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Hydrogenation of linoleic acid and other polyunsaturated fatty acids is a detoxificationmechanism that is present
in the Lactobacillus genus of lactic bacteria. The first stage in this multi-step process is hydration of the substrate
with formation of 10-hydroxy-9-cis-octadecenoic acid due to fatty-acid hydratase activity that has been detected
only in the membrane-associated cell fraction; however, its interaction with the cell membrane is unknown. To
provide information in this respect we characterized the homotrimeric 64.7 kDa-native protein from Lactobacil-
lus plantarum; afterwards, it was reconstituted in proteoliposomes and analyzed by confocal fluorescence mi-
croscopy. The results showed that hydratase is an extrinsic-membrane protein and hence, the enzymatic
reaction occurs at the periphery of the cell. This location may be advantageous in the detoxifying process since
the toxic linoleic acid molecule can be bound to hydratase and converted to non-toxic 10-hydroxy-9-cis-
octadecenoic acid before it reaches cellmembrane. Additionally,we propose that the interactionwithmembrane
periphery occurs through electrostatic contacts. Finally, the structural model of L. plantarum hydratase was con-
structed based on the amino acid sequence and hence, the putative binding sites with linoleic acid were identi-
fied: site 1, located in an external hydrophobic pocket at the C-terminus of the protein and site 2, located at the
core and in contact with a FAD molecule. Interestingly, it was found that the linoleic acid molecule arranges
around amethionine residue in both sites (Met154 andMet81, respectively) that acts as a rigid pole, thus playing
a key role in binding unsaturated fatty acids.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Linoleic acid (LA; 18:2 Δ9Z,12Z), along with other polyunsaturated
fatty acids, are toxic to many bacteria causing the inhibition of cell
growth. Moreover, they may deteriorate cellular membranes and
block native fatty acid biosynthesis via the inhibition of enoyl-ACP re-
ductase [1–4]. In order to prevent this toxicity, polyunsaturated fatty
acids are enzymatically hydrogenated by a mechanism called
biohydrogenation which is the complete reduction of double bonds on
the carbon chain, producing non-toxic saturated fatty acids as the final
product [5]. This process involves various steps and has been best de-
scribed for LA and oleic acid (OA; 18:1 Δ9Z) which are converted to
non-toxic saturated stearic acid (SA; 18:0) by rumen microbiota [5–8].

Lactic bacteria belonging to Lactobacillus genus, such as Lactobacillus
plantarum, are also known to biohydrogenate LA and other
ic acid; CLA, conjugated linoleic
; FAD, flavin-adenine dinucleo-
hydratase; LPH, Lactobacillus
antigen; OTGP, octyl-β-D-

3-phosphocholine.
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polyunsaturated fatty acids through a newly discovered and intricateme-
tabolism consisting of multiple reactions catalyzed by multiple proteins
(CLA-HY, CLA-DH, CLA-DC and CLA-ER) that generate characteristic
fatty acid species (such as hydroxy fatty acids, oxo fatty acids, conjugated
fatty acids and partially saturated trans fatty acids) as the intermediates to
finally produce saturatedmonoenes (OA and trans-vaccenic acid) [9–11].
The first step in biohyrogenation occurring in L. plantarum is hydration of
the Δ9Z double bond of LA which is mediated by a 64 kDa membrane-
associated protein producing 10-hydroxy-12-cis-octadecenoic acid (10-
HOE; 18:1 Δ12Z) as the only product (Fig. 1) [9,12].

Once 10-HOE is produced, it can suffer various reactions (oxidation
of hydroxyl group, reduction of oxo group, dehydration and isomeriza-
tion) catalyzed by the linoleate isomerase complex (CLA-DH, CLA-DC,
CLA-DH and CLA-ER), which has been partially characterized recently,
to finally producemonoenoic acids and conjugated linoleic acid isomers
(CLA; 18:2 ΔxX,yY) [9–11,13]. Bioactive conjugated isomer 9-cis-11-
trans-octadecadienoic acid (9-cis-11-trans CLA; 18:2 Δ9Z,11E) produced
by themulti-component enzymatic system in L. plantarum has been as-
sociated with a variety of health promoting effects [14,15] such as anti-
obesity and antiadipogenic activities [16], anticarcinogenic activity [17]
and modulation of immune functions [18].

There are fatty acid isomerases which concertedly convert LA into a
bioactive isomer of CLA (i.e. without formation of hydroxyenoic fatty
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Fig. 1. Hydration of LA in Lactobacillus plantarum.
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acids); however, to date, only three bacterial linoleate isomerases de-
rived from Butyrivibrio fibrisolvens, [19], Clostridium sporogenes [20]
and Propionibacterium acnes [21] have been biochemically character-
ized. Out of the three proteins, only P. acnes isomerase (PAI) has been
structurally characterized as a FAD-dependent protein that produces
10-trans-12-cis-CLA [21,22].

In recent years, some proteins belonging to the myosin-cross-reac-
tive antigen (MCRA) family have been identified as FAD-containing
hydratases that act on the Δ9Z and Δ12Z double bonds of C16 and C18
non-esterified fatty acids with the formation of 10-hydroxy and 10,13-
dihydroxy fatty acids in several bacteria [12,23–26]. Hydratase form
Lactobacillus acidophilus (LAH; PDB code: 4ia5 and 4ia6) has been the
only MCRA (591 residues and 67.7 kDa) from the Lactobacillus genus
to provide structural and mechanistic information about the hydration
reaction [27]. It showed that the only product from hydration of LA
was 10-HOE and that hydroxyl group added to Δ9Z comes from a
watermolecule located at the hydrophobic substrate channel or binding
site. LAH also binds one FADmolecule through a FAD-bindingmotif that
has a structural and stabilizing role on the protein rather than partici-
pating in the catalytic reaction and is easily lost during purification of
the homodimeric hydratase [27].

In this study, we investigated the biochemical properties of native
MCRA from Lactobacillus plantarum ATCC 8014which has only been de-
scribed as a fatty acid double-bondhydratase and a FAD-containingpro-
tein by means of sequence analysis [12]. Here, the protein is denoted as
LPH (L. plantarum hydratase) and was isolated in its native form. Fur-
thermore, we propose a three-dimensional arrangement of the protein
and performed amolecular dockingwith a LAmolecule in order to com-
prehend the binding sites of the substrate which were identified and
characterized as two hydrophobic pockets with amino acid residues
identical to those from the fatty acid-hydratases from L. acidophilus
(LAH) and Elizabethkingia meningoseptica (EMH) and those from LA-
isomerase from Propionibacterium acnes (PAI).

Previous reports have shown that MCRA from L. plantarum AKU
1009a is present in the cell membrane fraction [9], however, no further
experiments have been carried out to establish the nature of this
membrane association, so in order to determine the interaction of na-
tive LPH with biomimetic membranes, we reconstituted the protein in
DPPC:POPC proteoliposomes which were fluorescent labeled and fur-
ther characterized by confocal fluorescence microscopy. These results
shed light into the putative location of the hydration reaction of LA in
L. plantarum cells and its role in the detoxifying process frompolyunsat-
urated fatty acids.

2. Materials and methods

2.1. Bacterial strain and growth conditions

L. plantarum CFQ-100, a subculture of L. plantarum ATCC 8014 strain,
was purchased from the WDCM 100 Culture Collection (World Federa-
tion for Culture Collections) of Faculty of Chemistry, UNAM, Mexico and
subsequently cultured throughout all the experiments to obtain fresh
cells. The strain was grown in 20 mL of MRS broth (CONDA Lab, Spain)
supplemented with 180 μg/mL of LA (99% purity, Sigma Chemical Co.,
USA) emulsified with 0.30% (w/v) of Tween 80 and incubated at 30 °C
with shaking (120 strokes/min) for 17.5 h so the cell growth has
reached the end of the log phase without reaching the stationary
phase. 10 mL of this seed culture was transferred into 1000 mL of
fresh MRS/LA broth and incubated under the same conditions. The cell
pellet was harvested by centrifugation (10,000 ×g, 30 min, 4 °C) and
washed with 30 mL of sterile 0.85% NaCl. The biomass yield production
was between 8.5–13 g/L (wet weight).

2.2. Enzyme purification

The harvested cell pellet was suspended in lysis buffer, which
consisted of 100 mM potassium phosphate buffer pH 6.5 with 50 mM
NaCl, 1 mM DTT and 1 mM PMSF. The suspension was then sonicated
in a Misonix 3000 sonicator (Qsonica LLT, USA) using two cycles of
45 W for 5 min each. After that, the cell debris and unbroken cells
were separated with centrifugation (10,000 ×g, 30 min, 4 °C) and the
clear supernatant was used. This crude extract was ultracentrifuged
(200,000 ×g, 60 min, 4 °C) to obtain the membrane-associated protein
fraction observed as a gel-precipitate.

The membrane precipitate was solubilized with solubilizing buffer,
which contained 20 mM potassium phosphate pH 6.5 with 50 mM
NaCl, 10% glycerol, 1 mM DTT and 1 mM PMSF. The extraction and sol-
ubilization of membrane proteins was achieved through the addition of
increasing concentrations of octyl-β-D-glucopyranoside (OTGP, Sigma
Chemical Co., USA) starting from 4 mM, followed by 6 mM and finally
9 mM where the critical micelle concentration (CMC) was reached.
This gradual procedure is pivotal for achieving the extraction of mem-
brane proteins while maintaining their stability in solution [28].

Solubilized membrane proteins were first fractioned by selective
precipitation with 1.5 M (NH4)2SO4 (High Purity Reactivos Analíticos,
Mexico) and LPH was found only in the supernatant fraction which
was further dialyzed (20×) using a membranewith a molecular weight
cutoff between 12 and 14 kDa against solubilizing buffer supplemented
with 9 mM OTGP and 0.1 mM FAD (Sigma Chemical Co., USA). After-
wards, this fraction was subjected to gel filtration chromatography in
a Bio SEC-5 column (4.6 mm × 150 mm × 5 μm, Agilent Technologies,
Germany) using a HPLC system (HP Agilent 1100 series, Agilent Technolo-
gies, Germany) equilibrated with 20 mM phosphate buffer pH 6.5 con-
taining 50 mM NaCl. Protein fractions were eluted with the same
buffer at a flow rate of 1 mL/min, collected and analyzed for hydratase
activity.

2.3. Hydratase activity assay

Unless otherwise stated, each hydration reaction was performed in
triplicate and consisted on 5 mL of 20 mM potassium phosphate buffer
pH 6.5, 100 μL of protein extract and 20 μg of LA as the substrate, emul-
sified with 0.25% (w/v) of Tween 80. The reaction was carried out for
24 h at 30 °C and 200 strokes/min. Two negative controls were used
consisting in all the components except LA and all the components ex-
cept the protein extract.

After incubation, the lipids were extractedwith 4mL of a chilledmix
of hexane–ethyl acetate (70%–30%) and then subjected to two cycles of
freeze–thawing, followed by centrifugation (3,500 ×g, 40 min, 4 °C) to
break the emulsion previously formed. Afterwards, the organic phase
was separated from the aqueous phase and washed with 1 mL of satu-
rated NaCl. Finally, it was washed with 2 mL × 2 of deionized H2O,
dried overnight with anhydrous Na2SO4 and then filtered through
Whatman 2 paper. The fatty acids in the organic phaseweremethylated
and then analyzed by GC to determine 10-HOE production (see
Section 2.4).
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2.4. Analysis of fatty acids

Fatty acids in hexane–ethyl acetate, were dried using awater bath at
40 °C under non-oxidizing conditions with a stream of N2. After that,
theyweremethylated by incubationwith 2mLof 1% H2SO4 inmethanol
(v/v) at 35 °C for 30min [29]. The organic phasewas extractedwithhex-
ane, neutralized with 1 mL of saturated NaHCO3 and washed with
2 mL × 2 of deionized H2O, dried with anhydrous Na2SO4 and finally
evaporated for GC analysis.

Fatty acid methyl ester derivatives (FAMEs) were separated, identi-
fied and quantified by a polar Heliflex™ AquaWax-DA capillary column
(30 m length, 0.25 mm diameter and 0.25 m df) (Alltech GmbH,
Germany) using an Agilent 6890 gas chromatographer (Agilent Technol-
ogies,USA) coupled to a FIDdetector at 240 °C. The injection volumewas
1 μL and a programmed temperature vaporizer (PTV)was used in a split
ratio of 1:60. Injection temperature was 240 °C. The temperature
program was as follows: the initial oven temperature at 180 °C was
held for 0.5 min and increased at 0.5 °C/min to reach 230 °C for
13 min. Hydrogen was used as the carrier gas with a constant flow
rate of 1.8 mL/min.

Standard LA and previously purified 10-HOE (see Section 2.5) were
used to identify the hydration products by comparison of retention
times. The amount of 10-HOE produced was calculated from the inte-
grated area of each peak, as total 10-HOE obtained in mg.

2.5. Purification of 10-HOE

Hydroxylated enoic acids derived from fatty acids, such as 10-HOE
are not commercially available, so in order to identify 10-HOE as the re-
action product of LPH, fatty acids produced from the hydration of LA
were separated by high performance liquid chromatography [20] in a
Luna 5u C18(2) preparative column (50 mm × 21.20 mm × 5μ df)
(Phenomenex, Inc., USA) using a HPLC system (Waters 1525 binary
pump, Waters Corp., USA) coupled to a photodiode-array detector
(Waters 2996,Waters Corp., USA). The elution was performed with ace-
tonitrile–water (60%–40%) at a flow rate of 12 mL/min. The injection
volume was 200 μL and detection was set at 205 nm. Finally, 10-HOE
was identified byGC–MS (GCMate II, Jeol,USA)with electron impact ion-
ization source.

2.6. FAD assay

Purified native LPH (100 μL at a concentration of 0.5mg/mL) was in-
cubated at 4 °C for 16 h with different concentrations of FAD ranging
from 0 to 0.1 mM. After that, hydratase activity was measured in tripli-
cates in order to calculate the amount of bound FAD for optimal activity.

2.7. Effect of reaction conditions on hydratase activity and stability

Using fluorescence-based thermal shift assays of native LPH, we
studied the effects of various pH values and additives on the stability
of the protein [30]. Assays were performed with 10 μL of purified LPH
(in 20 mM potassium phosphate buffer pH 6.5 with 50 mM NaCl, 10%
glycerol, 9 mM OTGP and 1 mM FAD) mixed with 10 μL of each condi-
tion and added with a 1:1000 dilution of SYPRO Orange dye
(Invitrogen, Life Technologies, USA) whose λexcitation = 490 nm and
λemission = 575 nm [22]. Fluorescence was recorded with a RT-PCR in-
strument (Life Technologies, USA) while the temperature was increased
in a continuous step from 25–95ªC. For the analysis of different additives
we used the Additive screen HT kit with 96 different conditions
(Hampton Research Corp., USA) which in general, consisted on various
sets of reagents included multivalent ions, salts, dissociating agents,
linkers, polyamines, chaotropes, reducing and chelating agents, poly-
mers, carbohydrates, polyols, amphiphiles, detergents, sulfobetaines
and organic solvents (volatile and non-volatile) at various concentra-
tions. For the analysis of pH values, we used the Wizard pH buffer kit
with 96 different conditions (Rigaku Reagents Inc., USA) which consisted
on sets of buffering salts at different pH values including sodium lactate-
HCl (pH 2.4–5.2), sodium acetate–acetic acid (pH 3.4–6.2), MES-NaOH
(pH 4.6–7.4), bis/tris–HCl (pH 5.2–8.0), imidazole–HCl (pH 5.4–8.2), so-
dium and potassium phosphate (pH 5.8–8.6), HEPES–NaOH (pH 6.0–
8.8), tris–HCl (pH 6.6–9.4), bicine–NaOH (pH 7.0–9.8), CHES–NaOH
(pH 8.0–10.8), glycine–NaOH (pH 8.2–11.0) and CAPS–NaOH (pH 8.8–
11.6). Final concentration of each condition tested was half of the initial
value since it was diluted 1:1 with the protein.

2.8. Structural modeling of LPH and molecular docking with LA

3D-Structure of LPHwas produced using Robetta Server (automated
protein structure prediction service for ab initio and comparative
modeling) [31,32]. The amino acid sequence of LPH protein was re-
trieved from GenBank (accession number CBY45494.1). The server
used the ab initiomethod combined with the crystallographic structure
of LAH (PDB code: 4ia5) chosen automatically by its 32% sequence ho-
mology. Once the structure was built, we used Coot program version
0.8 [33] to correct geometrical parameters. Finally the overall stereo
chemical quality of the model was assessed using PROCHECK program
[34] on the Swiss MODELWorkspace [35]. Docking studies were carried
out by using the program AUTODOCK 4.0 [36]. Hydrogens and Kollman
charges were assigned to the receptor and the ligands were assigned
with Gasteiger charges and nonpolar hydrogens using AutoDockTools
1.5.7. Docking simulations were run using Lamarckian Genetic
algorithm that is known to be the most efficient and reliable method
of Auto Dock. The grid maps were calculated using AutoGrid. Initially,
potential binding sites were detected, based on the blind docking in
which the box was sufficiently large to cover the whole protein
90 Å × 90 Å × 90 Å centered at the center of protein, The next step
was a focused dockingwith a smaller box (40 Å× 40 Å× 40Å), centered
on the best energy result obtained in the blind docking. For all docking
parameters, standard values were used as described before, except the
amount of independent docking runs performed for each docking sim-
ulation, which was set to 200. Cluster analysis was performed on the
docked results using a root mean square (RMS) tolerance of 0.5 Å, and
the initial coordinates of the ligandwere used as the reference structure.

2.9. Reconstitution of LPH into liposomes and confocal fluorescent micros-
copy (CFM)

Unilamellar proteoliposomeswere prepared by the extrusionmethod
mediated byOTGP,which is based on thatfirst outlined by Banghamet al.
[37,38]. Briefly, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
(Sigma Chemical Co., USA) at a molar ratio of 1:1 were mixed with 0.1%
(molar fraction) of β-BODIPY® FL C5-HPC (Life Technologies, USA) as the
hydrophobic fluorescent probe which is a phospholipid analog. The mix
was dissolved in chloroform–methanol (1:1) and then deposited as a
thin film on a round flask by rotary evaporation under reduced pressure.
The dry lipid filmwas hydrated with 20mMpotassium phosphate buffer
pH 6.5 in order to obtain a suspension of multilamellar vesicles which
were further extruded through polycarbonate membranes (pore size of
200 nm; Avanti Polar Lipids, Inc., USA) 13 times using the Mini-Extruder
set (Avanti Polar Lipids, Inc., USA) at 25 °C to form unilamellar liposomes
that were left overnight at 4 °C.

Proteoliposomes were produced by adding freshly purified LPH
(0.2 mg/mL final concentration) in 20 mM potassium phosphate
pH 6.5, 0.1 mM FAD, 10% glycerol, 15 mM OTGP and Rhodamine B
(5 μg/mL final concentration) (Sigma Chemical Co., USA) as the hy-
drophilic fluorescent probe. The excess of detergent, FAD and glyc-
erol was removed by slow dialysis against 20 mM potassium
phosphate buffer pH 6.5 with a molecular weight cut-off mem-
brane of 14 kDa.



Fig. 2.Characterization of 10-HOE. (A) Total ion gas chromatogram of the conversion of LA
(RT=6.894min) into 10-HOE (RT=14.519min). (B)Mass spectrumof 10-HOE after pu-
rification from the reaction mixture using RP-HPLC (Fig. S3) and (C) its fragmentation
pattern.

Fig. 3.Effect of FAD concentration inhydratase activity of LPH. The specific activitywas cal-
culated as μmol of 10-HOE/min/mg of protein (see Section 2.3).
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A 5 μL aliquot of LPH proteoliposomes was placed on a glass slide
(1 × 3 in approx. 1.0 cm) with a cover slip (102 × 76 mm) and sealed
with nail polish. Afterwards, it was analyzed by confocal laser scanning
microscopy (Leica TCS SP5 X, Leica Microsystems, Germany) [39] using a
494 nm excitation laser and an emission range of 501–543 nm for
BODIPY FLC5-HPC. A detection and 554nmexcitation laser and an emis-
sion range of 588–648 nm for Rhodamine B. All micrographs were cap-
turedwith the same settings. For three-dimensional image projection of
vesicles, z-scans in 0.3–0.49 μm increments were taken through the
upper half of a proteoliposome. These scans were then combined and
color-merged using the LAS AF lite software Version 4.3 (Leica
Microsystems, Germany).

Control experiments were carried out preparing fluorescent lipo-
somes exactly as stated before except without the addition of LPH.

3. Results

3.1. Purification of native LPH

Native LPH purification was achieved by pelleting plasmatic mem-
branes and membrane components by ultracentrifugation as a first
step. LA hydratase activity was detected only in this membrane-
associated protein fraction and not on the soluble protein fraction. LPH
was extracted and solubilized using neutral detergent OTGP at a high
concentration (9 mM), which provides a membrane-mimetic environ-
ment suitable for maintaining protein stability and solubility outside
its membrane [28,40]. The use of other detergents such as Triton-114
or CHAPS resulted in loss of activity (data not shown).

After removal of proteins precipitating with 1.5 M (NH4)2SO4, a gel
filtration chromatography was used (Fig. S1) and LPH was purified
with an 85-fold, a yield of 8.5% and a specific activity of 7.73 × 10−3,
as shown in Table S1.

The purified native LPH showed a molecular mass of 64,748 Da as
determined by MALDI-TOF mass spectrometry (Fig. S2A) that is consis-
tent with the calculated value based on the 569 amino acid sequence
(GenBank code: CBY45494.1) reported previously by Yang et al. [12].
However, it was found that in solution, the protein existed as a
homotrimerwith a molecular mass of 215 kDa as observed by gel filtra-
tion chromatography (Fig. S2B). This result is different from that ob-
served with linoleic acid hydratase from L. acidophilus (LAH) and from
Macrococcus caseolyticus (MCH) which were found in solution as a
homodimers [24,27].

3.2. Hydratase activity assay and identification of 10-HOE as the reaction
product of LPH

The reaction of LPH with LA led to the formation of 10-hydroxy-12-
cis-octadecenoic acid (10-HOE; 18:1 Δ12Z) which according to GC, was
the only reaction product (Fig. 2A) besides LA which was not fully con-
verted. Themass spectrumof the isolated product (Fig. 2B and C) shows
the characteristic peak at 169 m/z owing to fragmentation at the C12–
13 double bond and peaks at 201 and 98 m/z, indicating cleavage of
the hydroxyl group at the C10 position. These results, confirm the iden-
tity of the 10-HOE molecule as the reaction product.

3.3. FAD uptake

Hydratases that belong to the MCRA's family are known to be FAD-
binding proteins, so this cofactor was added to LPH in increasing con-
centrations and it resulted in increasing hydratase activity as well
until reaching a plateau at 55 μM where maximum activity (0.10 μmol
10-HOE/min/mg) is observed (Fig. 3). These findings are very similar
with those obtained with Macrococcus caseolitycus hydratase [24]. Ac-
cording to Hill's equation fit, FAD binds to LPH in a cooperatively way
(N = 2.3) and has a Kd value of 4.1 μM. The absence of FAD produces
abolishment of enzymatic activity.
3.4. Effect of reaction conditions on hydratase activity and stability

The variation of pH values on enzymatic activity of LPH reveals that
optimal production of 10-HOE occurs at pH 6.5 and 7.0 (Fig. 4A). The pH
was varied from 5.0 to 9.0 using 50 mM sodium acetate buffer (pH 5.0



Fig. 4. Effect of pH on LPH. (A) Specific activity, calculated as μmol of 10-HOE/min/mg of protein (see Section 2.3). (B) Thermal stability at different pH values. The different melting point
values (Tm) were calculated at the inflection point (dotted black lines) of the transition temperatures using Boltzmann's sigmoidal fit.
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and 5.5), 50mMbis-tris buffer (pH6.0, 6.5 and 7.0) and 50mMtris buff-
er (pH 7.5, 8.0).

Notably, the thermal stability of the protein is higher at pH 7.0 than
at pH 6.4–6.6 (Fig. 4B) where the Tm value is increased from 48.7 °C to
51.6 °C at pH 7.0. Acid pH values, below pH 6.5, still allow the enzymatic
activity with reduced yields but decrease the thermal stability of the
protein whereas the lowest activity and stability of LPH was found in
pH values above 7.0. The effect of pH value on thermal stability of LPH
was not independent of the salt type used to buffer the different solu-
tions since the protein showed a preference for sodium lactate and ace-
tate salts in pH values below 7.0 and for glycine salt in pH above 8.0
(according to the composition ofWizard pH buffer kit with 96 different
conditions).

In addition, MgCl2, (NH4)2SO4, dodecyl-β-maltoside, polyethylene
glycol 400 and ethanol were the only additives, out of the 96 tested
(see Section 2.7), that also increased the thermal stability of LPH (Fig. 5).

3.5. Structural modeling of LPH and its interaction with LA

A three-dimensional structure of LPH was calculated (Fig. 6A) (with
a confidence of 0.8752) by homology modeling using an ab initio
method based on the amino acid sequence of the protein (GenBank
code: CBY45494.1) combined with the crystallographic structure of
LAH (PDB code: 4ia5) due to their moderate sequence identity. Further
analysis using DIAL server [41] resulted in the identification of 3 intri-
cately connected domains: Domain 1 (colored in light blue in Fig. 6A)
(residues 1–50, 229–352 and 482–549) has a mixed α/β fold composed
of five parallel β-sheets between three helixes on the inner part and
three antiparallel β-sheets on the outer part of the protein. This partic-
ular arrangement is denoted as Rossmann-like fold found in many
FAD and NAD(P)-binding proteins which is also found on LAH, EMH
(PDB code: 4uir) [42] and PAI (PDB code: 2bab) [21]. Domain 2 (colored
in bubblegumpink in Fig. 6A) (residues 51–132, 209–228 and 353–481)
has also a mixed α/β fold and consists of five antiparallel β-sheets
surrounded closely by four helixes and furtherly by three more helixes
Fig. 5. Effect of additives on LPH thermal stability. The different melting point values (Tm)
were calculated at the inflection point (dotted black lines) of the transition temperatures
using Boltzmann's sigmoidal fit.
that are in contact with the other two domains. Domain 3 (colored in
wheat in Fig. 6A) (residues 133–208 and 550–569) is practically an all
α fold and corresponds to the C-terminus of the protein.

Overall, LPH holds practically the same tertiary structure as LAH
(Fig. 6B), with the exception of loops which showed high difference
in terms of RMSD (Fig. S4) however, the biggest difference is that
LAH holds two extra helixes that account for additional fourth
domain.

Molecular docking assays resulted in the identification of two puta-
tive LA sites (Fig. 7): Site 1 was found to be a hydrophobic pocket locat-
ed in domain 3 and the amino acid residues that have a direct
interaction with LA are Leu149, Ile153, Met154, Pro156, Met206,
Ile210 and Phe213 (Fig. 7C). Interestingly, the fatty acid molecule is ar-
ranged around Met154 which acts as a rigid pole for the hydrocarbon
chain at themid partwhereas at theω-endof LA, themolecule is packed
between Leu149, Ile210, Phe213 and Leu560. Finally, the carboxylate of
LA appears to be solvent-exposed as itwas found on the outer surface of
the protein and interacting with Pro156 through hydrophobic interac-
tion (Fig. 7C) according to LigPlot analysis (Fig. S5A) [43].

An additional active site (site 2) was found at the core of the protein
along with the putative FAD-binding site (Fig. 7B). Site 2 was found to
be a hydrophobic cavity located at the interface of domains 1, 2 and 3.
A schematic representation of the amino acid residues that are consid-
ered to have a direct interaction with LA are depicted in Fig. 7C. From
there, it can be highlighted that the fatty acid molecule is also arranged
around a methionine residue (Met81) acting as a rigid pole for the hy-
drocarbon chain at the mid part. All of the amino acid residues and
the FADmolecule aswell, are forming hydrophobic contacts with the li-
gand according to LigPlot analysis (Fig. S5B) [43].

Site 2 was found to be in contact with the putative FAD-binding site
through hydrophobic contacts. A schematic representation of the amino
acid residues interacting with the FAD molecule is depicted in
Figure S5C. According to LigPlot analysis [43], FAD establishes hydrogen
bonds with the main chain of residues Leu18, Ser19, Asn49, Arg80,
Met81, Ser300, Glu513 and Thr524 whereas the rest of the residues in-
teract through hydrophobic interactions.
3.6. Analysis of the interaction of LPH with POPC:DMPC liposomes

Native LPH was reconstituted in POPC:DMPC proteoliposomes as
stated before. The system was dual-labeled so that both, phospholipid
bilayer and LPH were visualized simultaneously by confocal fluores-
cence microscopy (Fig. 8).

The results show that the Rhodamine B-labeled LPH is arranged
around the surface of β-BODIPY® FL C5-HPC-labeled liposomes. This in-
teraction is clearly observed only on the surface of the lipid bilayer sug-
gesting that LPH establishes a peripheral association with biomimetic
membranes (Fig. 8, C2).

Control experiments of liposomes without the protein showed the
absence of any association around the surface of the liposome (Fig. S6).



Fig. 6.Three-dimensional structure of LPH. (A)Depiction of domain1 (light blue)whichpossess a Rossmann-like folding, domain 2 (bubblegumpink) that consist ofα/β fold and domain 3
(wheat) which is all α-helix fold. Highly disordered regions were found as large loops: loop 1 (residues 42–78), loop 2 (residues 298–322), loop 3 (residues 119–141), loop 4 (residues
490–508) and loop 5 (541–552). (B) Structural comparison of LPH and LAH. Colors of LAH are the same as the original reference [27] (domain 1 in blue, domain 2 in green, domain 3 in red
and domain 4 in yellow).
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4. Discussion

Hydratase activity towards polyunsaturated fatty acids like linoleic
and oleic acid poses a detoxification mechanism in bacteria since these
lipids inhibit the development of plasmatic membranes and enoyl-ACP
reductase activity [4,26]. MCRA protein family in a various intestinal bac-
teria has been found to possess this enzymatic activity in order to survive
Fig. 7. Architecture of the binding sites of LPH with LA. (A) Overall location of LA in site 1 at the
between the three domains. (C) Depiction of residues that account for active site 1 and (D) for a
13) are colored in green.
and adapt their growth in fatty acid-rich environments [7]. Hence, it is es-
sential for cell defense in hostile environments. Additionally, the hydra-
tion of linoleic acid in lactic bacteria such as L. plantarum, has been
proved to be the first step in the production of bioactive conjugated
linoleic acid [6] which has many beneficial properties. In this study,
64.7 kDa linoleic acid hydratase from L. plantarum (LPH) was isolated in
its native form from the plasmatic membrane fraction using OTGP as
hydrophobic pocket in domain 3 and (B) in FAD-binding site 2 at the hydrophobic cavity
ctive site 2. LAmolecule is colored in yellowwhereas double bonds (carbons 9–10 and 12–



Fig. 8. CFM of LPH proteoliposomes. Assembly and association of the proteinwith biomimeticmembranes. (A) Green fluorescence belongs to hydrophobicβ-BODIPY® FL C5-HPC signal. It
shows the phospholipid bilayer shape and topologywhile (B) red fluorescence belongs to hydrophilic Rhodamine B signal bound to the protein. (C) Combined and color-merged images of
both signals. Images in row 1 show a convex cross section of one proteoliposome whereas images in row 2 show a front view.
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the disrupting detergent of themembranes. It was found that the protein
undergoes oligomerization in solution resulting in the formation of an ac-
tive homotrimer, in contrastwith recombinant LAHandMCHwhichwere
characterized as homodimers [24,27]. Oligomerizationmight occur due to
interactionbetween the highly disorder regions that can be found on each
monomer such as large loops (Fig. 6A).

Biochemical characterization of the native protein showed that opti-
mal stability occurs on an environment set at a pH between 6.5 and 7.0
and with the addition of either MgCl2 (50 mM), (NH4)2SO4 (500 mM),
dodecyl-β-maltoside (2.5%), polyethylene glycol 400 (25%) or ethanol
(15%). The maximum production of 10-HOE from LA occurs also be-
tween pH 6.5 and 7.0.

The amino acid sequence analysis of LPH using BLAST server and
Clustal W server [44,45] (Fig. S7) showed a moderate identity with
Fig. 9. Structural comparison of FAD-binding related proteins. LPH (depicted in pink), EMH (dep
the three proteins are located practically in identical regions at the core of the enzymes. (B) Iden
in the active site of EMHwas reported to be a 6 carbon–polyethylene glycol (P6G) [42], wherea
LPH was LA (LA).
other fatty acid hydratases: 32% with LAH, 30% with BBH and MCH
and 31% with SPH and EMH. Additionally, all these hydratases that
also belong to theMCRA's family are known to be FAD-binding proteins.
Experimentally it was demonstrated that LPH binds this cofactor coop-
eratively with a Kd value of 4.1 μM (Fig. 3). The FAD-binding domain of
LPH has been previously defined as a 47 residue cluster (from Met6 to
Gly52) [12]; however, from the sequence alignment analysis (Fig. S7),
eighteen extra residues were added to this domain (65 amino acids in
total) and from them, Gly15, Gly17, Gly52, Gly78, Gly79, Arg80,
Met81, Thr297, Gly512, Phe523 and Thr524 are highly conserved
among FAD-binding domain in hydratases. Additionally, the domain
presents the characteristic GxG(x)9L(x)17–23G motif consistent with
FAD- and NAD(P)-binding Rossmann folds [46] and structurally, is lo-
cated at the core of LPH, directly in contact with LA binding-site 2
icted in cyan) and PAI (depicted in yellow. (A) FADmolecules and active sites from each of
tification of conserved amino acid residues involved in the active site. Themolecule located
s the substrate of PAI was the bioactive isomer 10-trans-12-cis-CLA (CLA) [21]. Substrate of
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(Fig.7B). The FADmolecule was found to hold practically the same loca-
tion and conformation than that identified experimentally on FAD-
binding EMH and PAI (Fig. 8A).

Hydration of LA catalyzed by LPH, produces a hydroxylated enoic
acid (10-HOE). The homology model of the protein with the docked li-
gand molecule may be helpful to comprehend the binding mode: LA
binds to site 1 located on a cavity on domain 3 (Fig. 7A) which resem-
bles almost identically the external binding site of LAH [27]. The most
important feature in this site is that, in both proteins, LA molecule ar-
ranges around a methionine residue (Met156 in LPH and Met154 in
LAH) which acts as a rigid pole for the hydrocarbon chain (Fig. 7D). LA
also binds to site 2 which is a hydrophobic pocket at the core of LPH
very close to the isoalloxazine ring of FADmolecule. This site resembles
very much the binding site of EMH [42] and PAI [21,22] (Fig. 9A) since
some amino acid residues are in identical conformation (Fig. 9B). Sur-
prisingly, in site 2, the hydrocarbon chain of LA also arranges around a
methionine residue (Met81). This behavior is consistent with the bind-
ing mode of PAI [21] which also binds LA around a methionine residue
(Met64). In both sites, the ligand anchors to the cavity by hydrophobic
interactions throughout the hydrocarbon chain. These findings, might
lead to the assumption that LA binds first to LPH through external site
1 and after that, the protein could undergo a conformational change
mostly in one of the many loops that are found in the structure of LPH
(Fig. 6A) and a channelmight be formed, from the surface to the interior
of the protein where the FAD molecule is lodged (Fig. 7). These results
shed light into the binding mode and conserved residues of hydratases
from the Lactobacillus genus involved in the conversion of LA as a detox-
ifying mechanism against polyunsaturated fatty acids.

Hydration, as well as isomerization activity of LA in L. plantarum
have always been reported in the plasmatic membrane-associated frac-
tion [9], however no further studieswere carried out to confirmor char-
acterize the nature of the membrane–protein interaction. In this study,
we reconstituted LPH in POPC:DMPC fluorescent liposomes which
mimicked the native membrane environment of the cell. It was demon-
strated through confocal fluorescencemicroscopy analysis, that LPH is a
peripheralmembrane protein since it interactswith the lipid bilayer in a
superficial or extrinsic way (Fig. 8). During the purification process, the
use of (NH4)2SO4 (1.5 M) as a chaotropic salt, may have allowed the ex-
traction or detachment of LPH from the membranes while maintaining
it in a soluble state (Table S1). In this work, we suggest that the super-
ficial attachment of the hydratase could be mediated by electrostatic
Fig. 10. Surface potential of LPH. Positive-cationic patches (in blue) of theproteinwere cal-
culated using ABPS program [48]. Surfaces 1, 2 and 4 are the only sites available for elec-
trostatic interaction with phosphate–oxygen from phospholipids while surface 3 is
involved in the vicinity of active site.
interactions between one of the positive-cationic patches on the surface
of LPH (Fig. 10) and the phosphate-oxygen polar heads of phospho-
lipids, since they have proven to have a very large negative surface po-
tential available for electrostatic binding with various molecules [47].

Peripheral-electrostatic association of LPHwithmembranes through
potential surfaces 1, 2 or 4 would allow the active site to bind extracel-
lular fatty acid molecules and so, the peripheral nature of LPH can also
be explained in terms of its enzymatic activity as the main goal of
fatty acids hydratases is to participate in the cell detoxification from a
fatty acid-rich environment, so in order to act as the first receptor, it
needs to bind the toxic molecule and catalyze its hydration before it
reaches plasmatic membranes and in this way, prevent the disruption
of the lipid bilayers due to the kinked geometry of the unsaturated
fatty acids [3] and also prevent the inhibition of enoyl-ACP reductase
activity [4].

5. Conclusions

Hydratase from L. plantarum, here denoted as LPH, has enzymatic ac-
tivity towards linoleic acid producing a hydroxylated enoic acid andwas
previously described only as a FAD-containing protein belonging to
MCRA family. Here, we obtained the protein in its native form and ex-
plored, for the first time, two important attributes that were unknown:
first, the location of the putative binding sites within the protein archi-
tecture and its characterization. Site 1 locks the hydrocarbon chain of
the fatty acid through hydrophobic interactions but leaves the carboxyl-
ate group out of the cavity, facing the protein exterior and site 2 is locat-
ed at the core of the protein in close contact with the FAD molecule
suggesting a relocation of the substrate from the exterior to the interior
where the enzymatic reaction takes place. Also, we identified a con-
served methionine amino acid residue that plays an important role on
packing the ligand on both binding sites. Second, we determined that
interaction of native LPH with biomimetic membranes is peripheral
and proposed that it is mediated by electrostatic interaction of one of
the large positive surface potentials that can be found on the protein.
The relevance of this study lies upon the fact that the peripheral location
of membrane-associated LPH, has a functional implication on the cell
detoxification from polyunsaturated fatty acids such as linoleic acid.
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