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The in vitro synergistic activities of the P-lactamase inhibitors YTR 830, clavulanate, and sulbactam,
combined with ampicillin, ticarcillin, mezlocillin, aziocillin, piperacillin, and apalcillin, were determined
against 34 strains of members of the Enterobacteriaceae family, Pseudomonas aeruginosa, Aeromonas
hydrophila, and Haemophilus influenzae with characterized plasmid or chromosomal j-lactamases or both.
Strains were tested against fixed concentrations of ,-lactamase inhibitors (8 ,ig/ml) combined with doubling
dilutions of (8-lactams. Synergy was defined as a fourfold or greater decrease in the MIC of the I8-lactam.
Against Enterobacteriaceae producing Richmond and Sykes class III and V plasmid-mediated j-lactamases,
synergy was obtained against most strains with YTR 830- and clavulanate-4-lactam combinations, with
sulbactam being less effective. Against Enterobacteriaceae producing class I chromosomal I8-lactamases,
combinations containing YTR 830 or sulbactam were more synergistic than combinations containing
clavulanate. Against strains producing class V PSE enzymes, all three inhibitors were synergistic with
piperacillin and apalcillin against strains producing PSE-1, -3, and -4 enzymes, while the PSE-2-producing
strain was resistant to all inhibitors. YTR 830-0-lactam combinations were also synergistic against strains
producing the novel P-lactamases OHIO-1, TLE-1, AER-1, and ROB-1. Overall, YTR 830 with piperacillin or

apalcillin was the most effective combination.

Inactivation of ,B-lactams by 1-lactamases has been known
for almost 40 years, and this problem was predominantly
addressed by the development of compounds resistant to the
activity of 1-lactamases (4). Over the last 10 years, however,
attention has been paid to compounds with very little intrin-
sic activity, but with the ability to irreversibly inhibit P-
lactamases. Such inhibitors include clavulanic acid,
halopenicillanic acids, and penicillanic acid sulfones such as

sulbactam and YTR 830 (6).
Clavulanate is the most extensively characterized 1-

lactamase inhibitor and demonstrates activity against 1-

lactamases of Staphylococcus aureus, the gram-negative
plasmid-mediated enzymes (TEM, OXA, HMS, SHV, and
PSE), and the chromosomal enzymes of Klebsiella spp.,
Proteus vulgaris, and Bacteroidesfragilis (6). Sulbactam is a
less potent but broader-spectrum 1-lactamase inhibitor, with
up to 100-fold less acitivity against class III enzymes and up
to 100-fold better activity against class I enzymes than
clavulanate (1). Sulbactam does not appear to be a potent
inducer of chromosomal ,B-lactamases (4), whereas clavulan-
ate is (12, 20). YTR 830 is a penicillanic acid sulfone
derivative which inhibits the plasmid-encoded ,B-lactamases
of many gram-negative bacilli (2; F. Moosden, J. D. Wil-
liams, and S. Yamabe, Proc. 14th Int. Congr. Chemother.,
abstr. no. S13-13, p. 123, 1985).
With the introduction of clavulanate combined with

amoxicillin and ticarcillin for oral and parenteral administra-
tion, respectively, 1-lactamase inhibitors have been shown
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to have a useful place in the therapy of many infections
caused by ,-lactamase-producing organisms (5, 6, 8). The
spectrum of activity of these combinations includes 1-

lactamase-producing strains of S. aureus, Haemophilus in-
fluenzae, Neisseria gonorrhoeae, Klebsiella pneumoniae
and some strains of other members of the Enterobacteria-
ceae family (6, 14).
The purpose of this study was to evaluate the activity of

YTR 830 against strains of members of the Enterobacteria-
ceae and Pseudomonas aeruginosa with defined 3-lacta-
mases and to compare this activity with those of two other
1-lactamase inhibitors, stflbactam and clavulanate.

MATERIALS AND METHODS

Study design. The study was designed to detect synergy of
,B-lactams with 1-lactamase inhibitors, using known defined
1-lactamase-producing strains of members of the Enterobac-
teriaceae, P. aeruginosa, Aeromonas hydrophila, and H.
influenzae, and to compare the activity of the three
13-lactamase inhibitors combined with six ,B-lactams. The
1-lactamase inhibitors were tested in fixed concentrations of
8 ,ug/ml (2 ,ug/ml used for the H. influenzae strain) to represent
achievable serum levels of clavulanate and sulbactam by
intravenous administration (3, 19) and to enable optimal
1-lactam-13-lactamase synergy to occur without significant
antibacterial activity of the 1-lactamase inhibitors alone.

Test strains. Thirty-four strains with characterized plasmid
or chromosomal ,B-lactamases or both were used in this
study. Fifteen strains were Escherichia coli recipients into
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which known P-lactamase-coding plasmids had been trans-
ferred by conjugation or transformation (9, 10; D. M. Shlaes,
A. A. Medeiros, C. Currie-McCumber, E. Papa, and C. V.
Vartian, Antimicrob. Agents Chemother., in press). Five
strains were P. aeruginosa recipients with minimal chromo-
somal P-lactamase production in the absence of an inducer
(A. A. Medeiros, personal communication) into which PSE
and OXA-6 plasmids had been transferred. Eleven strains
were wild clinical isolates of Enterobacter, Citrobacter, and
Serratia species producing chromosomal P-lactamases and
resistant to cefotaxime or moxalactam; seven of these
strains also produced plasmid-mediated 3-lactamases (11).
Two strains were organisms with novel 1-lactamases (A.
hydrophila AER-1 and H. influenzae ROB-1), kindly pro-
vided by A. A. Medeiros (Miriam Hospital, Providence,
R.I.) (7, 10). E. coli ATCC 35218 was also included as a
known TEM-1 3-lactamase-producing strain. In addition, E.
coli ATCC 25922 was included as a negative control. All
strains were maintained at -70°C and subcultured in the
presence of ampicillin prior to testing.

Antimicrobial agents. Laboratory reference powders of the
following agents were used: ampicillin (Bristol Laboratories,
Syracuse, N.Y.), ticarcillin (Beecham Laboratories, Bristol,
Tenn.), mezlocillin and azlocillin (Miles Laboratories, West
Haven, Conn.), piperacillin (Lederle Laboratories, Pearl
River, N.Y.), and apalcillin (Sumitomo Pharmaceutical Co.,
Ltd., Osaka, Japan).
1-Lactamase inhibitors used were YTR 830 (Taiho Phar-

maceutical Co., Tokyo, Japan), clavulanic acid (Beecham
Laboratories), and sulbactam (Pfizer Inc., New York, N.Y.).

j8-Lactamase production. The presence of ,3-lactamase was
tested by the chromogenic cephalosporin method on growth
in a ,B-lactam-containing microdilution well, using nitrocefin
(Glaxo Inc., Durham, N.C.) (16). A 25-,ul portion of
nitrocefin solution (500 ,ug/ml in 0.05 M phosphate buffer, pH
7.0) was added to the test well. Development of a red color
within 10 min was read as positive.

Synergy with jI-lactamase inhibitors. Isolates were tested
by broth microdilution in 96-well trays, using a Dynatech
MIC 2000 system (Dynatech Laboratories, Inc., Alexandria,
Va.) (12). Trays contained 0.1-ml volumes of doubling dilu-
tions of P-lactams (0.5 to 512 ,g/ml) alone and combined
with fixed concentrations of 8 ,g of the ,-lactamase inhibi-
tors per ml (2 ,ug/ml for H. influenzae). Control wells
containing P-lactamase inhibitors alone at 8 ,ug/ml (2 ,g/ml
for H. influenzae), as well as growth and sterility wells, were
included. Medium used was cation-supplemented Mueller-
Hinton broth (supplemented with 1% hemin and 1% NAD
for H. influenzae). Trays were stored at -70°C until used.
Trays were inoculated with 105 to 106 organisms per ml,
using a Dynatech MIC 2000 inoculator, and incubated over-
night (18 to 20 h) at 35°C. The lowest ,-lactam concentration
showing no growth was read as the MIC. E. coli ATCC
25922 and 35218 were tested weekly during the study period
for quality control assurance. MICs were interpreted accord-
ing to current recommendations of the National Committee
for Clinical Laboratory Standards (13). MICs of the ,B-
lactamase inhibitors alone were also determined. Synergy
was defined as a fourfold or greater decrease in the MIC of
a ,-lactam in the presence of a 3-lactamase inhibitor com-
pared with the P-lactam alone; antagonism was defined as a
fourfold or greater increase in the MIC of a P-lactam alone in
the presence of a ,-lactamase inhibitor compared with the
P-lactam alone (15; M. D. Kitzis, L. Gutman, S. Yamabe,
and J. F. Acar, Proc. 14th Int. Congr. Chemother., abstr. no.
P45-63, p. 412, 1985).

RESULTS

Bacterial isolates. All isolates produced ,-lactamase by the
chromogenic cephalosporin method. All were resistant to
ampicillin (MICs > 16 ,ug/ml) (11), with most having MICs of
>512 jig/ml (see Tables 1 to 3). Most strains were also highly
resistant to ticarcillin (MICs 2 256 ,ug/ml), except for the
four Enterobacteriaceae family strains producing chromo-
somal P-lactamase only, which were moderately susceptible
(64 p,g/ml) or just in the resistant range (128 ,ug/ml).

Susceptibility to the other P-lactams was variable, with
susceptible strains inhibited by 4 to 16 jig/ml. E. coli ATCC
25922 was susceptible to all agents (MICs of 1 to 8 pg/ml),
and synergy was not observed with any of the p-lactamase
inhibitors. With the exception of H. influenzae ROB-1, no
strains were inhibited by the ,B-lactamase inhibitors alone at
the concentration tested (8 pg/ml), and MICs of the inhibi-
tors alone were all .32 ,g/ml. MICs of the inhibitors alone
for H. influenzae ROB-1 were 8 to 16 pg/ml, and the
concentration of the inhibitors was therefore lowered to 2
j,g/ml for synergy testing of this strain.
Synergy studies. (i) Plasmid-bearing E. coli strains (Table

1). Synergy was demonstrated with all 1-lactams combined
with YTR 830 or clavulanate against all 16 strains,'including
OXA-producing strains susceptible to mezlocillin, piperacil-
lin, and apalcillin alone. MICs of the P-lactams"were reduced
by 4- to >512-fold, with all except two MICs being reduced
to <32 j,g/ml. Sulbactam was synergistic with the various
P-lactams against 9 to 13 of the 16 strains, with MICs
reduced by 4- to >512-fold for 67 of the 97 combinations.
MICs remained in the resistant range despite synergy for five
strains with ampicillin-sulbactam, two with ampicillin-YTR
830, one with ticarcillin-sulbactam, and one with azlocillin-
sulbactam. Strains for which no synergy with sulbactam was
observed produced TEM-1, TEM-2, HMS-1, and OHIO-1
P-lactamases. For combinations showing synergy with sul-
bactam, the reduction in MICs of the ,-lactams was equal or
superior to that of clavulanate and YTR 830 for 24 and 35
combinations, respectively, and inferior for 43 and 32 com-
binations, respectively.

(ii) Plasmid-bearing P. aeruginosa strains (Table 2). No
synergy between ampicillin and the inhibitors was seen.
Ticarcillin and clavulanate were synergistic against strains
producing PSE-1, -3, and -4 and OXA-6 enzymes; against the
PSE-3-producing strain, ticarcillin-YTR 830 and ticarcillin-
sulbactam also showed synergy. None of the combinations
was synergistic against the PSE-2-producing strain.

Azlocillin alone was active against the PSE-1 and -3-
producing strains. Azlocillin was synergist-ic with all three
inhibitors against the PSE-4-producing strain and with sul-
bactam and YTR 830 against the PSE-3-producing strain.
Azlocillin-clavulanate was antagonistic against the PSE-1-
producing strain.

Mezlocillin was synergistic with the three inhibitors
against the PSE-l-, -3-, and -4-producing strains, although
the MIC of mezlocillin remained in the resistant range when
combined with sulbactam and YTR 830. Piperacillin and
apalcillin were synergistic with the three inhibitors against
the same three strains, with reduction of MICs of the
,-lactams to clinically achievable levels.

(iii) A. hydrophilia AER-1 (Table 2). All P-lactam combina-
tions with YTR 830 and clavulanate were synergistic against
A. hydrophilia AER-1, although the MIC of ampicillin-YTR
830 remained in the resistant range. Sulbactam was syner-
gistic in combination with ticarcillin, piperacillin, and
apalcillin, but not with ampicillin or azlocillin.
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(iv) H. influenzae ROB-1. H. influenzae ROB-1 was tested
against ampicillin, which had a MIC of 4 ,ug/ml, and against
ampicillin combined with the three inhibitors, where MICs
of ampicillin were reduced to <1 ,ug/ml. The ROB-1 strain
was readily 1-lactamase positive with nitrocefin both in
solution, as used for the other study strains, and in disk form
(Cefinase; BBL Microbiology Systems, Cockeysville, Md.);
this contrasts with the original description of this strain,
which was described as having a weak, delayed nitrocefin
reaction (18).

(v) Strains of Enterobacteriaceae with chromosomal jI-
lactamases, with and without plasmid-mediated ,-lactamases
(Table 3). These members of the Enterobacteriaceae were
resistant to ampicillin and resistant, or in a few instances,
moderately susceptible to the broad-spectrum penicillins.
No synergy was detected with the ampicillin-inhibitor com-
binations. The four strains with only chromosomal P-
lactamase were inhibited by 32 to 128 ,ug of ticarcillin or
mezlocillin per ml and 64 to 512 gig of piperacillin or
apalcillin per ml. Synergy with the inhibitors occurred in
only 4 of 20 P-lactam-clavulanate combinations. P-
Lactam-sulbactam and ,B-lactam-YTR 830 were synergistic
in 13 and 12 of the 20 combinations, respectively.

Against the four strains producing only chromosomal
,-lactamase, ampicillin, ticarcillin, and azlocillin showed
little useful synergy with the inhibitors. Mezlocillin-
clavulanate and mezlocillin-YTR 830 were synergistic
against one strain each; mezlocillin-sulbactam was synergis-
tic against two strains. Piperacillin and apalcillin were syn-
ergistic with clavulanate against one strain, with YTR 830
against three strains, and with sulbactam against all four
strains.
Comparison of the susceptibilities of strains producing

only chromosomal ,-lactamase and those producing both
chromosomal and plasmid-mediated enzymes is shown in
Table 3. Synergy occurred in both groups with many of the
combinations against the Enterobacter and Citrobacter
strains, but was less frequently observed with Serratia spp.

Overall, combined with broad-spectrum penicillins,
clavulanate was synergistic with 3-lactams in 27 of 55
combinations (49%); sulbactam, in 22 combinations (40%);
and YTR 830, in 38 combinations (69%). Despite synergy,
MICs of the P-lactams in the combinations remained in the
resistant range for six ticarcillin, 12 azlocillin, 3 piperacillin,
and 3 apalcillin combinations.

DISCUSSION

Activity of P-lactamase inhibitors has extended the spec-
trum of ,-lactams to include strains of Enterobacteriaceae
and P. aeruginosa producing class I, III, IV, and V enzymes
(2, 6, 14, 17). This study has shown that P-lactams combined
with YTR 830 or clavulanate have similar activity, which is
superior to that of P-lactam-sulbactam combinations (Table
4). Against E. coli recipients of enterobacterial plasmid-
mediated ,-lactamases, combinations containing YTR 830 or
clavulanate were essentially equivalent. Against Enterobac-
teriaceae producing chromosomal enzymes, combinations
containing YTR 830 and sulbactam were equally synergistic.

Against PSE-1-producing P. aeruginosa strains, azlocillin
and apalcillin alone were active, as was piperacillin with any
of the inhibitors. Piperacillin or apalcillin combined with any
of the inhibitors was most active against the PSE-3- and
-4-producing strains, while none of the combinations tested
was effective against the PSE-2-producing strain. Combina-
tions containing YTR 830 and clavulanate were synergistic
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TABLE 4. Cumulative susceptibilities of strains tested (excluding
A. hydrophila and H. influenzae)

No. of strains susceptiblea
13-Lactamase class N.o -atmwt'strains Antibiotic 13- 1-Lactam with":

tested Lactam Clavu- Sul- YTR
alone lanate bactam 830

I (chromosomal) 4 Ampicillin 0 0 0 0
Ticarcillin 2 0 1 1
Azlocillin 0 0 0 1
Mezlocillin 4 0 0 0
Piperacillin 2 1 2 2
Apalcillin 2 0 2 2

III (TEM, 9 Ampicillin 0 9 2 8
HMS, SHV, Ticarcillin 0 9 2 9
OHIO, TLE) Azlocillin 0 9 4 9

Mezlocillin 3 6 3 6
Piperacillin 8 1 0 1
Apalcillin 3 6 3 6

I and III 8 Ampicillin 0 1 1 1
Ticarcillin 0 4 1 3
Azlocillin 0 2 1 1
Mezlocillin 1 5 3 6
Piperacillin 1 4 3 5
Apalcillin 1 4 3 5

V (OXA, PSE) 11 Ampicillin 0 6 2 4
Ticarcillin 1 9 5 6
Azlocillin 4 7 6 6
Mezlocillin 6 4 1 1
Piperacillin 9 2 2 2
Apalcillin 10 1 1 1

Totals 32 Ampicillin 0 16 5 13
Ticarcillin 3 22 9 19
Azlocillin 4 18 11 17
Mezlocillin 14 15 7 13
Piperacillin 20 8 7 10
Apalcillin 16 11 9 14

a Using moderately susceptible National Committee for Clinical Labora-
tory Standards (s16 ILg/ml for ampicillin; -64 ,ug/ml for broad-spectrum
penicillins).

b Number of strains only susceptible to combination.

against the novel ,-lactamase-producing strains tested,
OHIO-1, TLE-1, AER-1, and ROB-1.
YTR 830-p-lactam combinations were most active against

strains with chromosomal (class I) enzymes with or without
class III enzymes, particularly in combination with piperacil-
lin, mezlocillin, or apalcillin. Overall, the best combinations
were YTR 830 with piperacillin or apalcillin (30 of the 32
strains susceptible), followed by clavulanate with mezlocillin
and apalcillin with sulbactam (29 strains susceptible). YTR
830 therefore appears to be a promising ,B-lactamase inhibi-
tor, and further development and evaluation of this agent are
warranted.
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