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In this paper, enantioselectivities of D-amino acid oxidase (DAAO) in ten ionic liquids were investigated in

detail. Among the ionic liquids studied, 3-methylimidazolium formate ([MIM][COO]) was able to trigger

enzyme activation with L-Ala as substrate. The enzyme activity of DAAO reached a maximum of 4.26 U

mg�1 min�1 in the presence of 40% [MIM][COO], while no activity toward L-Ala was observed when

DAAO was incubated with other ILs. Moreover, DAAO activities towards other L-amino acids such as L-

Pro and L-Arg were also improved in [MIM][COO], which indicated that the enzymatic enantioselectivity

of amino acids was lowered. This was further confirmed by capillary electrophoresis, circular dichrosim

and fluorescence analysis. Molecular optimization supported that the protein–ionic liquid interactions

modulated the structure of the enzyme, especially in [MIM][COO], leading to relaxation in the

enantioselectivity of DAAO. This observation and exploration might open a new window for modulation

enantioselectivity resolution in ionic liquids.
Introduction

As potential environmentally benign “green” solvents, ionic
liquids (ILs) have garnered much attention. It is widely
acknowledged that ILs are compounds that are composed only
of ions but still exist in the liquid state at ambient conditions.1

Due to their favourable features, such as excellent ability to
dissolve a variety of solutes, ILs are being considered as leading
substitutes of conventional organic solvents.2,3 To perform
enzymatic reactions in ILs can be promising because of their
unique properties, particularly their physicochemical proper-
ties can be nely designed by appropriate combination of the
cationic and anionic parts. Furthermore, these ions display
a wide range of varied physicochemical properties which can
signicantly increase substrate specicity, improve enzyme
selectivity or enhance the enzyme activity or stability.4,5

In view of ILs' excellent properties for use as reaction
solvents, extensive studies of biocatalytic reactions using ILs
have been carried out. Up to date, substantial studies have
focused on the role of ILs in enzymatic reaction either as the
reaction media or as the extraction phase.2,6 The correlations
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tion (ESI) available. See DOI:
between ionic constituents as well as the alkyl chain length of
ILs and enzymatic activity and stability have been analysed in
detail.3,7–9 The enzymatic behaviours have been improved in ILs
(higher enantioselectivity and better recoverability and recy-
clability) due to high conversion rates.10–13 Interestingly, enzy-
matic reactions in the presence of ILs have provided useful
information on the enzymes exibility and stability, enzyme
inhibition, behaviour of enzyme.14,15

In general, by optimization of the type and concentration of
ILs, utilization of ILs as co-solvents greatly enhances the enzy-
matic activity and stability. However, little attention has been
devoted to the control of substrate enantioselectivity. Only
recently had the stereoselectivity and enantioselectivity of
several enzymes in the presence of ILs began to be studied and
investigated by several research groups.10–12

Enantiocomplementary enzymes favor opposite enantiomers
because either the substrate or the active-site machinery is
oriented differently.16 In an oxidation example, the active site of
D-amino acid oxidase (DAAO) is a mirror image of that of L-
amino acid oxidase (LAAO). Both enzymes catalyze amino acid
oxidation, but with opposite enantiomer preference.17 However,
there are some exceptions to this rule. For example, the LAAO
from Bacillus carotarum 2Pfa accepts 10 L-amino acids and 7 D-
amino acids as substrates (ie, D-Leu, D-Lys and D-Ser).18 Also,
catalytic oxidation of L-Pro by DAAO at high concentrations has
been conrmed.19 Moreover, it is acknowledged that the alter-
ation of enzyme enantioselectivity can be achieved by reaction
temperature,20 biomimetic encapsulation,21 directed evolu-
tion,22 site-directed mutagenesis.23,24 In addition, our recent
work has shown that the DAAO can catalytically oxidize many L-
This journal is © The Royal Society of Chemistry 2017
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amino acids by modulating pH of aqueous solution.25 Espe-
cially, there is only 15.99-fold (pH 8.0) and 14.18-fold (pH 9.8)
drop for the enantioselectivity (kcat,D-AA/kcat,L-AA) of Pro and Ala,
respectively. In contrast, it's reported that the initial rate of
enzymatic deamination for D-amino acids is found to exceed
that for L-amino acids by 3000 to 4000-fold under physiological
condition.19

In the case of DAAO, Lutz-Wahl et al.26 have compared the
activity and stability of free and immobilized DAAO from Trig-
onopsis variabilis in different water-soluble and water-insoluble
ionic liquids as well as inorganic solvents. They found that the
most promising ILs were [BMIM][BF4] and [MMIM][MMPO4].
However, the comparison of the enantioselectivity of DAAO was
not reported in ILs yet. Altering enantioselectivity of DAAO has
been regarded as one of the most remarkable topics in enzy-
matic reactions, since the stereochemical outcome of a given
enzyme–substrate reaction is predetermined in specic target
environment. Taking these ndings into consideration,
a comprehensive study of enzymic enantioselectivity in aqueous
solution containing different ILs is necessary, which will
provide valuable information to understand the behaviour of
enzyme in varied ionic liquids.

In the present work, the enantioselectivities of DAAO in
presence of ten ILs were investigated in detail. In particular, we
observed the enzymatic activity towards L-Ala in presence of
[MIM][COO] was sharply enhanced. Under optimization
conditions of pH value and temperature in [MIM][COO], the
kinetic parameters were determined. Additionally, capillary
electrophoresis, circular dichroism and uorescence analysis
were undertaken to support the results. The present review
intends to show the modulation of enantioselectivity of DAAO
by ILs, and provide mechanistic insights into how different
factors contribute to the relaxation of enzymatic enantiose-
lectivity by effect of specic ion in various ILs.
Experimental
Regents and instruments

All L-amino acids, sodium 3,9-uorenylmethyloxycarbonyl
(FMOC) and 5-dichloro-2-hydroxybenzenesulfonate (DHBS),
imidazole, 3-methylimidazole, 4-aminoantipyrine (4-AAP), were
purchased from J&K Scientic. D-Amino acid oxidase from
porcine kidney (pkDAAO, $8.2 units per mg solid) and peroxi-
dase (POD) were obtained from Sigma-Aldrich. ILs were kindly
supplied by Process Research Institute, Chinese Academy of
Sciences.
DAAO activity in presence of ILs with L-Ala as substrate

Enzymatic activity of DAAO in presence of ILs was determined
by measuring the formation of H2O2 from L-Ala.27 The reaction
was performed for 5 min at 25 �C. Reaction mixtures were
carried out in tubes containing borate saline buffer (50 mM, pH
¼ 8.5), 300 U L�1 POD, 0.275 nM 4-AAP, 5.5 mM DHBS, 0.1 mM
FAD and 25 mM L-Ala, various amounts of ILs (0–50%, v/v), and
enzyme at a concentration of 228 U L�1. Negative control
experiments without ILs were performed. Aer addition of 500
This journal is © The Royal Society of Chemistry 2017
mL trichloroacetic acid (10%, w/v), the mixture was centrifuged
at 10 000 � g for 10 min. Aer that absorbance change was
monitored at 512 nm using Ultraviolet spectrophotometer
(Shimadzu UV-2550). One unit of activity was dened as the
amount of H2O2 produced by 1 mg enzyme per minute under
the experimental conditions. All measurements were carried
out in 3 repetitions.
Inuence of temperature and pH

The inuence of pH on DAAO activity with L-Ala as substrate was
determined by incubating the reaction mixture at pH values
ranging from 5.0 to 12.0, in the following mix buffer system:
50 mM sodium acetate (pH 4.0–5.5); 50 mM sodium phosphate
(pH 6.0–8.0); 50 mM borate saline buffer (pH 8.0–9.0); 50 mM
borate–NaOH buffer (pH 9.5–12.0). To check inuence of the
pH, DAAO was pre-incubated with predetermined pHmix buffer
solution containing 40% (v/v) [MIM][COO] for 5 min at 25 �C,
and activity was measured under standard assay condition as
described above. The optimum temperature for DAAO activity
with L-Ala as substrate was determined by conducting the assay
at various temperatures from 20 to 80 �C. The thermostability of
the enzyme was measured aer pre-incubation of the enzyme in
borate saline buffer (50 mM, pH 9.0) containing 40% (v/v) of
[MIM][COO] at various temperature for 5 min.
Circular dichroism (CD) spectroscopy

CD spectroscopic studies were performed using a Jasco-815
spectrophotometer (Jasco, Japan) equipped with a Peltier
system for controlling the temperature. The sample was pre-
equilibrated at 25 �C for 15 min and the scan speed was xed
for adaptive sampling (error F 0.01) with a response time of 1 s
and 1 nm bandwidth. The secondary and tertiary structures of
DAAO were monitored by using 1.0 cm path length cuvette. The
concentrations of DAAO were 0.4 mg mL�1 in 50 mM borate
saline buffer (pH 9.0) containing 40% (v/v) IL. Each sample
spectrum was obtained by appropriate blank media without
DAAO from the experimental enzyme spectrum.
Fluorescence spectroscopy

Fluorescence measurements for DAAO were monitored using
Jasco FP-750 instrument (Cremello, Italy) at 0.1 mg L�1 protein
concentration in 50 mM borate saline buffer containing of
various ILs (40%, v/v) (nal pH 9.0). The experiments were
performed at 25 �C by using a 1 cm sealed cell. Emission uo-
rescence spectra of Trp were recorded between 300 and 400 nm,
with excitation at 280 nm; avin emission were recorded from
475 to 600 nm, with excitation at 450 nm. A blank medium
without enzyme was subtracted to eliminate inuence of the
uorescence of the ILs and buffer components on the enzyme
uorescence spectrum. Both the change in uorescence inten-
sity and the shi in uorescence maximum wavelength were
recorded to monitor the unfolding transition; each spectrum
being an average of six spectra.
RSC Adv., 2017, 7, 34110–34117 | 34111

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra04687a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

1/
14

/2
02

4 
7:

23
:0

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Computational details

The X-ray structure of D-amino acid oxidase download from
Protein Data Base (http://www.rcsb.org, PDB code: 1C0P). The
ligand FAD was extracted from 1C0P and used as reference,
while the [MIM] derived from FAD. Atomic charges of ligands
and proteins were calculated with the Gasteiger–Hückel
protocol. Surex-Dock program was used to search possible
binding conformations of ligands. Default parameters were
used in the Docking computation. FAD was docked into the
protein, with a TotalScore 25.36, and the RMSD value was 0.646,
which indicated that parameters used here was reasonable.
With all the parameters, [MIM] was docked into the binding site
of D-amino acid oxidase, with TotalScore of 3.42, which was
much lower than that of FAD.
Results and discussion
Activity of DAAO with L-Ala in presence of ILs

Imidazolium-based ILs such as [BMIM][BF4], [BMIM][PF6] are
commonly and popularly used in study.28 Previous experiences
and recent literature data have shown that imidazolium and
pyridinium-based ILs are efficient and promising for enzymatic
reaction,26,29 thus, ten kinds of imidazolium and pyridinium-
based ILs were chosen for the comparison of the enantiose-
lectivity of DAAO. The ten kinds of ILs used were 1-butyl-3-
methylimidazolium tetrauoroborate ([BMIM][BF4]), 1-butyl-3-
methylimidazolium hexauorophosphate ([BMIM][PF6]), 1-
ethyl-3-methylimidazolium bromide ([EMIM]Br), 1-hexyl-3-
methylimidazolium bromide ([HMIM]Br), 1-octyl-3-
methylimidazolium bromide ([OMIM]Br), N-butylpyridinium
bromide ([BPy]Br), N-methylpyridinium formate ([MPy][COO]),
Fig. 1 Structure of ILs used in this study.

34112 | RSC Adv., 2017, 7, 34110–34117
1-butyl-3-methylimidazolium chloride ([BMIM]Cl), 3-methyl-
imidazolium formate ([MIM][COO]) and 3-methylimidazolium
propionate ([MIM][CH3CH2COO]), respectively, and their
structures were shown in Fig. 1.

The activities of DAAO with L-Ala as substrate in various ILs
were investigated. As summarized in Fig. 2, of all the ILs tested,
no detectable activity of DAAO in [BMIM][BF4], [BMIM][PF6],
[BMIM]Cl, [EMIM]Br, [HMIM]Br, [OMIM]Br, [BPy]Br, [MPy]
[COO] and [MIM][CH3CH2COO] was observed. Enantiose-
lectivity of DAAO remained unchanged even at ratios of more
than 40% (v/v) ILs. However, enzymatic activity towards L-Ala
showed a sharp increase in [MIM][COO]. With the increase in
ratio of [MIM][COO], DAAO activity towards L-Ala was enhanced
accordingly. The enzyme activity reached to a maximum (4.26 U
mg�1 min�1) in presence of 40% [MIM][COO]. When the ratio of
[MIM][COO] was above 40%, the enzyme activity reached
a plateau. The results suggested that [MIM][COO] disrupted the
enantioselectivity of DAAO and improved DAAO activity on L-
Ala.

As we know, one of the most important factors inuencing
enzyme activity is pH. We employed four common buffer
systems in a pH range of 5.0 to 12.0 for determination. Based on
the preliminary study on pH-dependent DAAO activity for the
optimization of pH was performed with 40% (v/v) [MIM][COO].
As Fig. 3a shown, enzymatic activity of DAAO with L-Ala as
substrate was signicantly improved with the increase of pH
value of [MIM][COO]. It reached a maximum (4.78 U mg�1

min�1) at pH 9.0. When pH value of [MIM][COO] was above 9.0,
the enzymatic activity of DAAO was sharply decreased. The
enzymatic activity became almost negligible at pH 12.0. In view
that temperature could inuence the solubility of the reactants
and reaction rates, the enzymatic activities altered with the
change of temperature. Similarly, the optimal temperature for
DAAO activity towards L-Ala was determined in the temperature
range from 20 �C to 80 �C, as shown in Fig. 3b. It's observed that
Fig. 2 Enzymatic activity of DAAO in ILs with L-Ala as substrate.
Reaction mixtures containing borate saline buffer (50 mM, pH ¼ 8.5),
ILs in a range of concentrations, 228 U L�1 DAAO, 300 U L�1 POD,
0.275 nM 4-AAP, 5.5 mM DHBS, 0.1 mM FAD and 25 mM L-Ala were
incubated for 30 min at 25 �C.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Optimization of pH (a) and temperature (b) for DAAO activities
towards L-Ala. Reaction mixtures containing 40% [MIM][COO], 228 U
L�1 DAAO, 300 U L�1 POD, 0.275 nM 4-AAP, 5.5 mM DHBS, 0.1 mM
FAD and 25 mM L-Ala were incubated for 30 min.

Fig. 4 Michaelis–Menten plots of the DAAO with L-Ala as substrate in
presence of 40% (v/v) [MIM][COO]. The experiment was carried out in
borate saline buffer (50 mM, pH ¼ 9.0) at 37 �C.

Table 1 The enzyme activity of DAAO with L-amino acids in presence
of [MIM][COO] (37 �C, pH 9.0)

Amino acids

Enzyme activity (U mg�1 mim�1)

5% 20% 40%

L-Ala 0.82 � 0.09 3.46 � 0.37 4.26 � 0.09
L-Pro 0.16 � 0.13 0.31 � 0.02 4.06 � 0.11
L-Met NAa 1.38 � 0.04 3.65 � 0.44
L-Phe NA 1.61 � 0.06 3.28 � 0.05
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the activity of DAAO was enhanced with the increase of
temperature, and the optimum temperature was about 37 �C.
The enzymatic activity was gradually decreased with increase of
temperature when the temperature was above 37 �C. Thus,
DAAO activities towards various amino acids were assessed
under the optimal conditions (pH 9.0 and 37 �C).

Then, the kinetic parameters were determined under the
optimum conditions by analysis of Michaelis–Menten plots.
DAAO showed a Vmax value of 6.1 � 0.50 mM min�1 and Km

value of 19.70� 0.30 mM with L-Ala as substrate in the presence
of 40% (v/v) [MIM][COO] (Fig. 4). The results indicated that the
performance of both binding and catalytic ability of DAAO
towards L-Ala was remarkably improved in the presence of
[MIM][COO].
L-Leu NA 0.45 � 0.04 2.27 � 0.57
L-Val NA 0.44 � 0.03 2.17 � 0.07
L-Ser NA 0.41 � 0.03 2.05 � 0.04
L-His NA 0.37 � 0.02 1.83 � 0.11
L-Thr NA 0.36 � 0.33 1.79 � 0.09
L-Tyr NA 0.29 � 0.05 1.46 � 0.04
L-Gln NA 0.75 � 0.07 1.26 � 0.09
L-Arg NA 0.24 � 0.04 1.22 � 0.05
L-Trp NA 0.48 � 0.09 0.92 � 0.08
L-Asn NA 0.18 � 0.01 0.89 � 0.05
L-Cys NA 0.08 � 0.01 0.39 � 0.03

a NA: no activity.
Activity of DAAO with other L-amino acids as substrate in
presence of ILs

To check whether the observation was occurred for other L-
amino acids, the enzymatic activity of DAAO with other L-amino
acids as substrate in the presence of [MIM][COO] was deter-
mined. By incubating the enzyme with 5, 20 and 40% (v/v)
concentrations of [MIM][COO], enzymatic activities were
determined in the standard assay conditions. Similar results
were obtained and illustrated in Table 1. Noticeably, for L-Trp, L-
This journal is © The Royal Society of Chemistry 2017
Asn, L-Cys, the enzyme activity was slightly increased when the
[MIM][COO] concentration increased (0.92 � 0.08 U mg�1

min�1 for L-Trp, 0.89� 0.05 Umg�1 min�1 for L-Asn, 0.39� 0.03
U mg�1 min�1for L-Cys in 40% [MIM][COO]). In contrast, in the
case of L-His, L-Thr, L-Gln and L-Arg, activities of DAAO were
modestly improved. For example, activity of DAAO towards L-His
(U mg�1 min�1) was increased from 0.37 � 0.02 (5% [MIM]
[COO]) to 1.38 � 0.11 (40% [MIM][COO]). More extraordinary,
with the increase of [MIM][COO] ratio from 5% to 40%, enzy-
matic activities were signicantly enhanced in presence of L-
Pro, L-Phe, L-Leu, L-Val and L-Ser except for L-Ala and enzyme
activity towards L-Pro was up to 4.06 U mg�1 min�1 in presence
of 40% (v/v) [MIM][COO]. These results indicated that exposure
to [MIM][COO] changed the general enantioselectivity of DAAO
toward many amino acids.
RSC Adv., 2017, 7, 34110–34117 | 34113
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Conrmation of catalytic oxidation and analysis of
conformational change in presence of ILs

In order to solidify the above idea, CE analysis was performed to
detect whether L-amino acids were converted into their D-
isomers induced by [MIM][COO]. Compared with the signal of
control, peak of D-Ala wasn't observed in the L-Ala solution
containing 40% (v/v) [MIM][COO] within the reaction time,
which indicated that the L-Ala was not transformed to its mirror-
image conguration aer [MIM][COO] treatment and [MIM]
[COO] indeed mediated the oxidation of L-Ala catalyzed by
DAAO during the reaction time. The similar results were ob-
tained through the CE analysis of other L-amino acids (ESI
Fig. S1†). As a consequence, it was concluded that the racemi-
zation of L-Ala did not occur during the reaction time in these
experiments.

Subsequently, the structure of DAAO in the presence of ILs
was further studied to make clear the reason responsible for
alteration in enantioselectivity. The protein conformation of
DAAO before and aer [MIM][COO] treatment was tested by CD
spectrum analysis. Due to that a negative signal around 215 nm
in CD spectrum was observed for DAAO in buffer, the confor-
mation change of DAAO were monitored by the CD signal
around 215 nm (taken as a reporter of the change in secondary
structure). Changes in signal at 215 nm were shown in ESI
Fig. S2.† Concerning the signal at 215 nm, there were no
remarkable changes in the CD spectrum of the DAAO in pres-
ence of [BMIM][BF4], [BMIM][PF6] and [MIM][COO] (ESI Fig. S2a
and b† and Fig. 5), suggesting that DAAO remained its native
conformation. However, the CD spectrum of DAAO was
moderately altered aer [MPy][COO] treatment compared to
that in buffer. A decrease was evident for the enzyme of CD
signal in 215 nm (ESI Fig. S2c†), pointing to a decrease in
secondary structure content. The analysis of CD spectrum of
DAAO showed that the signal was almost disappeared aer
incubated with [BMIM]Cl, [EMIM]Br, [HMIM]Br, [OMIM]Br,
[BPy][COO], [MIM][CH3CH2COO] (ESI Fig. S2d–i†). The
Fig. 5 CD spectrum of DAAO in presence of ILs. The DAAO was pre-
incubated with 40% (v/v) ILs at 25 �C for 15 min and the CD spectrum
of DAAO were monitored by using 1.0 cm path length cuvette. The
concentration of DAAO was 0.4 mg mL�1.

34114 | RSC Adv., 2017, 7, 34110–34117
structural change was accompanied by a sharp decrease of
activity, which was consistent with previous reports that IL may
lead to the secondary structure collapse in enzyme.30 But
surprisingly, [MIM][COO] didn't result in conformational
alteration of DAAO (Fig. 5), although [MIM][COO] induced
enhancement of DAAO activities towards L-amino acids.

Due to that there is a change in the maximum emission of
Trp and avin with the change of solvent environment in
proteins containing uorophore residues, thus different
microenvironment surroundings of the uorophore residues of
DAAO can be monitored by observing changes in the maximal
intensity of uorescence (Imax) and the red shi of the maximal
emission wavelength (lmax) of the Trp residues and avin of the
protein.31

To further explain the conformational change of DAAO in
various ILs, uorescence analysis for DAAO in the presence of
ILs was carried out. The uorescence spectra of DAAO aer
treatment with 40% (v/v) ILs were illustrated in Fig. 6 and ESI
Fig. S3.† Aer incubation with 40% (v/v) [BMIM][BF4], [BMIM]
[PF6], [BMIM]Cl, [MPy][COO] and [MIM][COO] for 30 min, the
enzyme exhibited the same lmax of Trp and avin and the
slightly decreases in Imax were observed, compared with that of
in buffer. In contrast, with DAAO aer 40% (v/v) [OMIM]Br
treatment, a noticeable red-shi (about 9 nm) was observed in
Fig. 6 Fluorescence spectra of DAAO in the presence of ILs. Fluo-
rescence spectra of Trp (a) and flavin (b) of DAAO in borate saline
buffer (50 mM, pH 9.0) in the absence and presence of 40% IL (v/v)
after incubation for 30 min at 25 �C. The excitation wavelength was
280 and 450 nm, respectively.

This journal is © The Royal Society of Chemistry 2017
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lmax of Trp, accompanied by a signicant increase in Imax of Trp
(ESI Fig. S3a†) and a sharp decrease in Imax avin (ESI Fig. S3b†).
As for DAAO in presence of 40% (v/v) [EMIM]Br, [HMIM]Br,
[BPy]Br and [MIM][CH3CH2COO], there were remarkable
decreases in Imax of Trp and avin as compared to that of
control. Moreover, there were red-shis (about 13 nm) in lmax of
Trp for [BPy]Br and [MIM][CH3CH2COO] treatment group. This
suggested that [EMIM]Br, [HMIM]Br, [OMIM]Br, [BPy]Br and
[MIM][CH3CH2COO] induced variation in protein structure,
accompanied by an alteration of activity. It is evident that the
addition of [MIM][COO] induces a tiny decrease in uorescence
intensity of DAAO, without any changes in the maximum
emission wavelength and the shape of uorescence spectra.
Fig. 7 Schematic drawing of interaction of DAAO–L-Ala complex with
[MIM][COO]. (a) Detail of DAAO structure (PDB entry 1KIF). (b) Inter-
actions between D-Ala and DAAO. Schematic drawing of the active site
cavity of DAAO in complex with L-Ala in absence (c) and presence (d) of
[MIM][COO]. The active site residues were shown in stick represen-
tation coloured in green (carbon atoms), blue (nitrogen atoms) and red
(oxygen atoms). The L-Ala molecule was shown in stick presentation,
coloured in yellow (carbon atoms), blue (nitrogen atoms) and red
(oxygen atoms). [MIM][COO] was shown in pink. H-bonds were shown
as dashed lines. Figure was prepared with PyMol.
Structural study of DAAO in ILs

With the same anion, DAAO activity towards L-Ala in the exis-
tence of [MIM][COO] was sharply improved compared to that of
[MPy][COO]. Previously, it's found that ILs comprising the N-
methylimidazolium group exhibits benecial effects on activity
than the one embracing the N-methylpyridinium group with the
same anion.32,33 The examination of DAAO activity in presence
of imidazole and N-methylimidazole showed that there was no
noticeable alteration in substrate specicity of DAAO (ESI
Fig. S4†). Therefore, it's inferred that [MIM]+ plays a critical role
in the alteration of enantioselectivity.

Data from CD and uorescence showed no noticeable
collapse of secondary structures and changes in the enzyme
conformation induced by [MIM][COO] (Fig. 5 and 6).

A close look at the active site structure of DAAO is necessary
to understand the improved catalytic performance of DAAO
modulated by [MIM][COO]. The shape of the enzyme is a typical
a/b fold (Fig. 7a). The key residues in binding site that are
responsible for the catalytic activity of DAAO are Tyr 224, Tyr
228, Arg 283, Gly 313 and Gln 5334,35 (Fig. 7b). The rst step in
oxidative deamination involves the nucleophilic attack of the
hydroxyl group of Tyr 224 and Tyr 228 to the carbonyl carbon on
the substrate to form an enzyme–substrate intermediate. The
guanidine group of Arg 283 forms a salt bridge with a-COO� of
the substrate. The amino group of substrate is hydrogen bind
with hydroxyl group of Tyr 224 and the backbone carbonyl of Gly
313 and Gln 53 which also form hydrogen bonds with bound
water molecules.36 Moreover, D-Ala is tightly bound to the active
site of the enzyme by noncovalent interaction, forming a quite
stable transient intermediate. In contrast, the interactions of L-
Ala with the enzyme were shown in Fig. 7c. The coordination
positions of a-COO� are normally occupied by guanidine group
from Arg 283, two hydroxyl group from the protein amino acid
side chains of Tyr 224 and Tyr 228, and the amino group faces
away from the carbonyl moiety of Gly 313 and Gln 53, thereby
making the nucleophilic attack difficult (Fig. 7c).

Previous reports have shown that small structural changes in
catalytic centre are important in biological and chemical
processes.37,38 Water-miscible solvents can affect enzymatic
performance by stripping off the essential water associated with
the enzyme or penetrating into the micro-aqueous phase to
interact with the enzyme by changing the protein dynamics,
This journal is © The Royal Society of Chemistry 2017
conformation and/or the enzyme's active site.39 Since the reac-
tion system has sufficient aqueous component, water stripping
seems to be unlikely. Thus, a more direct interaction of the ILs
with the enzyme may be responsible for the alteration in
enantioselectivity.

We mimicked the binding mode of [MIM]+ and D-amino acid
oxidase with Surex-Dock program in SYBYL8.0 soware
(Tripos Inc., St. Louis, MO, USA). The X-ray structure of D-amino
acid oxidase download from Protein Data Base (http://
www.rcsb.org PDB code: 1C0P). The FAD was extracted from
1C0P and used as reference, while the [MIM]+ derived from FAD.
Direct interaction of ILs with the catalytic site of the enzyme
occurred due to structural adaptation between the active site of
DAAO and the IL, as shown in Fig. 7c and d and ESI Fig. S5.† The
comparation of structure of the DAAO–L-Ala complex in buffer
(Fig. 7c) and the DAAO–[MIM][COO]–L-Ala complex formed in
presence of [MIM][COO] (Fig. 7d) showed that with existence of
[MIM][COO], L-Ala occupied the same region of the binding
pocket as that of the L-Ala in buffer and the overall structure of
DAAO–[MIM][COO]–L-Ala is very similar to that previously re-
ported in buffer. A large unoccupied patch of electron density in
the entrance of the active site could be tted with [MIM][COO].
It is reported that the reaction of Ala catalyzed by DAAO rst
dehydrogenates the amino acid to the corresponding imino
acid, coupled with the reduction of FAD then hydrolyzes to the
a-keto acid and ammonia.40 Thus, the transfer of a-proton to
FAD and the attack of H2O to a-amino group play key roles in
RSC Adv., 2017, 7, 34110–34117 | 34115
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catalyzed oxidization of amino acid. In buffer, L-Ala is tightly
bound to the active site of the enzyme by noncovalent interac-
tion, forming a quite stable transient intermediate, in which a-
NH3 group faces away from the carbonyl moiety. However,
[MIM] cation can interact with surface residue (Tyr) through
hydrophobic p–p interactions due to a permanent positive
charge and a N-methyl group of the imidazolium ring, which
agrees with the previous report that most of the cations interact
with hydrophobic regions on the surface of the enzyme.41 Thus,
in presence of [MIM][COO], the interaction between [MIM]
cation and active site places L-Ala in a better attacking position
to transfer of a-proton to FAD or the nucleophilic attack to the
amino group by water.

In comparison, [MIM][CH3CH2COO] has the same cation as
[MIM][COO], whereas it doesn't enhance the activity of DAAO
towards L-Ala. A possible reason is that larger steric structure
and longer linear chain of [MIM][CH3CH2COO] blocks the
entrance of [MIM]+ to the active site area in the enzymatic
reaction process. In contrast, with existence of [MIM][COO], the
electrostatic interaction of [COO]� and [MIM]+ strengthens the
interaction of [MIM]+ with region of the binding pocket of
DAAO. The data from kinetic studies with L-Ala as a substrate
show a dramatic improvement in the affinity of the substrate
(Fig. 4), indicates that a slight relaxation of active centre for the
substrate induced by [MIM][COO]. In addition, pH had
a synergistic effect on the alteration substrate specicity of
DAAO based the optimization of pH (Fig. 3a). This was in
consistent with our previous data that pH couldmediate change
in enantioselectivity of DAAO.25
Conclusions

In this study, the activities of DAAO towards L-Ala in presence of
ten ILs were checked to evaluate the enantioselectivity of DAAO.
It's observed that the activity of DAAO with L-Ala as substrate in
presence of [MIM][COO] was greatly enhanced and the enzyme
activity of DAAO reached to a maximum of 4.26 U mg�1 min�1

in presence of 40% [MIM][COO]. Furthermore, DAAO activities
towards other L-amino acids such as L-Pro, L-Phe, L-Leu, L-Val
and L-Ser were also improved in [MIM][COO]. CE, CD and
uorescence analysis conrmed the observations. [MIM][COO]
could induce alteration of the activities of DAAO towards L-
amino acids than the other 10 ILs such as [MIM][CH3CH2COO].
The alteration might also be related to a slight conformational
relaxation of active centre for the DAAO due to [MIM][COO]
tting into the binding pocket. Although the reason for the
change of the activities of DAAO towards L-Ala need to be further
explored, our investigation could offer a simple and effective
method to predict the relaxation of the enantioselectivity of
DAAO and thus guide the choice of a reaction system with the
proper enantioselectivity.
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