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The antagonism of the antipseudomonal activity of ceftazidime by meropenem(la)
was much less than those by imipenem (2a) and panipenem (2b). To reveal the major
structural features of carbapenem compounds responsible for the antagonism, we
investigated the structure-activity relationships of carbapenems to their antagonism of the
antipseudomonal activity of ceftazidime and to their /Mactamase-inducibility in P.
aeruginosa. The antagonistic effect of la was less than that of desmethyl-meropenem (lb).
Two other meropenem-analogues (3, 4), with the highly basic C-2 side chain, showed
greater antagonistic effects than that of la, which has a weakly basic C-2 side chain. The
/Mactamase-inducibility of la in P. aeruginosa was lower than those of 2a, lb and 4. These
results indicated that the antagonism of the antipseudomonal activity of ceftazidime by
carbapenems was due to the induction of /Mactamase in P. aeruginosa. As a result of the
study on the structure-activity relationships, we clarified that the introduction ofa 1 j6-methyl
group and/or the reduction of the basicity (cationic character) of the C-2 side chain in
carbapenem skeleton decreased the antagonistic effect of carbapenems on the
antipseudomonal activity of ceftazidime resulted mainly from the decreasing the
/Mactamase inducibility.

Pseudomonasaeruginosa is an important pathogen that
causes severe infections in immunocompromisedhosts.
This organism possesses an inducible /Mactamase which
is chromosomally encoded.1} In P. aeruginosa the in-

duction of /Mactamase is one of the important factors
in the development of resistance to /Mactam anti-
biotics.2 ~4)

Imipenem (IPM), one of the representative carbape-
nemantibiotics with a potent antipseudomonal activity,
is a good inducer of chromosomally-mediated /Macta-
mase in this organism. The addition of subinhibitory

concentrations of IPMresulted in antagonism of the
antipseudomonal activity of other /Mactam agents such
as cephalosporins.2) Muchattention has been focused
on this antagonism, because of its effect on the clinical

efficacy of carbapenem antibiotics and other /Mactam
agents.

Meropenem (MEPM)is the only l/?-methylcarbape-
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nemantibiotic that has been accepted for clinical use.
Against P. aeruginosa, MEPM shows higher anti-

microbial activity and lower /?-lactamase inducibility at
subinhibitory concentrations than IPM does.5) The

antagonism by MEPMand panipenem (PAPM) of the
antipseudomonal activity of other /Mactamagents has
not been elucidated.

We previously investigated the structure-activity
relationship (SAR) of carbapenems to their in vitro

antimicrobial activity against several organisms, especi-
ally P. aeruginosa.6~S) In this course of study, we

discovered that the basicity of the C-2 side chain is in-
dispensable for the antipseudomonal activity of car-
bapenems, and that the introduction of a l/?-methyl
group variably affects the antipseudomonal activity,
depending on the feature of the C-2 side chain.8)

In this study, we further investigated the SARs of
carbapenems to their antagonism of the antipseudomonal
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Fig. 1. Chemical structures ofMEPM, IPM, PAPMand CAZ.

activity of ceftazidime (CAZ) and to their /Mactamase

inducibility in P. aeruginosa, focusing on the basicity of
the C-2 side chain and the introduction of a 1^-methyl
group.

Materials and Methods

Antibiotics

IPM and PAPMwere purified from imipenem/cilas-
tatin (Banyu Pharmaceutical, Tokyo, Japan) and

panipenem/betamipron (Sankyo, Tokyo), respectively, at
the SumitomoPharmaceuticals Research Center (Osaka,
Japan). The other carbapenem compounds used in this
work were also prepared at the Sumitomo Pharma-
ceuticals Research Center according to reported pro-
cedures.9)10) CAZ was obtained from a commercial

source.

Bacterial Strains
P. aeruginosa PAO1 and IFO3451 were standard

strains stored in our laboratories, and other strains were
clinically isolated strains from various Japanese hospitals
in recent years.

Determination of MICs
The minimum inhibitory concentrations (MICs) of

/Mactams were determined by the twofold serial agar
dilution method, with Mueller-Hinton agar (MHA,
Difco, Detroit, MI). Cells of the tested strains were
grown in Mueller-Hinton broth (MHB, Difco) at 37°C
overnight, and diluted with phosphate buffered saline
supplemented with 0.01% gelatin (BSG) to give a final
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concentration of approximately 106CFU/ml. A por-
tion (about 5^1) of the dilution was plated onto a
drug-containing agar surface with a Microplanter®

(Sakuma Seisakusho, Tokyo). The plates were incubated
at 37°C overnight. The MIC was defined as the lowest
antibiotic concentration that completely prevented
visible growth.

Determination of antagonism
The ability of carbapenems to antagonize the

antipseudomonal activity of CAZ was determined by a
comparison of the MIC of CAZalone and those in
combination with carbapenems. The MICs were deter-
mined by agar dilution method as described above.

In the comparison of three carbapenems (MEPM,IPM
and PAPM)(Fig. 1), the MICs of CAZalone and in
combination with three subinhibitory concentrations
(0.1, 0.2 and 0.39/ig/ml) of each carbapenem were
examined.

In the examination of SARsto antagonism (Table 3,
Fig. 3), the concentrations of antimicrobial agents were
arranged in a checkerboard titration pattern with twofold
serial dilutions. The values of MICcombi/MICalone shown
in Table 3 are the ratio of the maximumMICof CAZ
combined with carbapenems to the MIC of CAZ alone
in the checkerboard titration assay.

Induction of /?-Lactamase
To determine the induction of /Mactamase by tested

compounds, an overnight culture was diluted 10-fold

with 9ml of fresh medium (Antibiotic Medium No. 3,
Difco) and incubated at 37°C for 3 hours with shaking.
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Fig. 2. Distribution ofMICs ofCAZalone and
in combination with a subinhibitory concentra-
tion (0.1 /xg/ml) of IPM, PAPM and MEPM

against 27 clinical isolates of P. aeruginosa
shown in Table 1.

O, CAZ alone; #, CAZ with MEPM; D, CAZ
with IPM; A, CAZ with PAPM.

The tested /Mactams were then added to the culture and
incubated at 37°C for other 2 hours with shaking. The
cells were harvested by centifugation (RPR20-2, Nissei
Sangyo, Tokyo) at 10,000 rpm for 10 minutes at 4°C,
and washed twice with cold 50 mMphosphate buffer (pH
7.0). The washed cells were suspended in 3ml of 50mM
phosphate buffer (pH 7.0) containing 250 ^g/ml each of
DNase I (EC 3.1.32.1, Sigma Chemical, St. Louis, MO)
and RNase A (EC 3.1.27.5). The cell suspension was
passed three times through a French pressure cell (Ohtake
Seisakusho, Tokyo) at 1,500kg/cm2. Cell debris and
unbroken cells were removed by two sequential cen-
trifugations (RPR18-3, Nissei Sangyo) at 15,000rpm

for 15 minutes at 4°C. The resulting supernatant was
used as the crude enzyme for the /Mactamase assay. The
concentration of protein in the enzyme sample was
determined according to the method of Lowry et al.ll)
with bovine serum albumin as the standard.

/MLactamase Assay
jff-Lactamase activity was determined in 1 ml of the

sample containing 50/xm PADAC® (chromogenic

cephalosporin; Hoechst, Frankfurt, Germany) in 50 mM
phosphate buffer (pH 7.0). The initial rates of hydrolysis
were spectrophotometrically determined at 30°C by

measuring the decrease in the A511 using a spectropho-
tometer (UV-2100; Shimadzu, Kyoto, Japan). Enzyme

activity was defined as the A511 decreased under these
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Table 1. Susceptibility of 27 clinical isolates of
P. aeruginosa to carbapenems and CAZa.

Antibioticb
MICrange MIC50 MIC80 MIC9

Og/ml)

MEPM 0.39-25 3.13 12.5 12.5
IPM 0.78-25 3.13 12.5 25
PAPM 0.78 - 50 12.5 25 50
CAZ 0.78- 100 3.13 6.25 25

aMICs were determined by the twofold serial agar
dilution method with MHA(inoculum size: 104
CFU/spot, incubated at 37°C overnight).
MEPM: meropenem, IPM: imipenem, PAPM:
panipenem, CAZ: ceftazidime.

conditions per milligram of protein per minute. The

relative /Mactamase activity shown in the Figs. 4 and 5
is expressed as a multiple of the /Mactamaseactivity in
uninduced cells.

Results and Discussion
Antagonism of the Antipseudomonal Activity of

CAZ by IPM, PAPM and MEPM

Fig. 2 shows the distribution curves of the MICs of
CAZalone and in combination with a subinhibitory
concentration (0.1 jug/ml) of IPM (2a), PAPM(2b) and
MEPM(la) against 27 clinical isolates of P. aeruginosa.
These strains used in this examination were selected from
recent clinical isolates in which la and 2a showed similar
MIC,to enable an examination of the antagonistic effects
of la and 2a at commonconcentrations. Therefore, the
susceptibility of these strains to la was relatively lower
than that of typical isolates of P. aeruginosa reported by
other research groups recently,*2'*3) as shown in Table 1.

Similar distribution curves were also observed at
the other two subinhibitory concentrations (0.2 and

0.39 itig/ml) of carbapenems (data not shown).
The addition of a subinhibitory concentration of 2a

caused a significant increase in the MICs of CAZ against
the tested strains. PAPM (2b), which is structurally

closely related to 2a due to the presence of high basicity
in the C-2 side chain and the absence of ljS-methyl group
(Fig. 1), exhibited a similar antagonistic effect on the

antipseudomonal activity of CAZ.
la induced no or smaller CAZ-resistance compared

with 2a and 2b.

These results prompted us to investigate the SARsof
carbapenems to their antagonism of the antipseudomonal
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Strain

PAO1

IFO3451

BI-633

BI-634

BI-652

BI-749

BI-758

BI-769
BI-782

BI-822

BI-845

BI-859

BI-873

BI-915

BI-919

BI-972

BI-977

BI-979
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Table 2. Susceptibility of 18 strains of P. aeruginosa to carbapenem antibiotics.

MIC (ng/mlf*
Ri

R, <C;ONMe2

21

2

2
2

2

2

2

0

0

3

0

5

1

3

1

1

2

0

5

1

5

5

5

5

5

EPM)

.78

.78

.13

.78

.56

.13

.56

.56

.5

.78

.56

H

H

CH2CH2NHC=NH

2a (IPM)

1.56
0.78
3.13

1.56

50
3.1.3

1.56

1.56

0.78

6.25

0.78
25
25
12.5
25
25
25
12.5

H

Me Me
-^VX>NMe2 ~^*CH2CONHMe ^^^CH2CH2CONHMe

"\J. "\Jh -Oh

1.56
0.78

3.13
1.56

>50
1.56
3.13
1.56
1.56

12.5
0.78

>50
12.5
50
50
50

>50
25

1.56
1.56
3.13

0.78

25

3.13

3.13
1.56
1.56

12.5
0.78

25
3.13

12.5

25

12.5

25
12.5

21

2

2
2

2
2

2

1.56
0.78
3.13
0.78
5
1.56
3.13
1.56
0.78
2.5
0.78
5
6.25
5
5
5
5
5

MICs were determined by the twofold serial agar dilution method with MHA(inoculum size: 104 CFU/spot,
incubated at 37°C overnight).

MEPM: meropenem, IPM: imipenem.

activity of CAZin more detail.

Effects of ljff-Methyl Group and C-2 Side
Chain on the Antagonism of the Antipseudomonal

Activity of CAZ by Carbapenems

In a checkerboard titration assay, the antagonism of
the antipseudomonal activity of CAZby carbapenems
was investigated using five carbapenem derivatives

including IPM (2a) and MEPM(la) as shown in Table
3. Table 2 presents the susceptibility data of the 18
strains used to the carbapenems.
The antagonistic effect of la was less than that of

desmethyl-MEPM (1b) (Table 3). This result indicated
that the introduction of a l/?-methyl moiety on the

carbapenemskeleton decreases the antagonism of the
antipseudomonal activity of CAZby carbapenems due
to the steric effect of the methyl group and/or the re-
sulting conformational change of the C-2 side chain.14)
The antagonistic effect of 2a was greater than that of
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1b (Table 3). This result indicated that the antagonistic

effect of the carbapenems was affected not only by the
introduction of a ijS-methyl group but also by the

structural features of the C-2 side chain. The basicity of
the C-2 side chains ofMEPM type la and 1b (pKa= 7.4)
is markedly different from that of 2a (p#a=9.9).15)

Therefore, we focused on the effect of the basicity in the
C-2 side chain of carbapenems, which is related to the
cationic character in aqueous solution, on the antago-
nism of the antipseudomonal activity of CAZ.
Compounds 3 and 4 are structurally closely related to

la, but these have higher basicity (pi£a=8.9 and 10.0,
respectively) than that of la in the C-2 side chain because
of the presence of a methylene or ethylene spacer be-
tween the pyrrolidine ring and monomethylaminocar-
bonyl group.15) Compound 4 exhibited the greatest

antagonistic effect among compounds la, 3 and 4, and
the antagonistic effect of 3 was greater than that of la
(Table 3).
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Table 3. Effect of l/?-methyl group and C-2 side chain on the antagonism of the antipseudomonal activity
of CAZby carbapenems.

MICcombi/MICalone''d
R±:

Me
H

Strain

PAO1

IFO3451

BI-633

BI-634

BI-652

BI-749

BI-758
BI-769

BI-782

BI-822

BI-845

BI-859

BI-873
BI-915

BI-919

BI-972

BI-977

BI-979

MIC of CAZab
(/ig/ml)

1.56
0.78
3.13
3.13

12.5
3.13

6.25

12.5

6.25

6.25
1.56

6.25
1.56

6.25

12.5

3.13
3.13

3.13

H

Me Me

R2: <X CH2CH2NHC=NH -^ >^J -Q^

la (MEPM) 2a (IPM) lb 3 4
4

2

1

2

2

2

2

1

1

2

1

4

2

4

1

4

2

4

16

4
2
4
4
4
8

16
8
2

8

2

4

4

4

4

2

2

2

2

2

16
4
4
1
4
8
4

8

4

2

4

4

8

4

2

2

4

4

8

4

4

1

4

4

4

16
4
2
4
4

16
4
4
2
8
4

16
4
4
1
4
4

Mean 2.3 7.1 4.3 4.2 6.1

MICs were determined by the twofold serial agar dilution method with MHA(inoculum size: 104 CFU/spot,
incubated at 37°C overnight).

CAZ: ceftazidime.

MICcombi/MICalone is the ratio of the maximum MIC of CAZcombined with a carbapenem to the MIC of CAZ
alone in checkerboard titration assay.

MEPM: meropenem, IPM: imipenem.

These findings indicated that increasing the basicity of
the C-2 side chain of carbapenem compoundsincreased
their antagonistic effect, and the antagonistic effect of
carbapenems which have a highly basic C-2 side chain
was sufficiently large regardless of the presence or ab-

sence of a 1^-methyl group.
Based on these results, we suspected that the difference

in the antagonistic effects of la and 2a was caused by
the presence or absence of a l/?-methyl group and the
different strengths of the basicity in the C-2 side chain.
The antagonistic effect of the carbapenems tested was

not correlated to their antipseudomonal activity (Tables
2 and 3). This indicated that the antagonistic effect of
the carbapenems was not affected by the antipseu-

domonal activity of the carbapenems.

Effect of 1^-Methyl Group and C-2 Side
Chain on /?-Lactamase Inducibility of

Carbapenems in P. aeruginosa

The SARs of carbapenems to /Mactamase inducibility
in P. aeruginosa was investigated, and the results are
shown in Figs. 4 and 5. The strains BI-633 and BI-749,
which showed similar susceptibility to five carbapenems
tested (Table 2) and a marked difference in antagonism
betweenla and other carbapenemsin the checkerboard
titration assay (Table 3 and Fig. 3), were selected from
the strains listed in Tables 2 and 3.

The j8-lactamase inducibility of 2a was markedly higher
than that of la at the concentration of 0.313^g/ml
(0.1 XMIC of la and 2a) in strain BI-633 (Fig. 4). This
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Fig. 3. Antagonism of the antimicrobial activity ofCAZ against P. aeruginosa BI-633 by MEPMand
IPM in a checkerboard titration assay.

Fig. 4. ^-Lactamase induction in P. aeruginosa
BI-633 by MEPM and IPM.

The relative /Mactamase activity is expressed as a
multiple of the basal level activity.

result is in agreement with a previous report,5) and

correlates with the results of the antagonism shown in
Table 3 and Fig. 3.

Wenext investigated the SARs in detail, using four
carbapenem compounds and strain BI-749 (Fig. 5). The
same tendency of SARs was observed in /Mactamase
inducibility as that of antagonism shown in Table 3, i.e.,
the /Mactamase inducibility of desmethyl-MEPM (lb)

and compound 4 were higher than that of la, and that
of 2a was higher than that of lb at two subinhibitory
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concentrations, 0.39/xg/ml (l/8~l/4 x MIC) and 0.78
ing/ml (1/4- 1/2 x MIC) (Fig. 5).

In this series of carbapenems, the /Mactamase
inducibility of the carbapenems was decreased by the
introduction of a 1^-methyl group and by the reduc-

tion of the basicity of the C-2 side chain.

Relation of the Antagonism and
/?-Lactamase Inducibility

As described above, the structural features of
carbapenems responsible for the antagonism of the

antipseudomonal activity of CAZwere well consistent
with those for the /Mactamase inducibility in P.

aeruginosa. This indicated that the antagonism of the
antipseudomonal activity of CAZby carbapenems was
caused mainly by the /Mactamase induction by
carbapenems.

However, the /Mactamase inducibility of compound4
was smaller than that ofdesmethyl-MEPM (lb) in BI-749
(Fig. 5), although the antagonistic effect of compound 4
wasgreater than that of lb (Table 3). This result sug-
gested that the antagonistic effect of carbapenems was
caused not only by the induction of /Mactamase but
also by other unknownfactors. Further study is needed
to clarify the other factors.

In summary, we found that the l/?-methyl group in

the carbapenem skeleton and the basicity of the C-2 side
chain played important roles in the antagonism of the
antipseudomonal activity of CAZby carbapenems and
in the /Mactamase inducibility of the carbapenems, as
well as in their antipseudomonal activity as reported
previously.8) This study also clarified that the main factor



148 THE JOURNAL OF ANTIBIOTICS FEB. 1999

Fig. 5. jS-Lactamase induction in P. aeruginosa BI-749 by MEPM,IPM9 desmethyl-MEPM and
compound4.

The relative /Mactamase activity is expressed as a multiple of the basal level activity.

in the antagonism of other /Mactams by carbapenems is
the /Mactamase induction.

Although the clinical significance of this antagonism
has not been established, it was reported that cefoxitin,
which is a potent inducer of /Mactamase, antagonized
the in vivo efficacy of other /Mactam agents in an animal
infection model.16) Therefore, the clinical implications
of the antagonism should be elucidated in order to
prevent treatment failure occurring in combination
therapy (including continuous usage) for serious pseu-
domonal infections.
This information will be helpful for the selection of a

suitable carbapenem in combination therapies with other
antipseudomonal /Mactam antibiotics.
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