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The enzymatic and molecular properties of 14 oxacillin-hydrolyzing d-lactam-
ases, all of them R-factor-specified, were studied, and two distinct groups were

found. Four of the enzymes had a molecular weight of 24,000, were active against
methicillin, and had an electrophoretic mobility of -0.1 cm/h. Eight enzymes

had a molecular weight of 45,000, low activity against methicillin, and an

electrophoretic mobility of +0.5 cm/h. The remaining two enzymes were similar
to those of the second group in being relatively inactive against methicillin, but
their molecular weight was lower (42,000) and their electrophoretic mobility was
different (-0.1 cm/h). All the enzymes of both groups were sensitive to inhibition
by sodium chloride. The two groups were not completely homogeneous in their
enzymatic properties; seven possible subtypes could be recognized.

Oxacillin is a semisynthetic penicillin that is
usually resistant to hydrolysis by s-lactamase
(penicillinase) (penicillin/cephalosporin ,@-lac-
tam amidohydrolase, EC 3.5.2.6). However, the
,B-lactamase mediated by the R-factor R46
(R1818) hydrolyzes oxacillin more rapidly than
benzylpenicillin (18). Enzymes that do this are
not common and have been found only as
R-factor-mediated. Two such enzymes have
been purified: those specified by RGN2.S (23) and
by R46 (4). Dale and Smith (6) were able to
distinguish between these two ,B-lactamases,
particularly on the basis of molecular weight.
This difference was later confirmed by Rich-
mond and Sykes (17), who referred to the two
enzymatic types as Va and Vb, respectively.
Hedges et al. (12), using substrate specificity

profiles, were able to identify five different
types of R-factor-mediated ,B-lactamases that
hydrolyzed oxacillin more rapidly than benzyl-
penicillin. These were termed "oxacillin-hydro-
lysing s-lactamases." This paper reports an
examination of the physical properties of the
same ,3-lactamases (12), together with a com-
parative study of another five R-factor-
mediated oxacillin-hydrolyzing ,-lactamases,
two of which are being reported for the first
time. The relationships between these enzymes
were studied to provide information on the
origin of R-factor-mediated ampicillin resist-
ance.

MATERIALS AND METHODS
The materials and methods have been described in

detail previously (4). Crude enzyme preparations were
made as described by Hedges et al. (12); ,-lactamase
activity was measured by the hydroxylamine method
(4). One unit of enzyme activity is that amount of
enzyme which will catalyze the hydrolysis of 1 gmol of
benzylpenicillin per min at 30 C and pH 7.4. Transfer
of R-factors was carried out as described by Smith
(18). The sensitivity of the ,@-lactamases to p-
chloromercuribenzoate (PCMB) and chloride ions
was determined as described by Hedges et al. (12).

Molecular weights were determined by gel filtration
on Sephadex G-100 (2, 4). Starch-gel electrophoresis
(5, 19) was done in 0.03 M sodium borate (pH 8.5; 200
V, i.e., 15 V/cm); ,-lactamase bands were detected by
spraying with a mixture of iodine and oxacillin or of
iodine and benzylpenicillin (15).

Bacterial strains and R-factors. The strains of
Escherichia coli K-12 used were: 58.161/sp met-; J53
pro-, met-; and J62 lac-, trp-, his-, pro-. The
R-factors used are listed in Table 1. All the R-factors
were transferred into E. coli strain J62, as described
by Smith (18), to provide a uniform genetic back-
ground; this strain produces an insignificant amount
of chromosomally determined ,B-lactamase compared
with that specified by the R-factors.
A large number of strains of gram-negative bacte-

ria, isolated from clinical material, were very kindly
provided by D. Maclaren, Stepping Hill Hospital,
Stockport, Cheshire, U.K. They were screened, by the
membrane technique of Knox and Smith (14), for the
production of oxacillin-hydrolyzing ,-lactamases. Of
550 isolates producing ,-lactamase, four were found
that produced an enzyme with significantly higher
activity against oxacillin than against benzylpenicil-
lin. One of these isolates was a strain of E. coli. From
this, ampicillin resistance was readily transferred to
E. coli strain J62 (frequency of transfer about 5 x 10 -'

per donor in 6-h matings). This R-factor was assigned
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the number R Ox176. It was found to mediate
resistance to ampicillin, streptomycin, and spectino-
mycin.
The other three isolates were strains of Proteus

mirabilis, and attempts to transfer their ampicillin
resistance to E. coli strain J62 were unsuccessful.
However, when R-factor RA3 (10), which confers
resistance to streptomycin, chloramphenicol, and sul-
fonamide (but not to ampicillin), was introduced into
the Proteus strains, they were then able to transfer
ampicillin resistance to E. coli strain 58.161/sp (fre-
quency of transfer about 10-7 per donor in 6-h mat-
ings). The ampicillin-resistant recipients had not re-

ceived RA3, since they remained sensitive to strep-

tomycin, chloramphenicol, and sulfonamide, and
their recipient ability in the transfer of RA3 from E.
coli strain J53 was similar to that of strain 58.161/sp.
Thus, the role played by RA3 in the transfer of
ampicillin resistance from P. mirabilis to E. coli
strain 58.161/sp is not known. The three ampicillin-
resistant E. coli exconjugant strains were able to
transfer ampicillin resistance to other strains of E. coli
K-12, including strain J62, when the transfer rate was
about 10-7 per donor in 6-h matings. No other anti-
biotic resistance was detected in association with
ampicillin resistance. These three R-factors, R Ox166,
R Ox179, and R Ox407, are thought to be reisolates of
the same R-factor. The ,B-lactamases seem to be
identical as judged by substrate specificity profiles,
molecular weights, and electrophoretic mobilities,
and the original strains were homologous by the
Dienes phenomenon (7). For this reason, we report
here the results obtained with only one of the three
R-factors, R Ox179.

RESULTS

The properties of the enzymes studied here

are shown in Table 2. Some of these results have
been reported previously (3, 6, 12) and are

reproduced here for comparison.
Level of enzyme activity. Hedges et al. (12)

stated that most oxacillin-hydrolyzing #-lacta-
mases have a low specific activity in crude
extracts compared to the "TEM-like" enzymes,

where the activities ranged from 60 to 1,700
mU/109 bacteria. The results quoted here sup-

port this conclusion, with the exception of R
Ox179 ,B-lactamase, the level of which is indeed
higher than that of a number of TEM-like
enzymes.

Effect of PCMB and chloride ions. As
reported by Hedges et al. (12), the fl-lactamases
specified by RGN28, R609b, and R656a are

slightly sensitive to 0.5 mM PCMB. Yamagishi
et al. (23) stated that RGN238 3-lactamase was

not inhibited by PCMB at 0.5 or 1 mM. The
reason for this discrepancy is not known. None
of the other fl-lactamases studied here was

found to be sensitive to 0.5 mM PCMB.
All the oxacillin-hydrolyzing p-lactamases

were inhibited by chloride ions, and there were

small but reproducible differences in the degree
of sensitivity (Table 2). These differences indi-
cate that the enzymes can be divided into
subgroups, and this division is supported by
other criteria in Table 2.

Substrate specificity profiles. The activities
of nine of the d-lactamases against benzylpeni-
cillin, ampicillin, oxacillin, and cephaloridine
have been reported previously (12). It can be
seen (Table 2) that the additional five enzymes

TABLE 1. Origins and characters of R-factors whose f3-lactamases are described in this paper

Compati- .i.
R-factor bility group Resistance OrgnReference

(where patterna
known) Bacterial species Geographical

R455 FT ApSmTcCmSu Proteus morgani S. Africa 11
RGN2S8 FI ApSmTcCmSu Escherichia coli Japan 23
R609b Ia ApSmSu Salmonella typhimurium S. Africa 12
R656a Ia ApSmKmSu S. typhimurium S. Africa 12
R55 C ApCmSuGk Klebsiella pneumoniae France 22
R57b C ApCmSuGk K. pneumoniae France 22
R7 0 ApSmTcSu E. coli Mexico 8
R'6 0 ApSmTcSu E. coli Mexico 8
R Ox176 ApSm E. coli U.K., Stockport Not previously

published
R46 (=R1818) N ApSmTcSu S. typhimurium U.K., Brighton 1, 13
R45 ApTcSu S. typhimurium U.K., Enfield 1, 13
R48 ApSmTcSu S. typhimurium U.K., Bradford 1, 13
R205 ApTcSu S. typhimurium Holland 13
R Ox166) Not previously
R Ox179) Ap Proteus mirabilis U.K., Stockport published
R Ox407)

aAbbreviations for resistance markers: Ap, ampicillin; Sm, streptomycin; Tc, tetracycline; Cm, chloram-
phenicol; Km, kanamycin; Su, sulfonamides; Gk, gentamycin, with low level kanamycin.
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TABLE 2. Properties of oxacillin-hydrolyzing j3-lactamases

fl-Lactamase a

Electro-

,-absolute Concn of Molar substrate specificity profile" . phoreticabsolute NaCI (mM) Molecular Binding to mobility
R-factor activity NaCs 50% weight dextran (cm/h

(mU/10 I'R + to cause 50% weight blue toward

bacteria) inhibition Methi- Oxacil- Ampi- Cephal- towards
cillin lin cillin oridine cathode)

R455 9.1" 5" 281 184" 161b 32.6" 24 300 _ -0.12

RGN2I8 5.8b 8b 332 197" 382" 30.0" 23 300c _ -0.08
R609b 12.0 7" 336 196" 404" 33.2" 24 300 _ -0.12
R656a 18.9b 6b 335 198" 408" 31.0" 24 400 _ -0.14

R55 7.2" 49b 32.8 376" 173b 44.7b 41 200 + -0.13
R57b 7.3" 43 29.4 336b 178" 43.8" 42 800 + -0.13

R 7 1.7" 38" 36.1 513 b 133b 61.9b 45 200 + +0.49
R'sl3.1" 34" 37.7 528b 143" 55.2" 46 100 + +0.45

ROx176 5.3 30 26.9 595 178 64.6 44 800 + +0.48

R46 (R1818) 25.2b 15b 23.3 646" 179" 36.6b 44 600d + +0.51
R45 24.5 17 28.1 631 166 41.6 46 100 + +0.50
R48 14.5 20 26.4 661 168 43.0 46 100 + +0.50
R205 30.0 17 28.6 667 169 38.7 46 400 + +0.48

ROx179 261 11 40.2 870 247 67.2 45 200 + +0.51

aActivity of each enzyme (micromoles of substrate hydrolyzed per minute) was measured against the
different substrates. The values obtained are expressed as a percentage of the activity against benzylpenicillin
(micromoles per minute).

"Data from Hedges et al. (12).
CData from Dale and Smith (6).
dData from Dale (3).

studied here can be similarly classified into
types by using these same substrates. However,
the 14 enzymes can be divided into two groups

solely on the basis of their ability to hydrolyze
methicillin. Those ,8-lactamases specified by
R455, RGN288, R609b, and R656a hydrolyzed
methicillin about three times as rapidly as

benzylpenicillin, whereas the remaining en-

zymes had little relative activity against this
substrate.

It should be noted that some of the figures for
relative activities, particularly those for am-

picillin, do not agree with those of other workers
(17). This could result from different assay
methods or from different assay conditions.
Richmond and Sykes, for example, do their
assays at pH 5.9 (17), whereas we use pH 7.4.
Ampicillin has a pK value of 7.2 (16), so this
difference in pH values could have a particu-
larly significant effect on its relative rate of
hydrolysis. To test this directly, we measured
the activity of R46 ,3-lactamase against ampicil-
lin and benzylpenicillin at different pH values.
The pH difference alone can account for the
difference between the value of 120 quoted by

Richmond and Sykes (17) and that of 179 found
in this laboratory (Table 2) for the relative rate
of hydrolysis of ampicillin compared with that
of benzylpenicillin (Table 3). Thus, in this case
at least, different assay methods can show good
agreement if the assay conditions are standard-
ized.
Molecular weights. The s-lactamase of

RGN238 has been distinguished from that of R46
on the basis of its molecular weight (6). Exami-
nation of the molecular weights of the other
oxacillin-hydrolyzing ,B-lactamases shows that
two main groups of these enzymes exist: a
low-molecular-weight group (24,000) and a
high-molecular-weight group (>40,000). These
correspond with types Va and Vb of Richmond
and Sykes' classification (17) and also with the
ability of the enzymes to hydrolyze methicillin.
The low-molecular-weight ,-lactamases hydro-
lyze methicillin much more rapidly than ben-
zylpenicillin; this is a distinctive feature of this
group of enzymes because methicillin is nor-
mally refractory to B-lactamase attack. This
simple criterion may therefore serve as a rapid
method of distinguishing the two groups prior to
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TABLE 3. Effect of pH on relative rates of hydrolysis
of benzylpenicillin and ampicillin by R46 13-lactamase

pH Ampicillin hydrolysisa

6.0 125
6.5 125
7.0 179
7.4 183
8.0 192

aExpressed in terms of the rate of hydrolysis of
ampicillin (micromoles per minute) as a percentage of
the rate of hydrolysis of benzylpenicillin (micromoles
per minute) at that pH value. The buffer used was
0.025 M sodium phosphate.

molecular weight determination.
The molecular weights of the f-lactamases

mediated by R55 and R57b seem to be lower
than those of the remainder of the high-molecu-
lar-weight group. The difference, although
small, is reproducible and is supported by the
fact that these two enzymes are consistently
eluted later than ovalbumin (chicken egg al-
bumin), which is one of the markers routinely
used (molecular weight 45,000).
Dextran blue binding. An unusual feature of

R46 f,-lactamase is that it binds to dextran blue
(stated by the manufacturers to be, a high-
molecular-weight dextran with a cibachrome
blue chromophore) so that in the presence of
dextran blue enzymatic activity is found only at
the void volume of the Sephadex column (3).
The nature of this binding is not known, al-
though it has been reported to occur with other
proteins (9, 20, 21). Table 2 shows that this
property is common to all the high-molecular-
weight, oxacillin-hydrolyzing 3-lactamases (in-
cluding R55 and R57b), whereas those of the
low-molecular-weight group do not bind to
dextran blue.
Starch-gel electrophoresis. The starch-gel

electrophoresis results (Table 2) also confirm
the separation of these enzymes into two major
groups. Those with a low molecular weight have
a mobility of -0.1 cm/h, whereas those with a
molecular weight of 45,000 have a mobility of
+0.5 cm/h. The ,3-lactamases mediated by R55
and R57b are anomalous because, although
their molecular weight is greater than 40,000,
their mobility on starch-gel electrophoresis is
-0.1 cm/h, which is in fact similar to that of the
low-molecular-weight group. However, this sim-
ilarity may be merely coincidental.

It has been reported (3) that two bands were
obtained when the R46 f,-lactamase was sub-
jected to starch-gel electrophoresis. Early ex-
periments in the present work showed the same

effect, with the second band running at +0.2
cm/h. However, such experiments were done
with old preparations of crude enzyme, stored
frozen at -20 C. When fresh, nonfrozen cell
extracts were used, the slower-running band
was not seen. This is therefore thought to be an
artifact either of storage or of freezing and
thawing. It is worth noting that there did not
seem to be any difference between the old and
fresh enzyme preparations regarding any other
property investigated.

In all the experiments, an additional very
weak band (mobility +0.9 cm/h) was observed
when the starch gels were developed with a
benzylpenicillin-iodine mixture, but not when
oxacillin was used. J. T. Smith (unpublished
data) has shown that the chromosomally deter-
mined f3-lactamase produced in very small
amounts by E. coli K-12 strains does not
hydrolyze oxacillin. We conclude that it is this
enzyme that is responsible for this additional
band; this is consistent with the electrophoresis
results obtained with two other strains of E. coli
(5).

DISCUSSION
It can be concluded from these results that

there are two main groups of oxacillin-hydrolyz-
ing f-lactamases: first, those with a high activ-
ity against methicillin, a molecular weight of
about 24,000, no binding to dextran blue, and
electrophoretic mobility of -0.1 cm/h; and
second, those with little activity against methi-
cillin, a molecular weight of 45,000, binding to
dextran blue, and an electrophoretic mobility of
+0.5 cm/h. Thes,e two groups are not homogene-
ous but can be divided into types on the basis of
their substrate specificity profiles and sensitiv-
ity to PCMB or sodium chloride. It would be a
mistake, however, to treat these types as rigid
subdivisions; in most cases there are only one or
two independently isolated enzymes in each
type. Where R-factors are similar in compatibil-
ity properties, source, and resistance spectrum,
the possibility cannot be ruled out that they are
reisolates of the same plasmid. Hence, the
,B-lactamases mediated by such R-factors can-
not be said to be of independent origin.
There were two types of enzyme in the

low-molecular-weight group: that mediated by
R455, on the one hand, and those mediated by
RGN23S, R609b, and R656a, on the other. R609b
and R656a could be variants of the same R-fac-
tor (Table 1), although R609b lacks the kanamy-
cin-resistance determinant. They are however
completely different from RGN2SS in origin and
compatibility group (Table 1), and yet the
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fB-lactamases specified by these three R-factors
are indistinguishable. However, they can be
differentiated from that mediated by R455 by
their sensitivity to PCMB and their relative
rates of hydrolysis of ampicillin (12). In all other
respects, all four enzymes of the low-molecular-
weight group were similar and could have origi-
nated from a common ancestor.
There were possibly five types of oxacillin-

hydrolyzing f-lactamase in the high-molecular-
weight group specified by the following R-fac-
tors: (i) R7 and R1, (ii) R46, R45, R48, and
R205, (iii) R Ox176, (iv) R Ox179, and (v) R55
and R57b. These types -can be distinguished by
means of the data provided in Table 2. R7 and
RI, which could be reisolates of the same
R-factor (8), were found to specify virtually
identical j-lactamases. The ,3-lactamase medi-
ated by R46 is indistinguishable from those
mediated by R45, R48, and R205. These four
R-factors, which were all isolated in S. typhi-
murium (Table 1), mediate resistance to am-
picillin, sulfonamide, and tetracycline. R46 and
R48 carry, additionally, resistance to strep-
tomycin, but a consistent finding in this labora-
tory is that R46, at least, frequently segregates
streptomycin-sensitive clones. Hence, all these
four R-factors may have had identical resist-
ance spectra at one time. However, they are
different in their geographical source (Table 1),
and it is not possible at this stage to be certain if
these are reisolates of the same R-factor.
The ,8-lactamase mediated by R Ox176 illus-

trated the dangers of attempting a rigid classifi-
cation of these enzymes. In some respects, it
resembles the fB-lactamases of R7 and R16, and
in other respects it resembles enzymes of the
R46 type, so that its properties are intermediate
between those of the two types. R Ox176 was
isolated independently from any of the other
R-factors studied here with the exception of R
Ox179. However, although R Ox176 and R
Ox179 were isolated at the same time, they were
found in different bacterial species, the two
R-factors are compatible with each other (J. W.
Dale, unpublished data), and there are signifi-
cant differences between the jl-lactamases spec-
ified by them (Table 2). It is likely therefore,
that R Ox176 and R Ox179 are in fact genuinely
different R-factors.
As outlined above, R Ox179, R Ox166, and R

Ox407 are thought to be reisolates of the same
R-factor. The most notable feature of the f,-lac-
tamase specified by these R-factors is the high
enzyme level produced per cell (Table 2). More-
over, it is interesting that the enzyme level
produced by these R-factors in the original P.

mirabilis strains is similar to the level found in
E. coli strain J62 (J. W. Dale, unpublished
data). This contrasts with the behavior of R46
(and some other R-factors), which mediates
much lower levels of R-factor-specified ,-lac-
tamase in P. mirabilis than in E. coli (18). This
suggests that R 0x179 may carry a difference in
some as yet unidentified gene which is responsi-
ble for the regulation of ,B-lactamase synthesis.
R55 and R57b may be reisolates of one

R-factor (Table 1), and the #B-lactamases they
mediate deserve special mention. In most prop-
erties they bear a close resemblance to the other
enzymes of the high-molecular-weight group.
However, the molecular weights of the R55 and
R57b ,B-lactamases are slightly lower than those
of the other enzymes in this group, and their
electrophoretic mobility is different. It is possi-
ble that the f-lactamase gene of these two
R-factors has undergone a deletion event result-
ing in changes in the physical properties of the
enzyme molecule. If this is the case, it may be
that all the oxacillin-hydrolyzing f,-lactamases
of molecular weight greater than 40,000 could
have originated from a common ancestor.
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