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Irreversible Inhibition of Metallo-B-lactamase
(IMP-1) by 3-(3-Mercaptopropionylsulfanyl)-
propionic Acid Pentafluorophenyl Ester**

Hiromasa Kurosaki,* Yoshihiro Yamaguchi,
Toshihiro Higashi, Kimitaka Soga, Satoshi Matsueda,
Haruka Yumoto, Shogo Misumi, Yuriko Yamagata,
Yoshichika Arakawa, and Masafumi Goto

Pathogenic bacteria that produce metallo-3-lactamases
(MBLs) are emerging as a new challenge to the medical
community. These enzymes catalyze the hydrolysis of a wide
spectrum of B-lactams, including carbapenems such as imipe-
nem, some of which are coded in transferable plasmids."?
Among the currently known MBLs, IMP-1, a member of
subclass B1, which is encoded by the blay,, gene included in
the integron structure,®? rapidly spreads by facile horizontal
gene transfer to other bacteria.y Moreover, many of the
currently used serine -lactamase inhibitors such as clavulanic
acid, sulbactam, and tazobactam are ineffective against
MBLs. Thus, the development of inhibitors of MBLs is
important for the continuing application of such widely
prescribed f-lactam antibiotics. Several such inhibitors have
been reported to date;*"! for example, Payne et al. demon-
strated” that mercaptoacetic acid, a hydrolysis product of
mercaptoacetic acid thiol esters that are hydrotyzed by MBLs
(B-lactamase II, CfiA, and CphA), binds irreversibly to the
enzyme through formation of a disulfide bond with the active
site cysteine residue under aerobic conditions, as evidenced
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by both tryptic digestion and electrospray mass spectrometry
studies.

Our ultimate goal was to develop an irreversible inhibitor
of IMP-1. We report here on the design and inhibition
properties of three-dimensional structure-based irreversible
inhibitors of IMP-1, 1 and 2, and the crystal structure of a
covalently bound complex formed between the hydrolysis
product of 2 and IMP-1.
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The strategy for the irreversible inhibition of IMP-1 is
shown in Scheme 1: The thiol group in 2 coordinates to one or

good leaving group
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Scheme 1. Strategy for the irreversible inhibition of thiol compounds
with a good leaving group.

two Zn'ion(s) in the active site as an anchor. Lys224
(following BBL numbering®) is conserved in almost all
MBLs of subclass B1l. In the first IMP-1 structure reported
(PDB code 1DD6),!" Lys224 is located at a distance of about
6 A from the two Zn" ions. Lys 224 is thought to be important
for substrate binding!®!® and may attack an activated ester,
thus forming a covalently bound inhibitor-enzyme adduct
that irreversibly inhibits the enzyme. At this point, water
molecules, from the solvation shell surrounding Lys224, may
act as acceptors of H* ions from the positively charged N*
group of Lys224.

The coupling reaction of one equivalent of 3-mercapto-
propionic acid (MPA) and 1-hydroxy-1H-benzotriazole
(HOBt) with pentafluorophenol in the presence of one
equivalent of N,N'-dicyclohexylcarbodiimide (DCC) in ethyl
acetate at 0°C afforded 1, a synthetic intermediate of 2, in
15% yield (see Supporting Information). The desired inhib-
itor 2 was prepared in 45 % yield by treating 1 with MPA in
the presence of DCC in ethyl acetate at 0°C (see Supporting
Information).

The time-dependent inactivation of IMP-1 by 1 and 2 was
determined by incubating various amounts of inhibitor with
10 oM IMP-1 in 50 mM trissHCl/0.5M NaCl buffer (pH 7.4,
tris = tris(hydroxymethyl)aminomethane) at 15°C (see Sup-
porting Information). The inactivation of IMP-1 by 1 and 2
was both time and concentration dependent. Plots of the
natural logarithm of the residual activity against incubation

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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time were linear, thus suggesting that the observed rate of
inactivation follows pseudo-first-order kinetics (Figurela
and b). The double reciprocal plots of these slopes (kons)
versus concentration of 1 and 2 gave straight lines (Figure 1¢
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Figure 1. Time- and concentration-dependent inactivation of [MP-1 by
1 (a) and 2 (b) in 50 mm tris-HCI/0.5 M NaCl buffer (pH 7.4) at 15°C.
Inhibition concentrations: @: 1 pM; ¢ 2 pM; 00 5 pm; and x: 10 um
for 1, and @: 0.07 pm; o: 0.2 pm; 0: 0.5 pm; and x: 0.75 pm for 2.
Each point shown represents the mean of three experiments. Double
reciprocal plots of k,, versus concentration of T {c) and 2 (d).

and d). The regression line did not pass through the origin, but
intercepted the positive y-axis, thus indicating the initial
formation of a dissociable complex between IMP-1 and
inhibitor before inactivation.' The k... and K; values were
calculated from these plots to be 0.076 4-0.002 s~ and 3.452 +
0.030 pm for 1 and 0.080 4 0.002 s™ and 0.423 4 0.013 pm for
2. These results show that the second-order rate constant for
inactivation (k;,,./K}) with 2 increases by about ninefold over
that with 1.

To determine whether 1 or 2 inhibits IMP-1 irreversibly,
10 um IMP-1 was incubated with 1 mm 1 or 2 at 0°C for
various periods of time (0-2 h) and the mixtures were then
filtered through gel (Sephadex G-25) to separate the protein
from the excess inhibitor (see Supporting Information). The
activity of the resulting protein was measured using nitrocefin
as the substrate. The control, without inhibitor, shows no loss
of activity of IMP-1 after filtration through the gel. On the
other hand, the inactivation of IMP-1 by 1 and 2 resulted in a
nearly 100% inhibition, clearly showing that both inhibitors
inhibited IMP-1 very rapidly and irreversibly. Furthermore,
the irreversibility of the binding of 1 and 2 was also confirmed
by dialysis at 4°C for 16 h (see Supporting Information): in
neither of these cases was any activity recovered, thus
verifying that 1 and 2 are irreversible inhibitors.

After the incubation of 100 pm 2 with 10 pm IMP-1 for
30 minutes and gel filtration, the sample was analyzed by
MALDI-TOF mass spectrometry (see Supporting Informa-
tion). The MALDI-TOF mass spectrum of the intact IMP-1

Angew. Chem. Int. Ed. 2005, 44, 38613864



showed the parent signal at m/z 25113.2 while that treated
with 2 showed a peak at m/z 25290.1 (see Supporting
Information). The increase in mass of m/z 176.9 corresponds
to the mass of SCH,CH,COSCH,CH,CO (this unit is denoted
2-P), which indicates that this moiety of 2 is covalently
attached to IMP-1 in a ratio of 1:1.

To identify the site of amino acid attachment and to
determine the three-dimensional structure, crystals of IMP-1
treated with 2 were prepared by the hanging-drop method
and the molecular structure was determined (see Supporting
Information). The structure of the inhibitor bound IMP-1 (2-
P/IMP-1) at a resolution of 2.63 A was refined to an R-factor
value of 22.8% and an Ry, value of 24.3 % using 2.63- to 44.7-
A data.'¥! There are two 2-P/IMP-1 molecules, A and B, in the
asymmetric unit. The two molecules are almost identical with

a root-mean-square deviation of 031 A when all C*atoms .

between A and B are superimposed. The overall structure of
each molecule adopts a aff/Ba sandwich structure as found in
the native enzyme, the three-dimensional structure of which
was not greatly perturbed by the inhibitor. The overall
structure of molecule A is shown in Figure 2a.

The thiolate group in 2-P bridges between the two
Zn" jons in the active site (distances Zn1--inhibitor(S), 2.2/
2.2: Zn2--inhibitor(S), 2.3/2.5 A in molecules A/B; Fig-
ure 2b). The geometry around Zn?2 is changed from a trigonal
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bypyramid in the native structure to a distorted tetrahedral
structure, as previously reported by Concha et al.”! (angles
(Asp120)0™-Zn2-Cys 221(S"), 101/101°; (Asp 120)0%-Zn2-
His 263(N%), 99/104°; Asp 120 O®-Zn2-inhibitor(S), 122/112°;
(Cys221)S%-Zn2-His263(N®),  109/116°;  (Cys221)S*-Zn2-
inhibitor(S), 107/113°; (His263)N“-Zn2-inhibitor(S), 117/
111° in molecules A/B.

The 2|F,|~|F.| electron density map clearly indicates
the formation of a covalent amide bond between the ester and
side chain N* atom of Lys224 with the concomitant displace-
ment of the pentafluorophenolate group, which is not seen in
the electron density.

The carbonyl oxygen atom of the amide group formed
between the inhibitor and IMP-1 forms a hydrogen bond with
the main-chain nitrogen atom of Asn233 (ca.3.1/33 Ain
molecules A/B) while the carbonyl oxygen atom of the
thioester group of the inhibitor is hydrogen bonded to the side
chain nitrogen atom of Asn233 (ca.3.0/3.5 A in molecules
A/B).

In summary, the synthesis of a covalent, irreversible
inhibitor 2 of IMP-1 is described. An X-ray crystal structure
of the inhibitor covalently bound to IMP-1 confirmed this
strategy. These findings shed further light on the design of
inhibitors based on the three-dimensional structure of MBLs
related to IMP-1.
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Abstract

Multidrug efflux pumps contribute to multiple antibiotic resistance in Pseudomonas aeruginosa. Pump expression usually has
been quantified by Western blotting. Quantitative real-time polymerase chain reaction has been developed to measure mRNA
expression for genes of interest. Whether this method correlates with pump protein quantities is unclear. We devised a real-time
PCR for mRNA expression of MexAB-OprM and MexXY-OprM multidrug efflux pumps. In laboratory strains differing in MexB
and MexY expression and in several clinical isolates, protein and mRNA expression correlated well. Quantitative real-time PCR
should be a useful alternative in quantitating expression of multidrug efflux pumps by P. aeruginosa isolates in clinical laboratories.
© 2004 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.

Keywords: Pseudomonas aeruginosa; Multidrug efffux pumps; Real-time polymerase chain reaction; Western blotting

1. Introduction Several mechanisms are known by which this micro-
organism escapes the toxic effects of antimicrobial

Pseudomonas aeruginosa is a clinically important agents. These include production of inactivating enzymes,
pathogen showing greater intrinsic resistance than most mutations of target enzymes, and multidrug efflux
other Gram-negative bacteria to a number of antimicro- pumps [3-6]. The pumps, especially the resistance-
bial agents. This intrinsic resistance problem is com- nodulation-division (RND) family, have received partic-
pounded by increasingly frequent development of ular recent attention because they can extrude multiple
acquired resistance to agents that ordinarily show po- structurally unrelated compounds, and thus are involved
tent activity against this organism [1,2]. Thus P. gerugin- in multidrug resistance [3,4,7]. To date, at least seven
osa, a major opportunistic pathogen, is becoming RND family drug efflux pumps are known to exist in
increasingly difficult to eradicate. P. aeruginosa cells. Among them, MexAB-OprM, which

is expressed constitutively in wild-type strains, contrib-

utes to the intrinsic resistance of P. aeruginosa to most

Comesponding author, Tel: +81 859 34 8105; fax: 181 850 34 blactams and many other structurally unrelated antimi-
8098. crobial agents [2,8,9]. MexXY-OprM also is involved in
E-mail address: chikumi@grape.med.tottori-u.acjp (F. Chikumi). the intrinsic resistance of P. aeruginosa to several agents,
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such as fourth-generation cephems, tetracyclines, eryth-
romycin, and gentamicin [10,11]. Since expression of
MexCD-OprJ and MexEF-OprN is strictly suppressed
by the respective regulator genes in wild-type P. aerugin-
osa cells, neither of these efflux pumps are involved in
intrinsic antibiotic resistance; they contribute only to ac-
quired resistance [12,13].

An important part of investigating resistance mecha-
nisms involving these efflux pumps in P. aeruginosa is
determination of pump expression levels in laboratory
strains or in clinical isolates. Conventionally, this has
been done by Western blotting using monoclonal or
polyclonal antibodies [1,2,9,14]. However, this method
is complex and time-consuming, and the antibodies are
not commercially available. A recently, developed new
technique, quantitative real-time polymerase chain reac-
tion (PCR), can measure mRNA expression for genes of
interest. This method has proven highly accurate and
reproducible in quantitating gene expression [15], and
can quantify a given mRNA within a very large range
of amounts [16]. However, the practicality of using this
method to quantify gene expression of P. aeruginosa ef-
flux pumps, as well as correlations of mRNA amounts
with pump protein amounts, are uncertain. We set out
to devise a real-time PCR as a sensitive, easily performed
quantitative method for determining expression of two
efflux pumps, MexAB-OprM and MexXY-OprM, that
contribute to both intrinsic and acquired resistance. We
considered this procedure as a possible alternative to
quantification of pump proteins by Western blotting.

2. Materials and methods

2.1. Bacterial strains, media and growth conditions

The strains used in this study are shown in Table 1
[1,17,18]. P. aeruginosa clinical isolates were randomly

Table 1
Pseudomonas aeruginosa strains used in this study

K. Yoneda et al. | FEMS Microbiology Letters 243 (2005) 125-131

selected from our collection at Tottori university hospi-
tal and Kyoto pharmaceutical university. Bacterial cells
were grown in Luria—Bertani broth (LB) (Wako Pure
Chemical Industries, Osaka, Japan). All bacterial cul-
tures in LB were incubated at 37 °C with shaking (140
rpm) for 12.5 h.

2.2. Isolation of total membranes, SDS—-PAGE, and
immunoblot analysis

Cells grown in LB were harvested by centrifugation
and total membranes were prepared as described previ-
ously [17]. Sodium dodecy!l sulfate-polyacrylamide gel
electrophoresis and electrophoretic transfer was per-
formed as described previously [17]. The fractionated
proteins were subjected to immunoblot analysis using
anti-MexB rabbit-peptid antisera [17] or anti-MexY rab-
bit polyclonal antibody [32] as the primary antibodies
and horseradish peroxidase-linked appropriate second-
ary antibodies (Pharmacia). The binding antibodies
were detected using ECL plus Western blotting detec-
tion reagents (Amersham Pharmacia Biotech) according
to the manufacture’s instructions.

2.3. Cloning in plasmids and quantification of number of
copies of the plasmids

Plasmids containing amplified sequences of PAOI1
strain were constructed with the pGEM-T Easy Vector
Systems (Promega, Tokyo, Japan) according to the
manufacture’s instructions. Briefly, the fragments of
mexB, mexY and rpsL genes, 244, 246 and 241 bp,
respectively, were amplified by conventional PCR with
the primers listed in Table 2. The fragments were cloned
into pGEM-T Easy Vector. DHSa Escherichia coli were
transformed with these constructions, and after expan-
sion in culture, the plasmids were purified by the Mini-
preps DNA Purification System (Promega). Gene

Strain Description Source or reference

PAOI1 Prototroph

OCRI1 MexAB-OprM-overproducing nalB mutant of PAOI [7]

KG2212 AmexR .. res-Q of PAOI [17]

KG2239 AmexR-mexA-mexB-OprM of PAOI [17]

KG5005 MexXY-overproducing, nalB AmexAB of PAOI [18]

KG4545 mexZ::Q Sm of PAO1 This study®

T-001 Clinical isolates Kyoto Pharmaceutical University
T-002 Clinical isolates Kyoto Pharmaceutical University
T-003 Clinical isolates Tottori University

T-004 Clinical isolates Tottori University

T-005 Clinical isolates Tottori University

T-006 Clinical isolates Tottori University

T-007 Clinical isolates Tottori University

T-008 Clinical isolates Tottori University

T-009 Clinical isolates Tottori University

? KG4545 was constructed by insertion of Q Sm cassette into the mexZ gene of PAO1 using allele exchange technique.
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Table 2

Primers used in this study

Gene Amplicon  Sequences of primers

size (bp)

mexB 244 Forward: GTGTTCGGCTCGCAGTACTC
Reverse: AACCGTCGGGATTGACCTTG

mexY 246 Forward: CCGCTACAACGGCTATCCCT
Reverse: AGCGGGATCGACCAGCTTTC

rpsL 241 Forward: GCAACTATCAACCAGCTGGTG

Forward: GCAACTATCAACCAGCTGGTG

quantification was performed with the BECKMAN
DU-64 Spectrophotometer (Beckman Instruments,
CA, USA) at a wavelength of 260 nm, and the number
of copies was calculated. These plasmids were used as
external standards. For each batch, serial plasmid dilu-
tions were amplified; this allowed the construction of a
standard curve and the quantification of mRNA in
samples.

2.4. RNA extraction and cDNA synthesis

Total RNA was extracted from the 250 pl of cultured
medium using QIAGEN RNeasy Mini Kit (Qiagen, To-
kyo, Japan), and residual DNA was removed by adding
DNase I using QIAGEN RNase-Free DNase Set (Qia-
gen) according to the manufacture’s instructions. RNA
was finally dissolved in 50 pl of RNase-free water. For
c¢DNA synthesis, each 20 pl reaction contained 1 pg of
total RNA, 10 pg of random hexamer, 1 X first strand
buffer (50 mM Tris-HCI (pH 8.3), 75 mM KCl, 3 mM
MgCl,; Invitrogen, Tokyo, Japan), 0.5 mM dNTP, 10
U of RNase inhibitor (Invitrogen), and 200 U of Super
Script II (Invitrogen). cDNA synthesis was performed in
a TaKaRa PCR Thermal Cycler (Takara, Kyoto, Ja-
pan) according to the following procedure: after an
annealing step for 10 min at 70 °C, reverse transcription
was carried out for 50 min at 42 °C, followed by reverse
transcriptase inactivation for 10 min at 95 °C.

2.5. Quantitative real-time PCR

The LightCycler (Roche, Tokyo, Japan) was used for
all quantitative PCRs. All PCR amplification reactions
were performed in a 10 pl volume containing a 3 mM
concentration of MgCl,, a 1 pM concentration of for-
ward primers, a 1 uM concentration of reverse primers,
1 x FastStart DNA Master SYBR Green I (Roche), and
1 ul of diluted cDNA (1:10). The cycling parameters
used were as follows: one denaturation cycle for 600 s
at 95 °C and 45 amplification cycles (temperature tran-
sition rate of 20 °Cs™") for 15 s at 95 °C, annealing
for 5 s at 55 °C, extension for 10 s at 72 °C. Fluorescence
readings were taken after each cycle following the exten-
sion step. This was followed by melting curve analysis of
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65-99 °C (temperature transition rate of 0.1 °C s™) with
continuous fluorescence readings. For cach gene being
measured, a sequence-specific standard curve was gener-
ated using 10-fold serial dilutions of plasmid DNA con-
tajning the sequence of interest and using the
appropriate primers. The LightCycler software gener-
ated a standard curve from the standards and deter-
mined the gene copy number in each test sample. The
ratios of gene expression between the target genes
(mexB, mexY) and internal standard (rpsl) were ex-
pressed relative to those of PAOL or KG4545, which
is set at 1.00.

3. Results

3.1. Design of a real-time PCR assay for guantitative
analysis of multidrug efflux pump

MexAB-OprM is considered the most important mul-
tidrug efflux pump in P. aeruginosa, being involved in
broad resistance to cephems, penicillins, monobactams
and carbapenems. We therefore first developed a quan-
titative real-time PCR assay targeted to mexB gene
expression. Primer sequences were chosen from a region
of the mexB gene that was preserved among the bacte-
rial strains used in this study, according to DNA
sequencing. In addition, an extensive search of several
databases, including the EMBL and GenBank dat-
abases, indicated that no primer shared significant
homology with other known nucleotides sequenced.
To determine the copy number of mexB gene in sample,
a standard curve was established with a control plasmid,
pGEM-T/MexB, that contained the target mexB partial
sequences. The control plasmid was diluted 10-fold with
water in a serial manners, from 48 to 4.8 x 107 copies/pl,
and each sample was submitted to the mexB real-time
PCR (Fig. 1(a)). The threshold cycle number, which cor-
responds to the PCR cycle number at which the fluores-
cence signal exceeded the detection threshold, was
plotted against each of logarithmically increasing stan-
dard DNA concentrations. As shown in Fig. 1(b), a lin-
ear relationship was obtained over on at least 7-log
range of cDNA concentrations.

As MexXY-OprM is the other efflux pump system
that contributes to intrinsic and acquired resistance to
fourth-generation cephems and aminoglycoside deriva-
tive antibiotics, we similarly established a quantitative
real-time PCR assay targeted to mexY gene expression.
The range of quantification was from 88 to 8.8x 107
copies/ul of pGEM-T/MexY construct (data not
shown).

To compensate for varying numbers of cells in sam-
ples and efficiency of the reverse transcription reaction,
we developed a quantitative real-time PCR reaction
for rpsL, a constitutively expressed 30S rRNA gene,
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Fig. 1. Amplification profiles (a) and standard curves (b) for Light-
Cycler PCR with SYBR Green 1. (a) Performance of real-time PCR on
a panel of control samples with predetermined numbers of copies of P.
aeruginosa DNA. The plot shows the relationship of the fluorescent
signal to cycle number in a panel of quantified copies of a plasmid
containing the mexB fragment of a P. aeruginosa isolate. Samples: (1),
water; (2), 48 copies/pl; (3), 480 copies/ul; (4), 4800 copies/ul; (5),
48,000 copies/ul; (6), 480,000 copies/ul; (7), 4,800,000 copies/ul; (8),
48,000,000 copies/ul. (b) Standard curve for real-time PCR. The
threshold cycle number was plotted against each of the logarithmically
increasing standard DNA concentrations for calibration.

5
g
&4
4
g8
522
w o
e 1
0 -
{a) PACT  OCRI  KG2212 KG2239
5
g,
b
7
pa’
52
w O
[ |
0
(b) PAO1  OCRI KG2212 KG2239

MexY

Relative value

(¢

Relative value

(d)

K Yoneda et al. | FEMS Microbiology Letters 243 (2005) 125-131

for use as an internal standard [19]. The sequences of
primers were based on previous the report which used
them for conventional RT-PCR [20]. Quantitation
proved to be linear over a wide logarithmical range,
from 57 to 5.7x 107 copies/l of pGEM-T/RpsL con-
struct (data not shown).

3.2. Correlation berween protein and mRN A expression of
multidrug efflux pump in laboratory strains

We next used the real-time PCR assay to examine the
correlation between protein and mRNA expression of
MexB. For this purpose we used four laboratory strains,
PAOI1, OCRI1, KG2212, and KG2239, that had been
developed to express MexB to different degrees (Table
1). First we performed Western analysis to quantify pro-
tein expression of MexB in these bacterial strains (Fig.
2(a)). Densitometry of the MexB bands respectively
showed protein expression in OCR1 and in KG2212 to
be 2.9 and 1.3 times greater than in the control strain
(PAO1), while no MexB band could be detected in
KG2239 (Fig. 2(a)). Up- and down-regulation of MexB
was investigated further by real-time PCR after culture
under the same conditions. Expression of mexB mRNA
in OCR1 and KG2212 respectively was 4 and 2.4 times
greater than in PAO1, while only traces of mexB mRNA
were found in K(G2239 (Fig. 2(b)). Expression patterns
of protein and mRNA thus were highly similar to one
another in these laboratory strains.
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Fig. 2. Correlation between protein and mRNA expression of MexB and MexY in laboratory strains. (a) Western immunoblot analysis using a
polyclonal antibody to MexB. Preparation of membranes (5 pg/lane) for immunoblot assay following SDS-PAGE was carried out as described in the
Section 2 (upper panel). Band intensity was quantified using the Scion Image program based on the NIH Image for Macintosh program. Data are
expressed relative to the quantity of MexB in PAOL. Each bar represents the mean # SE of the relative intensity in three experiments (lower panel).
(b) Quantitation of mexB gene expression by real-time PCR. Data are expressed relative to the quantity of mexB mRNA in PAOIL. Each bar
represents the mean + SE of the relative intensity in three experiments. (c) Western immunoblot analysis using a polyclonal antibody to MexY.
Preparation of membranes (5 pg/lane) for immunoblot assay following SDS-PAGE was carried out as described in Section 2 (upper panel). Band
intensity was quantified using the Scion Image program based on the NIH Image for Macintosh program. Data are expressed relative to the quantity
of MexY in KG4545. Each bar represents the mean * SE of the relative intensity in three experiments (lower panel). (d) Quantitation of mex ¥ gene
expression by real-time PCR. Data are expressed relative to the quantity of mexB mRNA in KG4545. Each bar represents the mean  SE of the

relative intensity in three experiments.
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Next we examined the correlation between protein
and mRNA expression of MexY in three laboratory
strains, PAO1, KG35005, and KG4545 (Table 1). Wes-
tern analysis detected bands at 113 kDa representing
the MexY protein in KG5005 and KG4545, while no
band was seen in PAO1 (Fig. 2(c)). Quantification of
the MexY bands showed high degrees of protein expres-
sion in KG5005 and KG4545, with expression of
KG5005 being twice that of KG4545 (Fig. 2(c)). When
expression of mexY was examined further by real-time
PCR after culture under the same conditions, mRNA
expression of mexY in KG5005 was 1.2 times that in
KG4545, while expression in PAO1 was only 26% of
that in KG4545 (Fig. 2(d)). These results were consistent
with those of Western blotting.

3.3. Correlation between protein and mRNA expression of
multidrug efflux pump in clinical isolates

Since laboratory strains chosen to vary in pump
expression showed good correlations between protein
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and mRNA expression of both MexB and MexY, we
next examined the relationship between protein and
mRNA expression of MexB in randomly selected clini-
cal isolates (T001 to T009; Table 1). As shown in Fig.
3(a), isolates T001, T002, T003, and T00S5 showed 1.6
2.3 times greater expression of MexB protein than did
PAO!. On the other hand, T0O04 and T006 to TO09,
showed 50-100% lower expression than that in PAOL.
Corresponding to this protein expression, mRNA
expression measured by real-time PCR was higher than
in PAO1 in T001, T002, and T003, but lower in T004
and T006 to T009 (Fig. 3(a)). The only exception was
T005, which expressed 2.3 times as much protein as
PAOQO1, but only slightly more mRNA.

Next, the same clinical isolates were examined con-
cerning the relationship between protein and mRNA
expression of MexY. By Western blotting, in T002 to
T006, expression of MexY protein was equal to or
greater than that in KG4545, while T001, T007, T008,
and T009, like PAO1, did not express detectable MexY
protein. In real-time PCR, T002 to T006 expressed more

proteins
B mRNAs
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T007
T008
T009

proteins
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T005
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T609

Fig. 3. Correlation between protein and mRNA expression of MexB and MexY in clinical isolates. (a) Hatched bars represent Western immunoblot
analysis with a polyclonal antibody to MexB in clinical isolates. Band intensity was quantified using the Scion Image program based on the NIH
Image for Macintosh program. Data are expressed relative to the quantity of MexB in PAOL. Each bar represents the mean + SE of the relative
intensity in three experiments. Solid bars represent quantitation of mexB gene expression by real-time PCR. Data are expressed relative to the
quantity of mexB mRNA in PAOL. Each bar represents the mean * SE of the relative intensity in three experiments. (b) Hatched bars represent
Western immunoblot analysis with a polyclonal antibody to MexY in clinical isolates. Band intensity was quantified using the Scion Image program
based on the NIH Image for Macintosh program. Data are expressed relative to the quantity of MexY in KG4545. Each bar represents the
mean * SE of the relative intensity in three experiments. Solid bars represent quantitation of mexY gene expression by real-time PCR. Data are
expressed relative to the quantity of mex¥ mRNA in KG4545. Each bar represents the mean + SE of the relative intensity in three experiments.

255



130

mexY mRNA than KG4545, while T001, T007, TO08,
and T009 as well as PAO! expressed only very small
amounts of mexY mRNA (Fig. 3(b)). Although
amounts of protein were relatively small considering
those of mRNA in T006, expression patterns of both
mRNA and protein levels were quite similar in all other
clinical strains. These data showed a general trend of in-
creased protein resulting from increased mRNA.

4. Discussion

In this study we developed a quantitative real-time
PCR assay to assess two multidrug efflux pumps in
P. aeruginosa, MexB and MexY, and examined the rela-
tionship between mRNA expression measured by this
real-time PCR and protein expression measured by Wes-
tern blotting. Results obtained with our method, involv-
ing RNA isolation, cDNA synthesis, and quantitative
real-time PCR, were highly reproducible and permitted
precise quantification of minute or substantial amounts
of mexB or mexY mRNA transcripts. Real-time PCR
assay allowing quantification of efflux pump gene tran-
scripts relative to those of the 30S rRNA gene, rpsL,
showed good correlation with MexB and MexY protein
expression in laboratory and clinical strains. This real-
time PCR would appear to be a useful alternative method
for assessing the multidrug efflux pumps MexB and
MexY in P. aeruginosa.

Of the several techniques developed to estimate pro-
tein or mRNA expression, Western blotting is consid-
ered the “gold standard” for quantifying expression of
multidrug efflux pumps in P. aeruginosa. Since this
method is time-consuming and requires specific antibod-
ies not commercially available, it has not been widely
implemented in clinical laboratories. Real-time PCR
has several practical advantages over Western analysis.
First, real-time PCR has great sensitivity and a wide
effective range. Even though the efflux pump proteins
were not detectable in several of our strains, small
amounts of corresponding mRNA could be detected
and measured in all strains. Secondly, real-time PCR
has high throughput and is less labor-intensive than
Western analysis; it is a closed-tube system that does
not require post-PCR handling. In our experience, total
time for specimen processing and analysis is 3-4 h.
Third, our application of real-time PCR has broad
accessibility, being easy to perform in any laboratory
with real-time PCR equipment as long as specific prim-
ers have been prepared. Therefore, real-time PCR is an
attractive method for estimating gene expression for ef-
flux pumps in bacteria.

As protein expression dose not always exactly reflect
mRNA transcription, in case using mRNA expression
profiles to presume the protein expression levels, we first
needs to confirm the closeness of quantitative correla-
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tion of individual proteins with the corresponding
mRNA. For example, while several reports have de-
scribed good correlations between amounts of specific
mRNA and corresponding protein expression [21,22],
exhaustive studies of bacteria or fungi have reported
no significant general correlation between protein and
mRNA abundance [22-24]. As for multidrug efflux
pumps in P. aeruginosa, the few previous studies esti-
mating mRNA expression of these genes by conven-
tional RT-PCR [25], or very recently by real-time PCR
[19,26]. However, these works lacked the validation of
a correlation between amounts of protein and mRNA
expression. We therefore specifically examined this cor-
relation, finding it to be significant for MexB and MexY
in P. aeruginosa. Our results suggest that quantitative
analysis of mRNA by real-time PCR might be a useful
indicator of corresponding MexB and MexY protein
quantities in lieu of Western blotting.

Although mRNA expression correlated well with
protein expression levels in laboratory strains, some
clinical isolates showed subtle discrepancies between
protein and mRNA expression. Many molecular mech-
anisms causing these discrepancies have been reported
to date. Such mechanisms include post-transcriptional
control of the protein translation rate [27], the half-lives
of specific proteins or mRNAs [28], and the molecular
association of the protein products of expressed genes
[29]. Clinical isolates have diverse genetic backgrounds,
unlike laboratory strains that are isogenic with a refer-
ence strain such as PAO1. Heterogeneity in clinical iso-
lates affects above regulatory mechanisms of
transcription, translation, and proteolysis, leading to
the discrepancies. In our study, all discrepancies shown
in T005 or T006 appear likely to involve overall genetic
heterogeneity of the strains, and therefore may be inev-
itable to some degree in clinical isolates.

In conclusion, real-time PCR based on the capillary
format of the LightCycler instrument proved to be a
simple, rapid, sensitive, and specific way to quantify
multidrug efflux pumps in P. aeruginosa. Multidrug
resistance of P. aeruginosa involves on interplay among
multiple resistance mechanisms: p-lactamase, the outer
membrane barrier, and multidrug efftux pumps [30,31];
optimal treatment will require a practical method for
assessing the latter. Clinical laboratories should be able
to estimate expression of these pumps by this method,
permitting optimal choices involving antimicrobial
agents, as well as antibiotics available for use with mul-
tidrug efflux pump inhibitors. '
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