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A Pseudomonas aeruginosa strain isolated at Besancon Hospital, France,
proved to be highly resistant to carbenicillin and showed a high hydrolytic
activity toward this antibiotic. We clearly demonstrated that two ,-lactamases
were synthetized: one of them, constitutive, has its enzymatic activity directed
mainly toward penicillins, and carbenicillin appears to be its best substrate
(higher Vmax); thus, this 83-lactamase is a "carbenicillinase" that differs from the
well-known "TEM-like" enzymes. The isoelectric point of this carbenicillinase is
5.30 ± 0.03. The other one is an inducible cephalosporinase, very similar to the
cephalosporinases usually found in these organisms. Its isoelectric point is 8.66
± 0.04. These two enzymes have been separated by affinity chromatography and
isoelectric focusing. The kinetic constants were measured by computerized
microacidimetry.

Pseudomonas aeruginosa resistance to ceph-
alosporins is usually interpreted as the result of
the biosynthesis by the bacteria of j8-lactamase
active toward these antibiotics, an inducible
cephalosporinase (29) that seems to be chromo-
sally mediated. As carbenicillin is not a sub-
strate for this enzyme (28, 29), usually P.
aeruginosa strains are susceptible to this anti-
biotic, but very early some strains appear to be
resistant (2, 9).
P. aeruginosa resistance to carbenicillin is a

complex problem: bacterial strains resistant to
this antibiotic are frequently encountered, but
they do not necessarily show any hydrolytic
activity toward this molecule. In these cases,
carbenicillin resistance might be related to
permeability modifications of the cell wall (1,
14).
Some strains were described where a low

hydrolytic activity toward carbenicillin had
been shown. This activity did not seem to have
much physiological meaning (29).

In 1970 (22), for the first time P. aeruginosa
strain (Dalgleish) was described that showed
an unusually high hydrolytic activity against
carbenicillin. A few years later, the enzyme
produced by this strain was subjected to more
sophisticated investigations (6).
Then the presence of R-factor-determined f8-

lactamases, active toward carbenicillin, was
proved by transfer from P. aeruginosa to Esche-
richia coli (5) (31). Transfer occurred with a
higher frequency when the recipient strain was

another P. aeruginosa (3, 8). Some plasmids
were isolated (4, 7).

In France (17) a TEM ,8-lactamase with pI =
5.4 was identified in a P. aeruginosa strain.
This enzyme is similar to the type I described
by Pitton (26).

In this paper, we study a new P. aeruginosa
strain presenting a high hydrolytic activity to-
ward carbenicillin. This strain has already
been subjected to preliminary studies (21).

MATERIALS AND METHODS
Bacterial strain. P. aeruginosa strain HL was

isolated by Michel Briand at the bacteriology service
of Besancon Hospital, France. The carbenicillin
minimal inhibitory concentration was approxi-
mately 4,000 ,ug/ml.

Enzymatic extract. To detect the presence of con-
stitutive and/or inducible 4-lactamases, uninduced
cultures and cultures induced by up to 5 mg of
penicillin G per ml added at the last 3 h of exponen-
tial phase were used, as described previously (14).

Determination of kinetic constants. Kinetic con-
stants (Km and Vmax) were measured by the comput-
erized microacidimetric method (11, 16) with a Met-
tler pH meter and a Wang 600 computer. Affinity
constants (Ki) are given in micromolar concentra-
tions, whereas the Vmax values are expressed as a
percentage of penicillin G maximum rate of hydroly-
S1S.
Enzymatic stability T = Km! Vmax, which reflects

the half-life of antibiotics at a low concentration,
was also determined for each substrate and ex-
pressed as a percentage of enzymatic stability for
penicillin G (10).
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Enzymatic units. It is convenient to define the f8-
lactamase unit as the quantity of the enzyme that
hydrolyzes 1 umol of penicillin G per min at pH 7
and 37°C. This unit is almost similar, but not identi-
cal, to the one defined by Novick (23). An estimate of
total protein concentration was measured either di-
rectly by ultraviolet spectrophotometry at 280 nm
for concentrated solutions or by the classical Lowry
method for diluted solutions. In each case bovine
serum albumin was the standard. The specific activ-
ity of a bacterial extract is expressed as the number
of f3-lactamase units per milligram of total protein.

Preparative isoelectric focusing. Preparative iso-
electric focusing in sucrose gradients was per-
formed with an LKB 8100 system according to the
instructions of the manufacturer, with ampholines
of pH range 3.5 to 10 or 4 to 6.

Analytical isoelectric focusing. Analytical isoe-
lectric focusing on polyacrylamide gel sheets was
performed with a procedure similar to that of Mat-
thew et al. (19). f3-Lactamase revelation was per-
formed with an agar overlay gel containing starch-
iodine and penicillin G, as described previously (12).
Thus, Fig. 3 is shown as a negative. The samples (20
,ul) were applied near the cathode as drops of liquid
on the surface of the gel.

Affi'nity chromatography. For affinity chroma-
tography, Indubiose 4A (Industrie Biologique Fran-
gaise) (100 ml of hydrated form) activated by cyano-
gen bromide was used, and then cephalosporin C
was bound to this activated resin (17). After exhaus-
tive washing of the column with distilled water, the
crude enzymatic extract (2 ml) was eluted with a
sodium chloride gradient from 0.01 to 2 M.

RESULTS
Enzymatic extracts obtained from uninduced

cultures showed a high 13-lactamase activity,
i.e., 800 to 900 mU/mg of total protein (crude
extracts), when measured with penicillin G as
substrate. Isoelectric focusing with ampholines
of a pH range of 3.5 to 10 gave a single peak of
,8-lactamase, with a pI of 5.4. This pI can be
measured more accurately with ampholines of
a pH range of 4 tQ 6 and was finally found at pH
5.30 + 0.03.
Table 1 is a summary of the kinetic constants

of the enzyme, Ki,m Vmax and T, at pH 7 and 37°C
for 13 /8-lactam antibiotics, including carbeni-
cillin and two "carbenicillin-like" compounds,
ticarcillin and sulbenicillin. This /8-lactamase
showed a very low hydrolytic activity toward
all the cephalosporins tested, i.e., a very low
V.,,, and a high K. (bad affinity). We therefore
looked for a possible inducible cephalosporin-
ase.
Enzymatic extracts prepared from cultures

induced with 500 ,ug of penicillin G per ml
showed no significant difference as compared
with the first extracts. It was only with penicil-
lin G concentrations as high as 5,000 ,ug/ml
that we induced a good cephalosporinase activ-

ity: the specific activity of that cephalosporin-
ase being about 15% ofthe penicillinase activity
(both measured with penicillin G as substrate).
We then undertook the separation of these two
enzymes by affinity chromatography and isoe-
lectric focusing.

Affinity chromatography. Elution of ex-
tracts obtained with highly induced cultures (5
mg of penicillin G per ml) gave two peaks of
enzymatic activity (Fig. 1); the enzyme eluted
first showed little affinity for the column and is
therefore little purified.
Elution with NaCl >0.5 M was needed to

obtain the second peak of enzymatic activity,
and the enzyme purification was approximately
a 100-fold.

Isoelectric focusing of the fractions corre-
sponding to the two peaks gave, respectively,

TABLE 1. Kinetic constants of the constitutive
carbenicillinase from P. aeruginosa strain HL

Antibiotic Km (,aM) V0. , (rela- T (rela-tive)a tive)a
Penicillin G 11.1 100 100
Penicillin V 9.7 98 89
Ampicillin 20.1 148 122
Amoxicillin 17.0 54 285
Epicillin 33 187 159
Carbenicillin 196 282 626
Ticarcillin 34 104 295
Sulbenicillin 23 88 235
Cephalothin 46 1.1 37,700
Cephaloridine 395 28 12,700
Cephalexin Very low hydrolysis, if any
Cefazolin 222 4.5 42,500

a Values are expressed as a percentage of the
corresponding values for penicillin G.
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FIG. 1. Affinity chromatography of the mixture of
/3-lactamases from P. aeruginosa HL (culture in-
duced by penicillin G). Peak 1 is the carbenicillinase,
obtained with a poor purification. Peak 2, mainly
active toward cephaloridine, is collected with a good
purification. OD, Optical density.
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one band at pH 5.30 for peak 1 and one band at
pH 8.66 for peak 2. The two fractions were,
thus, not contaminated by each other.

Isoelectric focusing. Preparative isoelectric
focusing in sucrose gradients of the crude enzy-
matic extract (induced by penicillin G) was in
good agreement with the preceeding results; it
also gave two peaks of enzymatic activity at pH
5.30 and 8.66 (Fig. 2). Analytical isoelectric
focusing on polyacrylamide gels gave the same
results (Fig. 3).
The fractions obtained from affinity chroma-

tography or preparative isoelectric focusing
were suitable for kinetic studies, particularly
for the inducible cephalosporinase that must be
sepaiated from the constitutive carbenicilli-
nase.

The kinetic constants of the inducible cepha-
losporinase are given in Table 2; these data and
also analytical isoelectric focusing show that
this cephalosporinase is very similar to type C
(13). This enzyme gives very low, ifany, hydrol-
ysis of the ampicillin and carbenicillin groups.
The Ki values were measured for ampicillin (Ki
= 0.3 ,uM), carbenicillin (Ki = 0.02 ,tM), and
cloxacillin (Ki = 0.002 ,uM).

DISCUSSION
P. aeruginosa strain HL produces two lacta-

mases. One of them is a constitutive 3-lacta-
mase (pl = 5.30) biosynthetized at a fairly high
level, with a specific activity reaching 800 to
900 mU/mg (crude preparation). Kinetic con-

stants (Table 1) show a very good hydrolytic
activity against the eight penicillins tested, but
a very poor activity against the cephalosporins.
Carbenicillin is the antibiotic hydrolyzed at the
higher rate, and this enzyme could be named
"carbenicillinase."

RELATIVE
ENZYMATIC
ACTIVITY

80
FRACTIONS

FIG. 2. Isoelectric focusing of the /3lactamase
mixture (crude extracts from culture induced by peni-
cillin G) clearly shows two peaks, peak A (pI then
precises at about 8.66) being the cephalosporinase
and peak B (pI = 5.30) the carbenicillinase. Enzy-
matic activity was detected with cephaloridine.

We previously studied in our laboratory P.
aeruginosa strain MAR (17), which produced
another constitutive penicillinase at a lower
level (90 to 100 mU/mg), but showed a very
similar isoelectric point of 5.40. This last en-
zyme had the same pl and kinetic constants as
those of the extrachromosomic /3-lactamase
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FIG. 3. Analytical isoelectric focusing of (1) ceph-

alosporinase type C from P. aeruginosa RL39, (2) the
two /&lactamases from P. aeruginosa HL, (3) type I
penicillinase from E. coli PIII, (4) type Ipenicillinase
from P. aeruginosa MAR (uninduced culture). The
figure shown is a negative.

TABLE 2. Kinetic constants of the inducible
cephalosporinase from P. aeruginosa strain HLa

Vmax
Antibiotic Km (/LM) (rela) T(rel)-

tive) tie

Penicillin G 1.0 100 100
Penicillin V 0.9 60 150
Ampicillin Ki = 0.3
Amoxicillin Low hydrolysis, if any
Epicillin Low hydrolysis, if any
Carbenicillin Low hydrolysis, if any (Ki = 0.02 ,M)
Ticarcillin Low hydrolysis, if any
Sulbenicillin Low hydrolysis, if any
Cephalothin 40 800 500
Cephaloridine 60 540 1,100
Cephalexin 3 30 1,000
Cefazolin 400 6,500 615
Cefamandole 3 4 7,500

a Ampicillin and carbenicillin were tested as inhibitors,
with penicillin G as substrate.
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type I produced by Escherichia coli Pill (15,
26), which was also indistinguishable from the
well-known R-TEM penicillinase. These are en-
zymes from class III of Richmond and Sykes
(27).

It was possible to study the two 8-lactamases
from the two P. aeruginosa strains HL and
MAR by the same techniques in our laboratory,
and these two enzymes appear to be clearly
different. First, analytical isoelectric focusing
showed a clear reproducible difference between
,8-lactamases HL and MAR (Fig. 3). Another
interesting difference was shown in the kinetic
constants (Km and Vmax) (Tables 1 and 3, essen-
tially with carbenicillin, ticarcillin, sulbenicil-
lin, cephalothin, and cephaloridine. Despite
these differences, we can see that the parame-
ter X = KmiVmax, corresponding to the half-life
of the antibiotic at a "low" concentration, is
very similar. For example, with HL carbenicil-
linase, carbenicillin gives r = 626, and with
type I penicillinase r = 450.
The constitutive /8-lactamase of the HL

strain looks a little like the one of the Dalgleish
strain (6), especially its "profile" defined with
maximum rates. But it is very different when
the Km values are considered, which were mea-
sured with different techniques: computerized
microacidimetry (11) for the HL strain and mi-
croiodometry (25) for the Dalgleish strain. The
results of Furth (6) unfortunately lack precision
concerning the pI of the enzyme she studied,
but the value given (5.0 to 5.5) is of the same
order as ours. These two enzymes could belong
to class Vd of Richmond and Sykes (27).

Table 4 gives some characteristics of a few f3-

lactamases with high activity against penicillin
G (and ampicillin) and low, if any, action
against oxacillin and cloxacillin; all ofthem are
constitutive. The TEM-1 ,8-lactamase (pI = 5.4)
is produced by many bacteria, such as P.
aeruginosa MAR (17) or E. coli Rms212 (= R-
GN14) (30, 33), and is similar to type I of Pitton
(15, 26). A common characteristic of the en-
zymes of Table 4 is the isoelectric point, which
ranges from 5.0 to 5.7. Only one penicillinase,
type II of Pitton (15, 26), shows a very different
pl, 7.7. Most of these enzymes appear to be R-
factor mediated.
Based on the relative rate of carbenicillin

hydrolysis, the enzymes from Table 4 may be
classified into two groups. One group gives high
hydrolysis of carbenicillin (Rmsl39, Dalgleish,
and HL), and the other gives a low hydrolysis
(Rmsl65, RP4, TEM-1, and type II). These val-
ues for f3L75 are not given (24).
P. aeruginosa HL extracts from cultures in-

duced with 5,000 ug of penicillin G per ml show
the presence of an inducible 83-lactamase.
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One needs to observe that the concentration
of inducer needed in this case is much higher
than the one used for the cephalosporinase from
P. aeruginosa MAR (17). This might be related
to the fact that the constitutive carbenicillinase
of the HL strain is produced at a much higher
level than the R-TEM 8-lactamase and then
destroys the inducer more rapidly.
The induced 13-lactamase from the HL strain

has a pl of 8.66. The kinetic constants stow that
it has a good activity toward cephatosporins
and a lower one toward penicillins 0 and V
(Table 2). It is therefore a cephalosporinase,
with kinetic characteristics very similar to the
ones of enzymes already described. To us, this

TABLE 3. Kinetic constants of the extrachromosomic
/3-lactamase TEM-1 obtained from P. aeruginosa

MAR

Antibiotic Km (,uM) Vmax (rela- T (relative)tive)
Penicillin G 21 100 100
Penicillin V 11.5 59 93
Ampicillin 31.3 94 159
Amoxicillin 24.9 78 152
Epicillin 43.8 127 164
Carbenicillin 10.0 10.6 450
Ticarcillin 9.7 9.6 481
Sulbenicillin 7.4 4.5 783
Cephalothin 230 10 10,900
Cephaloridine 950 170 2,700
Cephalexin 170 0.33 2.5 x 105
Cephradine 115 0.26 2.1 x 105

TABLE 4. Comparison of some /3&lactamases from
literature data and the constitutive carbenicillinase

produced by P. aeruginosa HL a

Carbenicillin
Enzyme, bac- Penicil-
terial strain, pI lin G Km K Vma:
or reference (GM) (m' (rela-

''tive)
Dalgleish (6, 5-5.5 (impre- 1 2 150

22) cise)
Rmsl39 (30) 5.7 15 40 110
HL (this pa- 5.30 11.1 196 282

per)
Rmsl65 (30) 5.25 50 8 10
RP4 (= RP1) 5.5 (refer- 10 5 9
(TEM-2) ence 30)

Corrected: 5.6
(references
19 and 20)

TEM-1 /8- 5.4 21 10 10
lactamase

,8L75 (24) 5.26 42.8
Type II (26)
(15) 7.7 10.6 6 9

a In the case of f3L75, the values for carbenicillin
are not published. All of them are constitutive.
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TABLE 5. Comparison of a few cephalosporinases from literature data and the inducible cephalosporinase
from P. aeruginosa HL

Enzyme or strain (refer- I Cephalothin Cephaloridine Penicillin G Cloxacillin K,
ence) P Km (,uM) Km (MM) K. (AM) (MM)

Strain NCTC 8203 7.5 (reference 18) 450 130 13 0.03
(1, 29)

Bobrowski et al. (1) 400 0.18
Yaginuma et al. (32) 8.7 132 156 12 0.023
Type A (16) 9.2 41 51 2.4 0.015
Type B (16) 6.67 8.5 19.8 0.9 0.003
HL and type C (13) 8.66 40 60 1 0.002

cephalosporinase appears to be identical (pI,
Km, Vmax) to our type C cephalosporinase (13).

Table 5 is a comparison of the five cephalo-
sporinases already known with the one identi-
fied in the HL strain. The pI of the type C
cephalosporinase is the same as the pI of the
cephalosporinase produced by the GN918 strain
(32). These two cephalosporinases might be
identical; at any rate, they present strong anal-
ogies. The pI of the enzyme from strain NCTC
8203 has been measured recently and is differ-
ent, i.e., 7.5 (18). It can also be observed in
Table 2 that the pI values of cephalosporinases
from P. aeruginosa are mainly basic (Table 4).
All of these cephalosporinases belong to the Id
group defined by Richmond and Sykes (27).
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