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   Twelve 5,6-cis-carbapenem antibiotics were examincd for thcirβ 一1actamase inhibitory

activities, their types of inhibitions, and their synerglstic activities with otherβ 一1actam anti-

biotics. Alhhe carbapenems inhibited eight types ofβ 一lactamases including cephalospori1、ases

which were insensitive to clavulanic acid and sulbactam. The sulfonyloxy ethyl carbapenems

were the most active inhibitors;they inhibited al1β 一lactamases in a progressive fashion, whereas

some of the hydroxyl compounds exerted non-progressive inhibition against severalβ4act-

amases such as those of Escherichia coli TN713 and Proteus vulgaris GN4413. Several car-

bapenems were inactivated by theβ 一lactamases of Citrobacter freundii GN1706, P. vulgaris

GN4413, E. coli TN713, and Klebsiella pneumoniae TNI698. Most of the carbapenems poten-

tiated the antibacterial activities of ampicimn and cefotiam againstβ 一1actamase-producing

bacteria.

    Since the discovery of thienamycin by KAHAN et al.1), many new carbapenem antibiotics produced

by streptomycetes have been reported2～8). The total synthesis and the chemical modification ofthiena-

mycin have also been reported9,10). They have not only potent antibacterial activities butβ 一lactalnase

inhibitory activities as well3・4・7・1M3). A combillation of classicalβ 一lactam alltibiotics andβ 一lactamase

inhibitors represents one of the approaches for treating infetions caused byβ 一lactam antibiotic-resistallt

bacteria14～16). Therefore, it is important to clarify the relation between the structure and theβ 一lacta。

mase-inhibiting activity of carbapenem antibiotics.

    In th1s paper, we report the inhibitory activities and the types of inhibitions against eight β-lacta-

mases of twelve structurally related 5,6-c13-carbapenem antibiotics(Flg.1). Their synerglstic activities

with ampicillin and cefotiam agalnstβ-lactamase producers are also described.

Materials and Methods

    Antibiotics

   The naturally-occurring 5,6-d5-carbapenem antibiotics17・18)were isolated from the culture filtrate

of Streptomyces griseus subsp.cryophilus C-193938)and their derivatives19)were prepared in our Iabora-

tories(Fig.1). The purities of these compounds were estimated to be more than 70%by TLC, HPLC,

UV, IR, and IH NMR spectra. Clavulanic acid was also prepared in our laboratories. Ampicillin

and ceR)tiam are products of Takeda Chemical Industries, Ltd.. Sulbactam(penicillanic acid su1R)ne;

CP-45,899)was a generous gift from Leo Pharmaceutical Products, Denmark.

    Bacterlal Strains andβ 一Lactamases

    AIl strains, except Escherichia coli K12CPI3alld Serratia marcescens IFO 12648, are clinical isolates.

Theβ 一lactamases of E. co1'TN635 and TN713are type I penicillinase20)(TEM-121))and that of E. coli

TN 649 is a type II penicillinase2。)(OXA-121)). Theβ 一1actamases of Klebsiella pneumoniae TNI655 and

TN1698 are chromosomally mediated constitutive penici11inases. Theβ 一lactamase of Staphylococcus
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aureus 840is an inducible penicillinase. The enzymes of Citrobacter freundii GN1706 and TN515,S.

marcescens TN81 and IFOl2648, Proteus vulgaris GN4413and GN4815and Enterobacter cloacae TN

1282are inducible cephalosporinases, The enzymes used were purified as described previously12). The

β一lactamases of P. vulgaris GN4413and E. cloacae TN1282 were homogeneous in the sodium dodecy1-

sulfate polyacrylamide gel electrophoresis. Otller enzymes were partially purified preparations.

    Determination ofβ 一Lactamase Inhibitory Activity

    β一Lactamase activity was determined microiodometrica11y22)using ampicimn as a substrate fbr the

peniCilhnaSe aSSay and Cephalothin fOr the Cephalosporinase assay.β 一LaCtamaSe inhibitory aCtiVity was

a determined as described previously12). Percentage inhibition ofenzyme activity was calculated against

acontrol reaction where the inhibitor was replaced by buffer. The concentratioll ofthe inhibitor giving

50%inhibition(150)was obtained from a plot ofthe percelltage inhibition against the illhibitor concentra-

tion,

   Assay-for Inactivation of C-19393 H2 by P.vulgaris β-Lactamase

    One milliliter of reaction mixture containing 10μg(275 nmole)of C-19393 H2,027 to 5.4 nmole

of the.P. vulgaris GN4413β ・1actamase and 50 mM phosphate buffer(pH 6.9)was incubated at 30。C.

At intervals,50μl aliquots of the reaction mixture were wlthdrawn and added to 150μl of methanol to

stop the reaction. The amount ofresidual C-19393 H2was measured by the paper disk method with E.

coli CP13 as a test organism.

    Test for Synergistic Activity

   The potentiation of the alltibacterial actMties ofampicillin and cefotiam by carbapenem antibiotics

was examined by the agar dilution method. Serial two-fold dilutions of theβ-lactam antibiotics were

prepared in Mueller-Hinton agar(Difco), with or without the addition of carbapenem antibiotics. Test

organisms were grown overnight in Mueller-Hinton broth(Difbo)at 37℃. About 5μ10f bacteriaI

suspellsion containing approximately lO7 colony-forming units per ml was inoculated onto agar plates

with a multiple inoculator(Sakuma, Tokyo). Plates were incubated at 37℃for l8hours, and the

mhlimunl inhibitory concentration(MIC)was taken as the lowest concentration of drug that inhibited

the visible growth of bacteria.

Fig.1. Chemical structures of 5,6-cis--carbapenem antibiotics used in this study.
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Results

                            β一Lactamase Inhibitory Activities

   Table l shows the inhibitory activities of 12 carbapellem antlbiotics against 8β 一lactamases. The

activities of clavulanic acid and sulbactam were also shown in the table. Every carbapenems inhibited

alhhe enzymes. The cephalosporinases of E.cloacae TNI282,S.marcescens  TN81, and C.freundii

GNI706, which were insensitive to clavulanic acld12,23),and the penicillinase of E.coli  TN649 were very

sellsitive to all ofthe carbapenems tested. Among the 12carbapenems MM 4550 and MM 13902 were

Table 1.β 一Lactamase inhibitory activities of carbapenem antibiotics.

   Compound   

C-19393S2       I

C-19393 S2MI  I

C-19393S2M3

MM 4550

MM 13902

MM17880

C-19393H2

C-19393H2M1

C-19393H2M3

C-19393E5

Epithienanlycin B

Epithienamycill A

CIavulanic acid

Sulbactam

150(ng/ml)

Penicillinase of

 S.aureus
  1840

 210

2,400

 2,300

    3.0

    8.2

 21

 43

   600

   560

    0.32

    12

    37

 40

  1,400

E.coli

TN713

 0.27

25

42

 0.037

 2.9

 4.7

 3.0

 9.6

 4.5

27

320

690

16

320

E.coli

TN649

 2.5

 7.7

18

 0.35

 0.71

 0.66

 1.4

11

17

 0,21

 3.6

 2.7

300

K

.pneum-
  oniae

TN 1698

   5.2

  40

  34

   0.19

   2.6

   1.0

   5.2

 300

 250

   0.42

 200

 290

  12

Cephalosporinase of

E.cloacae TN1282     43

    2.4

  5.8
   1.2

   0.11

  0.29

  34

   5.4

   5.4

    15

   0.98

    2.7>

5000

>5000

S

.marce-
 scens

 TN81

   55

   39

  290

    0.58

   0.35

    1.7

    0.50

    0.85

    7.0

    0.29

    0.63

    3.5

>5000

C.freu-

 ndii

GN1706

  16

  2.8

  6.2

  25

  0.2

  0.33

  15

  5.4

  13

  15

  1.3

  2.5

>5000

 P.vul-

  garis
 GN4413

   0.37

   4.4

   9.0

   0.059

1  0.23

   0.38

   0.60

   6.0

  11

  12

 300

 580

  45

  110

    Fig.2. Effect of preincubation ofβ 一lactamases with C-19393 H20n enzyme activity.

   Each enzyme was incubated with C-19393 H2 for the time indicated, prlor to the addltion of

substrate.(A)E. cloα ぐ08 TN1282β 。1actamase(0.003 U/ml),30 ng!ml of C-19393 H2.(B)P.

vulgaris GN4413β 一lactamase(0.003 U/ml),0.6 ng/ml of C-19393 H2.(C)E. co1'TN713β 一

lactamase(0.002 U/mD,3ng/ml of C-19393 H2.
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the most active:theid50s were below IOng/ml agalnst all the enzymes. C49393 S2M1, C-19393 S2M3,

G19393 H2M1, C-19393 H2M3, epithienalnycin A, and epitllienamycin B werc relatively weak in inhibit-

ing certainβ-lactamases such as those of S.aureus 1840 and K.pneumoniae TNI698.

                                  Type of Inhibition

   Theβ 一lactamase inhibitory activity orccrtain illhibitors, such as clavulalllc acid, illcreases whell dlc

inhibitor and the enzyme are incubated before the

addition of substrate24,25), This type of inhibi-

tion is called "progressive”. C-19393 S2 inhibit-

cd theβ 一lactamase of E. co1∫TN713 in a progres-

sive fashion12),whereas C-19393 H2 did not(Fig.

2C). Our previous study revealed that the pro-

gressive inhibition was irreversible whereas thc

non-progressive illhibition was reversible12).

Another type of inhibitioll was observed with

the combination of the P. vulgaris GN4413β 一

1actamase and C-19393 H2(Fig.2B). In this

case, the inhibition, once attahled, was relieved by

prolonged incubation. Thls reliefcan be explain-

ed by the experiment shown in Fig.3. C-19393

H2 was inactivated by the P.vulgaris β-lactamase

at the rate of 1.1 mole per minute per mole of the

cnzyme. Under the sanle condition, the rate of

cephaloridine hydrolysis was 1,400 mole per minute per mole or the enzyme(data not shown).

    We examined the type of inhibition of variousβ-lactamases by the 12carbapenems. The results

Fig.3. Inactivation or C-19393 H2 by P.vulgaris

 GN4413β 一1actamase.

   C-19393H2(10μg/ml,27.5μM)was incubated

 with O.27μM(○),1.35μM(△)and 5。4'`M(ロ)of thc

 P.vulgaris GN4413β 一1actamase and with a pho-

 sphate buffer(●)at 30。C. The amount of rcsiduaI

 C-19393 H2 was determilled microbiologically as

 described in Mater1als and Methods。

Tabie 2. Type of inhibit1Qll ofβ 一lactamases by carbapenem alltibiotics.

  Compound

C-19393S2

C-19393S2M1

C-19393S2M3

MM 4550

MM13902

MM 17880

C-19393H2

C-19393H2M1

C-19393H2M3

C-19393E5

Epithlenamycin B

Epithienamycin

Inhibition type ofβ 一1actamase*from

  S.aureus
   1840

    A

    A

    A

    A

  A

    A

   A

    A

    A

    A

    C

  A

E.coli

TN713

 A

 A

 A

 A

 A

 A

 C

 B

 B

 C

 C

 C

E

.coli

TN649

 A

 A

 A

 A

 A

 A

 A

 A

 A

 A

 A

 A

K.pneum-

 oniae

TN1698

  A

  A

  A

  A

  A

  A

  A

  A

  A

  B

  B

  C

E

.cloacae

TN1282

  A

  A

  A

  A

  A

  A

  A

  A

  A

  A

  A

  A

S.marce-

 scens
 TN81

  A

  A

  A

  A

  A

  A

  A

  A

  A

  A

  A

  A

C.freu- ndii
GN1706

  A

  A

  A

  B

  B

  B

  A

  B

  B

  A

  B

  B

P. vul-

 garis
GN44B

  A

  A

  A

  A

  A

  A

  B

  B

  c

  B

  B

  B

* Expcrimental procedure is described in Fig
.21egend. Thc typc oF inhlbitlon was categorized as follows.

  A:Inhibited in a progressivc fas111on as Fig.2A. B:Inhibited in a progressive fashion first, then the

  enzyme activity reco、 ・ercd(Fig.2B). C:Inhibitcd in a Ilo11-progressive fashion as Fig.2C.
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arc summarized in Table 2. The carbapenems with a sulfonyloxy group at position 8(C-19393 S2,

C-19393S2M1, C-19393 S2M3, MM4550, MM 13902,and MM 17880)inhibited all enzymes in a progres-

sive fashion. On the other hand, inhibition of β-actamases such as those of E, coli TN713 and 1).

vulgaris  GN 4413by several carbapenems with a hydroxyl group instead of the sulfbnyloxy group was

Ilon-progressivc. Theβ 一1actamases of E. coli TN649, E.cloacae TN1282, and S.marcescens TN81were

inhibitod in a progressive fashion by all carbapellems. The inhibition of the C.freundii β一lactamase by

MM4550, MM 13902, MM 17880, C-19393 H2M1, C-19393 H2M3, epithienamycin A, and epithiena-

mycin B was relievcd by prolonged incubation.

                                  Synergistic Activity

    The twelve carbapenems were highly active in illhibiting variousβ 一lactamases, and synergistic acti-

vities with otherβ 一lactams sensitive toβ-lactamase hydrolysis was expected. Therefbre, we tested the

synergistic activities of the carbapenems with ampicillin against penici11inase producers and with cefbtiam

against cephalosporinase producers and compared theln with the activities of clavulanic acid and sul-

bactam(Tables 3 and 4).

    Most carbapenems acted synergistically with the otherβ 一lactams agalnst many organisms. C一

19393S2, for example, was very active in potentiating the antibacterial actMties of ampicillin and cefo-

tlam agalnst S.aureus,, E. co1i, K.pneumoniae, P. vulgaris, and S.marcescens ,but was not active against

E.cloacae and C.freundii. None ofcarbapenems exhibited strong synergistic activity against E. cloo(η8

Table 3. PQtcntiatioll of antibacterial activity of ampic川in against peniciliinase producers by carbapenem

   antibiotics.

    AdditiOn(μg/ml)

None

C-19393S2(0.1)

   〃  (0.5)

C-19393S2M1(0.1)

   〃   (0.5)

MM4550(0.2)

MM 13902(0.1)

   〃  (0.5)

MM 17880(0.1)

C-19393 H2(0.1)

   〃  (0.5)

C-19393H2M1(0.b

   〃    (0.5)

C-19393E5(0.1)

   〃  (05)

Epithienamycin B(0.1)

   〃     (05)

Clavulanic acid(0.1)

   〃    (1.0)

Sulbactam(1.0)

MIC of amplcillin(μg/ml)

S.aureus   1840

100

  12.5

  3.13

 50

  12.5

  1.56

  0,39

≦0.20

  1.56

  3.13

≦0.20

 25

  3.13

 12.5

  3.13

  0.78

≦0.20**

  6.25

  1.56

  6.25

E

.coli

TN635

800

  3.13

  1.56

100

 12.5

200

200

-*200

50

50

800

800

400

400

50

  6.25

400

E.coli

TN649

800

100

12.5

100

12.5

200

400

25

≦;0.20**

25

200

100

200

50

800

K

.pneumoniae

  TN 1655

   100

     6.25

     1.56

    25

    12.5

    25

    12.5**

     1.56

     3.13

    50

    50

    25

   100

   100

    6.25

     1.56

   100

* Organism was inhibited by a carbapenem antibiotic alone 。

** Organism was inllibited partially by a carbapenem antlbiotlc alone
.
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and C.freundii, though they inhibited the β-1actamases of these orgallislns. The synergistic acdvitics of

most carbapenems were superbr to that ofsulbactam and were ofthe samc order as or slightly strollgcr

than that of clavulanic acid.

    Against S. aureus, K.pneumoniae and P. vulgaris, the syllergistic activities of carbapenems except

MM4550 were well correlated with theirβ 一iactamase inhibitory activities. C-19393 S2 was the on1y

carbapenem that exerted good synergism against E. co1i TN635. The syllergist1c activity of carbapenems

against E.coli. TN649 was weak III spltc ofthe sensitivity oflts enzynle.

Table 4. Potentiation of antibacterial activity of cefotiam against cephalosporinase producers by car-

   bapenem antibiotics.

   Addition(μg/ml)

None

C-19393S2(0.1)

  〃   (0.5)

C-19393S2M1(0.1)

  〃    (0.5)

MM 4550(0.2)

MM 13902(0.1)

  〃   (0.5)

MM 17880(0.1)

C-19393H2(0.1)

  〃   (0.5)

C-19393H2M1(0.1)

  〃     (0.5)

C-19393E5(0.1)

  〃   (0.5)

Epithlenamycin B(0.1)

  〃      (0,5)

Ciavulanic acid(0. 1)

  〃     (1.0)

Sulbactam(1.0)

MIC of cefotiam(μg/ml)

  P.vulgaris

    GN4815

    400

      0.78

      0.78

      1.56

      0.78

      6.25

      0.78

-*

      0,78

      0.78

     ≦;0.20**

     25

     ≦0.20**

    400

    200

    400

    200

      313

      1.56

      3.13

S

.marcescens

 IFO 12648

   25

   12.5

    6.25

    6.25

    3.13

   12.5

   12.5

    6.25

   12.5

    1.56

    6.25

    0.39**

   25

   25

   12.5

    12.5

   25

   25

   12.5

E.cloacae

TN 1282

   200

   200

   200

   100

    50

    50

   100

    50

   100

   200

   200

   100

   100

   200

   100

   200

   100

   200

   200

   200

C.freundii
 TN515

   200

   200

   100

   100

    50

   200

   200

   100

   200

   200

   200

   200

   100

   200

   100

   200

    50

   200

   200

   200

* Organism was inhibitcd by a carbapenem amibiotic alone.
** Organism was inhibited pardally by a carbapenem andbiotic aione,

Discussion

    AH of thc twelve 5,6-c1∫ 一carbapenem antibiotics tested inhibited 8 types orβ 一lactalnases including

thosc which were insensitive to clavulanic acid and sulbactam. There werc ccrtain general rules in thc

structure-activity relation. The presence ofasulfoxlde in the 2-sidc chain illcrcased inhibitory activities

agahlst peniciHinases and the .P. vulgaris GN4413ccphalosporinase, but decreased, or did not affect, the

activities against other cephalosporinases(C-19393 S2 y3. C-19393 S2M1, MM 4550 y5. MM'13902 , C-

19393H2 y3. C-19393 H2M1, C-19393 E5 y5. epithicnamycill B). Whether the 2-side chain was saturat-

ed or not, scarcely affected the inhibitory actMty(C-19393 S2MI y5. G19393 S2M3
, MM 13902 vs. M M

l7880, G19393 H2MI y5. C-19393 H2M3, epithienamycln B v3. epithienamycln A). Carbapenems with

amethyl groupat position 8 wcre more active inhibitors than those with dimethyl groupin the case of the

8-sulfonyloxy compounds(MM4550 y5. C49393 S2 、 MM l3902 vs. G19393 S3M1, MM 17880 vs. C一
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19393S2M3). But in the case of antibiotics with a hydroxyl group instead of a sulfbnyloxy group at

position 8, the effects of the number of methyl group on the inhibitory activities were variable(C-19393

E5 v3, C-19393 H2, epithienamycin Bレ5。 C-19393 H2M1, cpithienamycin A vs. C-19393 H2M3). Against

all enzymes, MM 17880 was a more active inhibitor than epithienamycin A, and MM 13902 was more

active than epithienamycin B. MM4550 was more active in inhibiting theβ 一lactamases ofE. coli TN713,

E.cloacae TN1282, C.freundii GNI706, and P. vulgaris GN4413than was C-19393 E5, but was less ac-

tive in inhibiting the S.aureus β一1actamase than was C-19393 E5. In these 8-monomethyl carbapenems,

the presence ofasulfbnyloxy group increased the inhibitory activity with some exceptions. In the case

of the 8-dimethyl compounds, the effects of the sulfonyloxy group on the inhibitory actlvity were not so

Iarge and variable.

    C-19393S2, S2M1, and S2M3 inhibited a11 enzymes in a progressive fashion. A previous study re-

vealed that C-19393 S2, which inhibited the E. coli TN713β 一lactamase in a progressive fashion was an

irreversible inhibitor of this enzyme12). ThereR)re, these three antibiotics are presumed to be irrever-

sible inhibitors(or inactivators)ofβ 一lactamases. Similarly,β 一1actamases of E. coli TN649, E.cloacae

TN 1282, and S.marcescens TN81 were considered to be inhibited irreversibly by a11 carbapenems testcd.

Aprevious study also revealed that C-19393 H2, a non-progressive inhibitor of the E. coli TN713 β-

1actamase, inhibited this enzyme reversibly12). The mechanism of inhibition of the E. coli TN713enzy-

me by C-19393 E5, epithienamycill A and epithienamycin B are presumed to be similar to that by C-

19393H2, There were no reversible inhibitors among the 8-sulfbnyloxy carbapenems, but many of the

8-hydroxyl compounds were reversible inhibitors of the　E. coli TN713β 一lactamase.

    C-19393H2 was inactivated by the P. vulgaris β一lactamase. The rate of inactivation was 1.1 mole

per minute per mole of tlle enzynle, and was O.08%of that of cephaloridine hydrolysis by the same

enzyme. Slow inactivation of C-19393 H2 would have resulted in the complex pattern of inhibition of

the.P.vulgaris β-1actamase;the inhibition once attained was releaved by prolonged incubation. A

similar pattern of time dependent relief of inhibition ofβ-lactamase was demonstrated with clavulanic

acid24)and PS-56). The inhibitions of the、P.vulgaris -lactamase by C-19393 H2M1, C-19393 E5,

epithienamycin A, and epithienamycin B were also relieved as in the case of inhibition by C49393 Hg,

and these carbapenems were presumed to be slowly hydrolyzed by the P.vulgaris enzyme. Seven car-

bapenems including MM4550, MM l 3902, and MM 17880 were also considered to be substrates for

the C.freundii β-lactamase.

    The twelve carbapenems acted synergistically with ampicillin and cefotiam againstβ 一lactamase-

producing organisms and the synergistic activities of some carbapenems were superior to those ofc}avul-

anic acid and sulbactam、. The synergistic activities against P.vulgaris GN4815were the most remarka-

ble, Against this organism,0.1μg per ml of C-19393 S2, C-19393 H2, MM l3902, and MM 17880

reduced the MIC ofcefotiam ffom 400μg/ml to O,78,fg/m1, which was the MIC level of ceR)tiam agaillst

aβ 一lactamase-deficient mutant of this strain(し1npublished observation). C-19393 S2 and MM l7880,

cvell at O.01μg/ml, exhibited a 250-fold reduction in the MIC of cefotiam against this organism(data

not shown). The synerglstic activities ofcarbapenems against 3。 θ`'rα'5 were also remarkable and were

well correlated with theβ 一lactanlase inhibitory activities. In this case, the consistency between synergy

andβ 一lactamase inhibitory activity is we11 understood because the enzyme of S.aureus is excrcted into

the surroundlllg inedium and there is no barrier betweenβ 一1actamase and the inhibitor. The synergistic

activities of carbapenems against E. coli,K. pneumoniae, and S.marcescens were slightly weaker than

those agaillst S. aureus and P. vulgaris. The outer membrane might act to some extent as a permeability

barrier for carbapenems in these organisms. MM4550 was not so active in potentiating the antibacteriaI

activities ofβ 一1actam antibiotics in spite of its strong inhibition ofβ-lactamases. The Iability of M M.

45501nay be a major reason fbr this inconsistency2・3).

    The twelvc carbapellel1,s scarcely acted synergistically with cefotiam against E. cloacae TN1282 and

C.freundii TN515. There are three possible explanations for this ineffectiveness:1)the permeabi[ity

barrier, notβ 一1actamase, is a major factor for the cefotiam-resistance,2)carbapenems are illactivated by

the bacterial enzyme,3)carbapenems are unable to penetrate tlle outer membrane. Good correlations

between resistance levels andβ 一lactamase activities in E. c1oacae and C.freundii unpublished observa-

tions)suggest that β-lactamase is a major factor for cefotiam-resistance, Many carbapenems were in-
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activated by the C.freundii β一lactamase. Therefore, the inactivation by the enzyme may be one reason

for the ineffectiveness in synergy against C.freundii, On the other hand, none was inactivated by the E.

cloacae β一lactamase. E. cloacae might produce an enzyme, other thanβ 一1actamase, that inactivates

carbapenems. An alternative explanation for the ineffectiveness in synergy against E. cloacae is that

carbapenems are unable to penetrate the outer membralle.

   The present study indicates that the combination of carbapellems withβ 一lactam antibiotics may be a

promising approach fbr treating infections caused byβ 一lactamase-produciring strains such as S. aureus,K

.pneumoniae, E. coli, and P. vulgaris.
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