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ABSTRACT

Through the use of molecular and biochemical experiments and bioinformatic tools, this work demon-
strates that the PA4921 gene of the Pseudomonas aeruginosa PAO1 genome is a gene responsible for
cholinesterase (ChoE) activity. Similar to the acetylcholinesterase (AchE) of Zea mays, this ChoE belongs
to the SGNH hydrolase family. In mature Chok, i.e., without a signal peptide, 18Ser, 78Gly, 127N, and 268H
are conserved aminoacyl residues. Acetylthiocholine (ATC) and propionylthiocholine (PTC) are substrates
of this enzyme, but butyrylcholine is an inhibitor. The enzyme also catalyzes the hydrolysis of the artifi-
cial esters p-nitrophenyl propionate (pNPP) and p-nitrophenyl butyrate (pNPB) but with lower catalytic
efficiency with respect to ATC or PTC. The second difference is that pNPP and pNPB did not produce inhi-
bition at high substrate concentrations, as occurred with ATC and PTC. These differences plus preliminary
biochemical and kinetic studies with alkylammonium compounds led us to propose that this enzyme is
an acetylcholinesterase (AchE) or propionylcholinesterase. Studies performed with the purified recom-
binant enzyme indicated that the substrate saturation curves and the catalytic mechanism are similar to
those properties described for mammalian AchEs. Therefore, the results of this work suggest that the P.

aeruginosa ChoE is an AchE that may also be found in Pseudomonas fluorescens.

© 2011 Elsevier GmbH. All rights reserved.

1. Introduction

Cholinesterases (ChoEs) are serine hydrolases that catalyze
the hydrolysis of choline esters and are classified according to
their substrate specificities, e.g., acetylcholine acetylhydrolase or
acetylcholinesterase (AchE) (EC 3.1.1.7), acylcholine acylhydrolase,
propionylcholinesterase, and butyrylcholinesterase (EC 3.1.1.8).
AchEs are widely distributed in animals and are present in ner-
vous tissues and muscles, where they are responsible for the
hydrolysis of acetylcholine. AchEs are also present in the mem-
branes of noncholinergic tissues and in biological fluids (Cousin
et al. 1996). AchEs have also been described in plants (Sagane
et al. 2005). These AchEs belong to the lipase (GDSL) family and
are not related to the family of animal o/ hydrolases (Sagane
et al. 2005). In invertebrates, the described ChoE activities gener-
ally exhibit poor substrate specificities and highly variable kinetic
behaviors (Talesa et al. 1993). In addition, ChoE activities have
been detected in the fungi Aspergillus and Penicillium spp. (Lobanok
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et al. 1993). In prokaryotes, enzymes with ChoE activities have
been reported in Pseudomonas fluorescens (Rochu et al. 1998), Pseu-
domonas aeruginosa (Tani et al. 1975; Garber and Nachshon 1980;
Lisa et al. 1983), Pseudomonas aurantiaca (Velikanov et al. 1975),
Arthrobacter ilicis (Mohapatra and Bapuji 1998), and Aeromonas
hydrophila (Nieto et al. 1991).

In previous works, we reported that P. aeruginosa grown in
media containing only choline, betaine, dimethylglycine or carni-
tine as one or the sole source of carbon and nitrogen synthesize
ChoE, acid phosphatase (PchP), and hemolytic phospholipase C
(PlcH) activities (Lisa et al. 1983, 2007; Lucchesi et al. 1989, 1995;
Domenech et al. 1991). These three proteins, ChoE, PchP, and PIcH
act as a system to acquire nutrients to meet the metabolic needs of
the pathogen. The relationship between the catalytic activities of
PlcH and PchP in obtaining choline and inorganic phosphate was
described in our previous report (Lisa et al. 2007). Choline uptake
occurs through various specific and nonspecific transporter sys-
tems (Malek et al. 2011). Inside cells, choline is metabolized to
produce nitrogen, carbon and energy for bacterial growth (Kortstee
1970; Lisa et al. 2007; Wargo et al. 2008). Based on the catalytic
action of P. aeruginosa ChoE (acetylcholine hydrolysis), prior study
of the kinetic properties of this enzyme (Domenech et al. 1991),
and the high acetylcholine concentration in the corneal epithelium
(Pesin and Candia 1982), it has been suggested that ChoE may be
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considered a pathogenic factor that contributes to corneal infection
by P. aeruginosa (Domenech et al. 1991). Bacterial ChoE studies have
described some of its biochemical properties; however, the gene
that encodes the bacterial ChoE enzyme has never been located
in bacterial genomes. Therefore, the aims of this work were the
identification of the gene encoding ChoE in P. aeruginosa and the
biochemical characterization of this ChoE to determine whether it
is also an AchE.

2. Materials and methods
2.1. Bacterial strains and growth conditions

P. aeruginosa PAO1 wild-type (WT), P. aeruginosa PAO1-
APA1342, P. aeruginosa PAO1-APA4921 (AchoE) and P. fluorescens
Pf-5, Pseudomonas putida KT2440 and Pseudomonas syringae
DC3000 strains were cultured in Luria-Bertani (LB) medium
(Sambrook and Russell 2001) or high phosphate basal salt medium
(HPi-BSM) supplemented with 20 mM choline, as has been previ-
ously described (Lucchesi et al. 1989, 1995; Domenech et al. 1991).
Escherichia coli DH5a and BL21-CodonPlus were cultured in LB.
The deletion mutant strains PAO1-AchoE and PAO1-APA1342 were
constructed by the methods of Choi and Schweizer (2005). Liquid
cultures were routinely incubated at 37 °C with shaking. Antibiotics
were used in growth media as follows: for E. coli, 100-150 p.g/mL
ampicillin, 30 p.g/mL kanamycin, 15 pg/mL gentamycin, and for P.
aeruginosa, 60 pg/mL gentamycin and 200 pg/mL carbenicillin.

2.2. Chemicals

Acetyl- (ATC), propionyl- (PTC), butyrylthiocholine iodide (BTC),
p-nitrophenyl propionate (pNPP) and p-nitrophenyl butyrate
(pNPB), choline chloride, butyrylcholine iodide, decamethonium
bromide, procaine hydrochloride, atropine sulfate, trimethylamine
hydrochloride (T3MA), tetraethylammonium bromide (T4EA),
tetramethylammonium chloride (T4MA), and 5,5'-dithiobis (2-
nitrobenzoic acid) (DTNB) were purchased from Sigma-Aldrich
(USA). Cupric sulfate and potassium ferricyanide were purchased
from Mallinckrodt (USA). Dimethyl sulfoxide was from Sintorgan
(Argentine). All other reagents were of an analytical grade and
were obtained from various sources. All mass spectrometry (MS)
reagents were HPLC grade.

2.3. Steps to obtain a pure P. aeruginosa ChoE protein spot to
perform MALDI-TOF

Various steps were necessary to perform the matrix-assisted
laser desorption ionization/time-of-flight mass spectrometry
(MALDI-TOF) analyses. Initially, P. aeruginosa wild-type was
employed. However, after discovering that the spot from the 2D-
PAGE that contained the ChoE activity was contaminated with
another protein (PA1342), all steps were performed with the
deletion mutant, P. aeruginosa PAO1-APA1342, and there were:
(i) Ammonium sulfate precipitation: periplasmic proteins from P.
aeruginosa grown in HPi-BSM supplemented with 20 mM choline
were isolated as previously described (Ames et al. 1984). The
extracts, which contained 0.5-0.6U/mg protein of ChoE activ-
ity, were precipitated with 90% (wt/v) ammonium sulfate and
then suspended and dialyzed against 10 mM HCI-Tris buffer (pH
8.0). (ii) Protein separation using an alkylammonium column: frac-
tions containing 1mg of dialyzed proteins were applied to a
Q-Sepharose column (15 mm x 200 mm; Sigma) equilibrated with
10 mM Tris-HCl buffer (pH 8.0). (iii) Denaturation of protein extracts
and two-dimensional polyacrylamide gel electrophoresis (2D-PAGE).
The ChoE activity found in the flow-through fraction, which was

20% of the initial protein with a specific activity of approxi-
mately 3U/mg, was precipitated with 15% (v/v) trichloroacetic
acid for 45 min (4 °C). Precipitated proteins were desalted by five
washes with 1 mL of cold acetone. Before 2D-PAGE, the pellet was
dried and mixed with 7M urea, 2M thiourea, 4% (w/v) 3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulfonate, 2 mM
tributylphosphine, 2% (v/v) ampholytes, and 60 mM dithiothre-
itol, as previously described (Salazar et al. 2010). (iv) Renaturation
and specific staining of ChoE: the denatured ChoE obtained in step
(iii) was renatured by washing the gel three times with 10 mM
Tris—HCI buffer (pH 8.0) and 5% (v/v) Triton X-100, as previously
described (Lacks and Springhorn 1980). Detection of ChoE activity
on the polyacrylamide gel was performed according to Karnovsky
and Roots (K&R) staining (Karnovsky and Roots 1964), utilizing
33 mg/mL potassium ferricyanide and 0.5 mM ATC. (v) Prepara-
tion of the sample for MALDI-TOF analysis: the K&R positive spot
was selected and excised manually. Both portions of the gel (the
spot and remainder gel) were fixed with water/methanol/acetic
acid (50:40:10) and completely discolored by repeated washings
using 40 mM EDTA (pH 8.0). The gels were stained with colloidal
Coomassie G-250, and the selected spot was prepared for mass
spectrometry analysis as described below.

2.4. Proteomic experiments

The selected spots from preparative 2-D PAGE was excised and
processed automatically using the Proteineer SP spot picker and
DP digestion robots (Bruker Daltonics, Billerica, MA) following the
manufacturer’s instructions, as previously described (Encarnacién
et al. 2005). The excised spots were deposited into a 96-well digest
adapter, digested using a DP Chemical kit (Bruker Daltonics, Bil-
lerica, MA), and automatically spotted onto the MALDI target.
Mass spectra were obtained using a Bruker Daltonics Autoflex
(Bruker Daltonics Bellerica, MA, USA) operated in delayed extrac-
tion and reflectron mode. The spectra were externally calibrated
using a peptide calibration standard (Bruker Daltonics 206095). The
MASCOT server 2.0 search engine was used to compare protein fin-
gerprints against the NCBI database (release 2011-01) using the
following parameters: TAXON-Bacteria (Eubacteria), mass toler-
ance up to 100 ppm, no missed cleavage allowed, carbamidomethyl
cysteine as the fixed modification and oxidation of methionine as
the variable modification.

2.5. DNA manipulations and primers

DNA manipulations and PCR amplifications were performed
as previously described by Choi and Schweizer (2005) and
Sambrook and Russell (2001). Chromosomal and plasmid DNA
purifications were performed using the QIAamp DNA and QIAprep
Mini-Spin kits (Qiagen), respectively. The specific primers uti-
lized for the deletion mutants were as follows: UpF4921-Gw:
5’-TACAAAAAAGCAGGCTtgggttcttcacc aagtc-3/, UpR4921-Gm:
5'-TCAGAGCGCTTTTGAAGCTAATTCGttgaagacctggttgc gaca-3/,
DnF4921-Gm: 5'-AGGAACTTCAAGATCCCCAATTCGttttcatgcagcggat
cgct-3/, and DnR4921-Gw: 5-TACAAGAAAGCTGGGTaccagatgcag-
ttcaacacc-3' for the PAO1-A4921 strain; UpF1342-Gw: 5'-
TACAAAAAAGCAGGCTttcggcaagcacga tactct-3', UpR1342-Gm:
5'-TCAGAGCGCTTTTGAAGCTAATTCGgtgccggtttccttgat ctt-3/,
DnF1342-Gm: 5'-AGGAACTTCAAGATCCCCAATTCGaagggcctgaacct-
caactt-3’and DnR4921-Gw: 5'-TACAAGAAAGCTGGGTtcaatcggttgc-

agacactg-3’ for the PAO1-A1342 strain. The common
primers utilized were as followed: Gm-F: 5-CGAA
TTAGCTTCAAAAGCGCTCTGA-3’; Gm-R: 5-CGAATTGGGGATC-

TTGAAGTT CCT-3’; GW-attB1: 5-GGGGACAAGTTTGTACAAAAAA-
GCAGGCT-3’; GW-attB2: 5'-GGGGACCACTTTGTACAAGAAAGCTG-
GGT-3'. The following primers were used for cloning the choE
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gene: Up4921: 5'-ggaattccatatgcacacatcccc getget-3' and Dn4921:
5’-accctgaccctgaagtgatg-3'. Sequences in capital letters are com-
mon for all genes amplified and overlap with the Gm or attB primer
sequences. Lower-case letters indicate gene-specific sequences
used for amplification of genes indicated by their PA annota-
tion number. The underline sequences shown site of restriction
enzyme.

2.6. Expression and purification of wild-type recombinant ChoE

To overexpress the ChoE protein, the gene was amplified with-
out the sequence that encodes the signal peptide (the N-terminal 20
amino acids, as predicted by SignalP v.3.0) (Bendtsen et al. 2004)
using the primers Up4921 and Dn4921 and DyNAzyme EXT DNA
polymerase (Thermo SCIENTIFIC). The amplicon was cloned into the
pCR2.1-TOPO vector (Invitrogen), sequenced, and subcloned into
a pET15b vector (Novagen) using Ndel and BamHI (Genbiotech).
The recombinant protein, an N-terminal His-tagged fusion, was
expressed in E. coli BL21-CodonPlus (Novagen) as follows. The
recombinant strain was grown in 1L of LB medium containing
150 pg/mL ampicillin until it reached an ODs59 = 0.6-0.7. Isopropyl
[3-p-1-thiogalactopyranoside (IPTG) (0.4 mM) was then added to
induce protein expression. After 12-16 h at 20°C, the culture was
harvested at 8000 x g for 10 min, and the cells were broken with
sonication. The soluble fraction was collected and purified using
Ni-NTA beads (Promega) according to the manufacturer’s instruc-
tions. Samples were analyzed by 12% (w/v) SDS-PAGE. The purified
enzyme was dialyzed against 10mM Tris-HCl buffer (pH 8.0)
containing 30% (v/v) glycerol and stored at —20°C. The specific
activity of the recombinant enzyme preparation was 2428 U/mg
proteins.

2.7. Enzymatic assay and kinetic and inhibition studies

A standard assay for measuring ChoE activity was performed
as previously described using ATC as the substrate (Ellman et al.
1961; Domenech et al. 1981). Briefly, in a final volume of 0.5 mL,
the assay mixture contained 100 mM sodium phosphate buffer (pH
7.0), 0.4 mM ATC and 0.33 mM DTNB. PTC and BTC were also tested
as substrates under identical conditions. The reaction mixture was
pre-incubated at 37°C for 3 min, and then 10 pL (4.8 ng) of the
diluted recombinant purified enzyme (1:2500) was added. When
necessary, inhibitors were added to the reaction mixture before
the enzyme. In the assays performed to obtain kinetic data, spe-
cial care was taken to work with initial velocity values following a
linear OD41, increment for the first 1-3 min, and the results were
expressed per second of reaction. One unit of ChoE activity was
defined as the amount of enzyme that released 1 wmol of thio-
choline per minute at 37 °C.

PNPP and pNPB were used as substrates to determine esterase
activity using a modification of a previously described procedure
(Yang et al. 2002). pNPP and pNPB were first solubilized with
dimethyl sulfoxide and diluted to 1.5mM in a mixture assay con-
taining, in a final volume of 0.5mL, 100 mM sodium phosphate
buffer (pH 7.0) and 4.8 ng or 120 ng of recombinant purified enzyme
when the substrate was pNPP or pNPB, respectively. The activity
was determined by measuring the rate of release of p-nitrophenol
at410 nm for the first 1-3 min of reaction. The extinction coefficient
(&) for p-nitrophenol under these conditions was of 6700 M~ cm~1.
One unit of ChoE activity (as esterase) was defined as the amount of
enzyme that released 1 pmol of p-nitrophenol per minute at 37 °C.

As in our previous studies (Otero et al. 2011; Beassoni et al.
2011), the kinetic data were analyzed by nonlinear least-squares
regression using the DYNAFIT program (Kuzmic 1996) to assess
the best-fitting mechanism (model discrimination analysis) and to

calculate the corresponding constants. The reaction velocity for ATC
and PTC was given by

_ Vinax1(IS)/Km) + Vinax2(ISF* [Kim - Ksi)
1+ ([S1/Km) + (ISP [Km - Ksi)

where Vinax1 =kcat1 [Er] and Vinaxa =Kcar2[ET].
The reaction velocity for pNPP, pNPB as well as ATC or PTC in the
presence of Cho and T4MA was given by:

V= Vmaxl [S]
Km + [S]

where Vinax1 = Kcat1 [ET]-

The effects of various alkylammonium compounds on enzy-
matic activity were determined with 0.4 mM ATC, PTC or 1 mM of
pNPP and in the presence of the respective effectors at 1 mM, which
were added before the enzyme.

2.8. Other methods

Protein concentrations were determined as previously
described (Bradford 1976) or by spectrophotometric measure-
ments at 280 nm using the theoretical molar extinction coefficient,
£=49,390 M~ cm~!, which was calculated using the “ProtParam”
tool assuming that all cysteine residues are reduced (Gasteiger
et al. 2005).

2.9. Bioinformatics analysis

ClustalX and ClustalW version 2.0 (Larkin et al. 2007) were
used for multiple ChoE alignments. Phylogenetic analyses were
performed using software described elsewhere (Tamura et al.
2007). To determine the conserved domains, another pro-
gram, a CDD server (conserved domain database) was used,
as described previously (Marchler-Bauer et al. 2009). The ChoE
sequences of different organisms were obtained from the
NCBI database (http://www.ncbi.nlm.nih.gov) and from the Pseu-
domonas genome database V; (http://www.pseudomonas.com).
Comparisons of protein sequences were obtained using BLASTP
searches (http://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul et al.
1997, 2005).

3. Results

3.1. Identifying a protein with ChoE activity in P. aeruginosa and
the gene encoding it

Using the P. aeruginosa PAO1-APA1342 strain, a protein with
ChoE activity was identified, which is encoded by the PA4921
gene (gi: 15600114). This result was obtained by following the
steps described in the Section 2, as illustrated in Fig. 1(A)-(C)
and the analysis of the excised K&R (from Karnovsky and Roots
1964) positive spot by MALDI-TOF was shown in Fig. 1D. The
full-length PA4921 gene is 924 nucleotides long and encodes a
protein of 307 amino acids. The SignalP server indicated that this
protein contained a 20-residue signal peptide. Therefore, with-
out the signal peptide, the enzyme contains 287 amino acid
residues, which corresponds to a molecular weight of 31,505.5
and a theoretical pl of 7.32. To verify that PA4921 encodes
a protein with ChoE activity, the PA4921 gene was amplified
from P. aeruginosa PAO1-WT chromosomal DNA using specific
oligonucleotides, Up4921 and Dn4921 (see Section 2). The PCR-
amplified fragments containing the whole PA4921 gene were
cloned into a pTOPO plasmid and subcloned in pET15b for expres-
sion in E. coli BL21-CodonPlus, which has no basal ChoE activity.
The IPTG-induced cultures of the resulting strain expressed high
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Fig. 1. Separation and identification of a P. aeruginosa protein with ChoE activity. Protein (1 mg) obtained from the periplasmic space of P. aeruginosa PAO1-WT grown in
choline and treated as described in Section 2 was subjected to 2D-PAGE. (A) Identification of the ChoE activity by K&R staining after renaturation from SDS-PAGE. The arrow
indicates the location of the K&R positive stain. (B) Coomassie Brilliant Blue staining after the K&R spot was excised. The gel was fixed, and the K&R reagent was removed.
The arrow indicates the hole where the spot was excised. (C) Figure obtained by scanning overlapping figures (A and B). (D). MALDI-TOF mass spectrum of an in situ digested
spot isolated from a 2-D gel detected by K&R staining (after renaturation from the SDS-PAGE) for ChoE activity. Monoisotopic peptide masses (matching masses are marked
with asterisks) were obtained, and a search was performed against the eubacterial database, as described in Section 2. The peptide was identified as a hypothetical protein,
PA2G_05031 [Pseudomonas aeruginosa 2192] (gi|254244186), with a 128 score value, 35% sequence coverage, and 9 mass values matched against 18 mass values searched.

levels of recombinant protein with ChoE activity compared with
the non-induced controls. Purified recombinant ChoE (rChoE), at
a concentration of approximately 1.2 mg/mL of protein, displayed
specific activities of 2428 +124U/mg protein, 3540+ 132U/mg
protein, 3544 +£90U/mg protein and 60.44 + 3 U/mg protein with
ATC, PTC, p-NPP and pNPB as substrates, respectively.

As shown in Fig. 2A, Lane 1, the enzyme obtained from the
periplasmic extract of P. aeruginosa PAO1-WT, grown in choline
as a carbon and nitrogen source, exhibited a unique K&R positive
band of =31kDa. In a periplasmic extract of the PAO1-APA4921
strain grown under the same induced culture conditions of the P.
aeruginosa PAO1-WT strain, no K&R positive band was detected
(Fig. 2A, Lane 2). In addition, the molecular mass of rChoE differed
from that of the enzyme obtained from the periplasmic extract of
P. aeruginosa PAO1-WT. The higher molecular weight of rChoE is
becauseithas 21 additional residues that were added by the pET15b
plasmid (Fig. 2A, Lane 3). As shown in Fig. 2B, Lane 4, the rChoE
protein was apparently homogeneous, as judged by a gel stained
with Coomassie R-250, with a molecular weight coinciding with the

protein detected by K&R staining. Thus, through these experiments,
the ChokE activity of the overexpressed protein and the absence of
activity in the PAO1-APA4921 mutant demonstrated that the P.
aeruginosa PAO1 PA4921 gene encodes a protein with ChoE activity.

3.2. Phylogeny of the P. aeruginosa ChoE

To evaluate the phylogenetic relationships of the P. aeruginosa
Chok, its amino acid sequence was analyzed using a multiple pro-
tein alignment with different organisms that contain ChoE activity
such as P. fluorescens, in which this activity was determined using
a crude extract, but the gene encoding it has not been identified;
however, there is a protein with a 53% identity to P. aeruginosa
PA4921 that was included in the Clustal analysis. From the ClustalW
alignments, evolutionary relationships and a phylogenetic tree
were obtained (Fig. 3). Phylogenetic analysis showed that the P.
aeruginosa ChoE clustered in the same monophyletic group as the
P. fluorescens protein (Fig. 3).
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Fig. 2. SDS-PAGE (12%) of the His-tagged rChE expressed in E. coli and proteins from
periplasmic extracts of P. aeruginosa PAO1-WT and PAO1-Apa4921. (A) Detection
by K&R staining (after renaturation from the SDS-PAGE) for ChoE activity: Lane 1,
periplasmic space protein (30 pg) from wild-type P. aeruginosa PAO; Lane 2, protein
(30 pg) from the periplasmic space of P. aeruginosa PAO1-Apa4921; Lane 3, purified
His-tagged rChoE protein (20 ng) obtained from E. coli BL21-CodonPlus. (B) Lane
4, Coomassie Brilliant Blue staining of purified His-tagged rChoE protein (10 u.g)
expressed in E. coli. Lane M, molecular mass standards (BioRad Low Range).

3.3. The P. aeruginosa ChoE belongs to the SGNH hydrolase family

A phylogenetic analysis using the CDD server (Marchler-Bauer
et al. 2009) indicated that the P. aeruginosa ChoE belongs to the
SGNH hydrolase family (Fig. 4), which is depicted by four invariant
residues: Ser, Gly, Asn, and His in Blocks I, II, II, and V, respec-
tively (Mohapatra and Bapuji 1998). The catalytic triad is formed
by Ser/Asp/His in blocks I and V, jointly comprising the active site

of the hydrolase with the conserved residues Gly/Asn in blocks
Il and III. As shown in Fig. 4, all of the proteins included in the
analysis contained the characteristic four domains of the SGNH
hydrolase family. However, with the exception of proteins from
various strains of P. aeruginosa (96-100% identity) and PFL 2697 of
P. fluorescens Pf5 (~53% identity), all the other proteins that were
analyzed share a low homology (<30% identity) with the PA4921
protein (Fig. 4). Experimentally, we detected ChoE activity in the
periplasmic extracts of P. fluorescens Pf-5 grown on HPi-BSM with
choline, which showed a K&R positive spot after the renaturation of
the enzyme (see Section 2). In P. putida and P. syringae, the periplas-
mic extracts did not contain a protein capable of catalyzing the
hydrolysis of ATC (data not shown).

3.4. Biochemical characterization of the P. aeruginosa ChoE
activity

A preliminary biochemical characterization of this enzyme
included the utilization of ATC, PTC, BTC, pNPP and pNPB as
substrates. Under identical experimental conditions, BTC and BC
were not substrates for this enzyme. Saturation curves for the P.
aeruginosa ChoE using ATC and PTC as substrates are shown in
Fig. 5A. After reaching saturation (Michaelis-Menten curves; Fig. 5,
inset), both substrates had an inhibitory effect on the enzyme’s
activity at high substrate concentrations. Although the true Ky, val-
ues obtained with ATC and PTC were practically identical, the true
catalytic constants (Table 1) indicated that the enzyme was catalyt-
ically more efficient when using PTC as a substrate. The saturation
curves with pNPP or pNPB (Fig. 5B) illustrate that, contrary to the
observed behavior with ATC or PTC, neither compound caused inhi-
bition at high substrate concentration. Considering the Ky; and the
catalytic efficiency (kcat/Kyv) values, it is clear that ATC and PTC
were better substrates than pNPP and pNPB. In addition, pNPP was
a better substrate than pNPB (Table 1A).

The differing behavior of the enzyme against substrates contain-
ing or lacking the N-trimethylammonium moiety led us to perform
experiments to confirm the presence of an N-methylammonium

AChE-Danio rerio (zebrafish) Acc: AAI63898
AChE-Torpedo californica (Pacific electric ray) Acc: 2W6C X
AChE-Bungarus fasciatus Acc: AAC59905
AChE-Gallus gallus Acc: P36196.1
AChE-Human Acetylcholinesterase Acc: 2X8B A
BChE-Mus musculus Acc: AAH99977
BChE-Human Butyrylcholinesterase Acc: 2PM8 A
BChE-Bos taurus Acc: DAA33211
AChE-Anopheles stephensi (Asian malaria mosquito) Acc: P56161
aAChE-Caenorhabditis elegans Acc: AAC14022
PA4921-P.aeruginosa Acc: NP 253608

—: 2697-P fluorescens Pf-5 Acc: YP 259804

AChE-Zea mays Acc: NP 001105800

[AChE-MacroptiIium atropurpureum Acc: BAG09557

AChE-Afgekia filipes Acc: ADR66028

0.2

Fig. 3. Phylogenetic representation of sequences based on the ClustalW analysis of AChE and BuChE enzymes from the various organisms listed in the figure, including their
accession numbers. The evolutionary history was inferred using the Neighbor-Joining method (Saitou and Nei 1987). The optimal tree is shown, with a sum of branch lengths
of 6.69772272. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Poisson correction method (Zuckerkandl and Pauling 1965) and reported in the units of the number of amino acid substitutions per
site. The analysis involved 16 amino acid sequences. All positions containing gaps and missing data were eliminated. There were a total of 254 positions in the final dataset.

Evolutionary analyses were conducted in MEGAS5 (Tamura et al. 2007).



322 D.G. Sdnchez et al. / Microbiological Research 167 (2012) 317-325
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P.aeruginosa-PA4921 40 VGGAK 100 - 148
P.fluorescens-PFL_2697 15 IGGAK 75 - 123
C.botulinum-TLH VAF 46 AT 109 - 157
Methylobacterium-GDSLL VVL 41 SRKGGEN 76 - 120
Legionella-LPLA VVF 32 FA¥GGAT 97 - 137
Nostoc-GDSLL EVF 43 YAFGGAG 88 - 131
Burkholderia-PLLH VAF 196 WAV R 118 - 172
Aercmonas-GCAT VMF 36 WAV 247 - 294
Burkholderia-PEL AL 34 EAEGGAT 88 = 134
P.aeruginosa-EstA VVF 40 ¥AINGAL 89 Q 140
Gossipium-lipase FVFGDSLV 38 FAFAGAD 124 - 174
Maize-AChE FNF NE 49 KLLVGAN 107 F 170 W
Arabidopsis-GDSLL FIF Y 41 NFTQGAN 112 - 185 WDGVHF
Block | A Block Il A Block I A BlockV A A

Fig. 4. ClustalX analysis of the amino acid sequences of the P. aeruginosa ChoE (PA4921) using selected members of the SGNH hydrolase family. The amino acid sequence
identities between the P. aeruginosa ChoE and each gene product (i.e., the score against the P. aeruginosa ChoE) are indicated as percentages, in brackets, in the right
column. Dashes indicate gaps introduced to improve the alignment. Numbers indicate the amino acid position in the sequence. The putative catalytic triad of the active site
Ser/Asp/His residues (blocks I and V) is indicated by white triangles, and the residues indicated as black triangles (blocks II and III) are also contained in the active site of
the SGNH hydrolase family. In the mature P. aeruginosa AChE, the catalytic triad is '8Ser/25% Asp/268His. For the dyad, the positions are 78Gly/'27Asn. The abbreviations and
accession numbers for the proteins used in this analysis are as follows: P. aeruginosa-PA4921, P. aeruginosa PAO1 ChokE (this study); P. fluorescens PFL_2697; Clostridium-
TLH, Clostridium botulinum D str. 1873 thermolabile hemolysin (ACT33708); Methylobacterium-GDSLL, Methylobacterium extorquens GDSL family lipase (YP.001637603);
Legionella-LPLA, Legionella pneumophila 130b lysophospholipase A (AAN63820); Nostoc-GDSLL, Nostoc punctiforme, GDSL family lipase (YP.001869641); Burkholderia-PLLH,
Burkholderia dolosa phospholipase/lecithinase/hemolysin (ZP_04947073); Burkholderia-PEL, Burkholderia pseudomallei putative exported lipase (YP-108832); Pseudomonas-
EstA, P. aeruginosa PAO1 autotransporter esterase EstA (ZP.04937329); Gossypium-lipase, Gossypium hirsutum lipase (ABX75139); Maize-ChE, Zea mays acetylcholinesterase

(NP_001105800); Arabidopsis-GDSLL, Arabidopsis thaliana GDSL-motif lipase (NP_188038).

binding site in the ChoE protein. Although the figure was not shown,
it was clear that the presence of choline increased the Ky and kcat
values when the enzyme activity was measured with ATC or pNPB
(Table 1B). However, the increase of the k¢, value did not compen-
sate for the decreased affinity of the enzyme for both substrates
to maintain the same catalytic efficiency (Table 1B). The equiva-
lent experiment performed with T4MA indicated that the effect
produced by choline was not only due to its alkylammonium moi-
ety because TAMA decreased the Ky value for ATC and slightly
increased it for pNPP. The other kinetic constants (Tables 1B and 2)
show that T4MA is a true inhibitor of ChoE activity.

In addition, the results shown in Table 2 indicate that with ATC,
PTC or pNPP as a substrate, the alkylammonium compounds tested
were inhibitors of this enzymatic activity, whereas choline was
an activator of enzymatic activity when ATC or PTC were used as
substrate (Table 2). Inhibition curves were obtained with different
concentrations of substrate and inhibitor and analyzed with the
DYNAFIT program (data not shown); as expected, they indicated
that butyrylcholine is a competitive inhibitor with a K; value of
0.008 mM. Striking effects were observed with ATC, PTC or pNPP as
substrates because the T4EA ion was much more effective than the
T4MA ion at inhibiting ChoE activity (Table 2).

4. Discussion

The above molecular experiments, the utilization of bioin-
formatic tools and the preliminary enzymatic characterizations
provide conclusive evidence that the PA4921 gene of the P.
aeruginosa PAO1 genome encodes the ChoE enzyme previously

Table 1

studied by our group (Lisa et al. 1983; Domenech et al. 1991;
Lucchesi et al. 1989, 1995). The high levels of ChoE activity in E. coli
expressing this protein plus the absence of this enzymatic activ-
ity in P. aeruginosa strain PAO1-APA4921 confirms this conclusion.
In our previous studies (Lisa et al. 1983; Domenech et al. 1991;
Lucchesi et al. 1995), we determined some of the biochemical and
physiological properties related to the synthesis of ChoE; however,
the gene encoding the ChoE in P. aeruginosa was not determined.
A BLASTP search was performed among various AchE sequences
including the AchE sequences of the maize (Zea mays) (Sagane et al.
2005) and P. aeruginosa genomes, but no homologous proteins were
found. Because this result was not in agreement with our biochemi-
cal and microbiological results, we decided to utilize other methods
to locate the choE gene in P. aeruginosa.

The first step was to find an appropriate and sensitive method to
detect, after 1- or 2-D PAGE (including renaturation of the enzyme),
a protein spot with ChoE activity after staining using the K&R
method (Karnovsky and Roots 1964). Such a spot was isolated by
the treatment of periplasmic extracts of wild-type P. aeruginosa and
analyzed by MALDI-TOF; the predominant peptides corresponded
principally to a protein encoded by the PA1342 gene of the P.
aeruginosa PAO1 genome. This gene was cloned, and the protein
was expressed in E. coli. However, this protein was not capable of
catalyzing the hydrolysis of ATC or PTC and was not detected by the
K&R staining after PAGE. We concluded that the PA1342 protein and
the ChoE have similar or identical mobility in 2D-PAGE. The PA1342
protein was therefore the predominant protein, and the ChoE was
a minor component with a high specific activity in the excised
K&R-positive spot. For this reason, the next experimental step was

Kinetic constants of ChoE obtained with ATC, PTC, pNPB and pNPP (A). Effect of 1 mM choline or tetramethylammonium (T4MA) when the enzyme activity was measured
with ATC or pNPP (B). The constants values & SD represent an average from at least three independent experiments experiments.

Ky, mM + SD Keat1, S~ +SD Keatz, ™1 +SD Ks;, mM £ SD Keat1/Knm, s~ mM~!
(A) Substrate
ATC 0.12 + 0.006 1176 + 39 175+15 1.63+0.14 9800
PTC 0.13 £ 0.011 1683 + 81 369+18 0.75+0.11 12,946
pNPP 0.34 £+ 0.027 1495 + 46 a a 4397
pNPB 0.65 + 0.052 282 +15 a a
(B) Substrate + effector
ATC +choline 0.29 £ 0.03 1624 + 56 b b 5600
pNPP +choline 0.91 + 0.08 2136 + 112 b b 2347
ATC +T4MA 0.04 £+ 0.007 473 +£ 17 b b 11,825
PNPP + TAMA 0.47 £+ 0.06 788 + 48 b b 1677

@ There are not inhibition by high substrate concentration and a second site was not detected for these substrates.
b In the presence of 1 mM choline or T4AMA there are not inhibition was observed by high concentration of substrate (ATC or pNPP).
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Fig. 5. Kinetic characterization of the P. aeruginosa ChoE: (A) Saturation curves for the ChoE activity using different concentrations of ATC (filled circles) or PTC (open circles).
Insets in the figure A show the same data in conditions there was not enzyme inhibition by high substrate concentrations. The statistics of least-squares fit were: mean
square =4.17422 x 10-1° (ATC) and 1.60355 x 109 (PTC); root-mean-square deviation =2.04309 x 10~ (ATC) and 4.00444 x 10-> (PTC); number of data points=11; opti-
mized parameters = 4; degrees of freedom = 7; percentage confidence interval level =99%. (B). Saturation curves for esterase activity of ChoE were determined by using different
concentrations of pNPP (open squares) or pNPB (filled squares). The statistics of least-squares fit were: mean square = 1.29882 x 10~ (pNPP), and 1.49207 x 10-1° (pNPB);
root-mean-square deviation=3.60392 x 10> (pNPP), and 1.2215 x 10~ (pNPB); number of data points=8; optimized parameters=2; degrees of freedom =6; percentage
confidence interval level = 99%. Figures A and B were obtained using the DYNAFIT program by nonlinear least-squares regression.

Table 2 conserved aminoacyl residues of this family are !8Ser, 78Gly, 127N,
Effects of alkylammonium compounds and cholinesterases classic inhibitors on 268H and the catalytic triad is formed by 18Gar 2681 265D

ChoE activity. Percentages of residual activity determined in the presence of dif- ’ 3 . ’ L : .
ferent effectors in 100 mM sodium phosphate buffer, pH 7.0, The phylogenetic tree, which shows the evolutionary relation-
ships among various AchEs, indicated that ChoEs from P. aeruginosa,

P. fluorescens and Z. mays belong to the SGNH family. When con-

% Residual activity

ATC(04mM)  PTC(0.4mM)  pNPP(1mM) sidering P. fluorescens, our results are contradictory to previously
Effectors (5 mM) reported results (Rochu et al. 1998) that described an enzyme witha
Choline 145 162 98 cholinesterase-like activity in P. fluorescens strain ATCCno. 11150. A
Trimethylamine 92 79 84 BLASTP comparison of the N-terminal peptide sequenced by Rochu
Tetramethylammonium 39 52 36 et al. (1998) against the P. fluorescens genome showed that it has
Tetraethylammonium 4 3 5 100% identit ith lubl t lul bstrate-bindi
Decamethonium 38 1 25 0% identity with a soluble extracellular substrate-binding pro-
Atropine 25 32 38 tein encoded by the PFL 1048 gene of P. fluorescens Pf5 and the
Procaine 45 37 31 PFLU 1213 gene of P. fluorescens SBW25, corresponding to a protein

identified as a putative ABC transporter/substrate-binding protein.
Therefore, this purified protein, and its sequenced peptide (Rochu
the deletion of the PA1342 gene. Using this deletion mutant, P. et al. 1998), could not be a protein with AchE activity. This dis-
aeruginosa strain PAO1-APA1342, the procedures described above crepancy may exist because the protein purified by Rochu et al. is
were performed to obtain a single K&R-positive spot without the a major component that co-purifies with AchE, which is a minor
contaminating protein. To achieve this goal, a sample enriched component with a high specific activity. However, bioinformatic
in ChoE protein was obtained from a Q-Sepharose column, and analysis seems to indicate that in P. fluorescens, ChoE activity is
the enzyme was precipitated with trichloroacetic acid followed encoded by the PFL 2697 gene.

by washings with ice-cold acetone. This treatment plus the renat- The results of the kinetic and inhibition studies performed with
uration of the enzyme after 2D-PAGE and the utilization of K&R P. aeruginosa ChoE confirmed our previous results and those of
staining to detect the enzymatic activity in the gel provided the nec- other studies (Domenech et al. 1981; Tani et al. 1975) and indi-
essary amount of enzyme to perform the MALDI-TOF assay, which cate that this activity is capable of catalyzing the hydrolysis of ATC
ultimately led to the identification of the PA4921 gene. and PTC. The catalytic hydrolysis of p-NPP or p-NBP also occurred,

Sequence comparisons and alignments revealed that the P. but the catalytic efficiency was much lower than that observed with
aeruginosa ChoE was related to members of the SGNH hydrolase ATC or PTC. Therefore, it is possible that the esterase activity depen-
family, of which the first member described was the rhamno- dent on PA4921 gene expression corresponds to an AchE or PchE
galacturonan acetylesterase of Aspergillus aculeatus (Mglgaardetal. ~ activity. On the basis of K¢y, Kcatz OF Keart/Km, PTC is a better sub-
2000). SGNH hydrolases are members of a diverse family of lipases strate than ATC, and based on the kinetic data, the P. aeruginosa
and esterases, and the tertiary folds of these proteins are sub- ChoE may be considered a PchE. However, assuming that ChoE is a

stantially different from those of the «/f hydrolase family (see virulence factor, the scarcity of propionylcholine in higher organ-
Mpglgaard et al. (2000) for a comparison of the topologies in isms, which has little to no significance in animals as an endogenous
both families of proteins). The SGNH hydrolase family contains or a false neurotransmitter, led us to propose that the P. aeruginosa
the Ser/His/Asp(Glu) catalytic triad of the /B hydrolase fam- ChoE has a more suitable location within the AchE family.

ily, which includes animal AchEs and other serine hydrolases The inhibition by high ATC or PTC concentrations and the
(Mglgaard et al. 2000; Shafferman et al. 1992). However, the SGNH presence of two different catalytic constants, Kcaq > kcat2, led us
hydrolase family is characterized by having four completely con- to propose the catalytic mechanism illustrated in Scheme 1.
served blocks containing Ser, Gly, Asn and His residues (S, G, N, Here, Ache can bind a second substrate molecule, as occurs with
and H, respectively) located in blocks I, II, Il and V, respectively, animal AchEs, which is responsible for the inhibition at high sub-

that are perfectly preserved in the PA4921 protein. Therefore, in strate concentrations, or, as is otherwise seen, for the entry of
the mature P. aeruginosa ChoE (without the signal peptide), the a second substrate molecule to produce a ternary complex SES
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Scheme 1. Catalytic mechanism of the AChE using ATC or PTC as a substrate. The
proposed model was obtained using the DYNAFIT program by nonlinear least-
squares regression. The following abbreviations are used: enzyme (E), substrate (S),
and product (P).

(Substrate/Enzyme/Substrate), which is less effective than the ES
complex for product formation. This catalytic mechanism is consis-
tent with the behavior of animal AchEs described by other authors,
asrecently reviewed (Dvir etal.2010). Therefore, according to these
reports, it is possible that the P. aeruginosa AchE (as occurs with
the P. aeruginosa PchP) (Beassoni et al. 2011; Otero et al. 2011;
Domenech et al. 2011) may also contain a catalytic site formed by
two sub-sites: the esteratic site and the anionic site. In addition, it
is also possible that the entry of a second molecule of acetylcholine
could occur in a peripheral site, as has been shown in animal AchEs
(Dvir et al. 2010). At this time, it is not possible to study this mech-
anism in more detail because the structure of this enzyme is not
known.

Finally, as expected, to a greater or lesser extent, all of the
alkylammonium compounds were inhibitors of the P. aeruginosa
enzyme. The most striking result was the high enzymatic inhibi-
tion produced by T4EA compared with the inhibition produced by
T4MA. This effect may be due to differences in the long carbon
chains or their hydrophobicity, resulting in different interactions
in a hydrophobic region of the enzyme located in the vicinity of
the active site. In conclusion, although more work is required to
better understand the P. aeruginosa AchE, the results of our prelim-
inary biochemical characterizations, molecular experiments, and
the utilization of bioinformatic tools emphasize that in addition to
identifying the PA4921 gene, which is responsible for the synthesis
of AchE, we also provided strong evidence that this activity may also
be found in other prokaryotes, as represented here by P. aeruginosa
and, by extension, in P. fluorescens.
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