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An important mechanism of bacterial resistance to b-lactam antibiotics is inactivation by b-lactam-hydro-
lyzing enzymes (b-lactamases). The evolution of the extended-spectrum b-lactamases (ESBLs) is associated
with extensive use of b-lactam antibiotics, particularly cephalosporins, and is a serious threat to therapeutic
efficacy. ESBLs and broad-spectrum b-lactamases (BDSBLs) are plasmid-mediated class A enzymes produced
by gram-negative pathogens, principally Escherichia coli and Klebsiella pneumoniae. MK-0826 was highly potent
against all ESBL- and BDSBL-producing K. pneumoniae and E. coli clinical isolates tested (MIC range, 0.008
to 0.12 mg/ml). In E. coli, this activity was associated with high-affinity binding to penicillin-binding proteins
2 and 3. When the inoculum level was increased 10-fold, increasing the amount of b-lactamase present, the
MK-0826 MIC range increased to 0.008 to 1 mg/ml. By comparison, similar observations were made with
meropenem while imipenem MICs were usually less affected. Not surprisingly, MIC increases with noncar-
bapenem b-lactams were generally substantially greater, resulting in resistance in many cases. E. coli strains
that produce chromosomal (Bush group 1) b-lactamase served as controls. All three carbapenems were subject
to an inoculum effect with the majority of the BDSBL- and ESBL-producers but not the Bush group 1 strains,
implying some effect of the plasmid-borne enzymes on potency. Importantly, MK-0826 MICs remained at or
below 1 mg/ml under all test conditions.

An important mechanism of bacterial resistance to b-lac-
tam antibiotics is inactivation by both existing and evolving
b-lactamases. The extended-spectrum b-lactamases (ESBLs)
(functional group 2be [3]) and broad-spectrum b-lactamases
(BDSBLs) (functional group 2b [3]) are plasmid-mediated
class A enzymes produced by gram-negative pathogens, prin-
cipally Escherichia coli and Klebsiella pneumoniae, which oc-
cur primarily as the causative agents of nosocomial infec-
tions contracted in intensive care, burn, oncology, and neonatal
units. MK-0826 (Fig. 1) (4, 6–8, 10–13, 17, 18, 22, 23) is a novel
1-b-methyl carbapenem with clear pharmacokinetic advan-
tages over currently available carbapenems (6–8, 13, 22, 23)
and with excellent antibacterial activity against multiple-drug-
resistant isolates of E. coli and Klebsiella spp. (10–12) (but not
Pseudomonas spp. [17]). Its activity against BDSBL- and
ESBL-producing clinical isolates of E. coli and K. pneumoniae
exceeds that of extended-spectrum cephalosporins. In addi-
tion, MK-0826 generally exhibits lower MICs than does imi-
penem against these isolates regardless of the presence of the
enzymes, presumably due to differences in penicillin-binding
protein (PBP)-binding affinity. As with other b-lactam antibi-
otics, the target of activity of MK-0826 is interference in bac-
terial cell wall synthesis by binding to specific PBPs, leading to
growth inhibition and, with few exceptions, cell lysis. In E. coli,
the high-molecular-weight PBPs 1a/1b, 2, and 3 are enzymes
essential for cell wall biosynthesis and thus are lethal targets of

b-lactams (19, 21, 24). The interaction of MK-0826 with E. coli
PBPs was investigated and associated with its substantial po-
tency.

E. coli clinical isolates that produce either SHV-1, TEM-10,
TEM-1, TEM-7, or TEM-12 b-lactamase and K. pneumoniae
clinical isolates that produce TEM-10 and SHV-1, TEM-5,
TEM-10, or an uncharacterized ESBL were evaluated for an
inoculum effect. Inoculum effects are known to be widespread
among b-lactam antibiotics when activity is directed against
bacteria that produce b-lactamase. Wild-type E. coli cells nor-
mally produce little or no b-lactamase. Data for MICs at two
inoculum levels for the strains that produce the plasmid-en-
coded enzymes were compared to those obtained for wild-type
E. coli cells that have no evident plasmids but produce a basal
level of chromosomal b-lactamase.

MATERIALS AND METHODS

Antibiotics. Stock solutions of carbapenem antibiotics MK-0826 (L-749,345),
imipenem (Merck Research Laboratories [MRL]), and meropenem (ICI Phar-
maceuticals/Stuart Pharmaceuticals) were prepared in 10 mM 3-(N-morpholin-
o)propanesulfonic acid (MOPS) buffer, pH 7.0, and quantitated by a differential
spectrophotometric assay in which hydroxylamine-extinguishable absorbance of
the intact carbapenem nucleus was monitored. To determine absorbance spectra,
a carbapenem sample (ca. 0.2 to 0.5 mg) was weighed by using a microbalance
accurate to 0.001 mg. The sample was dissolved in 10.0 ml of 100 mM MOPS
buffer, pH 7.0, and the native UV spectrum was determined at room tempera-
ture. The carbapenem solution was hydrolyzed (extinguished) to completion
(reaction time may be .30 min, particularly for 1-b-methyl carbapenems) with
20 mM NH2OH z HCl, and the spectrum of the extinguished b-lactam was
determined. The spectrum for the extinguished b-lactam was subtracted from the
native spectrum, and the resulting wavelength (lmax ext) with the greatest change
in absorbance (change in optical density [D OD]) and the molar extinction
coefficient (εext) for each carbapenem were used for further quantitation of car-
bapenem concentrations. For example, immediately prior to use, a carbapenem
solution was diluted in 100 mM MOPS buffer, pH 7.0, and the absorbance at the
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previously determined lmax ext was measured at room temperature for native and
fully extinguished (accomplished by addition of 10 to 20 mM NH2OH z HCl)
carbapenem. The D OD at the lmax ext, the molecular weight, and the εext of the
compound were used to determine the antibiotic concentration. For maximum
stability, antibiotic concentration was kept at #2 mg/ml and solutions were
stored at 0°C or frozen and stored at 280°C.

Noncarbapenem antibiotics were prepared on a weight per volume basis in
water or appropriate buffer, taking active component analyses into account.
Ceftriaxone, ceftazidime, cefotaxime, and penicillin G were obtained from Sigma
Chemical Company, cefepime and aztreonam were obtained from Bristol-Myers
Squibb, and amoxicillin and clavulanic acid were obtained from Smith-Kline
Beecham Pharmaceuticals.

Antibiotic stock solutions were diluted to the desired concentration in water or
buffer as appropriate and sterilized by filtration using Sterile Acrodisc 0.45-mm-
pore-size syringe filters (filter no. 4184; Gelman Sciences). [3H]benzylpenicillin
N-ethylpiperidinium salt (;30 Ci/mmol) was prepared at MRL.

Organisms and conditions of culture. The strains included in these studies are
listed in Table 1. Trypticase soy broth (TSB) (BBL, Becton Dickinson Microbi-
ology Systems, or Difco Laboratories) was inoculated from cultures grown on
brain heart infusion (BHI) agar (Difco Laboratories) slants maintained at 4°C
and grown 18 h at 35°C with shaking at 220 rpm. Cultures diluted in physiological
saline were used for determination of broth microdilution MICs. The numbers of
CFUs per milliliter in all overnight cultures were obtained on BHI agar plates
incubated 18 to 24 h at 35°C.

MIC determinations. MICs were determined by broth microdilution according
to National Committee for Clinical Laboratory Standards (NCCLS) guidelines
(15), with cell concentrations as indicated. For these experiments, Mueller-
Hinton broth (MHB) was obtained from BBL. The MIC was defined as the

lowest concentration of antibiotic inhibiting visible growth after incubation for
20 h at 35°C (24 h at 37°C for strain KN126).

b-Lactamase characterization. BDSBLs and ESBLs had been characterized
by each investigator prior to strain deposit in the Merck Clinical Culture Col-
lection.

Confirmation of b-lactamase production. BBL Cefinase nitrocefin discs for
the detection of b-lactamases were cut into quarters. One piece was placed in a
growth control well of the 20-h microdilution assay plate for each strain and
observed for a color change, thereby indicating the presence or absence of the
enzyme. Wells that contained sub-MICs of antibiotics were tested to detect
enzyme induction if growth controls yielded poor or no color change.

Preparation of bacterial membranes. KN126 cells were grown at 37°C in 15
liters of Antibiotic Medium 3 (Difco) to a final absorbance at 600 nm of approx-
imately 2. Cells were chilled to 10°C, concentrated by filtration, collected by
centrifugation at 10,000 3 g for 10 min, and resuspended in 220 ml of 20 mM
sodium phosphate buffer, pH 7.0. Cells were disrupted by two cycles of sonication
and cooling on ice; unbroken cells and debris were removed by centrifugation at
8,000 3 g for 10 min. Membranes, collected by centrifugation at 40,000 3 g for
60 min, were washed and resuspended in 20 mM sodium phosphate buffer, pH
7.0. Protein concentration was determined by the Bio-Rad microassay method,
and membranes were stored at 280°C.

Competitive binding assays. Binding affinity for the E. coli PBPs was deter-
mined in a competition assay with [3H]benzylpenicillin by using a modification of
the procedure described by Spratt (20). Membrane proteins (total protein, 225
mg) from strain KN126 were incubated in 100-ml reaction mixtures with various
concentrations of unlabelled test compound or buffer control for 10 min at 30°C.
Subsequently, [3H]benzylpenicillin (25 mg/ml) (specific activity, ;30 Ci/mmol)
was added and incubation was continued for an additional 10 min. Reactions
were terminated and bacterial inner membranes were solubilized in one step by
the addition of excess unlabelled penicillin (4 mg/ml) and 1.3% Sarkosyl (Sigma
Chemical Company). Insoluble outer membranes were pelleted by centrifugation
at 40,000 3 g. Supernatant fluid was combined with an equal volume of sample
loading buffer and heated at 100°C for 4 min.

Reagents for electrophoresis were purchased from Bio-Rad Laboratories.
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis at a constant current of 18 mA through a 10% acrylamide–0.13%
bisacrylamide gel (16 cm by 16 cm by 0.75 mm) prepared in 0.375 M Tris-
hydrochloride buffer, pH 8.8. Gels were stained with 0.1% (wt/vol) Coomassie
blue in 50% (vol/vol) methanol–10% (vol/vol) acetic acid and destained in
methanol-acetic acid-H2O (5:10:85). Following incorporation of En3Hance (New
England Nuclear), gels were dried and exposed to Kodak XAR-5 film, and
radiolabelled benzylpenicillin-protein complexes were quantitated by scanning
densitometry. Binding affinity was determined graphically and expressed as the
concentration of test compound that reduced the binding of [3H]benzylpenicillin
to 50% of that for a drug-free control (IC50).

FIG. 1. Chemical structure of MK-0826: (4R,5S,6S,8R,29S,49S)-3-[[2-[[(3-car-
boxyphenyl)amino]carbonyl]pyrrolidin-4-yl]thio]-4-methyl-6-(1-hydroxyethyl)-7-
oxo-1-azabicyclo[3.2.0]hept-2-en-2-carboxylic acid monosodium salt.

TABLE 1. Bacterial strains

Species and strain b-lactamase(s)
produceda Description Sourcec or reference

K. pneumoniae
CL 5188 TEM-10, SHV-1 Clinical isolate J. P. Quinn
CL 5189 TEM-10, SHV-1 Clinical isolate J. P. Quinn
CL 5128 TEM-5 Clinical isolate G. Jacoby
CL 5196 TEM-10 Clinical isolate J. P. Quinn
CL 5203 Unchar. ESBLb Clinical isolate C. Urban
CL 5212 Unchar. ESBLb Clinical isolate C. Urban

E. coli
CL 5121 SHV-1 Clinical isolate G. Jacoby
CL 5190 TEM-10 Clinical isolate J. P. Quinn
CL 5115 TEM-1 Clinical isolate G. Jacoby
CL 5120 TEM-7 Clinical isolate G. Jacoby
CL 5197 TEM-12 Clinical isolate J. P. Quinn
MB5503 Bush group 1 Strain LS619 (envA1) 28
DH5a Bush group 1 F2 f80 DlacZ DM15 D(lacZYA-argF)U169 deoR recA1

endA1 hsdR17(rK
2 mK

1) supE44 l2 thi-1 gyrA96 relA1
BRL

LS641 Bush group 1 Resistant to fusidic acid K. Young and L. L. Silver, MRL
MB4903 Bush group 1 Strain LS584 28
KN126 (MB4303) Bush group 1 14

a No additional b-lactamases are known to be produced.
b Enzymes have not been characterized; however, since these strains and those included in studies by Urban et al. (26) have a common origin, it is inferred that they

carry the TEM-26 enzyme (26a). Unchar., uncharacterized.
c J. P. Quinn is at Columbus Hospital, Chicago, Ill., G. Jacoby is at Massachusetts General Hospital, Boston, Mass., and C. Urban is at New York Hospital Medical

Center, New York, N.Y.
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RESULTS

Confirmation of b-lactamase production. All clinical iso-
lates received as b-lactamase-positive when grown in unmedi-
cated medium were strongly and rapidly positive for the pro-
duction of b-lactamase at both inoculum levels tested in the
microdilution assay. The presence of plasmids was confirmed
by agarose gel electrophoresis (data not shown). The Bush
group 1 strains MB4903, MB5503, LS641, and DH5a were
weakly positive only after several hours’ reaction time; a pos-
itive response for b-lactamase production with cultures of all
four strains was stronger and more rapid in the presence than
in the absence of all b-lactam antibiotics tested except aztreonam.

Binding to E. coli PBPs. MK-0826 showed high-affinity bind-
ing to the essential PBPs of E. coli KN126 (Table 2). Its
binding to PBP 2 (IC50, 0.01 mg/ml) was identical to that for
imipenem and 30- to 40-fold superior to those for cefepime
and ceftriaxone, respectively. The MK-0826 IC50 for PBP 3
(0.04 mg/ml) was similar to that of cefepime and ceftriaxone
(0.03 mg/ml in both cases).

In vitro activity against K. pneumoniae and E. coli clinical
isolates and against Bush group 1 E. coli laboratory strains.
Determination of susceptibility to control antibiotics included
in this study was based on NCCLS criteria (15) with parame-
ters for imipenem applied to meropenem. Determination of
susceptibility to MK-0826 was based on provisional/tentative
breakpoints recently approved by the NCCLS; correlation with
clinical outcome data is necessary prior to finalization of the
interpretive criteria (1). The MK-0826 MICs used for deter-
mination of susceptible, intermediate, and resistant strains or
isolates were #4.0, 8.0, and $16.0 mg/ml, respectively.

The carbapenem antibiotics MK-0826, meropenem, and imi-
penem were highly active against all K. pneumoniae and E. coli
clinical isolates (MIC ranges, 0.008 to 0.12, 0.016 to 0.06, and
0.06 to 0.5 mg/ml, respectively) in a broth microdilution assay
employing approximately the inoculum level (3 3 105 to 7 3
105 CFU/ml) recommended by the NCCLS (Tables 3 and 4).
This recommended inoculum level (hereinafter referred to as
13, or standard, inoculum) is designated as the lower of the
two levels tested, although a cell concentration of slightly
greater than 7 3 105 CFU/ml was actually present in some
cases.

At 13 inoculum, the majority of clinical isolates were sus-
ceptible to ceftriaxone, cefotaxime, and cefepime. All six
K. pneumoniae isolates and three of five E. coli isolates were
resistant to ceftazidime. Approximately half of the clinical iso-
lates were resistant to aztreonam. As expected, in the absence
of a b-lactamase inhibitor, all clinical isolates were resistant to
amoxicillin. All but one of the isolates were susceptible or
intermediate to amoxicillin plus clavulanic acid. The MIC of
clavulanic acid, which is a potent inhibitor of b-lactamase but
itself has low intrinsic antimicrobial activity, ranged from 16 to
.256 mg/ml (Tables 3 and 4). The Bush group 1 strains were
susceptible to all agents tested except clavulanic acid (Table 4).

Many of the BDSBL- and ESBL-producing strains became
highlyresistant(MICs,$128mg/ml)toanumberofthenoncarba-
penem b-lactam antibiotics when the inoculum level was in-
creased by 10-fold (103 inoculum) (increasing the amount of
b-lactamase present). MK-0826 and meropenem MICs against
the BDSBL- and ESBL-producing strains at 103 inoculum

TABLE 2. Binding of MK-0826 and other agents
to PBPs of E. coli KN126

PBP
IC50 (mg/ml) of:

MK-0826a Imipenemb Ceftriaxonec Cefepimed

1a 0.1 0.02 0.03 3.8
1b 0.2 0.3 0.4 1.9
2 0.01 0.01 0.4 0.3
3 0.04 2.9 0.03 0.03
4 0.1 0.2 40 73
5 0.1 0.1 .75 .75
6 5.3 0.2 23 74

a At the doses of 7.5 3 104 and 7.5 3 105 CFU/ml, the MICs were both 0.016
mg/ml.

b At the doses of 7.5 3 104 and 7.5 3 105 CFU/ml, the MICs were both 0.5
mg/ml.

c At the doses of 7.5 3 104 and 7.5 3 105 CFU/ml, the MICs were 0.03 and 0.06
mg/ml, respectively.

d At the doses of 7.5 3 104 and 7.5 3 105 CFU/ml, the MICs were 0.03 and
0.06 mg/ml, respectively.

TABLE 3. Antibiotic susceptibility profiles of K. pneumoniae isolates at two cell densities

Strain
(enzyme[s])

Cell density
(CFU/ml)

MIC (mg/ml)a

Carbapenems Cephalosporins Monobactam:
ATM

Penicillin with or without
oxapenam

MK-0826 MERc IPM CTRX CAZ CTX CPM AM AM/CA CA

CL 5188 (TEM-10,
SHV-1)

1.5 3 106 0.12 0.06 0.25 32 .128 16 16 .128 .128 16/8 32
1.5 3 107 1 [8] 1 [16] 1 [4] .128 [.4] .128 .128 [.8] .128 [.8] .128 .128 64/32 [4] .256 [.8]

CL 5189 (TEM-10,
SHV-1)

1.8 3 106 #0.03 #0.03 0.06 4 .128 1 2 64 .128 8/4 16
1.8 3 107 0.25 [$8] 0.25 [$8] 0.25 [4] 128 [32] .128 32 [32] 128 [64] .128 [.2] .128 16/8 [2] 32 [2]

CL 5128 (TEM-5) 1.1 3 106 0.12 #0.03 0.06 8 64 4 2 16 .128 32/16 16
1.1 3 107 1 [8] 0.12 [$4] 0.5 [8] 64 [8] 64 [1] .128 [.32] 128 [64] .128 [.8] .128 32/16 [1] 4 [0.25]

CL 5196 (TEM-10) 1.2 3 106 0.06 #0.03 0.5 2 .128 1 4 128 .128 8/4 32
1.2 3 107 0.5 [8] 1 [$32] 1 [2] .128 [.64] .128 128 [128] 128 [32] .128 .128 16/8 [2] .256 [.8]

CL 5203 (unchar.
ESBLb)

9.9 3 105 #0.03 #0.03 0.25 0.5 64 0.5 0.5 8 .128 8/4 64
9.9 3 106 0.5 [$16] 1 [$32] 0.5 [2] 32 [64] .128 [.2] 0.5 [1] 64 [128] .128 [.16] .128 16/8 [2] .256 [.4]

CL 5212 (unchar.
ESBLb)

9.6 3 105 0.12 0.06 0.5 .128 .128 .128 .128 .128 .128 16/8 .256
9.6 3 106 0.5 [4] 0.5 [8] 0.5 [1] .128 .128 .128 .128 .128 .128 32/16 [2] .256

a Fold MIC increases at 103 inoculum are shown in brackets. Fold MIC changes were calculated based on serial twofold antibiotic dilutions prior to rounding off
of MIC values.

b ESBL presumed to be TEM-26 (see Table 1, footnote b). unchar., uncharacterized.
c Antibiotic abbreviations: MER, meropenem; IPM, imipenem; CTRX, ceftriaxone; CAZ, ceftazidime; CTX, cefotaxime; CPM, cefepime; ATM, aztreonam; AM,

amoxicillin; AM/CA, amoxicillin-clavulanic acid, 2:1; CA, clavulanic acid.
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TABLE 4. Antibiotic susceptibility profiles of E. coli isolates at two cell densities

Strain (enzyme) Cell density
(CFU/ml)

MIC (mg/ml)a

Carbapenems Cephalosporins Monobactam:
ATM

Penicillin with or without
oxapenam

MK-0826 MERb IPM CTRX CAZ CTX CPM AM AM/CA CA

CL 5121 (SHV-1) 9.6 3 105 0.016 0.03 0.12 0.06 0.25 0.06 0.06 0.06 .512 16/8 32
9.6 3 106 0.25 [16] 0.5 [16] 0.5 [4] 2 [32] 8 [32] 4 [64] 4 [64] .128 [.2,048] .512 16/8 [1] 32 [1]

CL 5190 (TEM-10) 1.4 3 106 0.06 0.016 0.06 4 .128 1 4 64 .512 8/4 16
1.4 3 107 0.06 [1] 0.25 [16] 0.12 [2] .128 [.32] .128 32 [32] 128 [32] .128 [.2] .512 8/4 [1] 64 [4]

CL 5115 (TEM-1) 1.0 3 106 0.008 0.03 0.25 0.03 0.25 0.06 0.03 0.06 .512 16/8 32
1.0 3 107 0.008 [1] 0.03 [1] 0.25 [1] 0.25 [8] 0.5 [2] 0.12 [2] 0.12 [4] 0.12 [2] .512 16/8 [1] 32 [1]

CL 5120 (TEM-7) 6.0 3 105 0.016 0.03 0.12 0.5 32 0.25 2 1 .512 16/8 32
6.0 3 106 0.03 [2] 0.12 [4] 0.25 [2] 16 [32] 128 [4] 4 [16] 128 [64] 32 [32] .512 16/8 [1] 32 [1]

CL 5197 (TEM-12) 1.3 3 106 0.12 0.03 0.12 1 64 0.5 4 2 .512 16/8 16
1.3 3 107 0.12 [1] 0.12 [4] 0.25 [2] 64 [64] .128 [.2] 8 [16] .128 [.32] .128 [.64] .512 16/8 [1] 64 [4]

MB5503 (Bush group 1 b-lactamase) 6.9 3 105 0.008 0.016 0.12 0.06 0.12 0.03 0.016 0.03 2 2/1 32
6.9 3 106 0.008 [1] 0.03 [2] 0.12 [1] 0.06 [1] 0.25 [2] 0.06 [2] 0.03 [2] 0.06 [2] 4 [2] 4/2 [2] 32 [1]

DH5a (Bush group 1 b-lactamase) 1.1 3 105 0.004 0.03 0.12 #0.06 0.12 #0.06 #0.06 #0.06 4 2/1 32
1.1 3 106 0.008 [2] 0.06 [2] 0.25 [2] #0.06 0.25 [2] #0.06 #0.06 0.12 [$2] 4 [1] 4/2 [2] 32 [1]

LS641 (Bush group 1 b-lactamase) 8.2 3 105 0.008 0.03 0.25 #0.06 0.25 #0.06 #0.06 0.12 8 4/2 32
8.2 3 106 0.12 [16] 0.12 [4] 0.5 [2] 1 [$16] 1 [4] 0.5 [$8] 0.5 [$8] 4 [32] 8 [1] 8/4 [2] 64 [2]

MB4903 (Bush group 1 b-lactamase) 6.6 3 105 0.008 0.03 0.25 #0.06 0.25 0.12 #0.06 0.12 4 4/2 32
6.6 3 106 0.008 [1] 0.03 [1] 0.25 [1] 0.25 [$4] 2 [8] 0.25 [2] 0.25 [$4] 2 [16] 8 [2] 8/4 [2] 32 [1]

a Fold MIC increases at 103 inoculum are shown in brackets. Fold MIC changes were calculated based on serial twofold antibiotic dilutions prior to rounding off of MIC values.
b Antibiotic abbreviations are the same as for Table 3.
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were increased to $16-fold and $32-fold, respectively, but not
to resistant levels (highest MK-0826 and meropenem MICs
observed, 1 mg/ml). (In some strains the fold increase could not
be established due to undetermined endpoints at 13 inocu-
lum.) On the whole, imipenem MICs were affected to a lesser
extent; MIC increases of one- to eightfold in the presence of
103 inoculum (maximum MIC observed, 1 mg/ml) were ob-
served. However, imipenem MICs were higher than those of
either MK-0826 or meropenem at the lower inoculum level
(Tables 3 and 4).

By comparison, carbapenem MICs against the majority of
E. coli strains that produced a low, basal level of chromosomal
b-lactamase increased only one- to twofold at the higher inoc-
ulum level (Table 4). MICs of each antibiotic against MB5503
and DH5a and MICs of the carbapenems as well as amoxicillin
and clavulanic acid alone and in combination against MB4903
were similar at the two inoculum levels (occasional twofold
differences were noted). However, against MB4903, MICs of
the four cephalosporins tested were higher by at least 2- to 8-
fold while the MIC of the monobactam aztreonam was higher
by 16-fold at the higher inoculum level. Among these strains
MIC increases at 103 standard inoculum were generally great-
est for strain LS641 with all antibiotics except imipenem,
amoxicillin, clavulanic acid, and amoxicillin plus clavulanic acid.

DISCUSSION

BDSBLs and ESBLs are produced chiefly by enterobacterial
pathogens such as E. coli and K. pneumoniae and have broad
substrate profiles. MK-0826 was highly active against all ESBL-
and BDSBL-producing E. coli and K. pneumoniae clinical iso-
lates tested (MIC range, 0.008 to 0.12 mg/ml). The potency of
MK-0826 compared favorably to those of meropenem (MIC
range, 0.016 to 0.06 mg/ml) and imipenem (MIC range, 0.06 to
0.5 mg/ml). Its activity was superior to those of ceftriaxone,
ceftazidime, cefotaxime, cefepime, and aztreonam as well as
amoxicillin alone or in combination with clavulanic acid. The
potency of MK-0826 against E. coli was associated with excel-
lent binding to essential PBPs, the lethal target of b-lactam
antibiotics. Using strain KN126, the binding of MK-0826 to
PBP 2 was found to be identical to that for imipenem and 30-
to 40-fold superior to those for cefepime and ceftriaxone. The
MK-0826 IC50 for PBP 3 was similar to those of cefepime and
ceftriaxone and superior to that of imipenem. Thus, although
MK-0826 and imipenem demonstrated identical and high-
affinity binding to E. coli PBP 2, the affinity of PBP 3 for
MK-0826 approached that for PBP 2. Yang et al. (27) showed
similar and high-affinity binding of both imipenem and mero-
penem to E. coli PBP 2 and superior binding by meropenem to
PBP 3 compared to that by imipenem. Therefore, although
MK-0826, meropenem, and imipenem were potent against all
E. coli strains tested, the somewhat superior intrinsic potency
of MK-0826 and meropenem may be related to their improved
binding to PBP 3 relative to that of imipenem.

Not surprisingly, the extended-spectrum cephalosporins and
aztreonam appear to be highly susceptible to plasmid-medi-
ated enzymes since notable increases in MIC were observed in
a number of strains when the inoculum level was increased
10-fold. Among strains not resistant to these agents at the
standard inoculum, MICs generally increased to resistant lev-
els, often with MICs of $128 mg/ml at higher inoculum. The
carbapenems MK-0826, meropenem, and imipenem were
found in this study to be subject to a relatively small inoculum
effect in the presence of BDSBLs and ESBLs, with imipenem
manifesting the least effect. There did, however, appear to be
some level of activity of the BDSBL and ESBL enzymes

against the carbapenems that was evident in the presence of
increased amounts of enzyme. When the inoculum levels of
five E. coli and six K. pneumoniae strains were increased 10-
fold, increasing the total amounts of b-lactamase present, the
MK-0826 MICs increased, but to no greater than 1 mg/ml.
Similar observations were made with meropenem, while imi-
penem MICs were less affected. The generally smaller fold
increases at 103 inoculum of imipenem MIC indicate that
imipenem may be less susceptible to these enzymes. Thus, MK-
0826 and meropenem appear to be better substrates than imi-
penem, but this has not been directly tested. Alternatively,
differences in MIC increases may be related to rate of cell
entry. Permeability alterations in gram-negative bacteria are
expected to play a role in resistance to b-lactamase-resistant as
well as b-lactamase-susceptible b-lactam antibiotics. Since even a
minor degree of hydrolysis may be effective at reducing the
amount of antibiotic that reaches its target due to a decreased
amount of antibiotic entering the periplasm (16), the observed
carbapenem MIC differences at different inoculum sizes may
be a result of differences in rate of cell entry and may be
related to molecular size, conformation, and/or charge of the
antibiotics. Even though MICs at the standard inoculum of
imipenem were the highest among those of the three carba-
penems tested, the fold MIC increases of this small molecule at
higher inoculum were less than those of the larger molecules
meropenem and MK-0826. In no case was the MK-0826, imi-
penem, or meropenem MIC raised to a resistant level.

Results obtained in this study with aztreonam, cefotaxime,
and ceftazidime and the E. coli isolate that produces the
TEM-1 b-lactamase were consistent with those obtained by
Sykes et al. (25) using a Pseudomonas aeruginosa strain that
produces TEM-1. Our observation of moderate to large inoc-
ulum effects with the E. coli strain that produces the SHV-1 b-
lactamase was inconsistent with their observation of a minimal
to absent inoculum effect with a P. aeruginosa strain that pro-
duces SHV-1. Our results were unexpected since Sykes et al.
showed the efficiency of hydrolysis by both TEM-1 and SHV-1
to be low for aztreonam, cefotaxime, and ceftazidime. It should
be noted, however, that our higher inoculum density was 10-
fold their highest level tested, and the differences observed
may be due to bacterial filamentation resulting from inhibition
of PBP 3 because, in addition to drug destruction by b-lactam-
ases, filamentous transformation with continued growth has
been suggested to help explain the mechanism of inoculum
effect, particularly for antibiotics (notably, aztreonam) with
marked inoculum effects yet high stability to b-lactamases (9).
Eng et al. (5), testing clinical isolates of Enterobacteriaceae,
including E. coli and K. pneumoniae, observed large inoculum
effects with aztreonam, ceftazidime, and cefoperazone, mod-
erate effects with cefotaxime and ceftriaxone, and a minimal to
absent inoculum effect with imipenem or cefoxitin. The au-
thors argued that (chromosomal) b-lactamase could not ac-
count for the observed inoculum effects due to the b-lactamase
stability of the antibiotics studied (no plasmid-mediated b-
lactamases were reported for these strains). Instead, these ef-
fects appeared to be a manifestation of increased OD second-
ary to the development of filamentous bacterial forms with an
increase in bacterial mass during exposure to antibiotics which
are not rapidly bactericidal. As stated above, in the present
study MK-0826 showed binding to PBP 3 similar to those of the
two cephalosporins tested (ceftriaxone and cefepime), but like
imipenem, it also exhibited high-affinity binding to PBP 2,
which may help to account for its inoculum effects being lower
than those of the cephalosporins and aztreonam independently
of the effects of b-lactamase.

It has been suggested that all gram-negative bacteria contain
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a species-specific chromosomal b-lactamase and that these en-
zymes preferentially hydrolyze cephalosporins (2). In order to
compare any effect of plasmid-mediated enzymes to that of
chromosomal b-lactamase, the Bush group 1 b-lactamase-pro-
ducing strains MB4903, MB5503, LS641, and DH5a were sim-
ilarly tested for an inoculum effect. These strains had been
found to produce some basal level of chromosomal b-lactam-
ase and an enhanced but unmeasured amount of b-lactamase
in the presence of all b-lactam antibiotics (except aztreonam)
tested, implying a capacity for enhanced expression (induction
by b-lactams) of the chromosomal b-lactamase genes in these
strains. Carbapenem MICs against three wild-type E. coli strains
with no evident plasmids increased no more than 2-fold at the
higher inoculum level; against a fourth strain (LS641), mero-
penem MICs increased 4-fold and MK-0826 MICs increased
16-fold. The generally small MIC increases observed for the
other b-lactams tested did not result in NCCLS-defined resis-
tance in these strains. Against MB4903, MICs of the four
cephalosporins tested were higher by 2- to at least 8-fold at
103 inoculum; against LS641, they were higher by 4- to $16-
fold. Cephalosporin MICs appeared to be increased to a lesser
degree against MB5503 and DH5a, but an MIC endpoint for
DH5a was obtained only with ceftazidime, which exhibited a
twofold increase in MIC at the higher inoculum level. The
inoculum effects observed with these strains may be due to
PBP binding patterns and filamentous transformation. While
the clinical relevance of inoculum effects due to filamentous
transformation is unclear, these effects should nevertheless be
considered as potentially important to clinical therapeutic de-
cisions (9).

Thus, it is concluded that MK-0826, like the other carba-
penems tested, may be inactivated to a small extent by BDS-
BLs and ESBLs present in clinical isolates of both E. coli and
K. pneumoniae when increasing amounts of enzyme are pres-
ent; however, under these conditions resistance to MK-0826
(based on provisional NCCLS criteria) was not observed, even
though MICs increased.

The results confirmed that the antibacterial activity (partic-
ularly at high inoculum density) of MK-0826, a new long-acting
injectable carbapenem antibiotic, exceeds those of the extend-
ed-spectrum cephalosporins, including cefepime and ceftriax-
one, a long-acting cephalosporin with reported stability to
some bacterial b-lactamases. Therefore, clinical failure of MK-
0826 due to the presence of BDSBLs and ESBLs in strains of
both K. pneumoniae and E. coli would not be expected, as it
might be with cephalosporins. Moreover, the activity of MK-
0826 compared favorably with those of the carbapenems imi-
penem and meropenem and is expected to offer pharmacoki-
netic advantages.
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