outer membrane of the
bacterial envelope (17, 18), and third, the com-
pound must be resistant to any periplasmically
located 8-lactamase (4, 17).

Strains of E. coli K-12 not elaborating an R-
factor-mediated ,B-lactamase owe their penicillin
and cephalosporin resistance primarily to the
first two considerations. The extremely low level
of expression of the chromosotnal type lb /3-
lactamase found in all E. coli K-12 strains (2, 18)
has little effect upon resistance (13).
Mutants of E. coli K-12 and other gram-neg-

ative bacteria that have been selected for in-
creased sensitivity to a particular antibiotic are
frequently found to exhibit increased sensitivity
to a wide range of antibacterial agents (16-18).
Such mutants are often regarded as "permeabil-
ity" mutants having lesions affecting the integ-
rity ofthe outer membrane and thereby allowing
easier access of antibiotics into the bacterial cell.

In one such study, Richmond, Clark, and Wot-
ton isolated a series of permeability mutants of
E. coli K-12 and suggested their usefulness in
elucidating the penetration characteristics of
penicillins and cephalosporins through the outer
membrane of E. coli K-12 (16). The change in

the permeability properties of these mutants
was partially substantiated by "crypticity" mea-
surements (16-18, 27) but it is impossible to
know how permeable such mutants actually are
and, furthermore, the possibility of a change in
the sensitivity of the /8-lactam target proteins
was not excluded.
The inner membrane of the envelope of E.

coli K-12 has been shown to contain at least
six distinct polypeptides which covalently bind
['4C]penicillin G. Some of these proteins have
been shown to have distinct roles in determining
bacterial elongation, shape, and division (20-26),
whereas others appear to be "dispensible" (6,
10).
The purpose of the present study was to in-

vestigate the penicillin and cephalosporin sensi-
tivity of the most sensitive perneability mutant
(E. coli DC2 [16]), isolated by Richmond et al.,
by comparing the concentration of a number of
fl-lactam antibiotics required to inhibit the
PBPs by 50% with the antibacterial activity of
the compounds against E. coli DC2 and its par-
ent E. coli DCO.

MATERIALS AND METHODS
Bacterial strains. The antibiotic-supersensitive

mutant E. coli DC2 and its parent E. coli DCO were
obtained from M. H. Richmond, of the Bacteriology
Department at the University of Bristol. Both strains
were grown in Penassay broth (Difco antibiotic me-
dium no. 3) at 37°C with shaking.

Reagents. Methicillin and cloxacillin were pur-
chased from Beecham PharmaceuticaLs Ltd., and
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["4C]penicillin G was from the Radiochemical Centre,
Amersham. Unlabeled penicillin G, cephaloridine, and
1078/1/1 [(3S, 5R, 6R)-6-benzoylmethyl-2,2-dimethyl-
penam-3-carboxylic acid] were prepared in our own
laboratories. Sarkosyl NL97 (sodium lauryl sarcosi-
nate) was a gift from Ciba-Geigy Ltd. Acrylamide and
methylene bisacrylamide, specially purified for elec-
trophoresis were purchased from BDH Chemicals Ltd.
Sodium lauryl sulfate (SDS) was purchased from
Sigma Chemical Co. and was not "Analar" quality (8).
All other reagents were obtained from standard com-

mercial sources.
Determination of MIC. Miniimal inhibitory con-

centrations (MICs) were determined by serial dilution
of antibiotics in Penassay broth, inoculating the tubes
with exponentially growing bacteria to a density of 10'
organisms per ml. The tubes were incubated at 37°C
overnight, and MICs were recorded as the lowest
concentration to significantly impair growth.

Preparation of bacterial envelopes and assay
ofPBPs. Envelopes were prepared from exponentially
growing broth cultures of E. coli DCO and DC2 by
sonic oscillation as described by Spratt (21) and were
stored in 10 mM sodium phosphate buffer (pH 7), at
a protein concentration of 10 mg/ml at -70°C until
required.
The binding of the various antibiotics to the PBPs

of E. coli DCO and DC2 was determined by competi-
tion with ['4C]pencillin G exactly as described by
Spratt (20, 21). Inner membrane proteins were solu-
bilized by Sarkosyl treatment (5) and separated on a
10% SDS-polyacrylamide gel according to the method
of Laemmli and Favre (7) as modified by Spratt (21).
Gels were prepared for fluorography by the procedure
of Bonner and Laskey (1) and exposed to prefogged
Kodak X-Omat X-ray plates (8) at -70°C for 50 days.
After development, 50% inhibition (18o) values were
obtained by densitometry on a Joyce Loebl scanning
densitometer 3CS with peak integration.

RESULTS
Resistance of E. coli DCO and DC2 to /8-

lactam antibiotics. The mutant E. coli DC2
was originally isolated on the basis of increased
sensitivity to chloramphenicol (16). Table 1
shows that the mutant was considerably more
sensitive than its parent to all the /3-lactam
antibiotics tested, with the exception of cepha-
loridine.
Comparison of the PBPs of E. coli DCO

and DC2. Figure 1 shows microdensitometer

TABLE 1. MICs ofa number of [8-lactam antibiotics
against E. coli DCO and DC2

MIC (Ag/mi) against:
Antibiotic

E. coli DCO E. coli DC2

Methicillin >250 4
Cloxacillin >250 4
1078/1/1 >250 16
Penicillin G 16 1
Cephaloridine 2 2
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FIG. 1. Microdensitometer traces of the PBPs of
E. coli DCO (a) and DC2 (b).

traces of the PBPs of E. coli DCO and DC2. No
significant difference could be seen between the
PBPs of the two strains.

Inhibition of the PBPs of E. coli DCO and
DC2 by ,-lactam antibiotics. The concentra-
tion of the various ,B-lactam antibiotics required
to reduce [14C]penicillin G binding to each of the
PBPs of E. coli DCO and DC2 by 50% is shown
in Table 2. A typical example of the inhibition
of the PBPs of the two strains by one of the
compounds, methicillin, is shown in Fig. 2. The
fluorograms for the other compounds are not
shown. The nomenclature of the various PBPs
follows that of Spratt (20), and it can be seen
(Table 2) that no difference was observed be-
tween the mutant E. coli DC2 and its parent
DCO for any of the compounds tested. The dif-
ferent compounds showed different primary af-
finities for the different "essential" binding pro-
teins. The essential PBP for which methicillin
and cloxacillin had highest affinity was PBP3,
the protein involved in cell division (22), and the
antibiotics bound to this protein at a concentra-
tion correlating with the MIC of these deriva-
tives for E. coli DC2 (Table 1). Penicillin G
bound to all the essential PBPs, again at a
concentration agreeing with the MIC against
DC2.
The novel penicillin derivative 1078/1/1

showed highest primary affinity for PBP4, but
since this protein is "dispensible" (6, 10), the
compound acts through inhibition of PBP2, the
essential protein involved in determining rod
morphology (20, 25) and which is specifically
inhibited by mecillinam (24). Once more, the I50
for binding was comparable to the MIC of the
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TABLE 2. Inhibition of the PBPs of E. coli DCO and DC2 by cloxacillin, methicillin, 1078/1/1, penicillin G,
and cephaloridine

Concn (pg/ml) of:"

PBP Cloxacillin Methicillin 1078/1/1 Penicillin G Cephaloridine

DCO DC2 DCO DC2 DCO DC2 DCO DC2 DCO DC2

la 2 1.5 9 10 10 8 0.5 0.4 0.25 0.25
lb 23 22 250 250 240 250 3 4 2.5 3
2 15 13 27 30 6 5 0.8 1.1 50 64
3 3 2 5.5 7 75 82 0.9 1.2 8 5
4 125 110 60 64 8 6 1.0 1.3 17 13
5/6 64 70 >250 >250 60 70 30 22 >250 >250

a Values indicate concentration of ,B-lactam antibiotic required to reduce ['4C]penicillin G binding by 50%.

5/64 32 Ibla

b

FIG. 2. Competition ofmethicillin for the PBPs of
E. coli DCO (a) and E. coli DC2 (b). The methicillin
concentration was a doubling dilution from I to 250
lg/ml, and the last gel slot contained no methicillin
in both cases.

compound against E. coli DC2 (Table 1). Ceph-
aloridine had highest affinity for PBPs la and
lb, the proteins determining cell elongation (21,
25) and whose joint inhibition leads to rapid
lysis (26). As with the other compounds, good
correlation was found between the Iso for binding
and the MIC against E. coli DC2.

The data in Table 2 indicate that the "target"
proteins in both E. coli DCO and DC2 are iden-
tical and show, moreover, that the compounds
which are antibacterially inactive against the
wild-type E. coli strain owe this inactivity to an
inability to penetrate the envelope to the PBPs
located in the cytoplasmic membrane (16, 17,
21). Cephaloridine, on the other hand, is equally
active against the PBPs of both E. coli strains
and has the same activity against intact bacteria
of both strains, indicating that this derivative
has little difficulty penetrating to the target, a
result substantiated by other work (3, 16, 17).

DISCUSSION
The results described in this paper show that

the lack of antibacterial activity of methicillin,
cloxacilhin, 1078/1/1 and, to a lesser extent, pen-
icillin G against non-f-lactamase-producing
strains of E. coli K-12 is due to impenetrability
of the compounds through the outer membrane
of the bacterial envelope.
The mutant strain E. coli DC2 is sensitive to

these compounds and is at a level which corre-
lates with the 150 against the essential PBPs.
This in turn suggests that the permeability bar-
rier present in the wild-type is lacking in the
mutant. Obviously, an understanding of the
chemical basis of the lesion in the mutant en-
velope would be extremely useful in designing
penicillins and cephalosporins with favorable
permeability properties in wild-type strains.
However, at present this remains obscure. Pre-
liminary results (N. Curtis and M. Boxall, un-
published data) indicate that the defect does not
involve major outer membrane proteins, which
have been shown to determine the rate of entry
of certain molecules into gram-negative bacteria
(11, 12, 14, 15), or envelope phospholipids (P.
Lambert, personal communication). The muta-
tion does, however, map nearpurA (D. C. Clark,
personal communication). Whatever its basis,
the sensitive mutant is extremely useful in the
development of new ,B-lactam antibiotics. As
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described above, at least three factors are in-
volved in determining the antibiotic activity of
f8-lactam compounds against E. coli. Effective
test systems are available for monitoring ,8-lac-
tamase stability (19), and the PBP procedure
can be used to study the inherent activity, or
lack of it, of 8-lactam compounds against the
target proteins in the absence of permeability
barriers. Methods for assessing penetrability are,
however, less than adequate (16, 18). A compar-
ison of the I5o values for a compound against the
PBPs of E. coli with the MIC gives a good
indication of the penetration of the compound
in intact bacteria, but the somewhat lengthy
fluorography time renders the technique unsuit-
able for rapid screening of large numbers of
novel penicillins and cephalosporins. A compar-
ison of the MICs of such compounds against E.
coli DCO and DC2 gives a good estimation of
permeability by a single MIC test and, moreover,
the MIC against E. coli DC2 itself indicates the
"intrinsic" activity, or lack of it, of 8l-lactam
antibiotics against their "lethal" target binding
proteins. Furthermore, by monitoring the mor-
phological response of E. coli DC2 induced by
/8-lactam antibiotics, the "primary" PBP target
can be determined. That is, spheroplasting in-
dicates binding to PBPs la/lb, round-form pro-
duction indicates binding to PBP2, and filamen-
tation implies competition for PBP3 (20.)
However, in the search for new semisynthetic

,8-lactam antibiotics with improved therapeutic
efficacy, it may be desirable to rationally design
compounds with increased affinity for specific
PBPs. To do this, an understanding of the struc-
ture-activity relationships governing affinity for
the various PBPs is necessary.

In this context, screening of new types of,8-
lactam compounds must provide information on
the binding of the compounds to all the PBPs of
E. coli, for example, as well as to their primary
target. This complete infornation can only be
obtained by use of the PBP assay itself.
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