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The novel histidine-tagged Horse Liver Alcohol Dehydrogenase (His-HLADH-EE) was successfully purified
and covalently immobilized onto a solid support in a one-step procedure through a metal-directed tech-
nique. A full characterization of the immobilized enzyme was carried out. Effects of pH, temperature and
organic co-solvents were deeply investigated and they showed a shift in the optimum pH with respect to
the free form as well as increased stability to temperature and solvents. The immobilized His-HLADH-EE
proved to be effective as catalyst in the reduction of aliphatic and aromatic aldehydes. Application of the
free and immobilized His-HLADH-EE to the chemo-enzymatic synthesis of (S)-Profenols demonstrated
enhanced enantioselectivity and high reusability of the immobilized form. The achievement of a robust
and effective immobilization of an alcohol dehydrogenase substantiated the use of biocatalytic reduc-
tion in the synthesis of primary alcohols and valuable chiral intermediates especially for pharmaceutical
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1. Introduction

Dehydrogenases represent an important class of co-factor
dependent redox enzymes that have been successfully employed
for the synthesis of chiral alcohols, hydroxy-acids, or aminoacids
[1,2]. Alcohol dehydrogenases (ADH) belong to that class and
reversibly catalyze the reduction of aldehydes or ketones to the
corresponding primary or secondary alcohols, respectively. Despite
the dramatic increase in production of optically active compounds
integrating biocatalysis, redox enzymes [3-5] are less used for
industrial processes than hydrolytic enzymes, such as Lipases for
instance [6].

Hurdles in industrial applications of dehydrogenases concern
the need for expensive cofactors, low stability and susceptibility
to organic solvents, thus limiting their effectiveness on lipophilic
substrates poorly soluble in aqueous media. With the introduction
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of isolated and purified enzymes, recombinant DNA technology
and the development of efficient cofactor regeneration techniques
[7], some of those hurdles can be overcome. Protein immobi-
lization has been shown as a further step in addressing other
important issues that enzymes must face with in order to be
used on an industrial scale, namely re-using of the biocatalyst
and stability [8,9]. Interestingly, immobilization has also been
found to concurrently enhance enzyme properties [10]. Where
the enzyme is immobilized within a porous solid (such as a pro-
tein aggregate or crystal, an inert porous support) some factors
contributing to enzyme inactivation, such as aggregation, adsorp-
tion onto hydrophobic surfaces and auto-proteolysis are minimized
[11].

While immobilization is widely reported for enzymes such as
hydrolases, significantly fewer cases are documented for redox
enzymes [12,13]. However, a general strategy applicable to the
immobilization of every enzyme is not yet available and the selec-
tion of a method strongly depends on the nature of the enzyme
and of the carrier of choice [14]. A very reliable procedure has
been reported by the group of Guisan which exploits both ionic
interaction and covalent immobilization [15-17].

Among the variety of immobilization strategies, methods based
on affinity ligands or bio-specific recognitions are quite attractive
because the activity of the immobilized biomolecule is generally
preserved, the efficiency of the specific immobilization can be high,
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making it possible to work with low biomolecule concentrations,
the nonspecific adsorptions are limited, and the stability of the
biomolecule is usually improved. Recent examples, specifically on
alcohol dehydrogenases, are those reported by Bolivar et al.[13,18]
and Rocha-Martin et al. [19].

Horse Liver Alcohol Dehydrogenase (HLADH) is a zinc-
containing enzyme, successfully used in biocatalysis [20-22].
Native HLADH is found in two isoforms, E and S, which leads in
vivo to the formation of a dimeric enzyme of mixed composition
(EE, ES and SS) [23]. While the E subunit is specific for ethanol, the
S subunit recognizes steroidal substrates. Following our interest in
the use of enzymes for the synthesis of bioactive molecules [24-28]
we applied HLADH to the enantioselective synthesis of (2S)-2-
arylpropanols starting from the parent racemic aldehydes via the
activation of an efficient dynamic kinetic resolution (DKR) process
[29-31]. A DKR process combines a selective kinetic resolution and
insitu fastracemization of the unreacted enantiomer. This approach
allows for the conversion of both enantiomers of the racemic sub-
strate into a single enantiomer of the product and overcomes the
50% yield limitation in classical kinetic resolution whenever the
racemization rate successfully competes with that of the resolution
reaction [32]. In this chemo-enzymatic reaction the commercial
HLADH preparation and a recombinant EE-enzyme were used with
similar results in enantioselectivities and yields. The products (2S)-
arylpropanols are useful intermediates in flavour manufacture and
were oxidized to (2S)-2-arylpropionic acids [33], active ingredi-
ents of the Profen class of non-steroidal anti-inflammatory agents
(NSAIDs).

Native HLADH has been immobilized in the past onto different
supports with various degree of success by co-polymerization [34]
adsorption [35] and more recently by covalent linkage [36,37].

Recently, we reported on the production and characterization of
His(6)-tagged Horse Liver Alcohol Dehydrogenase (His-HLADH-EE)
[38].

Here we describe a method for its immobilization, which
took advantage of the increased metal affinity due to the poly-
histidine tag. The immobilized His-HLADH-EE (imHis-HLADH-EE)
thus obtained showed enhanced properties in terms of stability,
pH and temperature profiles, presence of organic co-solvents, and
reusability. Finally we report its application in the bio-reduction of
aliphatic and aromatic aldehydes; in particular it showed excellent
results in the enantioselective reduction of some racemic Profenals
yielding, with a complete unprecedented enantioselectivity, enan-
tiopure (S)-Profenols such as (S)-ibuprofenol, and (S)-naproxenol,
valuable intermediates in the synthesis of (S)-Ibuprofen and (S)-
Naproxen, benchmark drugs in the class of NSAIDs.

2. Materials and methods
2.1. Materials, strains, vectors and culture conditions

All chemical reagents, unless otherwise stated, were purchased as analytical
grade from Sigma-Aldrich or TCI and used without further purification. Aldehydes
were commercial or prepared as reported in ref. [31]. Alcohols were commer-
cial or prepared from the corresponding aldehydes by reduction with NaBH4
in methanol. All spectra were consistent with reported data. NAD* was pur-
chased from Apollo Scientific Ltd, Stockport, U.K. Staining and de-staining was
performed using the Stain/DeStain-Xpress protein detection kit (Enzolve Tech-
nologies, Ltd., Ireland). Escherichia coli BL21 competent cells were purchased
from Novagen (Germany). Transformed E. coli strains were generally cultured in
Luria-Bertani (LB) agar and in LB broth, both containing ampicillin (100 p.g/mL)
at 37°C, shaking at 250rpm. E. coli strains harbouring a pRSETb-EqADH-E vec-
tor were cultured in PG (minimal media) agar and in Auto Induction broth, both
containing ampicillin (100 pg/mL) at 37°C, shaking at 250 rpm. Sepabeads EC-
EP/S were kindly donated by Resindion SRL (Binasco, Milan, Italy). Morphological
investigation was carried out with a Philips XL-20 Scanning Electron Micro-
scope operating at 15kV coupled with Energy-Dispersive X-ray Spectrometer.
Samples were air-dried, then sputter-coated with carbon 60s prior to examina-
tion.

2.2. Expression and purification of His-HLADH-EE

His-HLADH-EE gene inserted in vector pRSETb was expressed and the protein
purified as previously reported [38]. Crude protein concentration was determined
by Bradford protein assay dye reagent (Bio-Rad Laboratories GmbH, Germany)
with bovine serum albumin as a standard. Pure protein concentrations were deter-
mined by UV absorption at 280 nm using the absorbitivity reported in the literature
(0.441 mL/(mgcm) for His-HLADH-EE) [39].

2.3. Immobilization of His-HLADH-EE

Sepabeads EC-EP/S (a commercially available rigid methacrylic polymer matrix
with diameter ranging between 100 to 300 wm, activated with epoxy groups in a
ratio of 100 wmol/g of wet resin) were derivatized with iminodiacetic acid (IDA) and
CoCl; following the procedure reported in literature by Guisan, allowing a modifi-
cation of around 5% of the epoxy-groups in the support [17], 1 g of beads was shaken
at room temperature for 2 h in 2 mL of support modification buffer (0.1 M sodium
borate, 2 M iminodiacetic acid, pH 8.5). The derivatized resin, rinsed with double
distilled water, was then re-suspended in 5 mL of metal containing solution (0.05 M
sodium phosphate buffer pH 6.0, 1.0 M NaCl and 5 mg/mL of CoCl,) and shaken at
room temperature for 2 h. The resin, rinsed again with double distilled water, was
then put in contact with His-HLADH-EE (1 mg of enzyme per 1 g of resin, in storing
buffer pH 8.5, room temperature if not otherwise stated) and the mixture was gently
shaken at room temperature over 24 h. The resin was then thoroughly washed using
a desorption buffer (20 mM Na; HPO4-NaH;PO,4, 50 mM EDTA, 0.5 M NaCl, pH 7.4, as
per IMAC purification procedure) [38] and water to achieve complete removal of the
cobalt first and of the residual EDTA after. The un-reacted epoxides were neutral-
ized using a blocking buffer (3 M glycine, pH 8.5, 4 mL per g of beads) over 20 hrs at
room temperature, with gentle shaking. The immobilized enzyme was thoroughly
washed and routinely stored in buffer (Tris-HCl, pH 8.5). To achieve immobilization
using different metals the following salts were used: NiCl, x 6H,0, CuSO4 x 5H,0
(5mg/mL, 5 mL for 1g of beads, allowing a 2 hrs contact with the derivatized beads).
The metal solutions were prepared using buffer 50 mM Na; HPO4-NaH;PO4, pH 6.0.
Immobilization has been performed on purified enzyme, if not otherwise stated.

2.4. Activity assays

Spectrophotometric activity measurements were based on the substrate-
dependent absorbance change of NADH at 340 nm and routinely done in reaction
mixtures (1 mL for the soluble enzyme and 5 mL for the immobilized) at 25 °C, using
a Varian Cary 50 Scan UV-visible spectrophotometer equipped with a Cary single
cell Peltier temperature controller. For the immobilized enzyme the reaction mix-
ture was shaken at 25 °C, 250 rpm and the absorbance at 340 nm was recorder every
minute as single readings. To test the recyclability of the enzyme after each cycle
(9min in total duration) the resin was washed thoroughly with buffer and a new
reaction was set up. Unless otherwise stated, the reaction mixture for the oxidative
step contained NAD* (1 mM), ethanol (4 mM), enzyme sample (appropriate amount)
and up to 1 mL of 0.1 M sodium pyrophosphate buffer, pH 8.8. The buffer was equil-
ibrated at 25 °C prior to the assay. One unit of HLADH corresponded to the amount
of enzyme required to reduce 1 wmol of NAD* per min at 25 °C. For the pH stabil-
ity test the following buffers were used: 50 mM NayHPO4-NaH;PO4 buffer pH 6.5,
50 mM Tris-HCl pH 8.5. To investigate the optimum pH of reaction the following
buffers were used: 50 mM Na,HPO4-NaH,PO,4 buffer pH 6.5, 7.5, 50 mM Tris—HCI
buffer pH 8.5, 0.1 M pyrophosphate buffer or 50 mM Glycine-NaOH buffer pH 8.8,
50 mM Glycine-NaOH buffer pH 9.5, 10.5, 50 mM Na,HPO4-NaOH buffer pH 11.0,
11.5, 50 mM Glycine-NaOH buffer, 50 mM KCI-NaOH buffer pH 12.5.

A pH 9.5 was used to investigate the optimum reaction temperature for the
oxidation of EtOH (4 mM) to acetaldehyde and temperatures between 25°C and
55°C were tested. The pH values of the buffers were always adjusted at the tem-
perature at which the experiment was carried out. To test the stability at different
solvents the enzymes were incubated in 10 (free enzyme) and 20% (free and immo-
bilized enzymes) of solvent (CH3CN, THF, DMSO and methanol were used) in 50 mM
Tris—HCI, pH 8.5 buffer with a total volume of 0.2 mL in all cases. For the immobi-
lized enzyme, 50 mg of resins were used in each sample, while the free enzyme
was always tested in a concentration of 0.7 mg/mL. The activity was recorded at
time zero and after 24 h in the usual conditions. To test the inactivation upon con-
tact with metals, the free enzyme was incubated at room temperature for 24 h in
a 3.5mM metal solution which is the equivalent ratio of metal to enzyme in the
immobilization step. Samples with different metals (CoCl,, NiCl; and CuSO4) were
checked for activity over 24 h and compared to a control sample.

2.5. General procedure for enzymatic reduction of aldehydes

2.5.1. Synthesis

Method A: into a vial stirred on an orbital shaker (140 rpm) at room temperature,
all reagents were added in the following order: 0.5 mL of a 5mM solution of the
starting aldehyde in CH3CN, 0.146 mL of EtOH (0.5 M), 0.5 mL of a 0.1 mM solution
of NADH freshly prepared in the appropriate 0.1 M buffer, then 0.1 M buffer to reach
a total final volume of 5 mL and the chosen amount of enzyme.
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Method B: biphasic system, into a vial stirred on an orbital shaker (140 rpm)
all reagents were added in the following order: 2.5 mL of a 5mM solution of the
starting aldehyde in the organic solvent, 0.146 mL of EtOH (0.5 M), 0.5 mLofa 0.1 mM
solution of NADH freshly prepared in the appropriate 0.1 M buffer, 0.1 M buffer to
reach a total final volume of 5 mL and the chosen amount of enzyme.

Immobilized enzyme recycling. Into a vial stirred on an orbital shaker (140 rpm) all
reagents were added in the following order: 0.5 mL of a 5 mM solution of the starting
aldehyde in CH3CN, 0.146 mL of EtOH, 0.5 mL of a 0.1 mM solution of NADH freshly
prepared in the appropriate 0.1 M buffer, 0.1 M buffer to reach a total final volume
of 5mL and the chosen amount of enzyme. After the conversion of the starting
aldehyde the solution was removed and the enzyme was gently washed with the
same buffer (3 mL x 5mL). The enzyme was reused for the reaction with the same
starting conditions.

2.5.2. Analysis of products

Formation of arylpropanols and alcohols was monitored by reverse phase HPLC
or GC-FID analysis: at different reaction times, aliquot samples were filtered, diluted
and directly injected.

Method 1, for alcohols 2a, 2c-2g: reverse phase HPLC on Agilent Technology
HP1100, column ZORBAX-Eclipse XDB-C8 5 um, 4.6 mm x 150 mm Agilent Tech-
nologies. The compounds were eluted with CH3CN-H,O0, flux 0.5 mLmin~'. Method
1: 50% of CH3CN and 50% of H,0 in 25 min.

Method 2, for alcohol 2b: reverse phase HPLC on Agilent Technology HP1100,
column ZORBAX-Eclipse XDB-C8 5 um, 4.6 mm x 150 mm Agilent Technologies. Elu-
tion program from 70% to 100% of CH3CN in 15 min, then 100% of CH3CN for 10 min
T=30°C.

Method 3, for alcohols 2i and 2h, GC-FID Agilent Technologies 6890 using gra-
dient from 50°C to 280 °C over 30 min, column HP5 5%Ph-Me silicon.

Calibration curves (five dilutions, each in triplicate) were used for quantitative
analysis of arylpropanols, while for the other alcohols the reaction was evaluated
by the disappearing of the starting aldehyde.

Enantiomeric ratios of 2-arylpropanols were determined by HPLC analysis on
chiral columns as described in the reference [31].

3. Results and discussion
3.1. His-HLADH-EE immobilization

A series of immobilization methods for HLADH have been
screened in our lab with the intention of maximizing enzyme stabil-
ity and reusability. Attempts to cross-link HLADH-EE to derivatized
glass beads, ferromagnetic particles and polystyrenes “scavenger”
resins did not lead to successful results with a significant loss of
activity upon immobilization. Bolivar et al. also reported on the
significant difficulties faced when multimeric enzymes are immo-
bilized; loss of activity and low operational stability are among the
main issues [13].

A metal-directed strategy for the immobilization of His-tagged
ADHs had never been attempted, being the production of His-ADHs
still rare. We then decided to attempt such immobilization on our
newly developed histidine tagged HLADH-EE with the aim of broad-
ening the strategies available for the stabilization of multimeric
dehydrogenases.

The choice of an epoxy resin as starting support appeared to be
the most appropriate as previous literature reported on the broad
application of these types of derivatized beads for enzyme immo-
bilization [15-17]. The epoxy resin (Sepabeads EC-EP/S) was first
reacted with iminodiacetic acid to convert about 5% of the epox-
ides on the surface of the beads and then treated with a suitable
metal ion solution for the complexation on the resin. His-HLADH-
EE obtained with the procedure recently reported [38], was then
added and a selective interaction between the poly-histidine tag
and the metal allowed for a quick complexation, followed by a reac-
tion between nucleophilic residues on the protein surface (Lys, Cys,
or Ser) and the unreacted epoxy residues on the beads to give a suc-
cessful covalent immobilization. The metal ion was then removed
by washing with an EDTA solution. To ensure that no reactive epox-
ideremained, the beads were finally treated with glycine as capping
agent (Scheme 1).

The optimization of the loading conditions and characteriza-
tion of the immobilized biocatalyst were performed with purified

o[

Co?*
/_4 ° T~
\\\{3@
HO o)

09 HIs-HLADH EE

O \A C02+

O

o] —
EDTA Nu/
glycme IH' ]
His]g /\(O His)s
o /
N O~/

coo@
cooe

Scheme 1. Reaction sequence for the immobilization of His-HLADH-EE.

His-HLADH-EE samples. However, the method was valuably
applied with the same efficiency, to the crude E. coli cell extract
obtained from the expression of His-HLADH-EE, allowing to by-
pass the purification step at the same time [17]. In all cases, activity
was tested on the standard reaction of ethanol oxidation monitor-
ing the formation of NADH by UV spectrophotometry at 340 nm.

3.1.1. Studies on the conditions of loading

The efficiency of immobilization, measured as the activity
retained by the enzyme on the resin, is dependent on whether the
beads are metal-derivatized or not, and on the metal ion used in the
process. In the absence of a metal-derivatization of the resin, upon
incubating the enzyme for 24 h, only partial immobilization was
achieved (Fig. 1a). Uponresin derivatization using CoCl,, the immo-
bilized His-HLADH-EE retained up to 60% of its original activity
(free pure enzyme before immobilization: 1.3 U/mg, immobilized
enzyme: 0.8 U/mg). When other metals were used the activity of
the immobilized enzyme decreased in the order: NiCl, > CuSO4 and
the best conditions were obtained with CoCl; (Fig. 1a). To evaluate
enzymatic inactivation as a consequence of potential metal leach-
ing, the effect of the metal ions on the free His-HLADH-EE was also
assessed. Straight after the addition of the metal to the enzyme
solution, the following was observed: with cobalt ion the enzyme
retained 96% of activity, with nickel ion 83% and with copper ion an
immediate complete loss of activity was observed (Fig. 1b). The val-
ues for cobalt and nickel ions decreased only slightly over the next
241 of incubation following the same trend. While total leaching
of the metal is unlikely, it is evident that copper ions have a lethal
effect on the biocatalyst. These results are in accordance with the
retention of activity observed upon derivatization of the resin with
the different metals. Cobalt ions allow for the best retention of
activity after immobilization as it is also the least detrimental of
the metals for the enzyme.

Furthermore, when the immobilization procedure was directly
performed on the cell lysate, the use of a metal ion allowed for
the selective immobilization of His-HLADH-EE from the crude, as
previously reported [15]. In this case, comparing the initial spe-
cific activity of the cell lysate (0.09 U/mg) with the activity of the
immobilized enzyme (0.84 U/mg of enzyme, or U/g of resin) and
considering a retention of activity of about 60% after immobiliza-
tion, a purification fold of 15 was estimated. This matches the
results previously reported for the standard purification method
of His-HLADH-EE [38].

Loading studies using CoCl, as immobilization metal with
increasing amounts of His-HLADH-EE were also performed. Dur-
ing this experiment 1-5 mg of enzyme per g of resin were loaded,
but the increment in activity was not proportional to the amount
of enzyme, which eventually led to inactivation for ratios higher
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Fig. 1. (a) Activity of the immobilized His-HLADH-EE when different metal ions (or no metal) were used for the immobilization process. 100% of activity was that observed
for the free enzyme prior to immobilization. (b) Study on the inactivation of the free His-HLADH-EE by the same metals (3.5 mM) used for immobilization compared to a
control where no metal was added. Activity was recorded after 24 h under standard methodology.

than 2 mg of enzyme per gram of resin. It is possible to hypothesize
that with increased enzymatic concentration in the sample, aggre-
gation on the porous surface of the beads effectively diminishes
the maximum loading capacity leading to apparent inactivation of
the biocatalyst as observed by Pessela et al. [17]. The loss in activ-
ity could also be partially attributed to diffusional limitations. This
concept is known as mass transfer resistance and it is common
when porous supports are used for immobilization. An indication
of the presence of this effect is the non-proportional dependence of
the activity of the immobilized derivative to the enzyme load [40].
Furthermore it has been observed that the immobilized enzyme is
much less temperature dependent if compared to its free counter-
part. The specific activity of both enzymes increases with increasing
temperature, but to a lesser extent in the case of the immobilized
biocatalyst.

3.2. Characterization of immobilized His-HLADH-EE

3.2.1. SEM analysis

Resin beads before and after immobilization of His-HLADH-EE
were investigated by scanning electron microscopy (SEM-EDS) to
detect changes of the surface during the coupling procedure (Fig. 2).

Beads supported with His-HLADH-EE have dimension from 100
to 300 wm and maintained a spherical regular shape (Fig. 2a).
They are individually separated and interestingly did not present
any aggregation phenomena. The absence of aggregates in resin-
enzyme beads is quite important as they exhibit the maximum
contact area for biocatalysis. In Fig. 2a inset of a single bead with
the enzyme bound was presented as an example. Microscopic
observations carried out at a higher magnification (20,000x) of
three resin samples are reported in Fig. 2b) final stage with the

Fig.2. SEM micrographs of resin beads (a) with His-HLADH-EE, (b) with His-HLADH-EE at higher magnification, (c) early treatment with iminodiacetic acid, (d) after treatment

with Co?*.
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enzyme bounded and after EDTA washing; (c) resin treated with
diaminoacetic acid; (d) resin after complexation with CoZ*. Images
(c) and (d) showed an increased surface roughness with respect
to (b). In the resin sample with micrograph (d) the presence of
cobalt was confirmed by the presence of its lines ky 6.92 keV and
kg 7.65keV by EDS analysis. In the sample image b), resin-enzyme
final stage, no lines of cobalt were detected thus confirming the
absence of Co*™ and excluding metal-contamination of the immo-
bilized enzyme.

3.2.2. pH, temperature, and reusability

Temperature and pH were investigated both for the purpose of
determining whether the immobilized His-HLADH-EE had a higher
tolerance than the free enzyme to broader temperature and pH
ranges, and to determine the optimal pH and temperature for the
catalysis (Fig. 3).

The pH optima were determined for the immobilized enzyme
by performing the ethanol oxidation reaction between pH 6.5 and
12.5 (Fig. 3a). The immobilized His-HLADH-EE showed the usual
bell-shaped curve but interestingly, with respect to the free His-
HLADH-EE, it showed a shift in the optimal pH towards alkaline
values. The best pH appears to be 9.5 but 60% of activity is still
observed at pH 11.5.

The immobilized His-HLADH-EE and the free enzyme showed
a linear increase in activity with increasing temperature between
25°Cand 55 °C (Fig. 3b), though the free enzyme presented a more
dramatic increment than the immobilized counterpart [38]. Above
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55°Cthe UV traces were no longer reliable, probably due to ethanol
evaporation and enzyme instability.

The free and immobilized enzymes were then also incubated at
37°C at two different pHs. At pH 8.5 both the immobilized and the
free His-HLADH-EE were stable at 37°C over 160 h, at pH 6.5 the
immobilized enzyme was by far more stable overtime than the free
counterpart which lost 50% of activity after only 15 h. The immobi-
lized enzyme is routinely stored at 4 °C and we observed that 60%
of activity was still retained after 2 months, comparable with the
free enzyme [38].

A sample of imHis-HLADH-EE was also assessed for activity
over several oxidative cycles. Even after 10 cycles using the same
immobilized sample, the specific activity (S.A.) remains virtually
unchanged going from 0.45U/mg to 0.35U/mg. The slight drop
in S.A. can be attributed to the loss of immobilized sample dur-
ing the analysis (adherence to different vessels) and the rinsing
procedures.

3.2.3. Stability in the presence of organic co-solvents

It is well established that enzymes can express catalytic activ-
ity in organic media [41,42]. The use of an organic co-solvent in
biocatalysis could be necessary whenever the substrate of the bio-
reaction is quite lipophilic and its solubility in the aqueous buffer
solution is poor. It is thus important to test the tolerance of our
free and immobilized His-HLADH-EE for little amounts of organic
co-solvents such as CH3CN, THF, DMSO, and MeOH. It is impor-
tant to underline that methanol is not a substrate for HLADH, for

free His-HLADH
immobilized His-HLADH 0h 24n
0h 74n
Uh24h
Oh
24h
Oh
Oh
24h 24h Oh 24h
20% | 10% 20% 20% | 10% 20% 20%
DMSO MeOH

Fig. 4. Stability of the free and immobilized enzyme in different solvents at 10 and 20% concentration in 50 mM Tris-HCl, pH 8.5 buffer. The experiment is performed at 25 C,
over 24 h and activity determined per standard procedure. The volume of each sample is 0.2 mL containing either 50 mg of imHis-HLADH-EE or 0.7 mg/mL of His-HLADH-EE.
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this reason it could be considered purely as a solvent [43-46]. The
behaviour of the free and immobilized His-HLADH-EE in the pres-
ence of a 10 or 20% of co-solvents was compared to that in 50 mM
Tris buffer solution, pH 8.5 at time zero and after 24 h (Fig. 4). In
all cases the activity was normalized to time 0 in buffer alone.
The free His-HLADH-EE well tolerated a 10% of CH3CN but it was
significantly affected when the co-solvent was increased to 20%
with a loss of almost 70% of activity within 24 h. Interestingly, the
immobilized His-HLADH-EE tested with 20% of CH3CN showed a
substantial increment in activity with respect to the free enzyme,
and it was significantly more stable retaining over 70% activity after
24 h. The immobilization had an important stabilizing effect when
DMSO was used. The free His-HLADH-EE did not tolerate even 10%
of DMSO, while the immobilized form retains 60% of activity after
24 h in 20% of solvent. THF was still poorly tolerated, while MeOH
minimally affected the stability of free His-HLADH-EE and a slightly
increase of activity of the immobilized form was observed.

3.3. His-HLADH-EES catalyzed reduction of aldehydes

Alcohol dehydrogenases are valuable catalysts used in bio-
reduction of aldehydes to get alcohols [47]. Feasibility of the new
His-HLADH-EE to efficiently work in the synthesis of aromatic and
aliphatic primary alcohols and, in particular, in the enantioselective
synthesis of 2-arylpropanols was tested [48].

3.3.1. Synthesis of 2-arylpropanols (Profenols)

Immobilized His-HLADH-EE was screened in the reduction of
arylpropanals 1a-c. All the reactions were performed utilizing a
coupled-substrate approach employing ethanol as co-substrate to
regenerate the co-factor NADH.

Using racemic 2-phenypropanal (1a) as model substrate we ana-
lyzed the influence of enzyme amount and pH on reaction yields,
data are reported in Fig. 5. Almost a quantitative yield was obtained
in phosphate buffer at pH 7.5 with 10% CH3CN as co-solvent to
favor aldehyde solubilization, whilst increasing the pH the yields
diminished. The pH optima in this case is lower than that above

Table 1

Activity data of free and immobilized His-HLADH-EE on selected 2-arylpropanals 1a-c.

His-HLADH-EE or =

100

pH 7.5, enzyme 50 mg
90

pH 8, enzyme 50 mg

pH 8.5, enzyme 50 mg

pH 7.5, enzyme25 mg

pH 7.5, enzyme 500 mg

iPrOH as cosubstrate

0 5 10 15 20
time (h)

Fig. 5. Influence of pH and enzyme amount on enzymatic reduction of 1a (0.5 mM)
to give 2a using immobilized His- HLADH-EE in 5 mL solution of phosphate buffer
and CH3CN 10% with catalytic NADH. 4,4, B, ®, O ethanol as co-substrate; O: pH
7.5, 50 mg of enzyme and isopropanol as co-substrate.

reported for the oxidation of ethanol (Fig. 3). It must be considered
that in those conditions a DKR processis in action so yields over 50%
are indicative of an efficient interplay of the enzymatic reduction
with the racemization of the starting aldehyde [31]. With regards
to the enzyme amount, we tested the reaction on 1a (0.5 mM)
with 500, 50 and 25 mg of immobilized His-HLADH-EE (0.4, 0.04
and 0.02 units according to the results reported above) finding
the best results with 50 mg amount. Surprisingly, higher amounts
of enzyme acted unfavorably on reaction course. The use of iso-
propanol as co-substrate for NADH recycling through oxidation to
acetone has also been tested but it resulted ineffective (Fig. 5 empty
circle data).

Activity data for both free and immobilized His-HLADH-EE on
selected racemic 2-arylpropanals are reported in Table 1. The
reaction conditions (pH, temperature, substrate concentration,

imHis-HLADH-EE : OH
Ny

XY RS e S |
R i RT

= 0 NADH NAD+

1a-c 2 a-c

AO /\OH
" " LY
~ O
0 o "o

1a 1b, ibuprofenal 1c, naproxenal

Ent. Ald. Enzyme Solvent Alcohol Y% (S/R)
2h 4h 18h Final yield (time, h)

1 1a His-HLADH-EE CH3CN 10% 56 74 90 100 (42) >99/1
2 1b His-HLADH-EE CH5CN 10% 33 39 64 61(42) >99/1
3 1c His-HLADH-EE CH5;CN 10% 56 65 92 100 (66) >99/1
4 1a imHis-HLADH-EE CH3CN 10% 46 53 77 88(42) >99/1
5 1b imHis-HLADH-EE CH3CN 10% 18 21 37 34(92) >99/1
6 1c imHis-HLADH-EE CH5;CN 10% 16 20 63 79 (42) >99/1
7 1a (5mM) imHis-HLADH-EE MTBE 50% 3 6 54 82 (42) >99/1
8 1a (5mM) imHis-HLADH-EE Hexane 50% 10 10 39 84 (72) >99/1

Experimental conditions: aldehyde 0.5 mM (entries 1 to 6 method A), 0.01 mM NADH, 0.5M EtOH, 0.1 M phosphate buffers pH 7.5, 27 °C, V=5 mL, enzyme amount 50 mg.

Entries 7 and 8 method B.
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co-factor and co-substrate amounts) have been chosen on the basis
of the results above reported.

Using the free His-HLADH-EE in a 10% mixture of CH3CN in phos-
phate buffer as solvent, excellent reaction yields were obtained
in the case of 2-phenylpropanal and naproxenal while ibuprofe-
nal gave poorer yields. An analogous trend has been observed with
immobilized His-HLADH-EE even if the reaction rate decreased and
the alcohol was not obtained quantitatively due to acetophenone-
like by-products that 2-arylpropanals are known to form with
prolonged reaction time [31]. Notably, with both free and immo-
bilized enzyme, the enantioselectivity was always total for the
S configuration and no traces of R enantiomers were detected.
This is peculiar of His-HLADH-EE, because, as we already reported,
the commercial HLADH gave lower enantiomeric ratios of aryl-
propanols depending on co-solvents. It is not generally observed
that the creation of a fusion His-tag protein alters the substrate
stereospecificity, though the enzyme may become less effective
and, at times, less stable. One study performed on two lipases,

D. Quaglia et al. / Process Biochemistry xxx (2013) xxx—xxx 7
18h 18h 18h 42h
100 . . .
90 5h |
18h
80 Sh| 2h 5h |
70 1{5p
8
60
: 18h 42h
~
50 2h] sh
40
30 2h
20 Sh
2h
10
18h
0 [l
1 2 4 5 6
cycles

reported on the influence of the N-terminal poly-histidine-tag on
the regio- and stereoselectivity of the recombinant enzymes, show-
ing that while the efficiency of the catalysts was substantially
unaffected, both the regio- and enantio- preference were in fact
significantly altered [49]. This is the first time such a result is seen
in oxidoreductases. A possible explanation in this case is that the
poly-histidine tag could somewhat affect the enzyme flexibility and
therefore the conversion rate of the least favorable enantiomer.

We exploited the advantages of enzyme immobilization by per-
forming the enzymatic reduction of 2-phenylpropanal in a biphasic
system with immiscible organic solvents, in particular we used tert-
butylmethylether (MTBE, entry 7) and hexane (entry 8). In these
cases we could successfully use higher concentration of aldehyde
with yields and enantioselectivity comparable to those obtained
with homogeneous buffer/co-solvent mixtures.

The recyclability of the immobilized His-HLADH-EE was tested
in the reduction of a solution of 1a (5 mM) in acetonitrile 10% and
data are reported in Fig. 6.

Before re-use, the enzyme was accurately washed with phos-
phate buffer and re-charged with 0.5 mL of a 5mM solution of 1a
in CH3CN. Yields and rate stay constant until the third cycle, during
the fourth cycle we recorded quantitative yields but a decrease in
reaction rate whereas from the fifth cycle the reaction remained
incomplete.

To shed light on the main factors that lead to enzyme inactiva-
tion after the fourth cycle, we analyzed the effect of increasing the
concentration of the starting aldehyde on reaction yields (Fig. 7).

Other conditions being equal, we recorded lower yields when
the initial aldehyde concentration was increased from 0.5 mM

Table 2
Activity of immobilized His-HLADH-EE on aliphatic and aromatic aldehydes.
O imHis-HLADH-EE OH

J

R™ H /7N R

Fig. 6. Recyclability of one sample of imHis-HLADH-EE (50 mg) on the enzymatic
reduction of 2-phenylpropanal 1a to give 2-phenylpropanol (2a) at different reac-
tion times (method A).

100 starting conditions:1a 0.5 mM,

starting conditions: 1a 5 mM, 1st cycle enzyme

23, Y%

startingconditions:1a 0.5 mM, 2nd cycle enzyme

starting conditions: 1a 25 mM

o 5 10 15 20 25 30 35 40 45
time (h)

Fig. 7. Influence of starting aldehyde concentration on enzymatic reduction of 1a
to 2a using imHis-HLADH-EE (50 mg) in phosphate buffer and CH;CN 10% with
catalytic NADH, ethanol as co-substrate (method A).

to 5mM till 25mM thus suggesting that the starting material
inhibits the enzyme activity at millimolar concentration. Unfor-
tunately the inhibition effect appears irreversible, after washing
the imHis-HLADH-EE just used in a first run with 5mM alde-
hyde concentration and running it in a second cycle with a lower

NADH NAD+

1d-i 2d-i

Ent. Aldehyde Aldehyde name Alcohol Yield % (time, h)
1 1d Benzaldehyde 2d 100 (5)

2 1e p-Methoxybenzaldehyde 2e 95(20)

3 1f p-Nitrobenzaldehyde 2f 100 (5)

4 1g Cinnamaldehyde 2g 100 (2)

5 1h Cyclohexanecarboxyaldehyde 2h 100 (20)

6 1i Octanal 2i 100 (5)

Experimental conditions: aldehyde 0.5 mM, 0.01 mM NADH, 0.5 M EtOH, 0.1 M phosphate buffers pH 7.5, 27 °C, V=5 mL, enzyme amount 50 mg, CH3CN 10%, method A.
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aldehyde concentration, a satisfying enzymatic activity was not
restored and yields were very low (dotted curve in Fig. 7). Com-
bining together low reaction yield data obtained with a higher
concentration of aldehyde and enzyme we can hypothesize that
some amine residues on the enzyme reacted with the substrate
carbonyl function.

3.3.2. Enzymatic reduction of aliphatic and aromatic aldehydes

Investigating the scope of the bio-reduction, the activity of
immobilized His-HLADH-EE on aliphatic and aromatic aldehydes
to give primary alcohols is reported in Table 2. Aromatic aldehydes
(entries 1-3) were quantitatively transformed into the correspond-
ing benzylalcohols with p-methoxybenzaldehyde reacting slower
than benzaldehyde and p-nitrobenzaldehyde. Aliphatic aldehydes
(saturated, entry 5 and 6, and unsaturated, entry 4) yielded the
corresponding alcohols quantitatively.

For what concerns the activity on other carbonyl substrates,
we tested the activity of both free and immobilized His-HLADH-
EE on several ketones and keto-esters such as acetophenone,
4-nitroacetophenone, 2-phenylcyclohexanone, 2-chlorocyclo hex-
anone, 4-t-butylcyclohexanone, 3-ionone, 4-N-benzyl piperidone,
benzyl acetoacetate and 2-phenylpyruvic acid without detecting
the alcohol formation. The chemo-selectivity of His-HLADH-EE
towards aldehydes is also confirmed by the inefficiency of iso-
propanol in NADH recycling, as above described (Fig. 5, empty circle
data set). On the other hand, in an early report Klibanov observed
reduction of ketones by the commercial HLADH [20]. This is likely
to be due to the presence of multiple HLADH isoforms in the com-
mercial enzyme at the time and strengthens the result of a higher
chemoselectivity of the new His-HLADH-EE.

4. Conclusions

The histidine-tagged Horse Liver Alcohol Dehydrogenase (His-
HLADH-EE) was successfully purified and immobilized onto a solid
support by means of a metal-directed technique. Effects of pH, tem-
perature and organic co-solvents on the imHis-HLADH-EE were
deeply investigated and they showed a shift in the optimum pH
with respect to the free form as well as an increased stability
to temperature and organic co-solvents. Application of the free
and immobilized His-HLADH-EE to the chemo-enzymatic synthe-
sis of (S)-Profenols demonstrated enhanced enantioselectivity in
the dynamic kinetic resolution process and high reusability of the
immobilized form. The imHis-HLADH-EE proved also to be effective
in the chemo-selective reduction of aliphatic and aromatic alde-
hydes. The achievement of a robust and effective immobilization
of an alcohol dehydrogenase realized the scope to get a sustainable
bio-reduction of aldehydes to valuable industrial intermediates.

Acknowledgements

The Irish Research Council for Science, Engineering and Tech-
nology (IRCSET), the Italian Ministry of Education, University and
Research (MIUR), and University of Bologna supported this work.
The authors would like to thank Dr. M. Gazzano for SEM microscopy
analysis. The company Resindion S.Lr. (Binasco, Milano, Italy)
kindly donated the epoxy sepabeads.

References

[1] De Wildeman SMA, Sonke T, Schoemaker H, May O. Biocatalytic reductions:
from lab curiosity to first choice. Acc Chem Res 2007;40:1260-6.

[2] Faber K. Biotransformations in organic chemistry. Berlin: Springer-Verlag;
2011.

[3] Hall M, Bommarius AS. Redox reactions catalyzed by isolated enzymes. Chem
Rev 2011;111:4088-110.

[4] Hollmann F, Arends IWCE, Buehler K, Schallmey A, Biihler B. Enzyme-mediated
oxidations for the chemist. Green Chem 2011;13:226-65.

[5] Monti D, Ottolina G, Carrea G, Riva S. Redox reactions catalyzed by isolated
enzymes. Chem Rev 2011;111:4111-40.

[6] Straathof AJ], Panke S, Schmid A. The production of fine chemicals by biotrans-
formations. Curr Opin Biotech 2002;13:548-56.

[7] Liu W, Wang P. Biotechnol Adv 2007;25:369-84.

[8] Cao L. Immobilised enzymes: science or art. Curr Opin Chem Biol
2005;9:217-26.

[9] Garcia-Galan C, Berenguer-Murcia A, Fernindez-Lafuente R, Rodrigues RC.
Potential of different enzyme immobilization strategies to improve enzyme
performance. Adv Synth Catal 2011;353:2885-904.

[10] Mateo C, Grazu V, Palomo JM, Lépez-Gallego F, Fernandez-Lafuente R, Guisan
JM. Immobilization of enzymes on heterofunctional epoxy supports. Nat Protoc
2007;5:1022-33.

[11] Bes MT, Gémez-Moreno C, Guisan JM, Fernandez-Lafuente R. Selective oxida-
tion: stabilisation by multipoint attachment of ferredoxin NADP* reductase,
an interesting cofactor recycling enzyme. J Mol Catal A: Chem 1995;98:
161-9.

[12] Rocha-Martin ], Vega DE, Cabrera Z, Bolivar JM, Fernindez-Lafuente R,
Berenguer J, et al. Purification, immobilization and stabilization of a highly
enantioselective alcohol dehydrogenase from Thermus thermophilus HB27
cloned in E. coli. Process Biochem 2009;44:1004-12.

[13] Bolivar JM, Rocha-Martin J, Mateo C, Guisan JM. Stabilization of a highly active
but unstable alcohol dehydrogenase from yeast using immobilization and post-
immobilization techniques. Process Biochem 2012;47:679-86.

[14] Hanefeld U, Gardossi L, Magner E. Understanding enzyme immobilisation.
Chem Soc Rev 2009;38:453-68.

[15] Guisan JM. Immobilization of enzymes and cells. Totowa: Humana Press; 2006.

[16] Mateo C, Fernandez-Lorente G, Cortés E, Garcia JL, Fernandez-Lafuente R,
Guisan JM. One-step purification, covalent immobilization, and additional
stabilization of poly-His-tagged proteins using novel heterofunctional chelate-
epoxy supports. Biotechnol Bioeng 2001;76:269-76.

[17] Pessela BCC, Mateo C, Carrascosa AV, Vian A, Garcia JL, Rivas G, et al. One-
step purification, covalent immobilization, and additional stabilization of a
thermophilic poly-his-tagged [-galactosidase from Thermus sp. strain t2 by
using novel heterofunctional chelate-epoxy sepabeads. Biomacromolecules
2003;4:107-13.

[18] Bolivar JM, Wilson L, Ferrarotti SA, Guisan JM, Fern’andez-Lafuente R, Mateo C.
Improvement of the stability of alcohol dehydrogenase by covalent immobi-
lization on glyoxyl-agarose. ] Biotechnol 2006;125(1):85-94.

[19] Rocha-Martin ], Vega D, Bolivar JM, Hidalgo A, Berenguer ], Guisan JM, et al.
Characterization and further stabilization of a new anti-prelog specific alcohol
dehydrogenase from Thermus thermophilus HB27 for asymmetric reduction of
carbonyl compounds. Bioresour Technol 2012;103:343-50.

[20] Grunwald ], Wirz B, Scollar M, Klibanov M. Asymmetric oxidoreductions
catalyzed by alcohol dehydrogenase in organic solvents. ] Am Chem Soc
1986;108:6732-4.

[21] Kelemen-Horvath I, Nemestothy N, Belafi-Bako K, Gubicza L. Stereoselec-
tive reduction of 2-phenylpropionaldehyde by alcohol dehydrogenase with
cofactor regeneration. Chem Pap 2002;56:52-6.

[22] Schubert T, Hummel W, Muller M. Highly enantioselective preparation of multi-
functionalized propargylic building blocks. Angew Chem Int Ed 2002;41:634-7.

[23] Dworschack RT, Plapp BV. Kinetics of native and activated isozymes of horse
liver alcohol dehydrogenase. Biochemistry 1977;16:111-6.

[24] Cainelli G, Giacomini D, Galletti P, DaCol M. Penicillin G acylase mediated
synthesis of the enantiopure (S)-3-amino-azetidin-2-one. Tetrahedron: Asym-
metry 1997;8:3231-5.

[25] Cainelli G, De Matteis V, Galletti P, Giacomini D, Orioli P. Temperature and
solvent effects on enzyme stereoselectivity: inversion temperature in kinetic
resolutions with lipases. Chem Commun 2000:2351-2.

[26] Cainelli G, Galletti P, Giacomini D, Gualandi A, Quintavalla A. Chemo-
and enzyme-catalyzed reactions revealing a common temperature-
dependent dynamic solvent effect on enantioselectivity. Helv Chim Acta
2003;86:3548-59.

[27] Cainelli G, Engel P, Galletti P, Giacomini D, Gualandi A, Paradisi F. Engineered
phenylalanine dehydrogenase in organic solvents: homogeneous and biphasic
enzymatic reactions. Org Biomol Chem 2005;3:4316-20.

[28] Cainelli G, Galletti P, Giacomini D. Solvent effects on stereoselectivity: more
than just an environment. Chem Soc Rev 2009;38:990-1001.

[29] Giacomini D, Galletti P, Quintavalla A, Gucciardo G, Paradisi F. Highly efficient
asymmetric reduction of arylpropionic aldehydes by Horse Liver Alcohol Dehy-
drogenase through dynamic kinetic resolution. Chem Commun 2007:4038-40.

[30] Giacomini D, Cainelli G, Galletti P, Gucciardo G, Quintavalla A. Enzymatic
process for the preparation of chiral 2-arylpropylic alcohols. PCT Int Appl, Uni-
versity of Bologna 2008; WO 2008074717 A2 20080626 CAN 149:104492 AN
2008:774623.

[31] Galletti P, Emer E, Gucciardo G, Quintavalla A, Pori M, Giacomini D.
Chemoenzymatic synthesis of (2S)-2-arylpropanols through a dynamic kinetic
resolution of 2-arylpropanals with alcohol dehydrogenases. Org Biomol Chem
2010;8:4117-23.

[32] Pellissier H. Recent developments in dynamic kinetic resolution. Tetrahedron
2011;67:3769-802.

[33] Galletti P, Pori M, Giacomini D. One-step oxidation of 2-arylpropanols to
2-arylpropionic acids: improving sustainability in the synthesis of profens.
Synlett 2010;17:2644-8.

Please cite this article in press as: Quaglia D, et al. His-tagged Horse Liver Alcohol Dehydrogenase: Immobilization and application in the bio-based
enantioselective synthesis of (S)-arylpropanols. Process Biochem (2013), http://dx.doi.org/10.1016/j.procbio.2013.03.016



dx.doi.org/10.1016/j.procbio.2013.03.016
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0005
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0010
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0010
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0010
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0010
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0010
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0010
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0010
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0010
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0010
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0015
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0015
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0015
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0015
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0015
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0015
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0015
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0015
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0015
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0015
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0015
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0015
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0015
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0015
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0015
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0020
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0025
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0030
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0035
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0035
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0035
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0035
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0035
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0035
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0035
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0035
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0035
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0040
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0040
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0040
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0040
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0040
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0040
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0040
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0040
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0040
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0040
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0040
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0040
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0040
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0040
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0045
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0050
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0055
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0060
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0065
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0070
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0070
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0070
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0070
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0070
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0070
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0070
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0070
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0070
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0070
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0070
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0070
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0070
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0070
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0070
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0075
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0075
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0075
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0075
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0075
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0075
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0075
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0075
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0075
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0075
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0075
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0080
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0085
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0090
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0095
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0100
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0105
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0110
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0115
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0120
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0125
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0130
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0135
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0140
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0145
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0155
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0160
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0160
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0160
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0160
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0160
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0160
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0160
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0160
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0160
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0160
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0160
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0160
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0165

G Model
PRBI-9803; No.of Pages9

D. Quaglia et al. / Process Biochemistry xxx (2013) xxx—xxx 9

[34] Pollak A, Blumenfeld H, Wax M, Baughn RL, Whitesides GM. Enzyme immo-
bilization by condensation copolymerization into crosslinked polyacrylamide
gels.J Am Chem Soc 1980;102:6324-36.

[35] Parida S, Datta R, Dordick JS. Supported aqueous-phase enzyme catalysis in
organic media. Appl Biochem Biotechnol 1992;33:1-14.

[36] Ngamsom B, Hickey A, Greenway G, Littlechild JA, McCreedy T, Watts P, et al.
The development and evaluation of a conducting matrix for the electrochemical
regeneration of the immobilised co-factor NAD(H) under continuous flow. Org
Biomol Chem 2010;8:2419-24.

[37] Petkova GA, Zaruba K, Kral V. Synthesis of silica particles and their application
as supports for alcohol dehydrogenases and cofactor immobilizations: con-
formational changes that lead to switch in enzyme stereoselectivity. Biochim
Biophys Acta 2012;1824:792-801.

[38] Quaglia D, Irwin JA, Paradisi F. Horse liver alcohol dehydroge-
nase: new perspectives for an old enzyme. Mol Biotechnol 2012;52:
244-50.

[39] Bradford MM. A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein-dye binding. Anal
Biochem 1976;72:248-54.

[40] Tischer W, Wedekind F. Immobilized enzymes: methods and applications.
Topics in current chemistry, vol. 200. Berlin/Heidelberg: Springer-Verlag;
199995-126.

[41] Carrea G, Riva S. Properties synthetic applications of enzymes in organic sol-
vents. Angew Chem Int Ed 2000;39:2226-54.

[42] Klibanov A. Improving enzymes by using them in organic solvents. Nature
2001;409:241-6.

[43] Dickinson FM, Dalziel K. Substrate specificity and stereospecificity of alcohol
dehydrogenases. Nature 1967;214:31-3.

[44] Jones ]JB, Schwartz HM. Enzymes in organic synthesis. 23. Effects of organic
solvents on horse liver alcohol dehydrogenase-catalyzed oxidation. Can ] Chem
1982;60:1030-3.

[45] Sund H, Theorell H. The Enzymes, vol. 7. New York: Academic Press; 1963. pp.
25-83.

[46] Wratten CC, Cleland WW. Kinetic studies with liver alcohol dehydrogenase.
Biochemistry 1965;4:2442-514.

[47] Musa MM, Phillips RS. Recent advances in alcohol dehydrogenase-
catalyzed asymmetric production of hydrophobic alcohols. Catal Sci Technol
2011;1:1311-23.

[48] Kourist R, de Maria PD, Miyamoto K. Biocatalytic strategies for the asym-
metric synthesis of profens, recent trends and developments. Green Chem
2011;13:2607-18.

[49] Sayari A, Mosbah H, Verger R, Gargouri Y. The N-terminal His-tag affects the
enantioselectivity of staphylococcal lipases: a monolayer study. ] Colloid Inter-
face Sci 2007;313:261-7.

Please cite this article in press as: Quaglia D, et al. His-tagged Horse Liver Alcohol Dehydrogenase: Immobilization and application in the bio-based
enantioselective synthesis of (S)-arylpropanols. Process Biochem (2013), http://dx.doi.org/10.1016/j.procbio.2013.03.016



dx.doi.org/10.1016/j.procbio.2013.03.016
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0170
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0175
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0180
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0185
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0190
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0195
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0200
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0205
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0210
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0210
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0210
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0210
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0210
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0210
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0210
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0210
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0210
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0210
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0210
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0210
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0210
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0210
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0215
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0215
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0215
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0215
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0215
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0215
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0215
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0215
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0215
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0215
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0215
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0215
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0215
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0215
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0215
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0220
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0225
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0230
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0230
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0230
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0230
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0230
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0230
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0230
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0230
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0230
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0230
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0230
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0230
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0230
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0230
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0235
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0240
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245
http://refhub.elsevier.com/S1359-5113(13)00146-3/SBREF0245

	His-tagged Horse Liver Alcohol Dehydrogenase: Immobilization and application in the bio-based enantioselective synthesis o...
	1 Introduction
	2 Materials and methods
	2.1 Materials, strains, vectors and culture conditions
	2.2 Expression and purification of His-HLADH-EE
	2.3 Immobilization of His-HLADH-EE
	2.4 Activity assays
	2.5 General procedure for enzymatic reduction of aldehydes
	2.5.1 Synthesis
	2.5.2 Analysis of products


	3 Results and discussion
	3.1 His-HLADH-EE immobilization
	3.1.1 Studies on the conditions of loading

	3.2 Characterization of immobilized His-HLADH-EE
	3.2.1 SEM analysis
	3.2.2 pH, temperature, and reusability
	3.2.3 Stability in the presence of organic co-solvents

	3.3 His-HLADH-EES catalyzed reduction of aldehydes
	3.3.1 Synthesis of 2-arylpropanols (Profenols)
	3.3.2 Enzymatic reduction of aliphatic and aromatic aldehydes


	4 Conclusions
	Acknowledgements
	References


