RmtC modifies G1405 and functions in Gram-positives
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Fig. 4 HPLC analysis of methylated guanosine residue. BW25113, wild-
- type Escherichia coli 165 rRNA; AgidB, E. coli 165 rRNA lacking G527

methylation; AgidB (pBC-KB1), 165 rRNA of RmtC-producing E. coli
lacking G527 methylation. mAb, milliabsorbance units.

these results clearly demonstrated that RmtC induced methy-
lation at the N7-position of nucleotide G1405.

To confirm the above finding, we used an HPLC to
examine the N7-methylation on the guanosine of 165 rRNA.
As mentioned in the previous report (Okamoto et al., 2007),
the 165 rRNA of wild-type E. coli includes one m’G at
position 527 modified by GidB, which is widely conserved
among both Gram-positive and Gram-negative bacteria.
Therefore, we introduced the recombinant plasmid, pBC-
KBI carrying rmtC, into the AgidB E. coli mutant that lacks
the innate m’G in 16S rRNA, and observed the reversion of
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Table 1. Susceptibility testing

Minimal inhibitory concentration (ug mL™")

B. subtilis ISW1214 S. aureus RN4220

Aminoglycosides pHY300rmtC pHY300PLK pMGSrmtC pMGS100

Kanamycin > 256 0.25 > 256 0.5
Gentamicin 128 < 0.06 > 256 0.5
Neomycin < 0.06 < 0.06 0.5 0.5

the peak corresponding to the m’G formed by RmtC. When
the 165 rRNA of wild-type E. coli strain BW25113 was
digested with nuclease P1 and alkaline phosphatase, a peak
corresponding to m’G was detected (Fig. 4). On the other
hand, no peak corresponding to m’G was observed when
16S rRNA of the AgidB E. coli mutant was treated (Fig. 4).
The digestion of 16S rRNA extracted from AgidB E. coli
mutant expressing RmtC revealed the reversion of the m’G
peak as expected (Fig. 4). These findings clearly indicated
that RmtC indeed introduced the N7-methylation at the
guanosine.

Liou et al. (2006) earlier revealed that methylation at the
N7-position of nucleotide G1405 by ArmA interfered with
the binding of gentamicin to the target 165 rRNA. The m’G
methylation at 1405 position by RmtC and ArmA probably
induces a steric clash and electrostatic repulsion between
G1405 and ring III of 4,6-disubstituted 2-DOS. This might
well directly block the binding of aminoglycosides to the
target A-site of 165 rRNA, and this would confer resistance
in bacteria to various aminoglycosides belonging to the 4,6-
disubstituted 2-DOS.

introduction of rmtC into Gram-positive
microorganisms

All the plasmid-mediated 16S rRNA MTases have been
found exclusively in Gram-negative bacilli to date, despite
the wide distribution of the chromosomally encoded 16S
rRNA MTases among aminoglycoside-producing actinomy-
cetes, including Streptomyces species. Therefore, we tested
whether or not the RmtC could be produced and could
function in Gram-positive microorganisms. A recombinant
plasmid, pHY300rmtC, which carries the rmtC gene on the
same fragment derived from the plasmid pBC-KB1 (Wachi-
no et al., 2006), was introduced into B. subtilis ISW1214 and
S. aureus RN4220. Consequently, the introduction of rmtC
could provide a high level of resistance to 4,6-disubstituted
2-DOS only in B. subtilis (Table 1), but not in S. aureus (data
not shown). It was thought that the original promoter
regions of rmtC are not suitable for the expression in
S. aureus; hence, rmtC was cloned in an E. coli-S. aureus
shuttle expression vector, pMGS100, and the recombinant
plasmid, pMGSrmtC, was introduced into S. aureus
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RN4220. Asa résult, the transformant of S. aureus RN4220

harboring rmtC showed resistance to 4,6-disubstituted 2-

DOS as found in B. subtilis (Table 1).

The 16S rRNA MTase genes (sgm, grmA, kgmB, and krm)
derived from high G+C content environmental actinomy-
cetes have been functionally expressed and found to confer
aminoglycoside resistance in the heterologous Gram-
negative bacteria, E. coli (Savic et al., 2009). Regardless of
the provenance of the 16S rRNA MTase gene responsible for
aminoglycoside resistance, the enzyme seems to be func-
tional to some extent in any bacterial species, although each
bacteria species would need the optimal promoter region in
each 165 rRNA MTase gene for its expression.
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Background: The aim of this study was to investigate the susceptibility profiles to disinfectants and antimicro-
bial agents of 283 non-repetitive Acinetobacter clinical isolates obtained in 97 Japanese hospitals in March
2002.

Methods: Susceptibility profiles of the above isolates to four disinfectants, six antimicrobial agents and two
dyes were investigated. MICs were measured by the agar dilution method recommended by the CLSI {formerly
NCCLS). MBC measurements and time-kill assays were performed using a slightly modified quantitative
suspension test based on the European Standard EN 1040.

Results: No evident resistance to disinfectants was seen among the 283 strains of Acinetobacter spp. isolated in
2002, but the MICgyos of chlorhexidine gluconate, benzalkonium chloride and alkyldiaminoethylglycine hydro-
chloride were 50, 50 and 400 mg/L, respectively. Interestingly, the MICs of atkyldiaminoethylglycine hydrochio-
ride and benzethonium chloride for four and three clinical isolates, respectively, reached 800 mg/L
{(approximately half the in-use concentration). The MBCs for the 28 disinfectant reduced susceptibility (DRS) iso-
lates, for which the MICs of at least one of the four disinfectants tested were higher than the MICqq, were com-
parable to those for susceptible isolates, in general, however, significant differences (P<<0.01) were observed
between disinfectant-susceptible and DRS isolates in the time-kill assays of chlorhexidine gluconate, benzalk-
onium chloride and benzethonium chloride. Furthermore, DRS isolates tended to demonstrate multiresistance
profiles to ceftazidime, ciproftoxacin and amikacin (P<0.05).

Conclusions: Since several Acinetobacter clinical isolates have developed augmented resistance to multiple
antimicrobials and disinfectants, it is worth checking the susceptibility to disinfectants if multidrug-resistant

Acinetobacter spp. are recurrently isolated clinically.

Keywords: time-dependent survey, nosocomial pathogen, antimicrobial agent, infection control

Introduction

Acinetobacter spp., especially Acinetobacter baumannii, have
emerged as a major cause of nosocomial infections, particularly
in intensive care units (ICUs), where immunocompromised
patients are routinely prescribed various antimicrobial
agents.) ™ Furthermore, Acinetobacter spp. have an innate
ability to readily accept foreign DNA, including genetic determi-
nants for antimicrobial resistance, so as to adapt to and
survive in environments that are hazardous to bacterial
growth.>® Therefare, they have a propensity for developing resist-
ance to multiple classes of antimicrobiat agents, including broad-
spectrum B-lactams, fluoroguinolones and aminoglycosides.™?
Recently, even in military medical facilities, a series of infections,

such as osteomyelitis and cutaneous infections, caused by
multidrug-resistant A. baumannii was reported.” The intrinsic
abilities of this microbe to rapidly develop antimicrobial multire-
sistance and to survive long-term on dry surfaces hove also been
considered to play a crucial role in hospital-acquired infections.®?

Biocides, including antiseptics and disinfectants, have been
used extensively in hospitals and other healthcare settings for
the sterilization of various medical devices and surfaces of noso-
comial environments. In particular, disinfectants play an essen-
tial role in infection control and the prevention of nosocomial
transmission of infectious microorganisms.’® The benefits of
the introduction of comprehensive disinfection on the reduction
of healthcare-associated infections have been described,"
although reduced susceptibility to biocides has been described

@ The Author 2010. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. Al rights reserved.
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for various nosocomial pathogens, such as methicitlin-resistant
Staphylococcus  aureus (MRSA)  and Pseudomonas
ageruginosa.’>?® Unlike these pathogens, few studies have
investigated the susceptibility to disinfectants in Acinetobacter
spp.1*1% More recently, we reported that repeated exposure to
subinhibitory concentrations of chlorhexidine gluconate gradu-
ally elevated its MIC for Acinetobacter spp., especially for those
isolates demonstrating reduced susceptibility to disinfectants.’®
Together with the development of multiple antimicrobial resist-
ance in nosocomial pathogens, correlations between the levels of
multiple antimicrobial resistance and MICs of biocides have been
investigated.?™!7 However, the available information about the
linkage of resistance profiles to disinfectants and antimicrobial
agents has so far been limited to a few bacterial species. Accord-
ingly, presently existing data seem insufficient for the empirical
application of disinfectants. Acinetobacter spp. have rapidly
acquired resistance to rmultiple antimicrobial agents over the
past 10 years, so greater understanding of the susceptibility to
disinfectants among Acinetobacter spp. and information on the
correlation between their susceptibility profiles to disinfectants
and antimicrobials would contribute to the control of this
microbe in both hospital and long-term healthcare settings.

Materials and methods

Bacterial strains

In March 2002, 283 non-repetitive clinical isolates identified as Acineto-
bacter spp. were collected from 97 hospitals located in different geo-
graphicaf areas of Japan. Since these isolates were speculated to be a
probable causative microbe of infection in each patient, they were
subjected to identification and antimicrobial susceptibility tests. They
were biochemically identified as 273 A. calcoaceticus -baumannii
complex, 7 Acinetobacter Iwoffii and 3 Acinetobacter junii using the
API20NE system (BioMérieux Japan, Tokyo, Japan) and a complementary
test for their growth at 37, 41 and 44°C.

Disinfectants, antimicrobial agents and susceptibility
tests
Disinfectants and antimicrobial agents were obtained from the following

sources: chiorhexidine gluconate, benzethonium chloride, gentamicin,
amikacin, acriflavine, tetracycline and ethidium bromide, Wako Pure

Chemical Industries, Osaka, Japan; benzalkonium chloride, Kanto Chemi- -

cal, Tokyo, Japan; alkyldiaminoethylglycine hydrochloride [TEGO 51TM,
10% {w/v) solution], Alfresa Pharma, Osaka, Japan; ceftazidime,
GlaxoSmithKline, Tokyo, Japan; imipenem, Banyu Pharmaceuticat, Tokyo,
Japan; and ciprofloxacin, Bayer Pharmaceutical, Leverkusen, Germany.
MICs of disinfectants and antimicrobial agents were determined by the
agar dilution method, according to the protocol recommended by the
CLSI (formerly NCCLS) in document M100-514.1® Appropriate dilutions
of antimicrobial or disinfectant solutions were added to Mueller-Hinton
agar (Becton Dickinson, Sparks, MD, USA) that had been allowed to equi-
librate in a water bath to 50-55°C. The agar and antimicrobial or disinfec-
tant solution were mixed thoroughly, and the mixture was poured into
Petri dishes on a level surface to result in an agar depth of 3-4 mm.
Each bacterial culture was adjusted to a turbidity equivalent to that of
a 0.5 McFarland standard (~1-9x10® cfufmL for most species) and
was then diluted 1:10 in sterile Mueller-Hinton broth {Becton Dickinson,
Sparks, MD, USA). A 5 pL aliquot of each diluted bacterial suspension
containing ~10%cfu was spotted onto the agar surface using an
inocula-replicating device [microplanter model MIT-P (Sakuma, Tokyo,

Japan)] within 15 min of preparation and the plates were incubated at
357C for 20 h. The MIC was recorded as the lowest concentration of the
antimicrobial agent or disinfectant that completely inhibited growth,
except for a single colony or a faint haze caused by the inoculum. A. cal-
coaceticus ATCC 33304 and 33305 were purchased from the ATCC, and
served as the control strains in the antimicrobial susceptibility tests.

Assay of bactericidal activity: quantitative suspension
test

The bactericidal effects of disinfectants on Acinetobacter spp. were
measured using a slightly modified quantitative suspension test based
on the protocol of European Standard EN 1040.'° Although a 5 min
contact time is required in EN 1040, we changed the contact time to a
maore challenging 3 min to evalugte subtle differences between
disinfectant-susceptible isolates and the disinfectant reduced suscepti-
bility (DRS) isolates, as observed in the Results section. Each isolate
was cultivated in Luria-Bertani (LB) broth (Becton Dickinson) until its
optical density (OD) reached 0.90 at 660 nm. After washing once with
PBS {pH 7.4), the bacterial test suspensions were adjusted to an OD of
0.08 at 660 nm (~10° cfu/mL). A 100 L test suspension was added to
900 plL of disinfectant solutions and this reaction mixture was left for
3 min at 20+ 2°C. One hundred microlitres of the reaction mixture was
then added to 900 pL of neutralizer solution [10% Tween 80, 3% lecithin,
0.1% histidine, 0.5% sodium thiosulphate and PBS (pH 7.4)], kept at
20+ 2°C for 3 min and then serially diluted in PBS. After dilution, 50 uL
of the mixture was spread immediately onto LB agar plates and incu-
bated for 18 h at 35°C. The number of colonies growing on each plate
was counted and cell survival rates were colculated with those obtained
by a test using a bacterial suspension treated with PBS instead of disin-
fectant as the control. The experiments were repeated three times on
different days. In addition, the possible toxicity of the neutralizer
towards the test organisms and the inactivation of the bactericidal
activity of each disinfectant by the neutralizer were also assessed, as
described previously.'® ‘

Measurement of MBCs and time-kill assays

MBC measurements and time-kill assays were performed to evaluate the
bactericidal effects of four disinfectants using the quantitative suspen-
sion test described above. The MBC was determined using the disinfec-
tant solutions at different concentrations made by serial 2-fold
ditutions of each disinfectant. The MBC was defined as the lowest disin-
fectant concentration that resulted in @ 5logqe reduction in the
number of live bacterial cells for each disinfectant. Time-kill assays
were performed at the lowest MIC of each disinfectant obtained by the
agar dilution method, and exposure times to each disinfectant were 0,
10, 30, 60, 180, 300 and 600 s, respectively. Aithough dilution conditions
employed for the MBC measurements and time-kill assays were usually
selected in consideration of clinical practice, concentrations lower than
the in-use concentrations of disinfectants were used in this study to
evaluate the subtle differences between isolates with disinfectant-
susceptible and reduced-susceptibility phenotypes. The experiments
were repeated three times on different days.

Evaluation of bactericidal activity and statistical
analyses

Data were analysed using the statistical program SPSS for Windows
version 11.0J {SPSS Inc., Chicago, IL, USA). The correlation between MIC
values of each disinfectant and the correlation between MICs of disinfec-
tants and antimicrobial agents were determined using Spearman rank
correlation. The Mann-Whitney U-test was performed to compare the
bactericidal activities measured by both MBC and time-kilt assays, as
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described above, and to compare MIC distributions between isolates with
both disinfectant susceptibility and DRS. A value of P<0.05 was con-
sidered to be statistically significant.

Results

Susceptibility to disinfectants

Distributions of MICs of chlorhexidine gluconate, benzalkonium
chloride, benzethonium chloride and alkyldiaminoethylglycine
hydrochloride for 283 clinical isolates are shown in Table 1.
Acinetobacter spp. tended to be susceptible to both chlorhexidine
gluconate and benzalkonium chioride, and the MiCsos of these
agents were 50 mg/L. However, the MICs of alkyldiaminoethylgly-
cine hydrochloride were relatively higher than those of the other
three disinfectants and the MICq, of atkyldiaminoethylglycine
hydrochloride was 400 mg/L. For several isolates, benzethonium
chloride and alkyldiaminoethylglycine hydrochloride showed a
high MIC (800 mg/L), which was approximately half of the in-use
concentration [0.2% {(w/v)=2000 mg/L]. Table 1 shows a
summary of the in-use concentration stipulated in the manuals
for hand disinfection and the sterilization of various medical devices.

Correlation between MIC values of disinfectants

The possible correlation between the MIC values was examined.
MICs of benzatkonium chloride for each isolate were correlated
with those of benzethonium chiloride (r++0.631, P-<0.01),
because these two agents belong to the same class on the
basis of chemical structure and mode of action. However, signifi-
cant correlations were found between the MIC values of the
other disinfectants for which the chemical structures and
modes of action are dissimitar, e.g. benzalkonium chloride and
chlorhexidine gluconate (r=0.632, P=20.01}, benzethonium
chloride and chlorhexidine gluconate (r=0.425, P<<0.01), chlor-
hexidine gluconate and alkyldiaminoethylglycine hydrochloride
(r=0.643, P=<0.01), benzalkonium chloride and alkyldiami-
noethylglycine hydrochloride (r=0.657, P<:0.01) and benzetho-
nium chloride and alkyldiominoethylglycine hydrochloride
{r=0.520, P<20.01).

Selection of isolates with reduced susceptibility to
disinfectants

In the present study, the DRS isolates were defined as those for
which the MICs of at least one among the four disinfectants
were higher than the MiCss when measured by the agar dilution
method. As a result, 28 (9.9%) (19 A. baumannii, 5 A. calcoaceticus,
1 A. iwoffii and 3 A. junii) of 283 isolates were provisionally defined
as DRS isolates in the present study (Table 2). Most of the DRS
isolates tended to demonstrate reduced susceptibility to two or
more disinfectants.

Bactericidal activity

To evaluate the difference between isolates with disinfectant-
susceptible and reduced-susceptibility phenotypes, 20 isolates
for which MICs of all four disinfectants were lower than the
MICs,, were defined as ‘disinfectant-susceptible isolates’ and ran-
domly selected as the control strains for the MBC measurements
and time-kill assays. Figure 1 shows that MBC values (mg/L) of
chiorhexidine gluconcte, benzalkonium chioride, benzethonium
chloride and alkyldiaminoethylglycine hydrochioride for the
disinfectant-susceptible isolates and the DRS isolates were 16
and 32, 12 and 32, 16.and 32, and 16 and 64, respectively,
and 2- or &4-fold differences were observed for the MBCs of
each disinfectant between disinfectant-susceptible isolates and
DRS isolates. Moreover, a statistical significance (P<0.05) was
found between the disinfectant-susceptible isolates and DRS
isolates in the reduction of bacterial cells after exposure ta chlor-
hexidine gluconate (8 and 16 mg/L), benzalkonium chioride
(4 and & mg/L}, benzethonium chloride (8 and 16 mg/L) and
alkyldiominoethylglycine  hydrochloride (16 and 32 ma/L)
(Figure 1).

As shown in Figure 2, bacterial cells of the disinfectant-
susceptible isolates showed significant (5 l0gyo) reductions
after 180's of exposure to all four disinfectants. On the other
hand, the live bacterial cells of the DRS isolates gradually
decreased after exposure to chlorhexidine gluconate, benzalko-
nium chloride and benzethonium chloride in comparison with
the disinfectant-susceptible isolates, and the exposure times

Table 1. Distributions of MICs (mg/L) of various disinfectants by the agar dilution method

Number of strains with the MIC (mg/L) indicated

Disinfectant In-use concentration (mg/t)® 2.5 5 10 25 50 100 200 400 800 MICq, MICyq
CHX 5000 0 0 175" 28 67 4 8 1 0 10 50
BZK 2000 0 0 41 153 76 6 7 0 0 25 50
BZT 2000 0 0 10 12 122 113 7 16 3 50 100
ADH 2000 0 0 0 0 7 160 72 40 4 100 400

CHX, chlorhexidine gluconate; BZK, benzalkonium chloride; BZT, benzethonium chioride; ADH. alkytdiaminoethylglycine hydrochloride.

“In-use concentrations stipulated in the manuals are shown. These concentrations are generally used for hand hygiene and the disinfection of non-
critical items, inctuding medical devices, in hospital and other healthcare settings.

®Bold numbers indicate groups of ctinical isolates demonstrating the susceptible phenotype to each disinfectant. The 20 strains used for MBC
measurements and time - kill assays were randomly selected from these groups.

“Standard MICsq and MICqq measurements (quantal measurement of 50% and 90% of the population) are given. Twenty-eight isolates for which the
MICs of at least CHX, BZK, BZT and ADH were above the MICqq were defined as isolates with DRS and selected as candidates for MBC measurements

and time -kill assays.
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Table 2. Susceptibility proﬂlés of 28 isolates with DRS properties

MIC (ma/L)

disinfectant® antimicrobial agent?
Strain no. CHX BZK BZT ADH CAZ CIp AMK IPM GEN TET Species
1 200 50 400 400 2 0.13 2 0.25 2 1 A. baumannii
2 50 50 200 400 8 0.25 2 0.25 128 1 A. baumannii
3 10 50 400 200 . 4 0.25 4 0.5 1 2 A. baumannii
4 50 50 200 100 4 0.25 2 0.5 0.5 2 A. baumannii
5 200 200 800 200 0.5 0.13 1 0.13 0.5 1 A. junii
6 10 25 200 200 4 0.25 2 0.25 1 1 A, baumannii
7 100 50 200 800 8 64 2 0.5 64 512 A. baumannii
8 25 100 400 400 32 0.25 64 1 3 2 A. baumannii
9 50 50 100 800 8 128 4 0.5 256 512 A. baumannii
10 200 200 400 400 4 64 2 0.5 05 2 A. baurmannii
11 25 100 400 400 32 0.5 [ 23 1 2 2 A. baumannii
12 50 50 100 800 4 0.25 2 0.25 1 1 A. baumannii
13 100 200 400 200 16 1 32 1 512 4 A. baumannii
14 200 200 800 400 4 ,0.25 2 0.25 1 2 A. calcoaceticus
15 100 50 400 200 256 0.13 64 32 128 0.5 A. baumannii
16 200 50 400 400 8 0.25 2 0.5 2 2 A. baumannii
17 10 25 200 200 16 0.5 2 05 1 4 A. baumannii
18 100 50 400 100 512 64 128 128 512 4 A. junii
19 50 50 200 400 2 0.13 1 0.25 0.5 0.5 A. calcoaceticus
20 50 100 400 800 4 64 4 0.5 64 512 A. baurnannii
21 200 200 800 400 512 0.25 4 32 8 1 A. calcoaceticus
22 10 50 200 200 16 32 2 1 0.5 8 A. baurmannii
23 10 100 400 100 4 0.13 0.25 0.13 0.13 4 A, lwoffii
24 10 200 400 100 2 0.5 1 1 1 32 A. junii
25 50 200 400 200 8 0.25 2 0.25 0.5 1 A. baumannii
26 400 S0 400 200 16 0.25 1 0.5 0.5 128 A= baumannii
27 200 100 400 200 512 32 64 256 32 2 A. calcoaceticus
28 200 100 400 200 512 32 64 256 32 2 A. calcoaceticus
ATCC 33304 10 25 50 100 2 013 0.25 0.13 0.25 0.5
ATCC 33305 10 25 50 100 1 0.13 0.13 0.13 0.25 0.5

CHX, chlorhexidine gluconate; BZK, benzalkonium chloride; BZT, benzethonium chloride; ADH, alkyldiominoethylglycine hydrochloride; CAZ,
ceftazidime; CIP, ciprofloxacin; AMK, amikacin; IPM, imipenerm; GEN, gentamicin; TET, tetracycline.

“Bold numbers indicate MICs higher than the MICge.

PBold numbers indicate MICs judged as resistant according to CLSI recommendation M100-514.

needed for their complete killing were prolonged to ~600 s in the
DRS isolates. Significant differences (P<<0.01) were also observed
between disinfectant-susceptible isolates and DRS isolates in the
time-kill assays of chlorhexidine gluconate (10 mg/L, at 30-
300 s), benzalkonium chloride (10 mg/L, at 30-300s) and ben-
zethonium chloride {10 mg/L, at 60-300s). The bactericidal
activity of alkyldiaminoethylglycine hydrochtoride on the DRS iso-
lates was similar to that on the disinfectant-susceptible isolates
and their bacterial cells showed a 5 log;o reduction after 180 s of
exposure to disinfectants (Figure 2d). ‘

Susceptibility to antimicrobial agents and dyes

For all 283 clinical isolates, the MICs of six antimicrobial agents
and two dyes were determined. For the 28 clinical DRS isolates,

MIC distributions apparently shifted towards resistance for all
antimicrobials and dyes tested in comparison with those for
disinfectant-susceptible isolates, suggesting acquisition of a
higher level of resistance tc these agents in the DRS
isolates than in the disinfectant-susceptible isolates {P<<0.05)
(Figure 3). Moreover, susceptibilities of 283 isolates of Acineto-
bacter spp. to amikacin, ceftazidime, ciprofloxacin and imipenem
were categorized into ‘susceptible’ (amikacin, <16 mgiL; ceft-
azidime, <8 mg/L; ciprofloxacin, <1 mg/L; and imipenem,
<4mglL), ‘intermediate’ (amikacin, 32mg/L; ceftazidime,
16 mg/L; ciprofloxacin, 2mg/L; and imipenem, 8 mg/l) and
‘resistant’ (amikacin, =64 mg/L; ceftazidime, >32 mg/L; cipro-
floxacin, =4 mg/L; and imipenem, >16 mg/L) in accordance
with CLSI recommendations, and correlation coefficients
between MICs of disinfectants and four antimicrobial agents
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Figure 1. Comparison of MBCs. Twenty-eight isolates for which MICs of at least one disinfectant were more than the MICqg measured by the agar
dilution method were defined as isolates with DRS. MBCs were compared between the 28 DRS isolates and the 20 disinfectant-susceptible
isolates. Results are expressed as the log;o reduction in cell counts compared with that of the control sample treated with PBS. Error bars
represent standard deviations of results from three experiments. {a) Chlorhexidine gluconate (CHX); (b) benzalkonium chloride (BZK);
(¢) benzethonium chloride (BZT); and (d) alkyldiaminoethylglycine hydrochloride (ADH).

were determined. MICs of the four disinfectants were well corre-
lated with those of three antimicrobial agents; ceftazidime, ami-
kacin and ciprofioxacin (P<0.05) [Table 3 and Figure S1
(available at JAC Online (http:/jac.oxfordjournals.org/)].

Discussion

Bacterial strains belonging to Acinetobacter spp. are very
common environmental microbes growing in soil, compost and
drainage, but they have become one of the critical nosocomial
pathogens due to the recent increase in their isolation from clini-
cal samples.™? Extensive genotypic investigations on Acinetobac-
ter spp. have elucidated that, within A. baumannii, clusters of
genetically very similar lineages have been disseminated world-
wide. Of these, the European (EU) clones I, II and III have
been widely spread across Europe as well as several countries
outside of Europe, and the majority of the multidrug-resistant
strains belong to EU clones T and I12% 2% The ability of specific
clones such as EU clone Il to acquire multidrug resistance
would give them an advantage in antimicrobial-rich hospital
environments and may have substantially facilitated their
spread as nosocomial pathogens. Thus, the increasing frequency
of infections caused by multidrug-resistant A. baumannii would
accelerate the use of disinfectants as effective measures to
prevent their inhabitation and transmission in healthcare set-
tings. Many studies have focused on the antimicrobial resistance
issues in this species;?> 2> however, there have been few studies
on the possible acquisition or development of reduced suscepti-
bilities to disinfectants. Hence, the present study, focused on the

correlations of susceptibilities of Acinetobacter spp. tc antimicro-
bials and disinfectants isolated in 2002, is meaningful given the
potential shift in the susceptibility profiles of Acinetobacter spp.
to both antimicrobials and disinfectants.

In general, the term ‘at-use concentration’ has been used as
the basis to define disinfectant-tolerant strains, though disinfec-
tants are used for a variety of purposes. Thus, the ‘at-use con-
centrations’ vary considerably depending on the purposes of
disinfection. In the present study, we used ‘in-use concen-
trations’, considering the hand hygiene of healthcare workers,
and the disinfection of various non-critical medical devices
used in clinical and healthcare settings. At present, the emer-
gence of bactericidal-resistant clinical isolates, as was observed
for Pseudomonas spp.2® that can withstand in-use concen-
trations of disinfectants, was not found for the Acinetobacter
spp. isolated in 2002. More precisely, 283 non-repetitive clinically
isolated Acinetobacter spp. were subjected to susceptibility tests
for four disinfectants and the MICygs of the disinfectants were
found to be <400 mg/L, lower than their in-use concentrations.
These results are consistent with previous reports by Martro
et al.** and Wisplinghoff et al,’® who found no apparent devel-
opment of resistance to disinfectants among clinically isolated
Acinetobacter spp. Indeed, no evident correlation was found,
e.g. between the resistance profiles to antimicrobial agents and
biocides for the nine Acinetobacter spp. that caused a sustained
ICU outbreak in Spain.* However, the correlation between the
resistance levels to antimicrobial agents and disinfectants
observed in the present study differed from previous obser-
vations.}1% In the present study, the exposure times required
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Figure 2. Results of time-kilt assays. Time-kill assays were performed for the 28 DRS isolates selected in the same manner as for the MBC assay.
Bacterial cells were treated with each disinfectant at 20+ 2 C. Each bacterial test sarmple was removed at 10, 30, 60, 180, 300 and 600 s,
respectively. Cell vigbilities were determined by plating serially diluted cell suspensions on LB plates. Results are expressed as the log,q reduction
in cell counts compared with that of the control sample treated with PBS. Error bars represent standard deviations of results from three
experiments. (a) Chlorhexidine gluconate (CHX); (b} benzalkonium chloride (BZK); (c) benzethonium chicride (BZT); and (d) alkyldiaminoethylglycine

hydrochloride (ADH).

for complete killing were significantly more prolonged in DRS
isolates than in disinfectant-susceptible isolates, and the DRS
isolates also demonstrated considerably higher resistance
levels to ceftazidime, imipenem, ciprofloxacin and/or aminogly-
cosides. These findings may well suggest divergence in the
mode of acquisition of reduced susceptibility to disinfectants
and the development of multiple antimicrobial resistance in
Acinetobacter spp. isolated on separate continents or in different
regions worldwide, '

Thus far, the positive linkage between bacteriat resistance
and the use of biocides has been suggested. Russell et al.?’
revealed that chlorhexidine gluconate resistance in Pseudomo-
nas stutzeri correlated with resistance to polymyxin B, gentami-
cin, erythromycin and ampicillin. Similar observations were
found for other nosocomial pathogens, such as MRSA and
P. ceruginosa.'**7282% Our results showed no apparent corre-
lations between specific disinfectants and antimicrobial agents,
but our observations imply a trend towards overall cross-
resistance between multiple antimicrobials and disinfectants
among clinically isolated Acinetobacter spp. A hospital outbreak
caused by a strain of Proteus mirabilis demonstrating resistance
to several antimicrobial agents, including gentamicin as well as
chlorhexidine gluconate, was reported.3® Thus, the increased iso-
lation of Acinetobacter spp. that had acquired multiple resistance
to antimicrobials would be a good indicator for early recognition
of the emergence of Acinetobacter DRS isolates in both acute
and long-term healthcare settings.

As combined resistance mechanisms to antimicrobials and
disinfectants, augmented efflux pump functions and changes
in permeability of the bacterial outer membrane have been
reported.’! Although the antimicrobial resistance mechanisms
of DRS isolates observed in the present study have not been well
characterized, the recent rapid development of multiple antimi-
crobial resistance suggests the presence of potential common
molecular mechanisms for augmented resistance levels to
both disinfectants and antimicrobials. It seems difficult to con-
clude whether disinfectant exposure or antibiotic use is respon-
sible for this phenomenon, but our data suggest the presence
of a close genetic or mechanistic link between the antimicrobial
resistance and DRS found among the clinical isolates.

In-use concentrations of disinfectants are much higher than
their MICs and low-level resistance or DRS profiles have not
been recognized as a possible clinical hazard to date. However,
the clinical significance of emerging DRS Acinetobacter isolates
deserves evaluation hereafter, given the close correlation with
multiple antimicrobial resistance properties. Recent works
report that carbapenem-resistant A. baumannii epidemic isolates
belong to EU clonal complexes T or 11 and harbour blageg.23 ke,
blaoxo-éo-like; bfcoxoﬁ]—like or blaoxo-s&like genes that have spread
worldwide.?>? Since the endemic A. baurnanii strains isolated
in Japanese clinical settings do not necessarily belong to the epi-
demic clonal complexes, susceptibility profiles to disinfectants
among the global epidemic A. baumannii isolates belonging to
the clonal complexes would be worth investigating, together
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Figure 3. Comparison of MIC distributions between disinfectant-susceptible and DRS isolates. MICs of six antibiotics and two dyes for 283 clinical
isolates of Acinetobacter spp. were compdred between disinfectant-susceptible and DRS isolates. For the 28 clinicat DRS isolates, MIC distributions
apparently shifted to the right for all antimicrobials and dyes tested in comparison with those for disinfectant-susceptible isolates, suggesting
acquisition of a higher level of resistance to these agents in the DRS isolates than in the disinfectant-susceptible isolates. White bars, MIC
distributions for 255 disinfectant-susceptible isolates; black bars, MIC distributions for 28 DRS isolates. A significant difference between
disinfectant-susceptible isolates and DRS isolates was indicated (P<0.05; as determined by Mann-Whitney U-test). CAZ, ceftazidime; IPM,
imipenern; GEN, gentamicin, AMK, amikacin; TET, tetracycline; CIP, ciprofloxacin; ACR, acrifiavin; EtBr, ethidium bromide.
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Toble 3. Correlation between MICs of disinfectants and antimicrobial agents

Spearman’s correlation coefficient (P value)

Antimicrobiat agent Category® Number of strains  Median MIC (mg/L) CHX BZK BZT ADH

CAZ S 247 4 0.336 {P<0.01) 0.300 (P<0.01) 0.193 (P<0.01) 0.292 (P<0.01)
1 13 16
R 23 64

PM ) 268 05 0.095 (P=0.114) 0.130 (P<0.05} 0.035 (P=0.559) 0.008 {P=0.900)
1 2 8
R 13 32

CIp S 252 0.25 0.224 (P<0.01) 0.319 (P<0.01) 0.128 (P<0.05) 0.287 (P<0.01)
1 4 2
R 27 32

AMK S 268 2 0.189 (P<0.01) 0.193 {P<0.01) 0.142 (P<0.05) 0.223 (P<0.01)
i 4 32
R 11 64

CHX, chlorhexidine gluconate; BZK, benzalkonium chloride; BZT, benzethonium chloride; ADH, alkyldiaminoethylgtycine hydrochloride; CAZ,

ceftazidime; IPM, imipenem; CIP, ciprofloxacin; AMK, amikacin.

sSusceptibilities of 283 isolates of Acinetobacter spp. to CAZ, IPM, CIP and AMK were categorized into susceptible (S), intermedicte () and resistant (R)

in accordance with CLSI criteria.

with their antimicrobial susceptibilities. Measures to prevent
nosocomial infections caused by A. baumannii should include
appropriate usage of disinfectants. Indeed, the DRS isolates
tend to be more tolerant of a group of biocides, but enforcement
of correct disinfection regimens would still be essential when
muitidrug-resistant Acinetobacter spp. are recurrently or continu-
ously isolated in clinical settings despite enhanced performance
of appropriate standard and contact precautions.

In conclusion, no apparent acquisition of resistance to disin-
fectants was observed in this time-dependent survey using the
283 strains of Acinetobacter spp. clinically isolated in Japan in
2002. About 10% of the isolates (28 strains) were found to
demonstrate reduced susceptibility to disinfectants and these
DRS isolates also tended to show resistances to various antimi-
crabial agents. Compared with the disinfectant-susceptible iso-
lates using in vitro stepwise exposure including MBC
measurements and time-kill assays, the DRS isolates tend to
survive much longer in sub-MIC concentrations of several disin-
fectants. Thus, susceptibility to disinfectants must be carefully
checked on a case-by-case basis if several multidrug-resistant
A. baumannii are recurrently isolated from clinical specimens
despite proper precautionary measures.
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We evaluated the in vitro activity of fosfomycin against a total of 192 CTX-M pB-lactamase-producing
Escherichia coli strains isolated in 70 Japanese clinical settings. Most of the isolates (96.4%) were found to be
susceptible to fosfomycin. On the other hand, some of the resistant isolates were confirmed to harbor the novel
transferable fosfomycin resistance determinants named FosA3 and FosC2, which efficaciously inactivate

fosfomycin through glutathione S-transferase activity.

Clinical efficacy of an old antibiotic, fosfomyein, is being
reassessed owing to its in vitro high potent activity against
multidrug-resistant Gram-negative bacilli belonging to the
family Enterobacteriaceae (5, 6, 8). In the present study, we
investigated the prevalence of fosfomycin resistance among
CTX-M extended-spectrum B-lactamase (ESBL)-producing
Escherichia coli clinical isolates in Japan and clarified the mo-
lecular mechanisms underlying the fosfomycin resistance, with
special focus on exogenous resistance determinants, like the
FosA™ protein (9).

A total of 192 CTX-M ESBL-producing E. coli isolates,
which were collected from 70 medical facilities throughout
Japan between 2002 and 2007, were retrospectively subjected
to fosfomycin susceptibility testing with the agar dilution
method according to the CLSI guideline (4). The result is
shown in Fig. 1. Most of the strains (96.4%) investigated were
susceptible to fosfomycin (MIC, <64 pg/ml), while seven iso-
lates (3.6%) showed nonsusceptibility to fosfomycin (MIC,
=128 pg/ml). It seems likely that CTX-M-producing E. coli
isolates that have acquired fosfomycin resistance are infre-
quernt in Japan, and these data suggest the probable clinical
efficacy of fosfomycin for the treatment of infectious diseases,
like urinary tract infections (UTIs), caused by CTX-M-produc-
ing E. coli to some extent.

We evaluated the fosfomycin resistance mechanism of the 10
isolates and found reduced susceptibility to fosfomycin (MIC,
264 pg/ml) (Fig. 1 and Table 1). The transmissibility of the
fosfomycin resistance determinant in the 10 isolates was inves-
tigated, and it was found that the nature of fosfomycin resis-
tance of three strains, 08-642, 06-607, and C316, was success-
fully transferred to a recipient E. coli strain. The cefotaxime
resistance phenotype was cotransferred to a recipient strain
with the fosfomycin resistance (Table 1).

The DNA fragments containing fosfomycin resistance deter-
minants were cloned from the conjugative plasmids of E. coli

* Corresponding author. Mailing address: Department of Bacteriol-
ogy II, National Institute of Infectious Diseases, 4-7-1 Gakuen,
Musashi-Murayama, Tokyo 208-0011, Japan, Phone: 81-42-561-0771,
ext. 3541. Fax: 81-42-561-7173. E-mail: wachino@nih.go.jp.

¥ Published ahead of print on 19 April 2010.

08-642, 06-607, and C316 strains and partially sequenced (Ta-
ble 1). The fosfomycin resistance determinants and their ge-
netic neighboring regions are shown in Fig. 2. The Kpnl ca.
8-kb fragment cloned from the transferable plasmid of E. coli
(8-642 and the Sacll ca. 10-kb fragment from that of E. coli
06-607 included the same nucleotide region flanked by IS26
(Fig. 2). The deduced amino acid sequences of one open read-
ing frame (named fos43) showed 70% identities to those of
FosA™, the Mn(II)- and K*-dependent glutathione (GSH)
S-transferase from Tn2921 of Serratia marcescens (2, 3) and
59% identities to that of FosA™ from Pseudomonas aerugi-
nosa (Fig. 3) (1, 11). The fosA3 gene is likely to be responsible
for fosfomycin resistance in strains 08-642 and 06-607.

The 1.8-kb region containing orfI to Aorf3 at the 3’ end of
fosA3 had 78% nucleotide identity with a part of the chromo-
some sequence of Klebsiella pneurmnoniae strain 342 (Fig. 2) (7).
Moreover, this 1.8-kb homology region on the chromosome of
K pneumoniae strain 342 was close to the fos4 gene. FosA of
K. pneumoniae strain 342 has 80% amino acid identity to the
FosA3 found in the present study. Although the precise phys-
Hological function of chromosomally encoded FosA proteins of
K pneumoniae remains to be determined, it is speculated that

200, 192
s 1 R
150 } 4+ >
: 130
=
£ 100
5
2
50
19
3 2 3 3 /2|4 4
0 — . - —
025 05 1 2 4 8 16 32 64 128 256 »256
MIC (ug/mi)

FIG. 1. Distribution of fosfomycin MICs for the 192 CTX-M-pro-
ducing E. coli isolates.
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TABLE 1. Characteristics of E. coli strains used in the study

) MIC (pg/ml) of:
E. coli isolate Characteristic(s) of murA, uhpA, uhpT, and/or glpT gene
Fosfomycin Cefotaxime

Clinical isolates :

08-555 glpT with 4,{227-bp deletion];ne >256 >128

08-642 >256 64

06-607 >256 16

05-244 glpT with 3,4[14-bp duplication]s,s, uhpT with |,,5[96-bp deletion]; 544 128 >128

05-690 uhpA stop at amino acid 144 64 64

03-271 Failure in PCR amplification of uhpA and uhpT 64 32

03-285 128 >128

03-286 gipT with 45[5-bp duplication],,, 64 >128

03-287 glpT with 5[ 5-bp duplication],;, >256 128

C316 256 128
CSH-2 conjugants

CSH-2(p08-642) Conjugant of strain 08-642 >256 128

CSH-2(p06-607) Conjugant of strain 08-607 >256 32

CSH-2(pHPA) Conjugant of strain C316 >256 64

CSH-2 Resistant to rifampin and nalidixic acid 1 =0.06
DH10B transformants

DH10B(pK-fosA3) Contains Kpnl fragment with fos43 from p08-642 >256 =0.06

DH10B(pS-fosA3) Contains Sacll fragment with fos43 from p06-607 >256 =0.06

DH10B(pS-fosC2) Contains Sacll fragment with fosC2 from pHPA >256 =0.06

DHI10B(pBCKS+) Resistant to streptomycin and chloramphenicol 0.5 =0.06

these proteins are the origin of a plasmid-mediated fosfomy-
cin-modifying enzyme like FosA3.

Additionally, one open reading frame, named fosC2, was
found in the fragment cloned from the conjugative plasmid of
E. coli strain C316 (Table 1) (13). The amino acid sequence of
FosC2 had 72%, 56%, and 51% identity to that of FosC found
in Achromobacter xylosoxidans (GenBank accession no.
DQ112222), FosA™, and FosAT#, respectively (Fig. 3). The
fosC2 gene was the first gene cassette in a class 1 integron
accompanied by dfr417 and aadA5 (Fig. 2).

No transfer of fosfomycin resistance determinants was ob-
served in the seven E. coli strains showing reduced suscepti-

»

bility to fosfomycin (MIC, =64 pg/ml) (Table 1). Next, al-
ready-known chromosomally derived genes glpT, uhpT, uhpA,
and murA, which are involved in fosfomycin resistance, were
investigated (Table 1) (10, 12). The primers used in the present
study are listed in Table 2. Several outcomes supposed to be
involved in fosfomycin resistance were observed in six of the
strains, but no remarkable change was detected in strain 03-
285 among the investigated genes. Although the extent to
which the fosfomycin resistance conferred by chromosomally
encoded factors described above remains controversial, these
factors would partially explain the fosfomycin resistance in the
clinical isolates.

plie £ IS oy

Escherichia cof o -
08-642 & 06-607 (plasmid) A
1528 beA3 ol o2 A3 1528
Sacl
Escherichia coli C316 (plasmid) O
1S26 Aintli  fsC2 dFA17  aadAS  qacEATSut

1

FIG. 2. Genetic environment of transferable fosfomycin resistance determinants and their neighboring regions in E. coli strains 08-624, 06-607,

and C316.
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FosA™ MLQSLNHLTLAVSDLQKSVTFWHELL GLTLHARWNTGAYL TCGDLWV CLSYDEARQYY PP
FosA™ MLTGLNHL TLAVADLPASTAFYRDLLGFRLEARWDQGAYLELGSLWLCLSREPQ--YGGP
FosA2 MLQSLNHL TLAVSDLQKSV TFWHELLGL TLHARWNTGAYLTCGDLWVCL SYDEA RGYVPP
FosA3 MLQGLNHLTLAV SDLASSLAFYQQLPGMRLHASWDSGAYLSCGALWLCLSLDEQRRKTPP
ORF1 MITGINHITFSVRDLRASIEFYRDLLGMKLHVFWDTGAYLTAGNTWLCLSLGQ- -~~~ PE
FosC MLRGLNHITIAVSDLGRSLAFYTDIVGMLAHVRWDNGAYLSLGGYWFCLSCDKY -—--~ M
Fos(C2 MLRGLNHITIAVSDLERSVEFYTRLLGMKAHVRWDSGAYLSLEATWICLSCDEV -~~~ H
R e I M T PR I T
FosAm™ QESDYTHYAFTVAEEDFEPLSQRLEQAGY TIWKQNKSEGASFYFL DPDGHKLELHVGSLA
FosA™ -AADYTHYAFGIAAADFARFAAQLRAHGVREWKQNRSEGDSFYFLDPDGHRLEAHVGOLR

FosA2 QESDYTHYAFTVAAEDFEPFSHKLEQAGVTVWKQNKSEGASFYFLDPDGHKLELHVGSLA

FosA3

QESDYTHYAFSVAEEEFAGVVALLAQAGAEVWKDNRSEGASYYFLDPDGHKLELHVGNLA

ORF1 PAKDYTHVAFSVREGELLELRAKLKQAGYEEWKQNTSEGDSTYLLDPNGHRLELHCGTLA
FosC PSKDYSHIALDISEDDFASFLEKLRRADV TEWKQNSSEGYSVYFLOPDGNKLEAHSGSLQ
FosC2 PSQDYCHIAFDVSEENFEPVTKI(LREAHWENKQNRSEGLSLYLLDPDGHKLEIHSGSLQ
ok ® t: : 1t . * . Rk kER * *:*#*:t::*‘ x ¥ ¥

FosA™ ARLAACREKPYAGMVFTSDEA

FosAP SRLAACRQAPYAGMRFVDG--

FosA2 ARLAACREKPYAGMVFTSDEA

FosA3 QRLAACRERPYKGMVFFD- -~

ORF1 TRLAELESSPYKGLVNS -~~~

FosC SRLSSLKDKPYPGLVWL -~~~

Fos(2

SRLESLKSKPYQGLVHL ----
P P

FIG. 3. Predicted amino acid sequences of fosfomycin resistance determinants. *, amino acid residues conserved among the seven fosfomycin
resistance determinants; colons and dots, amino acid substitutions that result in homologous amino acid residues. Proteins (GenBank accession
no.): FosA™ (AAA98399); FosA™* (AAT49669); FosAZ (ACC85616); FosA3 (AB522970); ORF1 (AAP50248); FosC (AAZ14834); FosC2

(AB522969).

Finally, we purified C-terminal histidine-tagged FosA3 and
FosC2 with the combination of a pET29a vector and E. coli
BL21(DE3)(pLysS) and determined the enzymatic character-
istics through a bioassay. Assays were performed in 50 mM
HEPES buffer (pH 7.8) containing 100 mM KCl, 0.05 mM
MnCl,, 5 mM fosfomycin, 10 mM glutathione, and 10 pM
purified protein in a final volume of 100 pl at 35°C for 30 min,
and the reaction was quenched by adding methanol. Ten mi-
croliters of sample solution was added to a blank disc set on an
agar plate inoculated with E. coli ATCC 25922, and the re-
maining antibacterial activity was measured as a growth inhi-
bition zone. When a sample solution containing only fosfomy-
cin and GSH was added, a 21-mm inhibitory zone was
observed. When the same sample supplemented with FosA3 or
FosC2 was added, no inhibitory zone was observed around the
disc. No decrease in the growth inhibition zondwas observed
when the sample containing only fosfomycin and purified pro-
teins were added. The consumption of GSH catalyzed by
FosA3 and FosC2 was confirmed using Eliman’s reagent.
These results indicated that FosA3 and FosC2 inactivated fos-
fomycin by exerting GSH S-transferase activity, very similar to
FosA™ and FosA® (1, 3).

In conclusion, we report here the prevalence of fosfomycin

TABLE 2. Primers used in the study

Sequence

uhpT-forward........ccouenmess 5'-ATG CTG GCT TTC TTA AAC C-3'

Primer

vhpT-reverse...... ...5"-TTA TGC CAC TGT CAA CTG C-3'
uhpA-forward .... ...5"-ATC ACC GTT GCC CIT ATA GA-3'
uhpA-reverse...... ..5'-TCA CCA GCC ATC AAA CAT-3'

murA-forward....
murA-reverse .....
glpT-forward ......
glpT-reverse ........o..s

..5"-CTC CAG GGC GAA GTC ACA-3'
...5-GCC TTT CAC ACG CTC AAT A-3
..5"-ATG TTG AGT ATT TTT AAA CC-3’
..5'-TAG CCT CCG TTG CGT TTT TG-3"

resistance among CTX-M-producing E. coli isolates in Japan,
together with the emergence of two novel plasmid-borne fos-
fomycin-modifying enzymes, FosA3 and FosC2. The fosfomy-
cin resistance rate in CTX-M-producing E. coli is still low
(3.6%) in Japan, but the fosfomycin resistance genes were
already indwelling in the transferable plasmid of ESBL-pro-
ducing clinical isolates. Continuous monitoring will be neces-
sary to prevent further dissemination of fosfomycin resistance
genes, together with prudent use of fosfomycin in clinical set-
tings.

Nucleotide sequence accession numbers. The nucleotide se-
quences for fosA3 and fosC2 have been deposited in GenBank
under accession numbers AB522970 and AB522969, respec-
tively.

This study was supported by the Ministry of Health, Labor, and
Welfare of Japan (grant no. H21-Shinkou-Ippan-008).
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The X-ray crystal structure of metallo-p-lactamase
from Chryseobacterium indologenes IND-7 was deter-
mined at a resolution of 1.65A. The overall structure
adopted a four-layered afi/Bx sandwich structure with a
dinuclear zinc(II) active site, in which the zinc(Il) ions
were denoted as Znl and Zn2. The overall structure
of IND-7 is analogous to those of subclass BI

metaflo-f-lactamases, as determined by X-ray. crystal-.

lography. A significaut structural difference, however,

was observed in the dinuclear zinc(IT) active site: the

coordination geometry around Znl changed from tetra-

hedral, found in other subclass B1 metallo-B-lactamases,
to distorted trigonal bipyramidal, whereas that of Zn2 .~
changed from ftrigonal bipyramidal to tetrahedral. -

Argl21(101), which is located in the vicinity of the
dinuclear zinc(fl) active site, may affect the binding
affinity of Zn2 due to an electronic repulsion between
the zinc(Il) ion(s) and a positively charged guanidyl
group of Arg121{101). Moreeover, the hydrogen-bonding
interaction of Argl2l with Ser71(53), which is con-
served in IND-(, TND-3 and IND-5-IND-7, appeared
to have important consequences for the binding affinity
of Zn2 in conjunction with the above “electrostatic
effect. :

Keywords: ﬁ-luclams/metallo-B—lacluméise/cryslal
structure/X-ray crystallography/zinc(I).

Abbreviations: BBL, class B B-lactamase; Bell,
metallo-B-lactamase from Bucillus cereus; BlaB,
metallo-B-lactamase from Cryseebacterium meningo-
septicun;, CerA, metallo-p-lactamase from Bacteroides

fragilis; GIM-1, metallo-f-lactamase from

Pseudomonas aeruginosa; IMP-1, metallo-B-lactamase
from Serratia marcescens; IND-1, IND-2,

IND-2a, IND-3, IND-4, IND-5, IND-6 and IND-7;
metallo-B-lactamases from Cliryseobacterium indolo-
genes, PDB, Protein Data Bank; SIM-I,
metallo-B-factamase from Acinetobacter baumannis;
SPM-1, metallo-f3-lactamase from Pseudomonas
aeruginosa. VIM-2, metallo-B-lactamase from
Pseudomonas aeruginosa.

Metallo-B-lactamases are zinc(I1)-dependent enzymes
that catalyze the hydrolysis of the amide bond in
most P-lactams, including carbapenems, and are
associated -with one of (he prevalent mechanisms
of bacterial resistance against B-lactams (/-3).
Metallo-B-lactamases  (referred to as class B
B-lactamases) are grouped into the moleculas
subclasses Bl — B3 based on their primary amino

“acid sequence {4—6). Subclasses Bl and B2 metallo-
. P-luctamases  have. “the amino acid - sequences,
HYHXD and NAYHXD, respectively. Subclass B3

metillo-B-lactamases have the amino acid sequence
H(Q)YHXDH. Subclasses Bl and B3 metallo-

" B-lactamases are able to bind up to two zinc(I1) ions

{7—10) and can hydrolyze a wide range of B-lactams
including pedicillins, cefalosporins and carbapenems

= (11). Ou the other hand, . subclass B2 metallo-

P-lactamases are mononuclear zinc(IT) enzymes,
which exhibit specificity toward carbapenems (17—17).

Among them, subclass Bl metallo-B-lactamases are
gaining popularity worldwide, and ‘their genes are
encoded either on the bacterial chromosome or on
mobile genetic elements such as plasmids and trans-
posons (6, /8—20). For instance, chromosomally
encoded metallo-B-lactamases include Bcell from
Bacillus cereus (2]}, BlaB from Chryseobacterium
meningosepticum (22),°CcrA from Buactervides fragilis
{23) and IND-} from . Chryseobacterium indologenes
(24), whereas IMP-1 from' Serratia marcescens (25),
VIM-2 from Pseudomonas - aeruginosa (18), SPM-1
from P. aeruginosa (26), ‘SIM-] from Acinetobacter

« The Authors 2010. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved 905
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baumannii, and GIM-1 from P. weruginosa (27) are
encoded by mobile genes on a plasmid. So far, the
three-dimensional structures of the subclass Bl
metallo-B-lactamases have been solved for Bell
(7; 28—30), BlaB (31), CcrA (32—-34), IMP-1 (35, 36).
VIM-2 (37, 38) and SPM-1 (10).

In 1999, the chromosome-encoded C. indologenes
metallo-B-lactamase IND-I was first isolated (24),
and six IND variants, designated IND-2 to IND-6
and IND-2a, have been detected to date (39—47).
Chryseobacterium indologenes are aetiological agents
of infection associated with the use of indwelling
devices (42). The amino acid sequences of the
above-mentioned six IND variants share 72-92%
identity with that of IND-I (Fig. 1). Of these enzymes,
kinetic parameters are available for IND-{, IND-2,
IND-5 and IND-6, though in the case of IND-IL.
only a comparison of the K,, values is available
(24, 39—4D).

In 2005, Arakawa er al. isolated a chromosomai
metallo-B-lactamase produced by a C. indologenes clin-
ical isolate from the urinary tract infection of a patient
in Japan (MRY040066 strain). Based on a comparison
of the amino acid sequence of metallo-f-lactamase
from C. indologenes MRY040066 (denoted as IND-7)
with that of IND-1, IND-7 identified most with IND-1
(99%) where an isoleucine al position 90{72) in IND-1
was replaced by a valine in IND-7. (In this paper, the
amino acid residues are designated by a BBL number-
ing (4), and the amino acid sequence number from the
N-terminus for malure protein—the latter is in
parenthesis.)

The aim of this study is to fully characterize the
three-dimensional structure of IND-7 from C. indolo-
genes, because the X-ray crystal structures of IND
varignts are not available. We report here the crystal
structurg of metallo-B-lactamase TND-7 at a resolution
of 1.65A.

Materials and Methods

Cloning

The bltin.7 gene was amplified with the primers IND-F (5'-CAT
ATG AAA AAA AGC ATC CGT TTT-3), which have an Ndel
linker (underiined), and IND-R (§-GGA TCC CTATTT TTT ATT
CAG AAG TT-3), which have a BamHI linker (underlined), using
an Expand High-Fidelity PCR system (Roche). The template DNA
was extracted from the clinically isolated C. indologenes strain
MRY040066. The amplicon was ligaled with a pGEM-T vector
{Promegu), and was partiully cxcised by digestion with Ndel and
BamHI. The excised fragment was subcloned into the expression
vector pET29a(+) (Novagen) 1o yield plasmid pET29a(+)/hlainp-7.

Expression and purification

A 25-ml overnight preculture of Escherichia coli BLZI{DE3), which
was ransformed by plasmid pET29a(+)/hlainn-s, was used Lo inocu-
late 101 of LB broth supplemented with 50 pg/ml kanumycin, and
the resulting cuiture was grown at 37°C with shaking until the cul-
ture reached an ODgoy of about 1.0. The culiure was developed in
0.1mM isopropyl-f-u-thiogalactopyraneside (IPTG) and shaken
at 37°C for 2h. The culture was centrifuged al 5,000¢ for 10 min
at 4°C, The pelicts (about 40 g, wel weight} were washed by resus-
pension in 40ml of 20mM Tris~HCI pH 7.4, with repeal centrifu-
gation. The pellets were resuspended in 40ml of the same buffer,
disrupled by sonication for Smin and centrifuged at 1000002 for
75 min al 4°C. After removal of insoluble components by filtration
{MILLEX-GP 0.45 um, Millipore), the filtrate was loaded into an SP

906

Sepharose Fast Flow column (¢ 2.6 x 10cm. GE Healtheare)
pre-equilibrated with 20mM Tris—HCI pH 7.4, and the proteins
were eluted with a linear gradient of 0~0.5M NaCl. Fractions
were analysed by sodium dodecy! sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and by their abilily Lo Lurn over nilrocefin
s a substrate, Fractions containing the desired activity were pooled
and concenlrated to a volume of 10ml by Ultracet YM-10
(Millipore). The concentrated prolcin was loaded imto a Sepharose
G-73 column (¢ 1.6 x 10¢m, GE Heallbeare) and was eluted with
20 mM Tris—HCI pH 7.4 containing 0.3 M NaCl. Fractions contain-
ing the IND-7 prolein were pooled and concentrated to a volume of
6ml The protcin was then reloaded into a Sephacryl HR-100
column (¢ 1.6 x 10cm. GE Healthcare) and was eluled with
20mM Tris—HCl pH 7.4 contzining 0.3 M NaCl. The protein was
further concentrated lo ldmg/ml wsing both Ultracel YM-10
{Millipore) and Amicon Ulira-135 (Millipore). The purity of the
IND-7 protein was estimated 10 be greater than 95% by
SDS-PAGE al a protein concentration of |mgjml. Prior to the
X-ray. diflraclion experiments. a buffer solution of the IND-7 pro-
tein was converted from 20mM Tris—HC'l containing 0.3 M NaCl to
20mM HEPES—NaOH pH 7.5 For crystallization, the purified
IND-7 protein was concentrated Lo about 14mgiml using both
Amicon YM-10 {Milliporc) and Amicon Ultra (Millipore).

Crystallization )

Screening for IND-7 crystallization conditions was performed at
20C by the hanging-drop wmethod using Crystal Screen and
Crystal Screen T kits (Hampion Research): drops mixed 2l of
a protein solution with 2 pl of a reservoir solution. The best crystals
suitable for X-ray diffraction study were obiained from condition
No. 17 using the Crystal Screen kit {30%{(w/v) PEG4000, 0.1 M
Tris=HCl pH 8.5 und 0.2M Lithium sulphatc monohydrate],
which grew as plales within 3 months at 20-C.

Data collection and refinement

All diffraction data were collected at {00 K afler cryoprotection by a
brief cxposure 0 a reservoir solution containing 0% (w'v)
PEG4000 at the SPring-8 (Harima, Jupsn} and the Photon
Factory {Tsukuba, Japun). The data set used the siructural analysis
thal was collected at the SPring-8 on a beamline 38B1 (Harimy,
Jupan) at a resolution of 1.65A and a wavelength of A=100A.
Data for he crystal were integrated, merged, and sealed using
HKL-2000 (43). The refined struclure (PDB code: IM2X) of BB
from C. inenimgosepticnn at 2 LS A résolution (3/) was used as the
scarch meodel for molecular replacement using the AMoRe (44) and
Molsep (43) software programs, which arc a component of the CCP4
program suite v.6.0.0 (46). The interactive graphics programs O (47)
and Coot v.0.1.2 (48) were used Lo build the IND-7 strocture (47).
The refinement was performed with the CNS (49) and Refinac (50)
software programs. Dala collection und refinement statistics arc
listed in Table 1. Sclected bond distances and angles we shown in
Table IL.

PDB Accession Code
The atomic coordinales and structure factors have been deposiled in
the Protein Duta Bank under accession code 3L6N.

Nucleotide Sequence Accession Number

The nucleolide sequence encoding IND-7 characterized in this study
appears in the EMBL/GenBank/DDBJ databases under accession
AB529520.

Results and~ Discussion

Overall structure of IND-7

The structure of IND-7 from C. indologenes was solved
by molecular replacement. The final refined structural
model contained residues GIn38(21)~Lys293(238),
two zinc(11) ions (Znl and Zn2), two sulphate ions,
and 327 ordered water molecules per asymmelric
unit, and was refined 10 Ruorking=17.7% and
Rpnee =20.0% at 1.65A resolution (Table I). The
root mean square differences (RMSD) from the ideal
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Y. Yamaguchi ef al.

Table 1. Data collection and refinement stafistics for IND-7.

Dala collection,

Resolution {A) 50.0—1.65 (1.71—~1.65)
Wavelength (A) 1.00
Unit-cell parameters (A “) a=716,h=743, c=474.
’ =994
Space group 2
Redundancy 3.7(3.5)
Completeness (%) 99.9 (99.7)
Reere” 4.3 (0.104)
No. of unigue reflections 31,928 (901)
fio(f)y> 48.5 (16.7)
Refinement statistics
gcul-off None
Resolution {A) 38.3—-1.65 (1.69—1.63)
No. of reﬂccllons used 30.314
B factors (A )
Average 13.5
Protein 11.0
Water 26.0
No. of noa-H atoms®
Proicin 1.811
Water 27
Run.s. deviation for ideal®
Bond lengths (A) 0.008
Angles () 1.09
Ruorking 0.177 (0.221}
Rivee’ ©.200 (0.250)

“R‘,m,w: S A RARD — < BN > i) iy dhk), where Lithkiy
is the observed inteosity for reflection for Akl and <Khki)> is the
average intensily calculated for.reflection #k/ from replicate data.
'Pu asymmetric unil. “RMSD.: rool mean square differences.
R\w)rkmkﬁzlmf‘ {E = IFd ZI!H”< where F, and F, arc the
observed and calculaded structure ﬂu.lors‘ respectively.
“Riree = Ynahii Fol = 1FEU Y md Foi for 5% of the data nol used al
any stage of structuial refinement. Values in parentheses are for
the last resolution shell.

bond distances and angles were 0.008A and 1.09%,
respectively. A Ramachandran plot showed that
Y7.6% uand 5.8% of the residues were in the
most-favoured regions and in the Addiliondlly allowed
rcglons. respectively, and 0.5% and 1.1% of those were
in the generously allowed regions and in the disallowed
regions. respectively. The exceplions were Asp50(33)
and Asp84(66), which adopled ¢ and Y angles of 79°
and ~51°. and 70° and 160°, respectively. Asp84 was
buried in the protein and exhibited a strained main
chain conformation, which is a commonly observed
feature in the crystal structures of Bell, CerA and
IMP-1 metallo-B-lactamases (28. 32, 35). Therefore,
it is thought that conservation of the conformation
of Asp84 is important to the folding of metallo-
B-lactamases.

The overall structure of IND-7 was found to be
composed of five o-helixes and twelve B-strands,
which fold into a four-layered afy/Ba sandwich struc-
ture (Fig. 2A). The dinuclear zinc(I1) active site
was located al the bottom of a shallow groove and
was made up of the two zinc(Il) ions (Znl and Zn2),
the zine(Il) ion binding residues and two loops
{(loop I and loop 2). Loop 1, which is 4 typical feature
of subclass Bl metallo-f-lactamases, was formed by
residues at positions 60-66 (5/) (BBL numbering,
Figs | and 2A) between B2 and B3. This flexible loop
is thought to be responsible for the tight binding of
subsirates and inhibitors in the dinuclear zinc(IT)
active site (35, 5/=55). In the IND-7 structure, loop

908

1 was well defined. Loop 2 was comprised residues at
positions 221—-241 (BBL numbering), positioned
approximately opposite loop | cantered at about the
zine(I1) binding site (Figs 1 and 2A). Thus. the overall
structure of IND-7 was found to be similar to the pre-
viously solved structures of subclass Bl metallo-
B-lactamases (7. 0}, 28—38).

Coordination mode and occupancy of zine(ll) ions in
the dinuclear zinefll) active site
To understand the structural features of IND-7 in
detail. the structures of IND-7 and structurally
well-characterized CcrA from B. fragilis. which have
28% sequence homology (PDB code: 1ZNB: I. 85A
resolution), were compared. As shown in Fig. 2B.
superimposing the Ca atoms of IND-7 and molecule
A in CerA demonsirated a similarity in the protein
folds with an overall RMSD of [.7A, as mentioned
above. Despite the similarity in the overall structures
between these two enzymes, noticeable structural
differences were found in the dinuclear zinc{I1) active
sites.

In the CerA structure (Fig. 3A), Znl was coordi-

- nated with His116(99). His118(101). His196(162) and
a water molecule or hydroxide ion (Watl), forming a -

tetrahedral geomelry, whereas Zn2 was coordinated

- with Aspi20(103). Cys221{181). His263(223), one

water molecule (Wat3. termed ‘“apical water') and
Watl, forming a trigonal bipyramidal geometry. The
zine(IT) coordination geometry found in CerA is
mostly conserved in subclass Bl metallo-B-lactamases.

On the other hand. the zine(Il) coordination mode
of IND-7 was different from the common feature. In
the process of refinement of the IND-7 structure, we
initially set the occupancies of Zul and Zn2 as 1.0 and
refined their B-factors. As the B-factor of Zn2 (’1 5.6 AZ)
was 1elat1ve1y higher than that of Zanl (9. 3A%). oceu-
pancies for Znl and Zn2 were reset as 1.0 and 0.7,
respectively. for subsequent refinement. The final
B-factors equalled ~9.3A* for Znl and 12. 3A°
for Zn2. The average B-factor of the residues involved
in the zinc(I} coordination. Hisl16(96), His118(98),
Aspl20(100), - Hist 96(159),  Cys22i(178)  and
His263(220), was 7.1 A% These resulis suggested that
the affinity of Zn2 was lower than that of Znl, and
that Zn2 tended to escape from the dinuclear zinc(II)
active site of IND-7 Moreover, a 2|F,|—|F,| electron
density map around the Zn2 site (Fig. 3B) clearly
showed the existence of both conformations in the
side chains of Cys221(178) and His263(220), where
the occupancies of Cys221A(178) and His263A(220)
were refined by 0.7, and those of Cys221B(178) and
His263B(220) were refined by 0.3. The former was a
Zn2-coordinated form, whereas the latter was a
Zn2-uncoordinated form. Interestingly. in the side
chain of Aspl20(100), a zinc(ID) ligand, no disorder
was observed, which was fixed through the interactions
of Zn2 and Watl (vide infra). This finding indicates
that Aspl20 played an important role in helping to
orient a zinc(I1)-bound hydroxide ion for a nucleophil-
ic attack on the CO group of the B-lactam ring.

The coordination geometry around Znl (Fig. 3B)
was a distorted trigonal bipyramid with t=0.88
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