1 AMERICAN Antimicrobial AgentS
B Scirer | and Chemotherapy®

MECHANISMS OF RESISTANCE

L)

Check for
updates

CrpP Is a Novel Ciprofloxacin-Modifying Enzyme Encoded by
the Pseudomonas aeruginosa pUM505 Plasmid

Victor M. Chavez-Jacobo,® Karen C. Hernandez-Ramirez,2 Pamela Romo-Rodriguez,P Rocio Viridiana Pérez-Gallardo,©

Jesiis Campos-Garcia,® J. Félix Gutiérrez-Corona,® Juan Pablo Garcia-Merinos,?
Jesus Silva-Sanchez,9 Martha I. Ramirez-Diaz?

alnstituto de Investigaciones Quimico-Bioldgicas, Universidad Michoacana de San Nicolds de Hidalgo, Morelia,
Michoacén, Mexico

bDepartamento de Biologfa, DCNE, Universidad de Guanajuato, Guanajuato, Mexico

cLaboratorio de Inocuidad Quimica, Centro de Innovacion y Desarrollo Agroalimentario de Michoacan, A.C,
Morelia, Michoacdn, Mexico

dCentro de Investigacion sobre Enfermedades Infecciosas, Instituto Nacional de Salud Publica, Cuernavaca,
Morelos, México

ABSTRACT The pUM505 plasmid, isolated from a clinical Pseudomonas aeruginosa
isolate, confers resistance to ciprofloxacin (CIP) when transferred into the standard P.
aeruginosa strain PAOT. CIP is an antibiotic of the quinolone family that is used to
treat P. aeruginosa infections. In silico analysis, performed to identify CIP resistance
genes, revealed that the 65-amino-acid product encoded by the orf137 gene in
pUM505 displays 40% amino acid identity to the Mycobacterium smegmatis amino-
glycoside phosphotransferase (an enzyme that phosphorylates and inactivates amin-
oglycoside antibiotics). We cloned orf131 (renamed crpP, for ciprofloxacin resistance
protein, plasmid encoded) into the pUCP20 shuttle vector. The resulting recombi-
nant plasmid, pUC-crpP, conferred resistance to CIP on Escherichia coli strain J53-3,
suggesting that this gene encodes a protein involved in CIP resistance. Using cou-
pled enzymatic analysis, we determined that the activity of CrpP on CIP is ATP de-
pendent, while little activity against norfloxacin was detected, suggesting that CIP
may undergo phosphorylation. Using a recombinant His-tagged CrpP protein and
liquid chromatography-tandem mass spectrometry, we also showed that CIP was
phosphorylated prior to its degradation. Thus, our findings demonstrate that CrpP,
encoded on the pUM505 plasmid, represents a new mechanism of CIP resistance in
P. aeruginosa, which involves phosphorylation of the antibiotic.
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uinolones are synthetic antibiotics that constitute an important class of biologically
active, broad-spectrum antibacterial drugs (1). These antibiotics are used in humans to
treat a variety of bacterial infections and represent one of the most commonly prescribed
classes of antibacterial drugs in the world (2). Ciprofloxacin (CIP), a fluoroquinolone, was the
first quinolone to display considerable activity outside the urinary tract (3). Due to the
pharmacological characteristics of CIP, as well as its potency, activity spectrum, oral bio-
availability, and good safety profile, this antibiotic has been extensively used clinically
worldwide (4). Importantly, CIP is the most active quinolone against Pseudomonas aerugi-
nosa and is used to treat infections generated by this bacterium. CIP is also used to treat
infections with various Gram-negative and Gram-positive bacteria and is the most com-
monly prescribed antibacterial drug to date according to guidelines (4, 5).
The mechanism of action of quinolone antibiotics consists of the inhibition of DNA
gyrase and topoisomerase IV (Topo IV), enzymes that modulate the topological state of
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TABLE 1 Results of susceptibility tests

Antimicrobial Agents and Chemotherapy

MIC (pg/ml) for:

P. aeruginosa E. coli
Antibiotic ATCC 27853  PAO1(pUCP20) PAO1(pUC crpP)  PAO1(pUM505)  ATCC 25922  J53-3(pUCP20)  J53-3(pUC_crpP)
Ciprofloxacin 0.5 0.5 0.5 2.0 0.004 0.008 0.06
Levofloxacin 0.5 1.0 1.0 1.0 0.008 0.008 0.008
Norfloxacin 0.5 0.5 0.5 2.0 0.03 0.03 0.03
Moxifloxacin 1.0 2.0 2.0 8.0 0.008 0.03 0.03
Nalidixic acid >256 >256 >256 >256 2.0 8.0 8.0
Kanamycin >256 32 32 32 4.0 4.0 2.0
Streptomycin 8.0 8.0 4.0 4.0 8.0 4.0 4.0
Amikacin 1.0 0.5 0.5 0.5 2.0 1.0 1.0
Gentamicin 0.5 0.5 0.5 0.5 1.0 0.5 0.5

the DNA and are essential for transcription, DNA replication, and the repair/recombi-
nation of DNA (1). These two enzymes display structural and functional similarities;
however, their specific mechanisms of action during DNA replication differ (6). The
quinolones stabilize the cleavage complexes by binding the enzyme-DNA interface in
the cleavage-ligation active site, resulting in the inhibition of DNA ligation (1). There-
fore, the intercalation of quinolones into DNA results in increased cell death (1).

Resistance to quinolones can involve chromosomal gene mutations or may be
plasmid mediated. A correlation between CIP resistance and the number of resistance-
associated alterations in GyrA, GyrB subunits of topoisomerase Il, and ParC and ParE
subunits of topoisomerase IV in P. aeruginosa isolates has been reported previously (7).
In Escherichia coli, mutations in marR (a marA repressor) lead to the MarA-mediated
activation of genes encoding the AcrAB-TolC efflux pump, which plays a major role in
quinolone efflux. The marR mutations also decrease the translation of ompF, a gene
encoding the OmpF outer membrane porin, thus decreasing quinolone influx (4).
Plasmid-mediated quinolone resistance (PMQR) confers decreased susceptibility to
these antibiotics. Some examples of PMQR systems include the Qnr protein, which
prevents quinolone binding to target proteins, and QepA, an efflux pump that de-
creases susceptibility to CIP and norfloxacin (NOR) (4, 6). Moreover, mutations in the
gene encoding the aminoglycoside N-6'-acetyltransferase [AAC(6')-Ib] enzyme, which
confers resistance to aminoglycoside antibiotics, results in a variant [AAC(6')-Ib-cr] that
promotes CIP and NOR resistance (8).

pUM505 is a self-conjugating 123-kbp plasmid isolated from a clinical Pseudomonas
aeruginosa isolate (9). This plasmid carries several adaptive genes, including the umuD
gene (encoding a transcriptional regulator of the SOS response) (10), genes involved in
Pseudomonas virulence (11, 12), and genes that increase plasmid stability (12). The aim
of this work was to identify and study the product of the orf131 (renamed crpP) gene
on pUMS505, which confers resistance to CIP. We show that the mechanism underlying
this resistance to CIP involves CIP phosphorylation.

RESULTS

Quinolone resistance is conferred by the pUM505 plasmid. The pUM505 plas-
mid, originally isolated from a clinical isolate of P. aeruginosa (9), confers resistance to
CIP when transferred into P. aeruginosa strain PU21. This observation suggested that
pUM505 encodes a factor involved in susceptibility to this antibiotic (13). To determine
whether pUM505 confers resistance to other quinolones, the pUM505 plasmid was
transferred into P. aeruginosa strain PAO1, and the antimicrobial susceptibilities to CIP,
NOR, levofloxacin (LVX), moxifloxacin (MXF), and nalidixic acid (NAL) were investigated.
Our results showed that CIP, NOR, and MXF displayed 4-fold higher MICs for P.
aeruginosa PAO1(pUMS505) than for the P. aeruginosa receptor strain PAO1. In addition,
the MIC values for strain PAO1 were similar to those measured for the P. aeruginosa
reference strain, ATCC 27853 (Table 1). These findings indicated that the pUM505
plasmid encodes a protein involved in quinolone resistance.
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FIG 1 Comparison of CrpP to aminoglycoside phosphotransferases. (A) The coding regions and transcriptional directions of the aph,
crpP, and aph(3)-1lb genes from M. smegmatis, the pUM505 plasmid, and P. aeruginosa M18, respectively, are indicated by open arrows,
with the sizes of predicted polypeptides (in amino acids) indicated. Percentages of amino acid identity/similarity for the proteins
compared are given in parentheses; stippled areas of the aph gene from M. smegmatis were not considered for the alignments. Shaded
arrows represent adjacent genes, and the locations of the putative promoters’ sequences are marked by bent arrows. (B) Alignment
of the putative protein encoded by the crpP gene with the APH(3)-llb protein from P. geruginosa M18. Asterisks denote conserved
catalytic residues in the APH(3)-Ilb gene from P. aeruginosa M18. Filled squares indicate conserved catalytic residues identified in the
protein encoded by the crpP gene.

Identification of the crpP gene. In silico analysis of pUM505 failed to identify a
PMQR element (13). Moreover, a BLAST analysis revealed that the protein encoded by
the orf131 gene (RefSeq accession number NC_016138; region, nucleotides 119072 to
119269; renamed crpP, for ciprofloxacin resistance protein, plasmid encoded) shares
40% identity with a 42-amino-acid (42-aa) region of the aminoglycoside phosphotrans-
ferase (APH) from Mycobacterium smegmatis (Fig. 1A). The crpP gene possesses a
putative sigma-70 promoter in the 5’ region and is predicted to encode a 65-aa protein
(Fig. 1A; see also Fig. STA in the supplemental material). In contrast, the APH protein
from M. smegmatis contains 225 aa and is much longer than the protein encoded by
crpP; however, several members of this protein family are smaller. For example, the
79-aa aminoglycoside phosphotransferase [APH(3)-lIb] from P. aeruginosa M18 confers
kanamycin (KAN), gentamicin (GEN), and streptomycin (STR) resistance (14). CrpP and
APH(3)-1lb display a low degree of identity (18%) and 26% similarity (Fig. 1A); however,
CrpP contains two residues conserved in APH enzymes, 7-Gly (involved in catalysis) and
26-lle (involved in ATP binding) (Fig. 1B). Hence, these analyses suggest the product
encoded by the crpP gene may confer resistance to antibiotics.

The protein encoded by crpP confers resistance to CIP. To test whether crpP,
including the 5’ putative regulatory region, is involved in resistance to CIP, the regions
were amplified by PCR and were cloned into the high-copy-number vector pUCP20. The
pUC_crpP recombinant plasmid was transferred into P. aeruginosa strain PAO1, and
susceptibility to CIP was determined. Our results showed that P. aeruginosa strain PAO1
expressing the pUC_crpP plasmid had a level of susceptibility to CIP similar to that
observed with strain PAO1 (Table 1). These results suggest that the crpP product does
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FIG 2 CrpP enzyme kinetics. (A) NADH oxidation rate comparisons for CIP (O) and NOR (®); 2.0 mM each antibiotic was incubated in the
presence of 5.0 ug/ml His-CrpP protein at 37°C for 15 min. NADH oxidation was measured spectrophotometrically at 390 nm. (B)
Michaelis-Menten plots for CIP (O) and NOR (@®). The plot shows the NADH oxidation data. Data are means from four independent
duplicate assays, with standard errors.

not confer significant resistance to quinolones in the genetic background of P. aerugi-
nosa PAO1, a strain known for its intrinsic high resistance to many antibiotics (15).
However, another explanation may be that in PAO1, the crpP gene is not expressed
under the control of its own promoter in the pUC20 vector. To distinguish between
these possibilities, crpP gene expression in cultures of P. aeruginosa PAO1 containing
the recombinant pUC-crpP plasmid was determined by quantitative reverse transcription-
PCR (RT-gPCR) assays. The results showed that the crpP gene was expressed in P.
aeruginosa strain PAO1 (Fig. S1B in the supplemental material). This finding suggested
that this gene is functional in this strain. To determine whether crpP confers suscepti-
bility to quinolones, the more-susceptible E. coli J53-3 bacterial background was used.
MIC assays with E. coli J53-3(pUC_crpP) showed a 7.5-fold decrease in susceptibility to
CIP, while susceptibilities to the other four quinolones tested (LVX, NOR, MXF, and NAL)
did not differ from those of E. coli strain J53-3 (Table 1). Additionally, RT-gPCR analysis
of expression showed that the crpP gene was expressed in this strain (Fig. S1B). These
results indicated that crpP encodes a protein that confers decreased susceptibility to
CIP on E. coli. In addition, the susceptibilities of E. coli J53-3(pUC_crpP) to KAN, STR,
amikacin (AMK), and GEN were similar to those of the E. coli control strain (Table 1),
suggesting that the crpP gene does not confer resistance to these aminoglycosides.
These results indicated that the crpP gene on the pUM505 plasmid encodes a protein
that confers selective resistance to CIP alone.

Enzymatic activity of the CrpP protein. Because our sequence analysis suggested
that crpP encodes a protein that is similar to APH antibiotic-modifying enzymes, we
next determined the in vitro activity of the purified CrpP enzyme. To purify CrpP, the
coding region of crpP was cloned into an overexpression vector, and a recombinant
His-tagged CrpP protein was isolated, as described in Materials and Methods. We first
tested whether the recombinant His-CrpP protein was active in cells in vivo. To this end,
we used isopropyl B-p-1-thiogalactopyranoside (IPTG) to induce overexpression of the
His-CrpP protein in E. coli BL21(pTrcHis-crpP) grown in the presence or absence of CIP.
Upon His-CrpP induction, this strain grew better than the noninduced strain in the
presence of CIP (see Fig. S2 in the supplemental material). This finding suggested that
the N-terminal 6 XHis tag did not alter the activity of the enzyme, and therefore the His
tag was retained as part of the recombinant protein for all subsequent experiments.

To determine the activity of CrpP on CIP, we used a coupled enzymatic assay
involving NADH oxidation (16). In the presence of CrpP, NADH oxidation increases
proportionally with the reaction time (Fig. 2A). Moreover, NADH oxidation also in-
creased proportionally with the amount of protein in the assay (see Fig. S3 in the
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FIG 3 Michaelis-Menten plot of His-CrpP activity on ATP. ATP was incubated at the indicated concen-
trations in the presence of 5 ng/ml His-CrpP protein at 37°C for 15 min, as described in Materials and
Methods. The Michaelis-Menten plot shows the data for NADH oxidation, which was measured spectro-
photometrically at 390 nm. Data are means and standard errors from four independent duplicate assays.

supplemental material), indicating that CIP is a substrate of CrpP. Additionally, we
determined the activity of CrpP on CIP following heat-induced CrpP denaturation. This
resulted in a reduced level of CrpP activity from that of the native protein at the same
concentration (Fig. S3), suggesting that the activity was specific to CrpP and that the
correct structure of the protein is required for its function. Additionally, we analyzed the
effects of pH and Mg2* concentration on CrpP activity. The optimal pH was 7.0, and
optimal CrpP activity was observed when 10 mM MgCl, was used (see Fig. S4 in the
supplemental material).

The MICs indicated that crpP confers resistance to CIP only, suggesting an enzymatic
activity that is specific to this antibiotic; thus, we analyzed the catalytic activity of CrpP
against NOR, LVX, MXF, and NAL. We observed a lower level of CrpP activity when NOR was
used as a substrate than when CIP was used (Fig. 2A), and no activity against LVX, MXF, or
NAL was observed (see Fig. S5 in the supplemental material). These results are consistent
with the susceptibility to quinolones observed by measuring MICs (Table 1) and suggest
that the low level of CrpP activity on NOR does not enable detection of a decreased
susceptibility to this antibiotic in E. coli. Moreover, CrpP cannot use aminoglycosides, such
as KAN and STR, as substrates, suggesting that CrpP is specific for CIP and NOR (Fig. S5).

We also estimated the apparent kinetic constants of CrpP for CIP and NOR (Fig. 2B).
We detected a K,,, of 0.5483 * 0.2762 mM and a V,,,, of 2.071 = 0.3745 pumol/min for
CIP and a K,,, of 0.4192 = 0.2208 mM and a V,,,,,. of 0.2989 = 0.4965 pmol/min for NOR.
The V,.../K,, ratio was approximately 5-fold higher for CIP than for NOR (3.77 for CIP
versus 0.713 for NOR). These in vitro results demonstrated that CrpP is less efficient at
utilizing NOR than it is at utilizing CIP as a substrate. In addition, when ATP was used
as the variable cosubstrate, CrpP activity changed as a function of the ATP concentra-
tion (Fig. 3), indicating that the activity of CrpP was ATP dependent. This further
suggested that the mechanism underlying CrpP function involves phosphorylation,
considering that APHs catalyze the transfer of a phosphate group to the aminoglyco-
side molecule, and several of these enzymes use ATP as the phosphate donor group
(17). Taken together, these results indicated that CrpP confers a selective resistance to
CIP, probably through a mechanism involving phosphorylation.

To elucidate the mechanism of resistance to CIP, metabolite analysis was performed
in vitro using liquid chromatography-tandem mass spectrometry (LC-MS-MS). When
CIP was incubated with the His-CrpP protein, three peaks of interest, with retention
times of 0.7, 2.18, and 3.84 min, were observed. These peaks were not observed in the
chromatogram of the reaction in the absence of His-CrpP or ATP (Fig. 4A and B),
suggesting a modification of the CIP molecule. Analysis of the peak with a retention
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time of 0.7 min clearly indicated the presence of a molecular ion corresponding to
CIP-ATP (m/z 820) (Fig. 4C). In addition, several intermediary molecular ions were also
identified, such as those with m/z 507, m/z 427, m/z 411, m/z 347, and m/z 331; the last
ion corresponds to the CIP molecule (Fig. 4D). To better understand the mechanism of
CIP inactivation, we analyzed the peaks showing retention times of 2.18 and 3.84 min
(Fig. 4A). We detected mass ions corresponding to metabolites produced following
fragmentation of the molecule. We propose that CIP is first activated by the binding of
the ATP molecule (m/z 820), followed by phosphorylation of the molecule, confirmed
by the presence of CIP monophosphate (m/z 411) (Fig. 4E). In addition, infrared
spectroscopy assays showed that His-CrpP induced changes in the intensities of the
characteristic absorption bands of the carboxyl group in the 2,500-to-3,300 cm~—7,
1,200-to-1,420 cm~", and 1,781 cm~" regions, as well as in the 1,675 cm~" absorption
band, which corresponds to the vibration of the ketone carbonyl group at C-3 of the CIP
molecule (see Fig. S6 in the supplemental material). This result agrees with the modification
of CIP determined by LC-MS-MS, suggesting that CIP is phosphorylated on the carboxyl
group. Additionally, these results suggest that the entire structure of CIP is important for
CrpP function, since the carboxyl group is part of the central ring system in the quinolones,
but CrpP did not show activity against other quinolones. A probable explanation for these
results is that LVX and MXF contain oxygenated groups at position 8 of the central ring
system in the quinolones, which can provide activation on the aromatic moiety, resulting
in a higher electronic density in this part of the molecule. Meanwhile, the ethyl group of
position 1 of the central ring of the quinolones in NOR could inject less electron density on
the nitrogen atom than the cyclopropyl group present in CIP, producing, as a result, greater
reactivity on the carboxyl group in CIP than in the other quinolones. In addition, metabolite
analysis when CIP was incubated with crude extracts of an E. coli strain overexpressing the
His-CrpP protein and ATP showed peaks corresponding to several degradation intermedi-
aries of the phosphorylated CIP (CIP-P) molecule. These included molecular ions such as
those with m/z 305, m/z 290, m/z 265, m/z 244, m/z 229, m/z 203, and m/z 131 (Fig. 4E; see
also Fig. S7 in the supplemental material), suggesting that after CIP phosphorylation, the
molecule is degraded.

DISCUSSION

The pUM505 plasmid is a conjugative plasmid isolated from a clinical isolate of P.
aeruginosa (9). pUM505 carries different genes, which encode proteins involved in
metal resistance, DNA repair, virulence, and plasmid stability (10-13). Additionally,
pUM505 conferred CIP resistance on P. aeruginosa PU21 (13), suggesting that pUM505
contains genes responsible for quinolone resistance. Because in silico analysis of the
pUM505 genes did not initially identify genes previously implicated in quinolone
resistance (13), these data suggested that the CIP resistance transferred by pUM505
could be conferred by genes not previously reported. The bacterial resistance to
quinolones reported to date may involve chromosomal gene mutations or may be
plasmid mediated (4, 6). In addition, these systems could provide resistance against
several quinolones. For example, the QepA efflux pump decreases susceptibility to CIP
and NOR (4, 6). For this reason, we determined whether pUM505 could confer resis-
tance to other quinolones. The results showed that pUM505 confers decreased sus-
ceptibility to the fluoroquinolones CIP, NOR, and MXF in P. aeruginosa strain PAO1. To

FIG 4 LC-MS-MS analysis of metabolites following CIP inactivation. (A and B) Representative chromato-
grams correspond to reaction mixtures containing the His-CrpP protein in the presence of CIP and ATP
(A) or in the absence of ATP (B). The reactions were conducted as described in Materials and Methods.
Arrows indicate peaks showing CIP structures (retention times of 0.7 min, 2.18 min, 3.0 min, and 3.84
min). (C) Representative mass fragmentation profile corresponding to the peak with a 0.7-min retention
time. Capital letters above the peaks indicate the molecular ions that correspond to fragmented
molecules derived from the ciprofloxacin-ATP molecule. Peak A (m/z 820) corresponds to the CrpP-ATP
molecular ion. (D) Structure analysis of the mass fragmentation profile from panel C. (E) Reaction
mechanism of CIP inactivation/fragmentation by the His-CrpP protein. The structures and m/z ratios were
subtracted from the mass fragmentation profiles of peaks with retention times of 0.7, 2.18, and 3.84 min
shown in panel A. Mass fragmentation profiles are shown in Fig. S7 in the supplemental material.
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elucidate the molecular elements involved in fluoroquinolone resistance by pUM505, a
new in silico analysis of the genes carried by this plasmid was conducted. We identified
the 65-aa protein encoded by the crpP gene as a unique protein that shares sequence
similarity with other proteins involved in resistance to antibiotics. CrpP displayed low
identity (18%) to the APH-llb enzyme from P. ageruginosa M18. The APH-llb enzyme
confers KAN, GEN, and STR resistance by transferring the phosphoryl group of ATP to
the 3-hydroxyl groups of these antibiotics (14, 18). However, while APH enzymes share
low (20 to 40%) sequence identity (18), they contain important conserved motifs,
particularly at the C terminus, which is primarily responsible for catalysis and amin-
oglycoside binding. In addition, the ATP-binding domain is mainly located at the N
terminus (18). The CrpP protein does not possess the catalytic motifs reported for APH
enzymes, although it contains two conserved catalytic residues, 7-Gly (involved in
catalysis) and 26-lle (involved in ATP binding). In addition, it has been reported that the
sequences of the catalytic and ATP-binding domains differ between individual APH
enzymes and between APH subfamilies (18). Thus, the CrpP protein may confer
resistance to antibiotics, while variability in the protein sequence (relative to those of
APH enzymes) may promote the recognition of specific substrates.

The presence of the crpP gene did not decrease the quinolone susceptibility of P.
aeruginosa strain PAO1, possibly because this strain has intrinsic high resistance to
many antibiotics (15). However, the transfer of pUM505 to P. aeruginosa PAO1 was able
to confer decreased susceptibility to CIP, NOR, and MXF. These results suggested that
pUM505 might encode, in addition to the crpP gene, several mechanisms of resistance
that, together, could increase Pseudomonas resistance to quinolones. It has been
reported that PMQR elements [Qnr proteins, the AAC(6')-Ib-cr enzyme, or the OgxAB,
QepA1, and QepA2 efflux pump proteins] could confer reduced susceptibility to
quinolones; for example, the AAC(6')-Ib-cr enzyme increased MIC levels against E. coli
4-fold (19). However, PMQR systems are not mutually exclusive and together can confer
lower levels of susceptibility to quinolones (1). Transferring crpP to E. coli J53-3
decreased the susceptibility of this strain to CIP, but not to NOR, MXF, LVX, NAL, or the
aminoglycosides KAN, STR, AMK, and GEN. These results indicate that crpP encodes a
protein that selectively confers resistance to CIP on E. coli. The capacity to confer
selective resistance to an antibiotic is not uncommon; it is well known that APH
enzymes from the same family display variable aminoglycoside resistance profiles (18).
APH(3’) enzymes phosphorylate KAN and neomycin, but they tend to differ in their
specificities for other aminoglycosides (18). Furthermore, AAC(6') enzymes differ in
their activities against AMK and GEN C1 (17).

The in vitro activity of the purified CrpP enzyme on CIP was determined in order to
understand the mechanistic involvement of this enzyme in CIP resistance. CrpP showed
enzymatic activity toward CIP and NOR when they were used as substrates. No activity
toward LVX, MXF, NAL, or the aminoglycosides KAN and STR was observed, suggesting
that CrpP is specific for CIP and NOR. Determination of kinetic parameters indicated
that the K,,, values for CIP and NOR were similar, although the V, . for CIP was >7 times
higher than that for NOR. The V,,../K,, ratio was approximately 5-fold higher for CIP
than for NOR, which could explain why E. coli transformed with the P. aeruginosa crpP
gene did not show decreased NOR susceptibility. The APH family includes several
members that are differentiated based on their substrate specificities or resistance
phenotypes. Thus, members of this family confer resistance to specific antibiotics (20).
Similar results were obtained by using the AAC(6')-lb-cr enzyme, which was more
efficient at modifying KAN than CIP, suggesting its different specificities for different
antibiotics (8). Moreover, CrpP used ATP as a variable cosubstrate, indicating that the
activity of CrpP was ATP dependent. This further suggested that the mechanism
underlying CrpP function involves phosphorylation, since APHs catalyze the transfer of
a phosphate group to the aminoglycoside molecule, and several of these enzymes use
ATP as the donor of the phosphate group (17).

In addition, in vitro CIP metabolite analysis using LC-MS-MS suggested that a
modification of the CIP molecule occurred, in agreement with the infrared spectroscopy
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results. Our analysis revealed the presence of a molecular ion corresponding to CIP-ATP
(m/z 820) and several intermediaries of the fragmented CIP-ATP molecule. These
analyses enable us to propose that CIP is first activated by binding to the ATP molecule,
followed by phosphorylation and degradation. The AAC(6')-Ib-cr protein from E. coli is
the only CIP-modifying enzyme described to date. This enzyme is a variant of the
aminoglycoside acetyltransferase enzyme AAC(6')-Ib, an acetyltransferase that confers
resistance to aminoglycosides such as KAN, AMK, and tobramycin (8). The AAC(6’)-Ib-cr
protein confers reduced susceptibility to CIP by decreasing the activity of this antibiotic
via N-acetylation at the amino nitrogen on its piperazinyl substituent (8). Therefore,
CrpP may represent a novel protein with specific enzymatic activity against CIP.

In summary, our results show that crpP encodes a novel protein capable of specif-
ically conferring resistance to CIP in E. coli through an ATP-dependent mechanism that
involves phosphorylation of the antibiotic.

MATERIALS AND METHODS

Bacterial strains and culture media. P. aeruginosa strain PAO1 (21) and E. coli strains JM101 (22) and
J53-3 (F~ Met~ Pro~ Riff) (23) were used as recipient strains for recombinant plasmids or susceptibility
tests. The P. aeruginosa(pUM505) strain, expressing the pUM505 plasmid (Hgr Cr) (24), was used to
evaluate quinolone resistance, as well as representing a DNA donor of pUM505. The E. coli BL21-
CodonPlus(DE3)-RP strain (Stratagene, San Diego, CA, USA) was used for protein overexpression. The
following culture media were used: nutrient broth (NB), Luria-Bertani (LB) broth (for solid media, 1.5%
agar was added) (25), and M9 minimal salts medium (Sigma, St. Louis, MO, USA) supplemented with 20
mM glucose, 0.1 mM CaCl, 2.0 mM MgSO,, and 0.1% casein peptone. When necessary, ampicillin (AMP)
(100 pg/ml) or carbenicillin (CAR) (400 ug/ml) was added to agar plates.

Bacterial growth and susceptibility tests. Bacterial cultures were obtained by diluting overnight
cultures 1:50 in tubes containing 4 ml of fresh medium. The MICs for CIP, LVX, NOR, MXF, and
aminoglycosides were obtained by broth microdilution in Mueller-Hinton medium according to the CLSI
recommendations (26). The P. aeruginosa ATCC 27853 and E. coli ATCC 25922 strains were used as
reference strains for antibiotic susceptibility testing.

Cloning of crpP. The crpP gene was PCR amplified from the pUM505 plasmid using the following
oligonucleotides: forward, 5'-CAACATGATGAATTCTACCGGAAAC-3’; reverse, 5'-GAGAAATGAAGCTTGCG
TTGTT-3" (designed with EcoRI and Hindlll endonuclease sites [underlined], respectively). The PCR
fragment was purified, cloned into the pJET1.2/blunt vector (Thermo Fisher Scientific, Waltham, MA, USA), and
transferred to E. coli strain JM101 by electroporation; the transformants were selected on LB agar plates
containing AMP. The DNA fragment containing crpP was obtained by digestion with EcoRI and Hindlll and
was subcloned into the corresponding sites of the pUCP20 shuttle vector (27). The resulting recombinant
pUC_crpP plasmid was transferred to the P. aeruginosa PAO1 and E. coli J53-3 strains by electroporation, and
transformants were selected on LB agar plates using CAR or AMP, respectively.

RT-qPCR assays. Total RNA from bacterial cells grown in LB medium was isolated by utilizing the Tri
reagent (Molecular Research Center, Inc,, Cincinnati, OH, USA). After treatment with RQ1 RNase-free
DNase (Promega, Madison, WI, USA), RNA was quantified by spectrophotometric analysis at 260 nm.
Oligonucleotide primers and hydrolysis probes for RT-qPCR of the crpP gene and the 16S rRNA reference
genes (listed in Table S1 in the supplemental material) were designed employing Biosearch Technologies
software and were purchased from Biosearch Technologies (Novato, CA, USA). The crpP and 16S rRNA
genes were amplified using the 5’ exonuclease probe RT-qPCR method. RT-qPCR was performed with
total-RNA samples (500 ng) and the SuperScript Ill Platinum One-Step RT-gPCR reagent kit (Thermo
Fisher Scientific, Waltham, MA, USA) on the LightCycler 480 Il system (Roche Molecular Diagnostics,
Pleasanton, CA, USA). Amplification signal curves were analyzed at absorption wavelengths of 530 nm.
Appropriate positive and nontemplate controls were included in each test run. The relative expression
of the crpP gene was normalized to expression values obtained from 16S rRNA genes from P. aeruginosa
(GenBank accession number AE004091; region, nucleotides 722096 to 723631) or E. coli (GenBank
accession number AJ605115). Relative gene expression was estimated via the classical calibration dilution
curve and slope calculation. A 5-fold dilution series (500 to 0.05 ng total RNA) was prepared and was
utilized as samples in the RT-gPCR. Efficiency (E) was obtained from standard curves utilizing the formula
E = (1-1/slope — 1) X 100. Relative expression levels were determined with the efficiency correction
method, which takes into account amplification efficiencies between target and reference genes (28).

Genetic techniques and sequence analysis. General molecular genetics techniques were used
according to standard protocols (25). The cloning process was verified by DNA sequencing and was
conducted at Elim Biopharmaceuticals, Inc. (Hayward, CA, USA). Protein sequences were aligned using
the ClustalW2 package (http://www.ebi.ac.uk/Tools/msa/clustalw2/). Sequence similarities in protein and
DNA databases were searched using the blastp and blastx programs (http://blast.ncbi.nlm.nih.gov/Blast
.cgi). Potential promoter sequences were searched using Neural Network Promoter Prediction software
(http://www.fruitfly.org/seq_tools/promoter.html).

Overexpression and purification of CrpP. The crpP coding region was PCR amplified using pUM505
plasmid DNA as a template and the 5'-ACGAGGGATCCTGTGTCAAAG-3’ forward and 5'-AGCGGGATCA
AGCTTAAATCGA-3' reverse oligonucleotides, designed with BamHI and Hindlll endonuclease sites
(underlined), respectively. The amplified fragments were cloned into the pJET1.2/blunt vector, and the
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recombinant plasmids were transferred by electroporation into E. coli strain JM101; transformants were
selected on LB agar plates using AMP. The crpP coding region was obtained by digestion with the BamHI
and Hindlll enzymes, purified, and subcloned into the corresponding restriction sites of the pTrcHisC
vector (Thermo Fisher Scientific). The recombinant pTrcHis-crpP plasmid encodes the His-CrpP recom-
binant protein of ~11 kDa, possessing a 6XHis tag at the N terminus. The clones were validated by
sequencing with the pTrcHis forward primer (Thermo Fisher Scientific). The recombinant plasmids were
transferred by electroporation into the E. coli BL21-CodonPlus(DE3)-RP strain, and transformants were
selected on LB agar plates using ampicillin. Overnight cultures of E. coli BL21(pTrcHis-crpP) were diluted
at a 1:50 ratio into 250 ml of fresh NB medium and were cultured at 37°C with shaking until the optical
density at 590 nm (OD,,,) reached 0.5. Overexpression of the His-CrpP protein was induced with 0.5 mM
IPTG, and the culture was incubated for 6 additional hours. Cells were harvested by centrifugation, and
the pellets were suspended in a loading buffer composed of 25 mM Tris (hydroxymethyl) amino
methane-HCI (pH 6.8), 1% sodium dodecyl sulfate (SDS), 0.35 mM B-mercaptoethanol, 12.5% glycerol,
and 0.005% bromophenol blue, after which they were heated for 5 min at 95°C. His-CrpP overexpression
was verified on a 17% SDS-PAGE gel using a Tris-glycine buffer.

His-CrpP protein was purified as described by Watanabe and Takada (29). Cells were disrupted by
sonication until the solution was clarified, and the debris was removed by centrifugation. The superna-
tant was loaded onto a nickel-nitrilotriacetic acid (NTA) resin (Qiagen, Venlo, The Netherlands) and was
packed into a column. His-CrpP was recovered by elution with 200 mM imidazole, as described by Aranda
et al. (30). The purification was monitored by 17% SDS-PAGE.

Phosphorylation assays. Phosphorylation of quinolones (CIP, NOR, LVX, MXF, and NAL) or amin-
oglycosides (KAN and STR) by CrpP was monitored with a coupled assay using pyruvate kinase-lactate
dehydrogenase, as described by Kramer and Matsumura (16), with the following modifications. We
incubated 0.25, 0.5, 0.75, 1.0, 1.5, or 2.0 mM quinolone with 5.0 ug/ml of His-CrpP protein in a total
volume of 1 ml of assay buffer (50 mM Tris [pH 7.6], 40 mM KCI, 10 mM MgCl,, 0.25 mg/ml NADH, 2.5
mM phosphoenolpyruvate, and 2.0 mM ATP) and 5.0 ul of pyruvate kinase-lactate dehydrogenase (600
to 1,000 um/ml pyruvate kinase or 900 to 1,400 um/ml lactate dehydrogenase [Sigma]) in a quartz
cuvette (catalog no. 14-385-914A; Thermo Fisher). The mixtures were incubated at 37°C for 15 min. The
oxidation of NADH was determined by monitoring the absorbance at 340 nm with an Amersham
Biosciences Ultrospec 4300 pro UV/visible spectrophotometer (Amersham, UK). In this coupled assay
system, the amount of ADP released is monitored at 340 nm through coupling with NADH oxidation. The
data were plotted using nonlinear regression, the Michaelis-Menten model, and the least-squares
method. GraphPad Prism software, version 5.01 for Windows, was used. Additionally, the activity of the
His-CrpP protein on CIP was analyzed after its denaturation by heating at 95°C for 15 min, and the
oxidation of NADH was determined as described above. To determine the optimal pH for CrpP activity,
the pH of the reaction mixture was adjusted to 6.0, 6.5, 7.0, 7.5, or 8.0. Moreover, to analyze the effect
of the Mg2* concentration on CrpP activity, the MgCl, concentration in the reaction mixture was
modified to 5.0, 10.0, or 15.0 mM. Next, 0.5 mM fluoroquinolone was incubated with 5.0 wg/ml of
His-CrpP protein in a total volume of 1 ml for each reaction mixture, and the oxidation of NADH was
determined. Six independent assays with two replicates per experiment were conducted.

Analytical methods. To determine whether CIP is modified by CrpP, LC-MS-MS analysis was conducted.
Thus, 5.0 mM CIP was incubated with 5.0 ug/ml of His-CrpP protein for 1 h at 37°C, in the presence or absence
of 2.0 mM Mg-ATP (Sigma), in buffer R (50 mM HEPES [pH 7.0], 40 mM KCl, 10 mM MgCl,) in a total volume
of 1 ml. Next, the samples were centrifuged at 13,700 X g and were filtered using a 0.2-um Millipore (Billerica,
MA, USA) membrane. The LC-MS-MS system consisted of an Acquity ultraperformance liquid chromatogra-
phy (UPLC) column and a Xevo TQ-S instrument (Waters, Milford, MA, USA).

LC-MS-MS measurement was carried out as follows. One microliter of the standard solution or previously
filtered samples was injected into a reversed-phase LC column (Acquity UPLC BEH C,4 column; particle size,
1.7 wm; inside diameter, 2.1 mm; length, 50 mm). CIP was eluted from the column using the following
conditions: water containing 0.01% formic acid (A) and 100% acetonitrile (B). Elution was begun with 100%
A-0% B followed by a linear gradient to 90% A-10% B (until 0.25 min), followed by 40% A-60% B (until 3.50
min), and finally by 100% A-0% B (until 4.50 min) plus 1 min for equilibration. A flow rate of 0.4 ml/min was
used. A column temperature of 40°C was maintained, while the temperature of the samples in the autosam-
pler was 10°C. For detection, a Xevo TQ-S instrument was used in the scan and multiple-reaction monitoring
(MRM) modes. Scanning was carried out from 30 to 1,000 m/z with a 0.2-s scan time, a 40-V cone voltage, in
the positive-ionization mode. For the MRM mode, the specific parameters for the MS-MS transition were as
follows. For CIP transition, there was a precursor ion of m/z 332.2 and product ions of m/z 245.2, 288.3, and
314.2 with collision energies of 25, 15, and 20 V, respectively. The cone voltage (V) was 5 V, and the dwell time
was 0.020 s. All three transitions were measured using a capillary voltage of 2.20 kV, a desolvation temperature
of 500°C, a desolvation gas flow (N,) of 800 liters/h, a cone gas flow of 50 liters/h, and a nebulizer gas flow
of 7.0 X 10° Pa. The calculations were performed using the ratios of the peak areas of the quantified transition
components of CIP.

Additionally, samples obtained under the conditions described above were analyzed by infrared
spectroscopy, and the spectra were recorded using a Nicolet iS10 spectrophotometer (Thermo Scientific)
and the attenuated total reflection (ATR) technique (31).
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