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The  direct  hydration  of  C  C bonds  to yield  alcohols  or the  reverse  dehydration  is chemically  challenging
but  highly  sought  after.  Recently,  oleate  hydratases  (OAHs)  gained  attention  as biocatalytic  alternatives
capable  of  hydrating  isolated,  non-activated  C C bonds.  Their  natural  reaction  is the  conversion  of  oleic
acid  to (R)-10-hydroxystearic  acid.

In this  work,  we report  the  first  comparative  study  of  several  OAHs.  Therefore  we established  the
Hydratase  Engineering  Database  (HyED)  comprising  2046  putative  OAHs  from  eleven  homologous  families
and  selected  nine  homologs  for cloning  in E. coli.  The  heterologously  expressed  enzymes  were  evaluated
iocatalysis
atabase analysis
ydration
leate hydratases

concerning  activity  and  substrate  specificity.  The  enzymes  have  a broad  substrate  scope  ranging  from  oleic
acid  (C18)  to the  novel  synthetic  substrate  (Z)-undec-9-enoic  acid  (C11).  The  OAHs  from  Elizabethkingia
meningoseptica  and  Chryseobacterium  gleum  showed  the  best  expression,  highest  stability  and  broadest
substrate  scope,  making  them  interesting  candidates  for directed  evolution  to  engineer  them  for  the
application  as general  hydratase  catalysts.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

In recent years, hydratases received increasing attention as pos-
ible biocatalysts, as they enable the regio- and stereoselective
ddition of water to double bonds or the reverse water elimina-
ion. Chemical hydrations require harsh acidic conditions, which
ead in general to a broad range of side-reactions and a significant
oss of selectivity [1].

Hydratases are classified as hydro-lyases (EC 4.2.1) and can be
ivided into two groups regarding their substrates and need of
ofactors [2,3]. Cofactor-dependent hydratases add water to acti-
ated �,�-unsaturated carbonyl compounds, whereas hydratases
cting on isolated carbon–carbon double bonds are described to be
Please cite this article in press as: J. Schmid, et al., Biocatalytic stu
http://dx.doi.org/10.1016/j.molcatb.2017.01.010

ofactor-independent [3,4]. Rare examples for the latter group are
he carotenoid hydratase [5,6], the linalool dehydratase-isomerase
7] and the oleate hydratase (OAH) [8].

Abbreviations: C C, carbon–carbon double bond; OAH(s), oleate hydratase(s);
yED, Hydratase Engineering Database; HFam(s), homologous family/families;
DNA, genomic DNA; Cg, Chryseobacterium gleum;  Db, Desulfomicrobium baculatum;
m,  Elizabethkingia meningoseptica; Gm, Gemella morbillorum; Ht,  Haloterri-
ena thermotolerans; La,  Lactobacillus acidophilus; Lj, Lactobacillus johnsonii; Mp,
ucilaginibacter paludis; Tt,  Thermoanaerobacterium thermosaccharolyticum.
∗ Corresponding author.

E-mail address: Bernhard.Hauer@itb.uni-stuttgart.de (B. Hauer).
1 These authors contributed equally to this work

ttp://dx.doi.org/10.1016/j.molcatb.2017.01.010
381-1177/© 2017 Elsevier B.V. All rights reserved.
OAHs (EC 4.2.1.53) are promising biocatalysts for the selec-
tive addition of water to C C bonds. They were first described by
Wallen et al. in 1962 when they found Elizabethkingia meningosep-
tica (formerly known as Pseudomonas sp. strain 3266) capable of
hydrating oleic acid to 10-hydroxystearic acid [9]. Since then, a
number of other strains were found to possess OAHs and sev-
eral studies have been performed on the selectivity, the kinetics
and the mechanism of the reaction [8]. Isotope labeling exper-
iments confirmed that the alcohol group was introduced at the
C-10 position [10]. Schroepfer and Bloch showed that the hydroxyl
group is formed stereoselectively in (R)-configuration [11]. They
also proved that the reaction does not take place via an initial
epoxidation and subsequent reductive opening by conducting the
reaction under anaerobic conditions. Furthermore, the utilization of
9,10-epoxyoctadecanoic acid as precursor did not lead to the for-
mation of 10-hydroxystearic acid [12,13]. Other studies on novel
fatty acid hydratases also addressed regioselectivity. For instance,
the hydratase from Macrococcus caseolyticus was most active for
oleic acid indicating that it was an OAH, however, hydration also
occurred at cis-12 C C bonds [14]. Only in 2015, a second hydratase
from Lactobacillus acidophilus (La) was  discovered, catalyzing the
addition of water selectively to the 12Z-position [15]. In previous
dy of novel oleate hydratases, J. Mol. Catal. B: Enzym. (2017),

studies, however, it was  reported that most hydratases add water
exclusively to the 9Z-double bond, with the hydroxyl group being
introduced at the C-10 atom [8,16–18].

dx.doi.org/10.1016/j.molcatb.2017.01.010
dx.doi.org/10.1016/j.molcatb.2017.01.010
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:Bernhard.Hauer@itb.uni-stuttgart.de
dx.doi.org/10.1016/j.molcatb.2017.01.010
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The first OAH was isolated in 2009 from Elizabethkingia
eningoseptica (Em-OAH1), subsequently cloned in E. coli and bio-

hemically characterized [8]. Recently, the crystal structures of
a-OAH1 and Em-OAH1 were solved, giving more insight into the
AD binding and the reaction mechanism [18,19]. It was revealed
hat the Em-OAH1 is a dimer and each monomer contains not only

 Ca2+-ion but also FAD as prosthetic group. However, the exact
unction of FAD still remains unclear. A structural or mechanistic
urpose has been discussed [18,19].

Since the first OAH was described, several hydratases from
ifferent organisms followed, but were in most cases not char-
cterized in detail. Nevertheless, OAHs are successfully applied in
arger-scale biotransformations of unsaturated fatty acids (mainly
leic acid) [1]. The resulting hydroxy fatty acids and their deriva-
ives are applied in a broad range from detergents and paintings
o biopolymers and flavor compounds [2,20,21]. Beside the pro-
uction of 10-hydroxystearic acid, OAHs have also been embedded

n cascade reactions for the synthesis of plastic monomers (�,�-
icarboxylic acids for polyesters and amino acids for polyamides)

rom renewable fatty acids [1,22,23]. Moreover, the enzymatic
ehydration of short chain alcohols (e. g. isobutanol) was  described
2,24].

As most of the described enzymes were investigated with diver-
ent substrate panels (ranging from saturated to polyunsaturated
atty acids with a chain length from C12 to C22) and with different
eaction set-ups (in vitro or in vivo), it is difficult to directly compare
he different enzymes [4].

Herein, we present the compilation of a comprehensive
atabase and activity assessment of nine representative hydratases

rom three different homologous families with varying similar-
ties on one profound substrate panel. In combination with the
nvestigation of the enzymes’ stability and their capability to be
verexpressed in E. coli, this study aims for the identification of
n ideal starting candidate for directed mutagenesis as well as the
eneration of new insights into the growing OAH family.

. Experimental

.1. Chemicals & DNA

The chemicals were purchased from the following suppliers:
igma-Aldrich (St. Louis, USA), Serva (Heidelberg, DE), Merck
Darmstadt, DE), Peqlab (Erlangen, DE), Alfa Aesar (Karlsruhe, DE),
arl Roth (Karlsruhe, DE) and Macherey-Nagel (Düren, DE).

Genomic DNA (gDNA) as a source of desired OAH genes was
btained from DSMZ (Leibniz-Institut, Braunschweig, DE). Oligonu-
leotides were obtained from Metabion (Planegg, DE).

.2. Database setup

The Hydratase Engineering Database (HyED) was established
ithin our in-house database system BioCatNet [25] based on 20

equences (Table S1) derived from a hydratase patent by Mar-
iere describing the dehydration of alcohols for the production
f alkenes [24]. A BLAST search in the non-redundant protein
atabase of the NCBI was performed for each of these sequences
sing an expectation threshold of 10−10 [26,27]. Hits sharing a
equence identity of >98 % were assigned to a single protein entry.
omologous families were automatically generated by cluster-

ng all sequences with USEARCH and an identity cut-off of 50 %
28]. For further classifications into superfamilies, all sequences
Please cite this article in press as: J. Schmid, et al., Biocatalytic stu
http://dx.doi.org/10.1016/j.molcatb.2017.01.010

ere compared using the Needleman-Wunsch algorithm [29] for
airwise sequence alignments. Similarities were visualized using
equence similarity networks generated with Cytoscape version
.2.1 and the organic layout (Fig. 1) [30]. Available structures were
 PRESS
sis B: Enzymatic xxx (2017) xxx–xxx

downloaded from the Protein Data Bank (PDB) and stored in the
respective protein entry [31]. The Hydratase Engineering Database is
publicly available at https://hyed.biocatnet.de and can be browsed
by sequence, structure or source organism. All sequences, multiple
sequence alignments and phylogenetic trees can be accessed online
or be downloaded.

2.3. Conservation analysis

For identification of conserved positions, a multiple sequence
alignment of all sequences of the database was  calculated using
Clustal Omega [32]. For each alignment column, the occurrence
of each amino acid was counted. Positions were considered to be
conserved if one or two  amino acids were found in >90 % of all
sequences.

2.4. Cloning of homologous enzymes

The OAH genes were amplified from gDNA via PCR (see Table S2
for primers, Tables S3, S5 and S7 for reaction mixture and Tables S4,
S6 and S8 for temperature program). pET28a(+) was used as vector
backbone. For the cloning of La- and Lj-OAH1, the NcoI restriction
site in pET28a(+) was  changed to NdeI by using the ligation-during-
amplification method. Cg-OAH1 was ligated into pET28a(+) using
the XbaI and XhoI restriction sites. For Db-, Em-, Gm-, Mp-  and Tt-
OAH1 NcoI and XhoI were used. For Ht-OAH1 XbaI and HindIII, for
La- and Lj-OAH1 the restriction sites NdeI and XhoI were used.

2.5. Expression of hydratase genes

A preculture of E. coli BL21 (DE3) containing the corresponding
plasmid was used to inoculate a 2 L baffled flask containing 400 mL
TB medium and kanamycin (final concentration: 30 �g mL−1) to an
OD600 of 0.05. The cultures were incubated at 37 ◦C and 180 rpm
until an OD600 of 0.5 was  reached. Expression was induced by
adding 0.5 mM IPTG at 20 ◦C. After 16 h at 20 ◦C and 140 rpm the
cells were harvested by centrifugation (30 min, 20,450 × g, 4 ◦C) and
the pellet was  stored at −20 ◦C until further use.

Cell disruption was  achieved either by sonication or chemical
lysis. For sonication, a cell suspension (10 mL  g−1 cell pellet in the
same buffer as used for reaction) was  prepared and kept on ice dur-
ing disruption using a Branson Sonifier 250 (5 cycles: 1 min  on/45 s
off, duty cycle 30 %, output 4). Lysate was  obtained by centrifu-
gation (20 min, 894 × g, 4 ◦C) as supernatant. For chemical lysis,
harvested cells were resuspended at room temperature in 5 mL g−1

1 x BugBuster Protein Extraction Reagent (Merck, Darmstadt, DE)  to
which a spatula tip of DNase was  added. The suspension was shaken
(20 min, 25 ◦C, 300 rpm) and subsequently centrifuged (20 min,
16,000 × g, 4 ◦C).The protein concentration was  determined by
bicinchoninic acid assay kit (Pierce BCA Protein Assay Kit, Thermo
Scientific, Waltham, USA) according to manufacturer’s microwell
plate protocol and the lysate was analyzed by SDS-PAGE (according
to Laemmli [33]).

Therefore, the obtained lysate was diluted to a concentration of
2 g L−1 and mixed with the same volume of 2 x SDS sample buffer
(2 mL  1 M TRIS/HCl pH 6.8; 190 mg  MgCl2; 1 mL  glycerol; 0.8 g SDS;
2 mg  bromophenol blue; 310 mg DTT, water ad to 20 mL). Whole
cell samples were taken during or after expression normalized to
OD600 = 0.25 and resuspended in 50 �L 2 x SDS sample buffer. Both,
dy of novel oleate hydratases, J. Mol. Catal. B: Enzym. (2017),

whole cell and lysate samples, were denatured at 95 ◦C for 10 min.
Denatured samples were loaded (10 �L for lysate, 15 �L for pellets)
on the gels along with 5 �L PageRuler Prestained Protein Ladder
(Thermo Scientific, product # 26616).

dx.doi.org/10.1016/j.molcatb.2017.01.010
https://hyed.biocatnet.de
https://hyed.biocatnet.de
https://hyed.biocatnet.de
https://hyed.biocatnet.de
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.6. Biotransformations and analytics

For characterization of the enzymes, biotransformations were
erformed in triplicates and conducted on 500 �L-scale in 1.5 mL
eaction tubes. Protein concentrations and reaction times are listed
n Table 1. Negative controls were performed using lysate of cells
ontaining empty pET28a(+) vector. All reactions were performed
n 50 mM potassium phosphate buffer pH 6.5 except for biotrans-
ormations of (Z)-undec-9-enoic acid and dec-9-enoic acid, which

ere performed in 50 mM citrate buffer pH 6. Substrate was  added
o a final concentration of 500 �M.  The reaction mixture was shaken
t 25 ◦C and 600 rpm. The reaction was quenched by the addition of
0 �L 1 M HCl, extracted two times with 500 �L methyl tert-butyl
ther (MTBE) and 100 �M internal standard (heptadecanoic acid
or linoleic acid, oleic acid and palmitoleic acid or pentadecanoic
cid for myristoleic acid, (Z)-undec-9-enoic acid and dec-9-enoic
cid). The organic phase was concentrated in vacuo and the residue
erivatized using 40 �L N,O-bis(trimethylsilyl)trifluoroacetamide
ontaining 1 % trimethylchlorosilane.

Derivatized samples were analyzed on a Shimadzu GC2010
lus (Shimadzu, Kyōto, JP) equipped with an AOC 20 s autosam-
ler, AOC 20i autoinjector (injection volume: 1 �L, split ratio: 1:10,

njection temperature: 250 ◦C), carrier gas: hydrogen (linear veloc-
ty: 30 cm s−1), column: DB-5 polyphenylmethylsiloxane (Agilent
echnologies, Santa Clara, USA) (30 m,  0.25 mm,  0.25 �m),  detector
emperature 320 ◦C.

For oleic acid, the oven temperature was set to 180 ◦C for 2 min,
hen raised to 240 ◦C at a speed of 15 K min−1, held for 6 min  and
nally increased to 300 ◦C at a rate of 20 K min−1 and kept at this

emperature for 2 min. For linoleic acid, palmitoleic acid, myris-
oleic acid, (Z)-undec-9-enoic acid and dec-9-enoic acid, the oven
emperature was set to 50 ◦C for 2 min, then raised to 100 ◦C at a
peed of 10 K min−1, subsequently raised to 200 ◦C with a rate of
0 K min−1 and raised moreover to 240 ◦C at a speed of 10 K min−1.
inally, the temperature was increased to 300 ◦C at 40 K min−1 and
eld for 3 min.

GC–MS analysis was performed on a Shimadzu GC2010
ystem (Shimadzu, Kyōto, JP) equipped with a GCMS-QP2010
ass selective detector (electron impact, 70 eV), AOC 5000

utosampler/autoinjector (injection volume: 1 �L, split ratio: 1:20,
njection temperature: 250 ◦C), carrier gas: helium (linear veloc-
ty: 30 cm s−1), column: ZB-5 polyphenylmethylsiloxane (Zebron

 Phenomenex, Torrance, USA) (30 m,  0.25 mm,  0.25 �m),  detector
emperature: 320 ◦C); MS:  ion source temperature 200 ◦C, inter-
ace temperature 285 ◦C. The oven temperature was  set to 50 ◦C
or 2 min, and then raised to 100 ◦C at a speed of 10 K min−1, sub-
equently raised to 200 ◦C with a rate of 30 K min−1 and raised
oreover to 240 ◦C at a speed of 10 K min−1. Finally, the tempera-

ure was increased to 300 ◦C at 40 K min−1 and held for 10 min.

.7. ThermoFAD

The thermostability of OAHs was measured by ThermoFAD
ccording to a protocol published elsewhere [34,35]. The protein
ysate samples (25 �L) were heated in a microwell plate using

 real-time PCR machine (Eppendorf Mastercycler epgradient S,
amburg, DE). The temperature was increased stepwise at 0.5

 from 20 ◦C to 90 ◦C. During the unfolding process of the pro-
Please cite this article in press as: J. Schmid, et al., Biocatalytic stu
http://dx.doi.org/10.1016/j.molcatb.2017.01.010

eins, FAD is released and the fluorescence signal was measured
t 543 nm.  The melting point was determined from the minimum
f the second derivation of the fluorescence signal. ThermoFAD was
erformed in triplicates of the same lysate.
 PRESS
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2.8. Freeze-drying and determination of residual activity

Cells were sonicated in 50 mM ammonium acetate buffer (pH
7.5) as described above. The obtained lysate was frozen in liq-
uid nitrogen and lyophilized for five days using a freeze-dryer
(Christ Alpha 2–4LD plus, Martin Christ Gefriertrocknungsanlagen,
Osterode am Harz, DE). The lyophilized proteins were resolved
in 50 mM potassium phosphate buffer (pH 6.5) and the residual
activity was  determined by comparing product formation in bio-
transformations (cf. 2.6) regarding the conversion of 500 �M oleic
acid (1 h, 37 ◦C, final protein concentration: 0.5 g L−1) using fresh
lysate or resuspended lyophilisate.

2.9. Synthesis of (Z)-undec-9-enoic acid

In a dry Schlenk tube, 9-undecynoic acid (0.48 g, 2.64 mmol)
was added to Lindlar catalyst (0.06 g) dissolved in 15 mL  methanol
(dried over 3 Å molecular sieve) and stirred at room temperature.
The atmosphere was replaced ten times with hydrogen by sub-
sequent evacuation and hydrogen flooding. Afterwards, hydrogen
was allowed to pass through the reaction mixture for 20 h. Finally,
the grey mixture was  filtered over celite, washed with methanol
and the filtrate was  concentrated in vacuo to yield a yellowish
oil which was  purified by column chromatography (cyclohex-
ane/MTBE 5:1, Rf = 0.36, vanillin) to yield (Z)-undec-9-enoic acid
(0.18 g, 0.98 mmol, 38 %) as a colorless oil (>95 % 1H NMR  purity).

1H NMR  (500 MHz, CDCl3): � = 1.32–1.35 (m, 8H, 4-H, 5-H, 6-H,
7-H), 1.60 (d, J = 6.3 Hz, 3H, 11-H), 1.62–1.65 (m,  2H, 3-H), 2.00–2.04
(m,  2H, 8-H), 2.35 (t, J = 7.5 Hz, 2H, 2-H), 5.36-5.40 (m,  2H, 9-H, 10-
H) ppm.13C NMR  (125 MHz, CDCl3): � = 12.8, 24.7, 26.8, 29.0, 29.0,
29.1, 29.5, 33.9, 123.7, 130.8, 179.6 ppm. FT-IR (ATR): ṽ  = 3013 (w),
2924 (m), 2855 (m), 1705 (s), 1412 (m), 1284 (m), 1245 (m), 1114
(w), 934 (m), 700 (m)  cm−1.

3. Results and discussion

3.1. Database assembly

The Hydratase Engineering Database (https://hyed.biocatnet.de)
was established in the framework of our in-house database system
BioCatNet [25]. The database includes 2046 sequences and thereby
increases the number of previously known putative hydratases
noteably. These sequences were assigned to eleven homologous
families (HFam1-11) sharing a high sequence similarity (average
global sequence identity of 62 % inside the families) (Fig. 1). HFam2
constitutes the largest homologous family (1188 sequences)
and includes the Lactobacillus acidophilus oleate hydratase (La-
OAH1, pdb entries 4IA5 and 4IA6). The next larger families are
HFam1 (436 sequences) and HFam3 (191 sequences). HFam11
(116 sequences) contains the Elizabethkingia meningoseptica oleate
hydratase (Em-OAH1, pdb entry 4UIR). For all other homologous
families (HFam4-10), no structure information is available. These
families contain less than 50 sequences each. The putative OAHs
were mainly derived from bacterial sources, but also 103 fungal
and 24 archaeal sequences are included in the database (Fig. S1).

To identify structurally and functionally important positions,
the homologous families were investigated for similarities and for
systematic differences in their conservation patterns. 80 Positions
were found to be highly conserved among all sequences (identical
amino acids in >90 % of the sequences, Fig. S2, Table S9).

Some of these conserved positions have been described
dy of novel oleate hydratases, J. Mol. Catal. B: Enzym. (2017),

in literature before: The glycine-rich motif of the Rossmann-
fold (usually described as GxGxxG) was described as
GxGxx[GSAN]x(15)[EKD]x(5)[EDGS] for OAHs based on a sequence
alignment using ten enzymes [4]. The conservation analysis

dx.doi.org/10.1016/j.molcatb.2017.01.010
https://hyed.biocatnet.de
https://hyed.biocatnet.de
https://hyed.biocatnet.de
https://hyed.biocatnet.de
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ig. 1. Sequence similarity network of the HyED showing the classification into el
actobacillus acidophilus (black) is found in HFam2, while the oleate hydratase from
haracterization are from HFam1, HFam2 and HFam11 and shown as colored triang

ased on all sequences of the HyED shows that this region is
ven more conserved than indicated by the sequence pattern
erived from literature: for 16 of the 28 positions described by
his motif, already two amino acids are sufficient to describe
0 % of the OAHs (Table S10). A more specific and sensitive
equence motif for the FAD-cofactor binding region of OAHs is
69xG[LI][AG]x[LM][AS][AG]Ax[FY][LM][IV]R[DE][GA]x(3)Gxx[IV]
[IFVL][LFY]E96 (positions according to Em-OAH1). Interestingly,
he motif derived from literature describes a charged residue at
osition 90 (position underlined in both sequence motifs). Due to
ur criteria no residue is conserved at this position, but a tendency
an be seen (35 % E, 16 % K, 15 % S, 14 % D, 5 % Q, 4 % N). For
ome of the positions found in the cofactor binding region, specific
unctions were reported in previous studies [36,37]. The conserved
lycines at positions 69 and 71 were described to facilitate the
ositioning of the FAD. Further, residues at positions 78 and
4 were reported to stabilize the interaction between the first
-strand and the following �-helix [36,37]. However, although a

endency towards small amino acids can be seen for position 74,
o residue is found to be conserved.

Of the other regions conserved in OAHs, the loop region
118GGREM123 (positions according to Em-OAH1) has been
escribed to have a structural role for cofactor binding and an addi-
ional role in catalysis has been proposed for E122 [19]. Indeed,
his region is highly conserved among all database members (Table
11). Other highly conserved residues in Em-OAH1 are Y241, which
as also proposed to be involved in the reaction [19] and the

esidues suggested to bind the carboxylate of the oleate substrate
Q265, T436, N438 and H442) [19].

Interestingly, some of these positions showed a family specific
onservation (Table S12). Instead of the proposed catalytic glutamic
cid at position 122, methionine is conserved in HFam1. HFam1 also
orms an exception at position 123 where predominantly leucine
s found, as well as at the position 436 where valine is conserved
nd position 438 where predominantly small residues are found.

For none of the other conserved or family-specific conserved
Please cite this article in press as: J. Schmid, et al., Biocatalytic stu
http://dx.doi.org/10.1016/j.molcatb.2017.01.010

ositions, a function has been proposed yet. However, several of
hem can be found in the substrate binding pocket and thus, are
upposed to contribute to substrate binding or catalysis.
omologous families (HFams). The previously characterized oleate hydratase from
bethkingia meningoseptica (yellow) is found in HFam11. The sequences selected for

3.2. Selection of homologs

Representative OAHs were selected from literature and our
database (Fig. 1) for the comparative investigation of properties
interesting for biocatalysis including stability, activity and sub-
strate specificity. The two already described oleate hydratases
La-OAH1 [18] (HFam2) and Em-OAH1 [19] (HFam11) for which
also structural information is available, as well as representa-
tive homologs from these families were chosen: The putative
oleate hydratases from Lactobacillus johnsonii (Lj-OAH1), Gemella
morbillorum (Gm-OAH1) and Desulfomicrobium baculatum (Db-
OAH1) [24] from HFam2 were selected for their high sequence
similarity to La-OAH1. Chryseobacterium gleum (Cg-OAH1) from
HFam11 was  chosen for its high sequence similarity to Em-OAH1.
Since members of HFam1 show an interesting family-specific con-
servation, three additional putative oleate hydratases from the
thermophilic archaeon Haloterrigena thermotolerans (Ht-OAH1),
from the thermophilic bacterium Mucilaginibacter paludis (Mp-
OAH1) and from Thermoanaerobacterium thermosaccharolyticum
(Tt-OAH1) [24] were selected, especially for their potentially
increased (thermo)stability.

3.3. Activity, regioselectivity and stability

The nine selected genes were cloned into pET28a(+) vector for
expression in E. coli BL21 (DE3). A small expression study was
performed to optimize several parameters including incubation
temperature, time and induction method. The improved expression
procedure was  then utilized to investigate the overexpression capa-
bility and the individual expression levels were compared (Figure
S3). Overexpression was  detectable for seven out of nine homol-
ogous genes (∼65 kDa). Two hydratase genes from Haloterrigena
thermotolerans and Thermoanaerobacterium thermosaccharolyticum
showed no expression. The expression of the oleate hydratase
genes from Mucilaginibacter paludis and Lactobacillus johnsonii led
dy of novel oleate hydratases, J. Mol. Catal. B: Enzym. (2017),

to the formation of inclusion bodies. The five oleate hydratases
from Chryseobacterium gleum,  Desulfomicrobium baculatum,  Eliza-
bethkingia meningoseptica, Gemella morbillorum and Lactobacillus
acidophilus showed good overexpression.

dx.doi.org/10.1016/j.molcatb.2017.01.010
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Activity tests were performed with oleic acid (C18:1) as sub-
trate. Four hydratases showed moderate to high conversion
Cg-OAH1: 87 %, Db-OAH1: 26 %, Em-OAH1 89 % and La-OAH1: 33
), one hydratase (Gm-OAH1) showed only minor conversion (2 %).
j- and Mp-OAH1 formed inclusion bodies during expression. No
ctivity was detected for lysates of cells showing no overexpres-
ion in SDS-PAGE. Negative controls were performed using lysate
f induced cells containing empty pET28a(+) vector.

In order to characterize the enzyme panel regarding regiose-
ectivity, the active homologs were incubated with linoleic acid
C18:2) and the fragmentation patterns of the hydrated products
ere analyzed via GC–MS. The five enzymes were also active with

inoleic acid, forming the 10-hydroxy product (Table 1).
To analyze robustness, we investigated thermostability and

esidual activity after freeze-drying (Table S13). All homologs
howed comparable melting points Tm ranging from 56.0 ± 0.2 ◦C
or La-OAH1 to 65.6 ± 0.2 ◦C for Em-OAH1. This is in accordance with

 study of the Lysinibacillus fusiformis oleate hydratase demonstrat-
ng that the enzyme was stable at 40 ◦C for 1 h showing increasingly
aster denaturation for temperatures between 40 and 70 ◦C [38].
lear differences in their behavior were measurable by compar-

ng their activity for the hydration of oleic acid under the same
onditions before and after freeze-drying. Db-  and Gm-OAH1 lost

 majority of their initial activity. After freeze-drying only 17 %
r 15 %, respectively, were detectable. La-OAH1 retained 57 %,
hereas Cg-  and Em-OAH1 out of HFam11 where clearly not as
uch affected as the other enzymes from HFam2. Cg-OAH1 lost 9

 activity and Em-OAH1 only 7 %.

.4. Optimization of reaction conditions

The reported pH-optima for most of the oleate hydratases is in
he range from pH 5.5–6.8[38–40]. Therefore we used potassium
hosphate buffer pH 6.5 for our initial tests. However, in addi-
ion to the pH, enzyme stability becomes increasingly important
or the biotransformation of non-natural substrates with prolonged
eaction time and higher protein concentration. It was  not possi-
le under standard conditions with potassium phosphate buffer
o monitor any oleate hydratase reaction longer than two  days.
lurring of the reaction mixture after 1 d indicated the begin-
ing denaturation of the enzymes from the cell lysate leading to
he exposure of hydrophobic areas and the subsequent interaction
ith substrate and product. As a result, neither substrate nor prod-

ct were detectable in the extract of the reaction mixture. Hence,
e compared the product formation for the biotransformation of
yristoleic acid (C14:1) over 1 d and 2 d in four different buffer sys-

ems at pH 6.0 (potassium phosphate, citrate, BIS-TRIS, MES) using
m-OAH1. The experiments showed that the product recovery in
he 2 d sample was less than in the 1 d sample for potassium phos-
hate and BIS-TRIS, while more product was isolated after 2 d for
itrate and MES  buffer. Particularly, the obtained product decreased
or potassium phosphate from 100 % to 58 % and for BIS-TRIS from
05 % to 78 %, whereas increased from 122 % to 134 % and 114

 to 148 % for citrate and MES  buffer, respectively. The percent-
ges are all normalized to the product formation after 1 d in 50 mM
otassium phosphate buffer pH 6.0.

From the tested buffer systems, we chose 50 mM citrate buffer
H 6.0 for higher stability of oleate hydratases at prolonged reaction
imes and better reproducibility of long-term experiments.

.5. Substrate scope analysis
Please cite this article in press as: J. Schmid, et al., Biocatalytic stu
http://dx.doi.org/10.1016/j.molcatb.2017.01.010

The so far investigated substrate scope described in litera-
ure and the applied reaction conditions often differ for each
ndividual homolog, which makes it difficult to compare the differ-
nt enzymes. Furthermore, different enzyme preparations ranging
 PRESS
sis B: Enzymatic xxx (2017) xxx–xxx 5

from whole cells over cell-free extract to purified enzymes are
utilized [19,39,41,42]. In the case of fatty acids, this can have a
huge impact on the performance of biotransformations as the long-
chain substrates have to be actively imported in the case of whole
cells, whereas cell-free protein extract does not face this limitation
[43,44]. Therefore we preferred cell-free protein extract over whole
cells for studying the substrate scope. In order to obtain comparable
results we focused on the substrate panel shown in Table 1. This set
comprises six different substrates. Starting from the C18 substrates
oleic acid and linoleic acid, the latter used for the determination of
the regioselectivity, we  continued with successively shorter sub-
strates. Biotransformations were performed for these substrates
with all cloned enzymes regardless of their expression behavior.
Consistent with the SDS-PAGE (Fig. S3), which showed no over-
expression for the hydratases from the thermophilic organisms,
no activity could be detected for the enzymes from Haloterrigena
thermotolerans (Ht-OAH1) and Thermoanaerobacterium thermosac-
charolyticum (Tt-OAH1) towards any of the substrates. This was also
the case for Mp-OAH1 from Mucilaginibacter paludis and Lj-OAH1
from Lactobacillus johnsonii because of the formation of inclusion
bodies. Negative controls were performed using lysate of induced
cells containing an empty pET28a(+) vector.

The activity of OAHs for the natural substrate oleic acid (C18:1)
was high, leading to a conversion of up to 90 % after 5 min. Never-
theless, due to the different kinetics for each substrate, the reaction
conditions had to be adjusted accordingly in terms of reaction time
and enzyme concentration. The different parameters and results of
the biotransformations are listed in Table 1.

Oleic acid (C18:1) was the best substrate and high conversions
were reached with Cg-OAH1 and Em-OAH1, moderate product
formation was observed with Db-OAH1 and La-OAH1 whereas Gm-
OAH1 was  almost inactive at protein concentrations of 0.15 g L−1

and reaction times of 5 min. With shorter chain lengths of the
substrates, the reaction times were prolonged and the enzyme con-
centrations were increased to reach a substantial and comparable
amount of product. For the short-chain substrates (Z)-undec-
9-enoic acid (C11:1) and dec-9-enoic acid (C10:1) the protein
concentration was increased to 4 g L−1 and the reaction time pro-
longed to 5 d.

Interestingly, Gm-OAH1 (Gemella morbillorum) was more active
on the shorter chain substrates relative to the homologous enzymes
compared with the biotransformation of oleic acid (Table 1).

The remaining active homologs behaved relatively similar when
compared amongst each other. However, some remarkable dif-
ferences are recognizable. The two hydratases from Lactobacillus
acidophilus (La-OAH1) and Desulfomicrobium baculatum (Db-OAH1)
exhibited a lower activity towards the long-chain substrates C18:1
and C18:2 but showed comparable high activity to the medium
chain substrates C16:1 and C14:1. Gm-OAH1, also found in HFam2,
displayed even lower activity on linoleic acid (C18:2) and oleic
acid (C18:1), but had a relative high or increased activity towards
substrates of shorter chain length. The two homologous enzymes
from Chryseobacterium gleum and Elizabethkingia meningoseptica
demonstrated a good overall performance throughout the substrate
panel ranging from C18:2 to C14:1 and displayed together with
Gm-OAH1 the highest conversion for the short-chain substrate (Z)-
undec-9-enoic acid (C11:1). Whereas Gm-OAH1 was  able to form
16 % of the corresponding 10-hydroxyundecanoic acid, Em-OAH1
and Cg-OAH1 were able to produce almost the double amount (23
% and 30 %).

Despite their activity on 9Z-double bonds, the homologous
enzymes were also characterized on their capability to hydrate
dy of novel oleate hydratases, J. Mol. Catal. B: Enzym. (2017),

a terminal double bond as in dec-9-enoic acid (C10:1). However,
none of the homologs was  active towards this substrate.

Cg-OAH1 and Em-OAH1, both found in HFam11, could be iden-
tified as enzymes with the highest activity on all substrates. The

dx.doi.org/10.1016/j.molcatb.2017.01.010
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Table 1
Substrate scope analysis of putative oleate hydratases. Product formation [%], reaction time and protein concentration of biotransformations.
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roduct formation is indicated as follows: no highlighting (< 20 %), light grey (20–34
cprotein): (a) 4.5 h, 0.5 g L−1, (b) 5 min, 0.15 g L−1, (c) 30 min, 0.5 g L−1, (d) 21 h, 2 g L−1, (e

nzymes of HFam2 on the other hand showed only high yields
or fatty acids of medium chain length (C14 and C16) under the
ested conditions. Therefore, enzymes of HFam11 are particularly
nteresting for further investigations and for the applications as
ydration catalyst for short-chain fatty acids and alkenes.

. Conclusion

In this study, we established the publicly available Hydratase
ngineering Database (HyED) to serve as navigation tool and to col-
ect information about this interesting protein family. Particularly,

e examined the oleate hydratase family around the enzymes from
lizabethkingia meningoseptica and Lactobacillus acidophilus in fur-
her detail and used the HyED for the investigation of conserved
equence motifs to gain further insights into the molecular base of
hese enzymes.

Furthermore, we have chosen nine homologous oleate
ydratases for detailed investigations and heterologously
xpressed them in E. coli.  Five homologous genes were suitable
or clear and stable overexpression. The enzymes were analyzed

ith a set of substrates, ranging from long-chain to medium-chain
atty acids. For the first time, we have tested two  novel substrates
C11:1 and C10:1) and activity could be demonstrated towards
Z)-undec-9-enoic acid (C11:1). All actively expressed hydratases
an be classified for their comparable substrate scope as oleate
ydratases.

The oleate hydratases from HFam11, Em-OAH1 and Cg-OAH1,
howed the highest stability as well as activity towards the novel
on-natural shorter chained substrates. This makes them ideal can-
idates for further mutagenesis experiments with the goal to evolve

 hydration biocatalyst with improved properties. We  believe that
sing the inherent hydration potential of oleate hydratases can

ead to new chemistry and, beyond, can provide an alternative to
hemical synthesis, not only for hydroxy fatty acids but also for the
ormation of chiral alcohols starting from alkenes/double bonds.
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