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to third-generation cephalosporins [18], data very similar
to those reported in North America,

The increase in resistance amongst
Enterobacteriaceae has been correlated with an
increase in the use of broad-spectrum antimicrobial
agents. For example, resistance amongst E. cloacae to
ceftazidime has been shown to be directly related to
the use of ceftazidime (Figure 2} [2]. As the use of
ceftazidime increased steadily, the susceptibility to
ceftazidime declined {p < 0.02). To examine temporal
trends in ceftazidime resistance, susceptibility data
reported to the NNIS survey {CDC) during 1987-1991
were analyzed among nosocomial Enterobacter spp.,
K. pneumonige and P. aeruginosa. Progressive increases
in resistance were observed for Enferobacter spp. and
K. preumoniae over time, with the percentage of resistant
strains of Enterobacter spp. increasing significantly during
1989-1991 [35]. The increase in ceftazidime resistance
in K. pneumoniae was related to plasrmid-mediated
extended spectrum [(-lactamases [4-6,12,13].
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Figure 2 Relationship between ceftazidime use and
susceptibility of Enterobacter cloacae to ceftazidime [2]. With
permission of Diagn Microbiol Infect Dis.

Resistance to third-generation agents caused by
derepressed species appears to be greatest amongst the
miost seriously ill patients, such as those in the ICU
setting [40]. Furthermore, E. deacae consistently has
the highest rates of resistance (ceftazidime) in general
practice (GP} patients, hospitalized patients and those
within the ICU (Figure 3; personal communication
from the Paul Ehrlich Society, B. Wiedermannj.

Resistance development may be particularly
devastating in patients with serous infections, e.g.
neutropenic and immunocompromized patients,
especially if prior antimicrobial therapy has been given.
Numerous cases of breakthrough bacteremia with
multiply-tesistant Enterobacter spp. in febrile neutropenic
cancer patients and other patients receiving broad-
specttum cephalosporins have been reported [34]. The
results of studies that have assessed the rates of resistance
emerging among Enterobacteriaceae during or shortly
after therapy with a number of cephalosporins are bisted
in Table 4 [8]. Resistance emerged in 16—44% of treated
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Figure 3 Ceftazidime resistance among <linical isolates in
Germany (PEG 1990).

Table 4 Rates of emergence of resistance in patients infected with Enterobacteriaceae organisms possessing inducible
B-lactamases and treated with newer cephalosporins. Adapted from Sanders et al. with permission [8].

Totzl no. No.(%) of Frequency of climical
Drug . Orgznism? of patients patients with failure or relapse®
emerging resistance

Ceftriaxone Several 29 8 (28) 6 (21/75)
Moxalactam Serratia marcescens 10 3 (30} 1(10/33)
Moxalactam Several 10 4 (40) 1 (10/25)
Several Enterobacter species 9 4 44 -~

Several Several 44c 7 (16)¢ 3(7/43)¢

aJata summarized for enteric bacilli from four earlier publications {102 patients, not alt of whom received a cephalosporin).

bR esults are expressed as the number of patients with therapy fajlure or relapse {percentage of total number of patients/percentage of those
with emerging resistance}. Minus signs indicate that no data were provided.

<Includes P. aeruginosa (24 of 49 strains in 44 patients). Only one of the resistant enteric bacilli cases received an extended spectrum B-lactam.
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patients (highest among Enterobacter spp.), with a mean
rate of 25%. The rates were generally consistent among
the various drugs examined. A more comprehensive
review by Fish et al. documented a lower rate of
emerging resistance (7.7-10.1%) for Citrobacter spp.
and Enterobacter spp. [41]. Among patients in whom
the emergence of resistance was detected, failure/relapse
rates ranged from 25% to 75%, but emerging
resistance did not predict clinical failure. The greatest
risk of resistance and frequency of pathogen occurrence
appear to occur with solates of E. doacae and E. aerogenes,
especially those cultured from respiratory tract sites
(Tables 1 and 4). High morbidity and mortality cases
were also associated with bone and joint infections
and in patients with neutropenia and cystic fibrosis [9].
In one investigation, 15 of 16 isolates of Enterobacter
spp. from neutropenic patients were resistant to
extended-spectrum cephalosporins. In contrast, only
12 of 35 isolates from non-neutropenic patients were
resistant (p < 0.05) [34]. The neutropenic patients had
received more [(-lactam therapy than the non-
neutropenic patients. The authors concluded that
prior B-lactam exposure may predispose neutropenic
patients to develop resistant Enterobacter bacteremia.
Other studies have described patients where
cephalosporin-resistant Gram-negative bacteria have
emerged during treatrnent, resulting in life-threatening
secondary infections [8,31,33]. A total of 18 patients
who were infected initially with susceptible organisms
exhibited emergence of resistant strains during
administration of ceftriaxone, cefotaxime or ceftazidime,
some despite combination therapy with aminoglycosides
[33]. Resistant strains of E. cloacae, S. marcescens,
K. oxytoca, P. aeruginosa and C. freundii emerged,
probably by the selection of stably derepressed mutants,
after 9 days of treatment. Thus, the selection of resistant
bacteria may have serious clinical consequences in
patients with risk factors, such as impaired host-defence
rechanisms, as the selection of resistance is associated
with a significant rate of therapy failure and relapse.

$13

Risk of AmpC induction

The extent of AmpC induction is dependent upon
both the B-lactam-inducing agent and the inducer
concentration [9,42—45]. At sub-MIC concentrations,
cefoxitin, long regarded as a potent inducing agent,
has been shown to induce AmpC by 100- to 600-fold
in strains of E. deacae, C. freundii, P. stuartii, 8. marcescens,
M. morganii and P. aeruginosa [44], However, the
carbapenems, imipenem and meropenem, may prove
to be at least as potent as cefoxitin as inducing agents
for AmpC in C. freundii [9].

A consensus of published reports ranks the AmpC
inducing potential for f-lactam classes [42-45]. On
this basis, carbapenems and cephamyeins are the most
potent inducing agents (Table 5), followed by penicillins
and the older cephalosporins. The fourth-generation
cephalosporins, cefpirome and cefepime, have a lower
risk of inducing AmpC than the B-lactamase inhibitor,
clavulanic acid. Induction itself, however, does not
imply a clinical risk, since the greatest inducers produce
increased amounts of enzyme without a significant
effect on the initial MIC (i.e. rapid bactericidal action
becomes manifest before induction of the enzyme has
been efficiently produced).

Risk of AmpC selection
Some P-lactam antimicrobials are more likely thar others
to select mutant subpopulations of resistant organisms
and their widespread use in the hospital environment
has resulted in the emergence of clinically important
endemic bacterial resistances [46]. These selection
potential differences in individual inducible strains
that cause infection (susceptible by reference test)
remains unclear.

The frequency of stably derepressed AmpC mutants
in a bacterial population can be as high as 10-5 {4].
Such mutants have serious clinical implications and are
isolated in approximately 20% of infections involving
AmpC-producing strains during selective therapy with
broad-spectrum B-lactams [4]. Factors favoring the

Table 5 Induction potential at concentrations below MIC (consensus from the reported literature [42—45])

Induction Potential

Rank

Highest

Lowest

carbapenems and cephamycins
aminopenicilling

carboxy-penicillins

ureidopenicilling

older cephalosporins (15, 2rd and 3cd)
clavulanic acid

newer cephalosporins (4

sulphones

monobactams
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occurrence and selection of such mutants include high
bacterial inoculum at the infection site, bacterial species
and strain involved.

In an in vitro investigation of resistance development
to third- and fourth-generation cephalosporins in 10
strains of E. cloacae, full resistance to ceftriaxone and
ceftazidime occurred in at least half of the strains
within 1-3 days of passage (Figure 4) [46]. This resistance
development was associated with greatly enhanced
AmpC production, but had only a modest effect upon
outer-membrane protein profile as a resistance
mechanism. In contrast, at least five passages were
required before the majority of strains acquired resistance
to fourth-generation cephalosporins. Resistance to the
fourth-generation cephalosporins was associated with
changes in the outer membrane proteins, but involved
little alteration of AmpC expression. The latter results
suggest that at least two genetic mutations, altered
permeability and high Km, may be necessary to achieve
resistance to newer zwitterionic cephalosporins.

The dramatic impact of inducible AmpC
B-lactamase-producing strains upon P-lactam
susceptibility and clinical outcome makes it essential
that clinical microbiclogy laboratories can identify
such strains reliably. The primary difficulties caused by
Gram-negative pathogens with inducible B-lactamases
stem from their apparent susceptibility, when tested
against third-generation cephalosporins, in routine in
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Figure 4 Median MICs for 10 E. cloacae strains during
7-day serial passage with a cephalosporin, The median MIC
represents the sixth MIC observation when the MICs for the
10 strains on each day of testing are listed from the lowest
to the highest value. The values in parentheses are the number
of strains among the 10 strains tested for which the MIC was
in the resistant range (= 32 mg/L) for the 7-day serdal passage.
* ceftriaxone; (O ceftazidime; O cefpirome; @ cefepime.
The upper and lower broken lines in the figure are cut-offs
for resistance and susceptibility (INCCLS criteria), respectively.
‘With permission of Am Soc Microbiol ] Div [46].

vitro tests. However, accurate bacteral identification
should be sufficient to raise the possibility of selecting
derepressed AmpC mutants. Identification of the ‘at
risk” species is well within the specifications of most
commonly used commercial kits (Vitek, MicroScan,
Sensident, Micronaut, API, etc.). Information provided
by computerized ‘Expert Systems’ for the interpretation
of antimicrobial susceptibility testing, frequently
coupled with the above cited commercial diagnostic
systems, may also be useful. As confirmation,
standardized susceptibility tests can accurately determine
B-lactam susceptibility for the selected derepressed
mutants without the need for elaborate or time-
consuming induction or other non-standardized tests
[42]. In a survey of over 8,500 strains conducted by 43
laboratories in the USA, the observed rates (i.e. local
center results) for ceftazidime resistance in E. doeacae
(28.4%) and C. freundii (31.0%) [3] were very similar
to rates obtained (29.8% and 33.2%, respectively) by
reference methods in the monitoring laboratory [47].

SIGNIFICANCE OF INDUCIBLE AND STABLY
DEREPRESSED RESISTANCE

Induction potential does not necessarily translate to
reduced efficacy in either the laboratory or clinical
sitvation [48]. Confounding varables, such as the
ptesence of multiple resistance mechanisms, outer
membrane penetration, PBP affinity, enzyme inhibition
by the inducer and, most importantly, the B-lactamase
stability of the inducer, can affect the periplasmic
concentration of the P-lactam and hence bactericidal
activity. Some compounds both strongly induce and
are hydrolyzed by chromosomally-mediated enzymes
of Gram-negative bacteria (e.g. the aminopenicillins
and the cephamycins for E. dvacae). Other compounds
(e.g. piperacillin and other cephalosporins), although
poor inducers, are labile so that greatly increased
MICs are observed, despite relatively modest levels of
AmpC induction. In contrast, the high AmpC-inducing
potential of the carbapenems does not compromize
their efficacy dve to high bacterial membrane
penetration and relative B-lactamase stability. The
fourth-generation cephalosporins also combine high
penetration rates and [-lactamase stability with low
induction potential [49].

ROLE OF NEW CEPHALOSPDRINS IN THERAPY

In common with third-generation cephalosporins, the
fourth-generation cephalosporins have an aminothiazolyl
(or amino thiadiazolyl)-methoximino group at the
C-7 position of the cephem nucleus (Figure 5) [50].
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Figure 3 C-3' quaternary anunonium cephems [50].

However, these newer cephalosporins possess a
quaternary ammonium group at the C-3' position which
confers a considerable increase in potency and has led
to these compounds being termed ‘fourth-generation’
cephalosporins. These C-3' substitutions confer a
more balanced antimicrobial spectrum compared to
ceftazidime and maintain stability to, and low affinity
for, clinically important P-lactamases. They also give
these compounds the properties of a zwitterion which
enhances outer membrane permeability. The principal
candidates for inclusion in the group are listed in
Table 6 and include cefpirome and cefepime.

Both cefpirome and cefepime have been shown
to penetrate the outer membrane of E. cdoacae
approximately 5- to 6-fold faster than cefotaxime. This,
coupled with much lower affinity (high Km) for and
higher stability towards the AmpC [-lactamase, results

in higher periplasmic concentrations than those achieved
by cefotaxime [51]. Consequently, MICq, values of
0.5—1 mg/L are routinely achieved against E. cloacae, as
opposed to > 32 mg/L for cefotaxime and ceftazidime
{52]. Pooling of data from nine studies produced a
median MICgq value of 1 mg/L for cefpirome against
E. cloacae, compared to 50 mg/L for ceftazidime [53].

Fourth-generation cephalosporins have also
demonstrated excellent activity against Enterobacter spp.
isolated from ICU [18] and other units [54]. In one
study in ICU infections, cefpirome and imipenem
were the most potent against ceftazidime-resistant
isolates, with 94% and 97%, respectively, of strains
susceptible [18]. With the excepton of cefpirome,
there was significant cross-resistance among the
cephalosporins tested.

Fourth-geneération cephalosporins generally

Table 6 List of candidate *fourth-generation’ cephalosporins for human use [50]

C-7, 2-amino-3-thiazolyl

C-7, 5-amino-2-thiadiazolyl

Cefpirome {HR-810)
Cefepime (BMY-28142)
Cefoselis (FK-037)

Cefclidin  (E-1040)
Cefozopran (SCE-2787)
Cefluprenam (E-1077)

—333 =



516 Clinical Microbiology and Infection, Yolume 3 Supplement 1, April 1997

maintain good activity against ceftazidime-resistant
(MIC > 16 mg/L) Enterobacteriaceae with inducible
AmpC B-lactamases. In an intemational study of
160 ceftazidime-resistant strains [55}, 74% were
inhibited by cefpirome at £ 8 mg/L (Table 7). An
identical rate of cefpirome susceptibility was noted
in a five-nation survey (Table 7; Australia, France,
Germany, Italy and UK) and in the USA {55]. In
another 1l-nation study of ceftazidime-resistant
Enterobacteriaceae, > 80% of strains were inhibited
by cefepime (< 8 mg/L), with the exception of some
strains from Brazil {48%) and Italy (55%). Overall,
cefpirome and cefepime display similar activities against
Enterobacteriaceae which produce inducible AmpC
B-lactammases, while cefocelis (FK 037) appeared
slightly less active [57,583.

As yet, there are limited published clinical studies
to assess the efficacy of fourth-generation cephalosporins
against serious Enterobacter infections and especially
against strains resistant to third-generation cephalosponns
[59-61]. However, early indications are promising [61].
From pooled comparative clinical trials using cefepime
(2,487 patient cases), 17 infections with Enterobacter
spp. caused by organisms tested as susceptible to
cefepime, but resistant to ceftazidime were observed

[61]. Cefepime therapy resulted in clinical cure in all
patients and an 88.2% bacteriological eradication rate.
Also, no emergence of resistance was noted. In a study
of 276 hospitalized patients with severe infections,
three were attributable to E. cloacae, and were eradicated
following treatment with cefpirome at 1 or 2 g bid
(Table 8) [59]. In another study involving less serious
infections [60], ceftazidime produced bacterial
eradication in 70% of patients, whereas cefpirome at
1 g bid achieved 100% eradication {Table 8}. In a
Scandinavian study, cefpirome dosed at 1 g bid was
found to be at least as effective as ceftazidime 1 g tid
in eradicating Citrobacter and Enterobacter spp. from the
urinary and respiratory tracts {62].

Another recent multicenter study compared
the efficacy and safety of cefpirome and ceftazidime
in the empiric treatment of nosocomial and
community-acquired pneumonia in the ICU [63]. A
satisfactory bacteriological response was achieved in
73% and 64% of patients receiving cefpirome (2 g bid)
and ceftazidime (2 g tid), respectively, for infections
caused by Enferobacter spp. Similarly, cefepime has
demonstrated favourable compared to
ceftazidime in the treatment of infections caused by
Enterobacteriaceae [64].

results

Table 7 Distribution of Gram-negative ceftazidime-resistant (MIC > 16 mg/L) Enterobacteriaceae strains by cefpirome

MICs?
Strains with following cefpirome MIC (mg/L)

Organism No. of strains £ 0.5 1 2 4 8 i6 > 16
Citrobacter spp.b 23 ) 0 6 3 5 1 2
E. doarae 99 13 14 12 17 14 5 22
Enterobacter spp.© 19 12 i 1 3 1 1 0
H. alvei 7 2 0 1 1 9 0 3
M. morganii & 2 1 0 0 0 1 2
P. stuartii 1 0 0 1 0 0 0 G
S. marcescens 5 0 0 0 G 1 0 4
Totald 160 37 16 21 24 21 8 33

sModified from [53,56] for strains from the USA, Australia, France, Germany, [taly and the UK.
bIncludes Citrobacter freundii (20 streins) and Citrobacter spp. (three strains, not speciated).
sIncludes Enterobacter aerogenes (15 strains) and Enterobacter spp. (four strains, not speciated).

d474.4% of tested strains were susceptible (£ 8 mg/L).

Table 8 Eradication rates for cefpirome used against infections caused by Enterobacter spp. [59,60]

Nao. eradicated/No. treated

Study (year) 1 ghbid 2 ghid All cases
Carbon et al. (1992) 2/2 1/1 3/3
Study group (1992} 15/15* - 15/152

aComparator {ceftazidime) eradication rate = 70%.
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ROLE OF ALTERNATIVE AGENTS

A number of alternative agents are available for the
treatment of serious Gram-negative infections,
although these too have resistance problems. Indeed,
strains resistant to third-genération cephalosporing
show a higher rate of resistance to other antibiotics of
unrelated classes, such as amikacin, gentamicin and
ciprofloxacin [Privitera, personal communication]
(Table 9). Amongst the P-lactam antimicrobials, the
carbapenems (imipenem, meropenem) have the
broadest antimicrobial spectrum. Imipenem readily
enters the periplasmic space of Enterobacter spp. via a
different porin channel to that used by cephalosporins
and inhibits the PBPs; it is also highly PB-lactarmase
stable. However, clinical isolates of Emntercbacter spp.
and P. aeruginosa that are resistant to imipenem have
been isolated recently [65]. In the USA, resistance to
imipenem among Enterobacteriaceae (Proteus spp.)
varied from 1-46%, depending on the species [66].
However, these figures also include false-positive
results from some commercial systems (Vitek),
emphasizing the need for in vitro monitonng methods
using reference standards [3,66].

Aminoglycoside resistance continues to be a
problem mn the treatment of nosocomial infections.
Modest increases in aminoglycoside resistance over
time have occurred, even with acceptable infection
control practices and therapeutic drug level
monitoring. Current resistance problems with
aminoglycosides include resistance mediated by
reduced drug uptake in Enterobacteriaceae and
Pseudomonas spp. and plasmid-mediated modifying
enzymes (often multiple} in Enterobacteriaceae,
Pyeudomonas spp. and Gram-positive species.

Most parenteral fluoroquinolones are characterized
by their broad-spectrum activity, although recent years
have seen the emergence of resistant strains. Current
resistance problerns associated with the fluoroquinolones
include resistance among methicillin-resistant
Staphylococcus aurens (MRSA). Future problems which
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may become more common include resistance among
Psendomonas spp. and Enterobacteriaceae attributed
to altered DNA topoisomerases or modified drug
permeability, Ciprofloxacin resistance has been
reported in C. freundii (9.9%), S. marcescens (6.8%) and
P. aeruginosa (14.9%) in the USA in 1993-1994 [3,66]
and in other countries [64].

CONCLUSIONS

Emerging resistance among Enterobacteriaceae will
continue to compromize therapy with existing third-
generation cephalosporins. The fourth-generation
cephalosporins penetrate the bactenal cuter-membrane
more rapidly, have greater B-lactamase stability and,
therefore, have a broader antimicrobial spectrum and
higher intrinsic activity than third-generation agents.
These features will sustain the class therapeutic efficacy
against strains involved in serious infections in
hospitalized patients.

Fourth-generation cephalosporins are active against
the majority of P. aeruginosa and could be used as an
alternative to ceftazidime as the cephalosporin of choice
in combination regimens for such infections. Cefpirome
and some other fourth-generation compounds have
potent activity against oxacillin-susceptible staphylococa
[65] and the majority of penicillin and multdrug-
resistant streptococei [67,68]. Despite the improved
activity and spectrum of cefpirome, it is likely that
co-drugs will continue to be necessary for maximal
empirc therapy of serious nosocomial infections
including bacteremia, pieumonia and mixed anaerobic
infections such as those in surgery patients.

Other factors, for example less frequent dosing,
safety, cost and favorable interactions with other drugs
(i.e. synergistic killing) will also be important factors
in selecting alternative agents to complement or replace
third-generation cephalosporins or other B-lactams in
the treatment of infections caused by strains producing
Bush Group 1 enzymes (inducible or derepressed
expression).

Table 9 Association of resistance to other antimicrebial classes among 252 strains of Enterobaceeriaceae having resistance to

third-generaton cephalosporins (Italy, 1995)

Organism (No. tested) % Resistance?
" Amikacin Gentamicin Ciprofloxacin
C. freundii (44) 13.6 31.8 28.6
E. aerogenes 70 24.3 155 48.5
E. doacae (100) 3.1 2%.0 25.6
S. marcescens 37 139 63.9 55.2

2Susceptibility interpretation criteria published by the NCCLS (1995).
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DISCUSSION

Prof. B. Weidemann: There may be differences in
the induction potential within the cephamycin group
of cephalosporing and possibly among the carbapenems,
for instance, imipenem has a greater induction potential
than meropenem.

Prof. F. Baquero: [t remains unclear whether
differences in the induction potential between strains
of a particular species are important. For cefpirome,
the low induction can be partially explained by the
rapid bactericidal activity, as both cefoxitin and
cefpirome are equally effective against the cell wall.
The inducer 15 produced at the same rate for both
cephalosporins, therefore, the observed differences are
related to the relative speeds of killing; rather than
differences in induction potential.

Prof. B. Wiedemann: Differences in the induction
potential of the drugs are related to binding to PBP 3.
The stronger the binding to PBP 5, then the more
intense the induction.

Prof. K. Klugman: The increasing worldwide
importance of the extended-spectrum PB-lactamases
(ESBLs), should not be overlooked, particularly
regarding the impact on MIC values.

Prof. R. Jones: Yes I agree, the overall pattern of -

emerging resistance in E. coli, or Klebsiella spp. is going
to mimic the pattern among stably-derepressed
B-lactamase-producing Enterobacter or Citrobacter to the
clinical microbiologist. Would Dr Bavernfeind  address
this issue?

Dr. A. Bauernfeind: To be more specific, the
incidence of AmpC genes on plasmids is increasing
world-wide. However, one advantage of the fourth-
generation cephalosporins is that they retain good in
vitro activity against ampC plasmid containing strains.
Prof. F. Baquero: The activity against plasmid
mediated ampC producing Enterobacteriaceae is a
potential advantage for the fourth-generation
cephalosporins.

Prof. R. Jones: The number of strains with ESBL
phenotypes is becoming alarmingly high in the USA.
Dr Pfaller, do you have any comment on this?

Dr. M. Pfaller: Recent data demonstrate that 2 40%
of Klebsiella spp. in individual institutions are ESBL-
producing strains. INot all these strains are the result of
an outbreak of a single clone, and the percentage varies
from one institution to another and between strains in
the same medical center. There is considerable
variation in the incidence of ESBLs and the incidence
should be closely monitored.

Prof. R. Jones: In hospitals with a high incidence of
ESBL phenotypes, approximately 50% of strains are

cefoxitin-resistant, often carrying multiple resistance
phenotypes. This appears to be due to mobihlization of
the ampC gene into K. pneumoniae. Approximately 17%
of current bacteremias in a large hospital sample (60
medical centers} in the USA, due to K. preumoniae, are
ESBL or ampC phenotypes.

Prof. F. Baquero: In the study by Dr. E. Sanders,
the emergence of ampC mutants were not detected
following a 1 g bid dose of cefepime. In an analysis of the
ceftazidime-resistant strains a trimodal MIC distnbution
was observed for cefepime; one peak was at (.5 mg/L,
one at about 4 mg/L and one at = 8 mg/L. These strains
may also exhibit increased MIC values the carbapenems.
Prof. R. Jones: Examination of the susceptibility
testing data demonstrates that the usual cefepime MIC
was in the ‘first mode’ (previously mentioned). All the
fourth-generation cephalosporins tested against these
ceftazidime-resistant strains exhibit a trimodal effect,
although there is varation of the MIC values of
particular ageats.

Prof. J. Turnidge: The main problem with the
emergence of resistance is with Enterobacter dloacae, which
is the most prevalent of pathogens and also seems to
have the highest propensity for the development of
resistance.
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v—FHEM AL CHEE REIZFTIFEETEELL BERELTZS5 75V, DAIRRRALS
HE (J-110, 441) BIE/ A2 ¥ LFEEE (Syn-2161) # AV 72, J-110,441 B X U Syn—2161 i
FHEN, P IABR-FIIT—E¥BLPISACH-Fry~v—HEIIHTH2HHUEYETH A, TV E
V) CHEEE (MIC) ~OHBEERFADR> L, BEEOEETA-F7/~v—¥0 7 5 AEHNEIT-
Foo FETEP-F 28w —EiFEHLEO 7 FAOWLIL THE, 4B EBRH L LTEAENEE
BHEL, 29RA/D, 75AB, 75ACOHEEERE MIC /Y~ LEUNTE L, MICHIEIZ—#
7 S R A E % AV 7297, ATP-bioluminescence % (Hattori N, et al. Antimicrob. Agents Che-
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B-F 7 ¥ —-Y3H{ DHEMBED -7 7 ¥ L ERED
BEREZ22EFATNEICBERTH LY., BESF A2 HT 3
JEBERMOMFAELS, 75AA~DD4ZFRAIFESN
B, D FASTEL-Fr F v KoL LCEE
BCAVER, FLbo b bRBNLAEETHD, 75 R
A, C, DEFEERLIIET Y EFSEY RS Fo—F
EL, 77 ABINERNOIIESREHOA T BT ¥
T—ETHY, LTy Iv—H LR AMASHE
B ThA, HBEHBERETIE, 772 A3RZL Y F—F
YIFACHEE7TOAR) F—F, FFADWRIFFY
OB D L) -, LEREFREST A, Y5 AB
DAFTL-F 7 F7—CBdANARFLEFEOCEERE
HERMEFH -5 vy~ —EThAE . INOIIMARE,
FIAABLUCTIHEAFIAI/RP-F 75 2ERED
WO L-5 7y 2AEA~HBE L EERE (RESEND
RAUP-F25v—¥) FHELTVLYY, HFIZrsRAE
REEE L ESBL (Extended Spectrum Beta—Lactamase) @
BEHRTHORS,

HERREICN T 2802 -9 7 v LERRICE, A
NBOAEETD [T 7 ¥y VFOBEZLENFECIEH I
EThh, BESEZROEETD -5 5 —EDHL
I AENENEETNDL, FNETIE, 2?5 AAF-F 5%
v VDHERE LTHONS 775 VB (CVA), Bl
WREESN? S ABE-F 2 ¥ v—FHEA (J-110,441)
L5 2ACH-F & & v—EHEH (Syn-2161) @ 3IHEH
THw, TrEL )y (ABPC) OMICIZB X ITFHEEH
BRMBENLA-Frs~v—¥D s T AENERAT, 35

i, SEMAIA ATP #2158 L LT MIC #Hl2F 5 ATP-
bicluminescence ¥ % @M T A T Lo L b, ERERME X
B EET Ao E 8 iTo7
1. B & FE

1. BHERFFAIF

Table LiZ;R L7 THTE, 16 @HKBIUR TSR
2 FEEE LT Escherichia coli ML 1410 2#E L
720 E. coli MLI41013E. coli K12HEDF 1 ¥ ¥
AHMHHERKTHE . 58075223 F (RGN
823, RGN 14, RDK 4, RGN 238, pMTY 010) & #
NENTEM-U -5 7 ¥~V —¥, TEM-18-5 2 %
T—¥, AFTH-FrFv—¥, OKA-18-F 2 %<
—F RHSERE B S 2AA-F 7 ¥ — ¥
(Toho-1 ESBL), ®EEFEBIET % # 0. Citrobacter fre-
undii GN 346/RGN 823 3 Rfafbtt 7 5 A CF-F 7 %
T-HFHEEEHIZCRGNS23 # AL CHEEL-2HEF-
T —-VHEEWRTH D, TOMOEKRITSEENE S
S T —PHEEKRTH B,

2. B-F0FLELR- T VYHEN

ABPC IZBABIM, CVAIXIAIRAZF LY VT
x ARE, HNNANRKLFEE (J-110,441) BEHE
¥, /NI 7 AFEE (Syn-2161) 1T RPEIER T
dhENRFLGEEN-BERELFEAH L.

3. BAREFHEIEERE MIC) oflz

MIC DI X B RLEWEEEOREIHEL, MR
MRS 12 L D 470 ug/mL TH L7, dikA ATP
DHEFIZ L & T ¢ ATP-bioluminescence 12 & 25 MIC

TTRERTHAGEEE AR 1-33
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Table 1. List of the p-lactamase—producing bacteria employed
B-lactamase Strain Ref.
Class A E. coli ML 1410/RGN 823 Sawai et al. **
E. coli ML 1410/RGN 14 Sawai et al.
K. preumoniae GN 69 Sawai et al.
P, mirabilis N-29 Sawai et al. =%
P. vulgaris GN76/C 1 Sawai et al. **
Class B E. eoli ML 1410/RDK 4 Yamaguchi et al.™
Class C E. coli 255 Sawai et al. ™
C. freundii GN 346 Sawai et al. **
E. clogcae P99 Galleni et al.'"
E. cloacae 363 Sawai et al. **
M. morganii 1510 Sawat et al. **
Class D E. coli ML 1410/RGN 238 Sawai et al.*
Extended—spectrum Class A (Toho-1, ESBL} E. coli ML 1410/pMTY 010 Ishii et al. "
Extended—spectrum Class C E. cloacae GC 1 Nukaga et al. ™
C. freundii GC3 Haruta et al.™
Production of two kinds of B-lactamases {class Aand C) C. freundii GN 346/RGN 823 .| This paper
M id Hattori 5O BREYE Hwis,
I # 2 o OH
1. p-57e—FHEHOEE } ——
CVAWZFAAR-F /¥ —¥OHENE LTHA of TN
ARTVE, ZORERERAREELBE—BENO \ o

A #E SRR & B progressive  inactivation (#fifE
MARIE(L) TH A%, J-110,441"3 7 5 A BJ-5 2
y2—¥, Syn-2161°1x 27 5 XA CH-F 2 ¥ v —FiIxt
TAHAENZTNERNGHFEEFTH L, ChO3HD
B3 2 ¥ < —CHENDLEMBES Fig. 1SR T, 7
NS A LFEAETHD J-110,441 12, HE7FO—
FELTZFABE-F 77w —HIIat LEHRAER &
LTHERTAY, TAI LA F 2L LEDE 37 5 2K
HmeE LRI, Y9RACH-F v —FEDHEA
SRAEHALLTEAL, Z0BEEH#NI progressive
inactivation THh B9, T/ N ¥ LEORMBHEZEL
D, HEHE LTOME %% L7 FH &5 Syn-
2161 THh b, ZPFEOFEHERIIH T L23HEAD
MIC 12 50 ug/mL ¥ 7= i3 Fh L TH Yy, HEH
LTOERREIX MICHED 550 1UTE#BW,

2. ABPC Lo#MIZL 2HEHBRERENEE

HEREHHATAI-F 7 YL EELTIR, 792A
~D-F 7 8 T—EDVThOEECL->THED
MICHEDKE (BEEZTILLONET L, £77,
BESHEOEAREHIE C—RNICER L5 EH
ThdILTPERBTHL U LOEFEZEL, ABPC
PHREL LA, MEAARSTRRC I ZHEEARRNE
T, HEAHBEZ 1BECEHETAZ LAEHBT
HoH, EREERL DRIHZ8HKRELERL, FRE
K& CTD ABPC @ MIC ##lE L, HENLAERE

Clavulanic acid {CVA}

74 7o
o HN l-‘\‘\\\CH3
| } L
N 0
(j’ \mﬁ
NH,
Syn-2161

Fig. 1.

Structures of the inhibitors used in this study.
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EEEH, Table 2 {2 Syn-2161 DREFN %R L 72
ZOEE, Syn—2161EEIX 20 ug/mL 2FEHL . R
FEIZ CVA B J-110,441 OERBRE X EBEMICHRE L,
FREFN 10pg/mL & L7z,

3. p-Fry=—tYHEEBIHTIEEHEADR

73 ZAA~D DEEWBIVL-F57 5 L EBRTHE.
coli WX LT, SEEXF—EBET TO ABPC ® MIC
%lsE L7 (Tabled)e SN OEETLIER T I AR
KD -5 7 & v —YORBERFHNEEILT TIIHT S
NTwh. 73 A AEBHIIHLT, CVAIRTTIC
HERDRETL, Syn-2161 TidF-7-{EEshi
Aoz J-110,441 Tid Klebsiella pneumoniae 3 £ TF
Proteus vulgaris DREBHES FAAF-F 7 ¥ <w—+
AEBCTHEAMSRFRONGD, FOMDTFAIF
- ¥y —VHEFTEIBEBESL LV, 75 XB
EERTIEJI-110441 12 X WL HER G EIBE
Ehi, FIACHERIIT AT Syn-2161 2L 55
ELREMSRIBREINL, 7 FACH-F I —
3T TG EEREE TH S P, Morganelle mor-
ganii DHH J-110,441 DEB* %i} 7. 2 I ADF-

57y —YERNNEA= ) F—VYRERRENY
BOo79AI FHBEETH), BEFHBREITFIAIF
Yoo R AMEERE L ERIACRED o I ,
Toho-1 1P ETY 7 LABURICEL /T HT I
AIFNEYIRAADESBLTHDL, FIcREHETSH
525 7 CTI3ERDL DL Enterobacter cloacae
GC1&C freundii GC3 D -5 7 ¥ —UHEHUYE
BMIENOEREETH L, —F, BESEORIEE
R TAERD - 7 ¥ v —VYRIZFEROLOHD
72 & 2w, C. freundii GN 346/RGN 823 iz ¥ fa (k%
FEACETIAINESF I AATFNLTRERAKC
EETL2EA-S5 o ¥ —VYEEORERSEBEDET
WEMTH D Tabled IZR7T XI5, 7 7 A ADESBL
T CVAOHERIRENALRADIINL, 772C
OREAGIENTRERESERET S E. cloacae GC
1, C freundii GC3 L 7 5 AA/CHEW/RDC. fre-
undii GN 346/RGN 823 TIE CVAILHBVWESE T R
TR EA A BREHE R L,
FREREMOLL -5y —EEEREHEOW
WRISHT 5 SHERODEOBIEE Table 5 IR L7,

Table 2. Combined effect of Syn-2161 on MIC of ampicillin in bacteria producing B-lactamases
B-Lactamase MIC of ampicillin (pg/mL)
Strain
class Syn-2161 (ug/mL} 0 5 10 20 50
non E. coli ML 1410 6.3 3.1 3.1 3.1 <1l.6
A E. coli ML 1410/RGN 823 >1,600 >1,600 >1,8600 >1,600 >1,600
B E. eoli ML 1410/RDK 4 25 25 25 25 25
c C. freundii GN 346 800 25 12.5 1.6 <1.6
C E. cloacae P99 >1,600 100 25 12.5 3.1
D E. eoli ML 1410/RGN 238 800 800 800 800 800
ES-C* E. cloacae GC 1 >1,600 >1,600 >1,600 >1, 600 800
ES-C" - C. freundit GC 3 >1,600 >1,600 >1,600 >1.600 800

*ES-C: Extended—spectrum class C 8-lactamase.

Table 3. Effect of specific inhibitors on MIC of ampicillin in bacteria preducing four class 3—lactamases
RA-Lactamase MIC of ampicillin (pg/mL)
Strain
class : 0 cvA Syn—2161 J-110,441
non E. coli ML 1410 6.3 3.1 . 3.1 31
A E. coli ML 1410/RGN 823 >800 12.5 >800 >800
E. coli ML 1410/RGN 14 >800 12.5 >800 > 800
K. pneumoniae GN 69 >800 1.8 >800 100
P. mirebilis N-28 >800 12.5 >800 >800
P. vulgaris GN76/C 1 800 1.6 800 6.3
E. coli ML 1410/RDK 4 25 12.5 25 3.1
C E . coli 255 400 400 6.3 400
C. freundii GN 346 500 200 1.6 400
E. cloacae P99 >800 80O 12.5 800
E. cloacae 363 800 400 3.1 400
M. morganii 1510 800 400 1.6 6.3
D E. coli ML 1410/RGN 238 800 25 800 800

The inhibitor concentrations were fixed as follows: CVA; 10 ng/mL, Syn-2161; 20 pg/mL, §-110,441; 10 pg/mL.

CVA: clavulanic acid
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Table 4. Effect of the specific inhibitors on MIC of ampicillin in bacteria producing
extended-spectrum B-lactamases or two kinds of f~lactamases
MIC of ampicillin {(pg/mL)
B-Lactamase Strain
0 CVA Syn-2161 J-110,441

Toho-1 ESBL E. coli ML 1410/pMTY 010 > 800 6.3 >800 >800
Extended-spectrum class C E. cloacae GC 1 >800 800 >800 >800

C. freundit GC 3 >800 . 300 >800 >800
Class A/C simultaneous production C. freundii GN 346/RGN 823 >800 400 >800 >800

The inhibitor coneentrations were fixed as follows: CVA; 10 g mL, Syn-2161; 20 ug mL, J -110,441; 10 pg mL.

CVA: clavulanic acid

Table 5. Summary of the inhibitory effect on MIC of ampicillin
in -lactamase—producing bacteria

p-Lactamase Inhibitor effect”
production CVA  Syn-2161 J-110,441

Class A ++ - —(v)**
Class B + - + +
Class C + ++ = {v}**
Class D + + - -
Toho~1 ESBL ++ - -
Extended-spectrum Class C + - -
Class A/C production + - -

"The degree of effect was expressed as follows; significant effect
(++), weskeffect (+), noeffect (—).

**varied according to the species.

CVA: clavulanic acid

ABPC D MICEAM 8 5D 1 LTI T 2HELHEE
BAhE4E2 ++ TERL, MICEETFTH 250 1~4 45D
1BEOFHVFEL+ /AL &8, R—25Z2A0
-7 75— ¥odhoI{—HndoWHERMBRIYE
ERTEAIL -v) ERELTwA, J-110,441 Tit ¥
FAABLUZ7ZFACEERO—HEME THENRE
Rohad, #7AAHBWIED, 75AB, 7TA
C, BABRENERANISACHEVIEZYFTAA-CHE
EEBEOGEIMETH D,

4, ATP-bioluminescence #:42 & 5 MIC HE O HE
1t

MEE AR EE MICHlEEE LTI S 525,
HEDHEILEGH IBREETET L. 7 7 AGHOMNRE
b % E LT, ATP-bicluminescence 12 L 3 MIC

PUE & 4TV, SR AN B & 8 L 72 (Table 6), ATP
~bioluminescence Ex W T O BB ERRE LT
Bl —mERIB LN, S5ICHMFEREIILI5EET
Ho, BEEREFREOHS GO 1LCEHBITETDH
oY A
oI = =3

ERBEGI BT LRGSR OER BRI FREL L
T, F4 AZEIH Y HEREARREICL 2 2B
EVERLoOH5, HEHEBEORRICEh 51
—#EETsl e Ebhb, COREEFFMALT, H
FR—ERETIIBITS ABPC @ MIC i 5 # B E R
DEEFTDEPL-F 7y —FPOBELENFETHET
HARER L, MICHIEEE~EAANRSZLIZLD
EFERETORMIEESLBbhs, BERFHA SR TY
BTV REORIFTAL-Fry~v—YiIT S
HEMZ EIIow TR a2 EERED D, REJEOHK
BREMABIEIZEY, f-F 27— VYEERICIT
LB -5 5 L EERFTEE BN B, T/,
o AE L BALPER SR DIEA1E, ATP-biclumines-
cence EDOFIHIZL VENHEZ RIFICEBITETH
Do

RENETWEIFAAJ-TF I F~v—VBEEREZ S
ADA-F 7y ~—YEEWOKNFTEL VW, R7 7
AIFIIFHEESNLEZFADE-F7 F=—Fiid x4
P UGRRIRC V) B ELFTh S, EHERY
PohiEbo L bHBNERZIYF-PRIZEL, 735
AP RAILTEISRTWE, ZO4-F

Table 8. Comparison of the MIC values measured by ATP-hicluminescence method with those by microdilution method

MIC of ampiciilin {ug/mL)

Lacta
p- z:;as?ase Strain ATP-bicluminescence microdilution
ABPC ABPC+CVA" ABPC ABPC +CVA®
nen E. coli ML 1410 3.1 3.1 6.3 3.1
A E. coli ML 1410/RGN 823 >800 12.5 >800 i2.5
B E. coli MI, 1410/RDK 4 25 12,5 25 12.5
C E. eloacae P 99 >800 80O >800 >800
ES-C E. cloacae GC 1 >800 >800 >800 >800

*The CVA concentration was 10 ug/mlL.
ABPC: ampicillin, CVA: clavulanic acid
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Classification of f§-lactamases by utilizing the enzyme inhibitors

Tetsuo Sawat, Koji O'hara, Masae Ohnuma, Akio Nakamura,
Yasuyo Naitou and Kyoko Nakazawa

Division of Microbial Chemistry, Faculty of Pharmaceutical Sciences,
Chiba University, Inage-ku, Chiba 263-8522, Japan

A simple and rapid method for classification of f—lactamases in bacterial cells into classes A, B, Cand
D was devised by utilizing three f§-lactamase—inhibitors clavulanic acid, a carbapenem derivative {J-
110,441) and a monobactam derivative (Syn-2161). On the basis of the combined effects of ampicillin
with the inhibitor on the MIC of ampicillin, the enzyme class in the test organisms was estimated. This
method was evaluated acecording to its application in 14 bacterial strains, which consisted of seven gram—
negative species. For routine assay, a liquid microdilution method for MIC determination was employed.
However, the time required for assay was reduced to one-fifth by employing an ATP-bioluminescens
method developed by Hattori N, etal. (Antimicrob. Agents Chemother., 42: 1406~1411, 1998}.
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Macrolide 2'-phosphotransferase [MPH(2')] transfers the vy phosphate of ATP to the 2'-OH group of
macrolide antibiotics. The role of aspartic acids in the putative ATP-binding site of MPH(2")II was investigated
through the substitution of alanine for aspartate by site-directed mutagenesis. D200A, D209A, D219A, and
D231A mutant strains were nnable to inactivate the substrate cleandomycin, while a D227A mutant retained

7% of the activity of the original enzyme.

Reported macrolide resistance mechanisms are as follows:
(i) methylation (2) of adenine in 238 rRNA (2058 in Esche-
richia coli), (ii) efflux protein (13), and (i) inactivation of
macrolide by erythromycin esterase (1, 3, 17) or macrolide
2'-phosphotransferase [MPH(2")]. MPH(2') is divided into
MPH(2'} (14, 18) and MPH(2")II (10, 15) on the basis of its
substrate specificity and primary amino acid sequence. The
phosphotransferases are encoded by mphA and mphB, respec-
tively. The former inactivates 14-membered ring macrolides
more effectively than 16-membered ring macrolides, whereas
the latter does not show this substrate preference. The primary
amino acid sequence similarity between MPH(2") and amino-
glycoside phosphotransferase (APH) is poor, but the C-termi-
nal regions have highly conserved motifs 1 and 2 in common
(Fig. 1). They are the putative ATP-binding sites of APH, in
which several functional amino acids have already been iden-
tified (4-8, 23, 24).

From these reports, it was expected that there are functional
amino acids in the same region as MPH(2'). Five aspartic acids
(D200, D209, D219, 13227, and D231) were noted, and among
these, three were highly conserved not only in bacterial phos-
photransferase but also in the eukaryotic protein kinase family
(4). To identify the functional aspartic acids, they were each
replaced with alanine by site-directed mutagenesis.

(This work was presented in part at the 38th Interscience
Conference on Antimicrobial Agents and Chemotherapy, San
Diego, Calif., 25 September 1998.)

E. coli TG1 (22), a derivative of K-12, was employed for
DNA technology, for measurement of the macrolide suscepti-
bility of cells bearing cloned mphB, and as a host for crude-
enzyme preparation.

Bacteria were grown on LB broth and agar (12). Sources for
antibiotics were the following: oleandomycin, erythromycin,
roxithromycin, troleandomycin, spiramycin, and tylosin, Sigma,
St. Louis, Mo.; kitasamycin, rokitamycin, and josamycin, Wako
Pure Chemical Industries Ltd., Osaka, Japan; clarithromyein,
Taisho Pharmaceutical Co., Ltd., Tokyo, Japan; azithromycin,
Pfizer Pharmaceutical Co., Ltd., Tokyo, Japan. ATP disodium
salt was purchased from Wako Pure Chemical Industries Ltd.,

* Corresponding author. Mailing address: Division of Microbial
Chemistry, Faculty of Pharmaceutical Sciences, Chiba University, 1-33
Yayoi-cho, Inage-ku, Chiba 263-8522, Japan. Phone: 81-43-290-25930.
Fax: 81-43-290-2929. E-mail: oharak@p.chiba-u.ac,jp.

Osaka, Japan, and restriction enzymes and DNA modification
enzymes were purchased from Toyobo Co., Osaka, Japan.

The MPH(2")1I-encoding gene, mphB, used in this study was
cloned from E. coli CU1, which was isolated in 1997 from
clinical material in Japan (20, 21). An approximately 1.0-kb
DNA fragment carrying mphB was inserted into the multiple
cloning site of pHSG398 (Takara Shuzo Co., Ltd, Tokyo,
Japan), and the resultant plasmid was designated pKTA321.
Using the specially designed primers ECMPHBF-1 (5'-GCG
ATAGAATTCAAGGAGAAATAATATGACCGTAGTCA
CGACCGCCGAT-3") and ECMPHBR-1 (5'-GTTTTCCCA
GTCACGACGTTGT-3"), mphB was amplified by the PCR
method. The DNAs so produced were digested with EcoRI
and PstI. The resulting DNA fragments were inserted into the
EcoRI-Pstl site of pKF18k (Takara Shuzo Co., Ltd.) to con-
struct a template, designated pKFB280, for site-directed mu-
tagenesis.

Chemically synthesized mutant primers for site-directed mu-
tagenesis (11) in the mphB gene were designed from published
sequence data and purchased from Life Technologies, Inc. The
sequences of the primers were 5'-GATTCATGGCGCCGTA
CATGCCGG-3', 5'-ACTATGATCGCGAAGGATGCCAAT
G-3', 5-AATGTGACAGGCCTAATCGCTTGGAC-3" 5'-A
AGGTTACAGCTGTTTCGCATGAC-3', and 3'-GTTTCGC
ACGCGTTTATTTTCAAC-3', and they were used to create
D200A, D209A, D219A, D227A, and D231A mutants, respec-
tively. The underlined letters indicate base mismatches com-
pared to the wild-type sequence. A Mutan-Super Express kit
{Takara Shuzo Co., Ltd.) with E. coli MV1184 for the Oligo-
nucleotide-directed Dual Amber-Long and Accurate (ODA-
LA) method was used for construction of mutant mphB by
using pKEFB280 as a template. The cycling program consisted
of an initial incubation at 94°C for 5 min; 30 cycles of 93°C for
1 min, 52°C for 2 min, and 72°C for 2 min; and a final step of
72°C for 6 min. The mutant genes were completely sequenced
by the chain termination method using a DSQ-1000 DNA
sequencer (Shimadzu Co., Kyoto, Japan) and specific fluores-
cein-labelled primers designated RV22-FITC (5'-CACACAG
GAAACAGCTATGACC-3') and M422-FIiTC (5'-CCAGGG
TTTTCCCAGTCACGCC-3') to confirm the desired change
in the nucleotide sequence. These mutant plasmids were di-
gested with Eco47III and Psil. The resulting approximately
520-bp DNA fragment was used to displace the corresponding
region of mphB on pKTA321.

Macrolide-inactivating activity was measured (10) in sam-
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|_ MPH{Z) 1 i | | E |
l1aa 32aa
200 209 219 227 231 -
MPH(EM VVHGDL YVGHVL ID*NTERYSGMIDWSEARVDDPAIDM
MPH{2H LIHGDVHAGHTMID-KDANVTGL IDWTEAKVTDVSHDF
APH*(4)-12 FYHGDLHGTN!FVDLAATEVTGIVDFTOVYAGDSRYSL
APH{4}b --HARDFOSNNVLTBNG- -RITAVIDWSEAMFGDSQYEVY
APH(6}-la VLHWDLHYENVL*™A|IDPEPLVGDPGFOLWFALDTGWER
APH{&}-1b MLHWDLHYGNVL*AIDPEPLYGDPGFDLWPALDSRWDD
APH(8)-Ilc PLHGDLMMENVL *AIDPHGLLGERTFDYANIFTNP - - -
APH(B}-1d GLHGDLMHENIF*VIDPVGLVGEVGFGAANMFYDPADR
APH(3")-la YVTHGDFSLDNL | FDEG- -KLIGCIDVGRVG I ADRYQDL
APH(3'+lo VTHGDFSLONLLIDEG- -KVVGCIDVGRAG I ADRYQODL
APH{3 »Ic YTHGDFSLDNL I FDEG--KLIGCIDVGRYC I ADRYQDL
APH{3'}-lla VTHGDACLPNIMVENG- - RFSGFIDCGRLGVADRYQD |
APH{3 F g FSHGDILGDSNIFVKDG- -KVSGFIDLGRSGRADRAWYD |
APH(3»Va FAHGDYCAPNL! IDGE--KLSGFIDLGRAGVADRYQD!
APH{3"»-Va VCHGODLCPANNVLLDPGTCRVTIGVIDVGALGVADRHAD
APH(3'}-Vb VOHGDLCPNNVLLDPETHRITGLIDVGRLALATCHADL
APH(3"-Ve LtCHGDLCPNNVLLDPETCRVTGMIDVGRLGRADARADL
APH{3')»Vla FSHGDITOSNIFIDKF--NEIYFLDLGRAGLADEFVD!

APH{3'}-Vila LSHGDMS - ANFFVSHD - -GIY-FYDLAARCGVADKWLDI

APH[2)-la LCHNDFSCNHLLLED -GNNRLTGI1IDFGOSGI IDEYCDF
APH(3}-fa VCHGDLCLPNIVLHPETLEVSGF IDLGALGAADRRADL
APH(E)-b FMVRBPKTLQCT RYADL

MOTIF1 MOTIF 2

FIG. 1. Amino acid alignment of conserved motifs I and IT (15, 19} in the
MPH(2") and APH family. a, a., amine acid. Superscripts: b, MPH(2'); ¢, APH;
d, deletion of an amino acid; e, insertion of an amino acid. Aspartic acid residues
(D} are in boldface.

ples consisting of 50 pl of 40 mM ATP, 50 ul of macrolide
antibiotics, and 400 pl of crude extract diluted with TMK
buffer (0.06 M KCl, 0.01 M MgCl,, 0.006 M 2-mercaptoethanol
in 0.1 M Tris-HCI buffer, pH 7.8) that were mixed and allowed
to react at 37°C for 0, 0.5, 1, 2, and 4 h. A 30-ul sample of the
reaction mixture was spotted on a paper disk (8-mm diameter;
thin; TOYO Filter Co., Ltd., Tokyo, Japan), and the disk was
heated in a microwave oven to stop the reaction. The residual
potency of the antibiotics was determined by microbioassay
using Bacillus subtilis ATCC 6633 (9) as an indicator orgafiism
on a nutrient soft agar upper layer and a nutrient agar lower
layer. .

Change in D204. In 2 previous study of aminoglycoside 3'-
phosphotransferase Ila [APH(3')Ia], D190, which corre-
sponds to D200 of MPH(2'), was replaced with glutamine (Q).
The affinity of D190Q for ATP was the same as that of the wild
type, and there was a slight retention of enzymatic activity (6).

It has also been reported that a DI9%A mutant of
APH(3")]11a had no enzymatic activity (4), and it was proposed
that D190 of APH(3'}Illa was a general base activating the
3'-OH group to attack the vy phosphate of ATP.

In the case of MPH(2')I, the specific enzyme activity of
D200A was less than (L1% of the original activity, thereby
demonstrating that D200 is essential for the catalytic activity of
MPH(2")IL. These results suggested that D200 might similarly
be a general base activating the 2’-OH group of macrolide
antibiotics.

Changes in D209, D219, and D231. In earlier work, D208
and D220 of APH(2')1a {corresponding to D219 and D231 of
MPH({2)IL, respectively] were each replaced with glycine (6).
The results suggested that D208 and D220 are involved in the
binding of ATP. Our testing determined that the specific ac-
tivities of D219A. and D231A for oleandomycin were less than
0.1 U (nanomoles of oleandomycin inactivated per hour),
which suggested that D219 and D231 were an essential for
enzymatic activity. These aspartic acids were highly conserved
in motif II in the same way as D208 and D220 of APH(3'), so
that the role of D219 and D231 might be correspondingly
similar. -

The specific activity of the D209A mutant was also less than
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TABLE 1. Substrate specificity of crude enzyme extract containing
wild-type or D227A mutant MPH(2")II

. Relative activity (%)°

Macrolide
Wwild type D227A mutant

14 membered

Ctleandomycin . 100 100

Troleandomycin 104 38

Erythromycin 83 83

Clarithromycin 46 49

Roxithromycin 50 9
15 membered azithromyein 88 27
16 membered

Kitasamyein 202 16

Spiramycin 75 85

Josamycin 75 2

Rekitamycin 50 2

Tylosin 35 13

¢ The specific activity of the wild type enzyme for oleandomycin was 121
nmol/h/mg of protein and that of the D227A mutant was 8.5 nmol/h/mg of
protein,

0.1 U, which suggested that D209 is crucial for catalysis. The
amino acid corresponding to D209 in MPH{2')II has not been
studied in APH and other phosphotransferases, so further
experimentation is needed to clarify the precise role of this
residue.

Change in D227. The specific activity of the D227A mutant
was greatly reduced, but measurable activity (7%) was retained
(Table 1. This suggested that D227 is not essential for, but
clearly affects, enzymatic activity, The substrate specificity of
D227A for various macrolides was examined (Table 1). The
data showed that substitution at D227 resulted in a much less
significant alteration of the substrate specificity of MPH(2"}I
for 14-membered ring macrolides, such as erythromyein, trole-
andomycin (16), roxithromycin, and clarithromycin and 15-
membered ring macrolides such as azithromycin, in contrast to
that for 16-membered ring macrolides such as spiramycin and
rokitamycin. In the latter two cases, activity was decreased by
at least 25-fold compared with that of the wild type. In the
other 16-membered ring macrolides, the relative activities of
D227A demonstrated a 12-fold reduction for kitasamycin, sim-
itar activity for josamycin, and a fourfold reduction for tylosin
compared with that of the wild type. These results suggested
that D227 participated in the recognition of 16-membered ring
macrolides, especially kitasamycin, spiramycin, and rokitany-
cin.

In spite of structural differences among macrolides, specific
activities for 14- and 16-membered ring macrolides with the
original enzyme were not so very different from each other
(about 50~200% of that of oleandomycin}. Additionally, there
is poor homology between MPH(2') and erythromycin esterase
in their primary amino acid sequences, so that it is difficult to
identify the 14-membered ring recognition site in these mac-
rolide-modifying enzymes. Kitasamycin, josamycin, and rokita-
mycin have a bulky side chain at the 4” position of L-mycarose,
whereas spiramycin and tylosin have a small OH group at the
same position. On the other hand, 14- and 15-membered ring
macrolides do not have L-mycarose at the 4 position of b-
desosamine.

On the basis of this information, we predict that MPH(2')IX
might more strongly interact with the sugar moiety than the
lactone ring and we speculate that D227 makes a pocket where
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the desosamine and mycarose moieties fit. To identify the exact
part of the macrolide which interacts with D227, a more de-
tailed examination will follow in our laboratory.

This study was supported by a grant from the Ministry of Health and

Welfare, Japan, 1998, for molecular characterization of antibiotic re-
sistance and development of methods for rapid detection of drug-
resistant bacteria.
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Abstract

Among recent clinical isolates in Japan, strain CU284 was discovered which formed
unusual colonies. This strain was identified as Rahnella aquatilis which is usually
found in water. The antibictic susceptibilities against tetracycline, carbenicillin,
chloramphenicol, streptomycin, kanamycin, gentamicin, sulphonamide, neomycin,
fosfomycin, rifampicin, norfloxacin and nalidixic acid, were investigated. The resuit
demonstrated that the strain was highly resistant to fosfornycin only. it was further
shown that this resistance was transmissible with low frequency to Serratia
marcescens whereas it was not transmissible to Escherichia coli.

Introduction

Rahnella aquatilis is known as a bacterial species which is rarely isolated
from clinical samples. The bacterium was classified into the family
Enterobacteriaceae in 1979 and is generally found in water (Izard er
al., 1985).

In Japan, Legionella (Edelstein ez al.,, 1996; Martin ez al., 1996;
Van, 1996), the cause of Legionnaire’s disease, has been found in the
cooling water of air conditioners. Pseudomonas, which causes infection
(Bryan et al., 1984; O’Hara et al., 1997a), has also been discovered in
tap water, Such bacteria present in water may invade the human body,
which emphasizes the need for extreme caution in the clinical field.

In our work on several Serratia marcescens strains clinically isolated
in Japan, some uncommon Serraria colonies were observed in one
strain. Identification showed that it was a very unusual bacterium,
Rahnella aguatilis. The characteristics of this strain were investigated in
this study.

Materials and methods

Bacterial strains

Strains CU264 and CU231 were 1solated from patients in the hospital
affiliated to the School of Medicine, Gifu University (Gifu, Japan) in
the 1990s. Escherichia coli K12-W3110rif (O’Hara, 1993; O’Hara and
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