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Highlights



» A novel quaternary ammonium-based ionic liquid wiastly evaluated in
bioreduction.

» Reduction of BTAP toR)-BTPE was conducted in a [N1,1,1,1][Cys]-containin
system.

» Using [N1,1,1,1][Cys] as co-solvent can improve thdole cell-mediated
reduction.

» The product titer, yield and productivity are 258/, 98.7 % and 21.058 g/(h).

» The bioreduction process is feasible on a 5-lgrenentor preparative scale.

Abstract

We investigated the asymmetric bioreduction of ldgftrifluoromethyl)acetophenone
(BTAP) to ®)-[3,5-bis(trifluoromethyl)phenyl] ethanol Rf-BTPE) in a hydrophilic

quaternary ammonium-based ionic liquid (IL)-contiagn system to improve the
efficiency of bioreduction catalyzed by recombinamischerichia coli cells

overexpressing carbonyl reductase. Based on thetdawity to microbial cells and

moderately increased cell membrane permeabilityrarteethylammonium cysteine
(IN1,1,1,1][Cys]) was selected and employed as ateemt. Some key reaction
parameters involved in the bioreduction were alsovestigated in the
[N1,1,1,1][Cys]-containing system. The optimum cibietis for the process were found
to be: 3.5 % (w/v) [N1,1,1,1][Cys], 20 % (v/v) isgpanol, 1 M BTAP, 12.7 g/L of
recombinank. coli cells, pH 6.8, reaction for 12 h at 30 °C. A 9%%ield (with > 99

% of enantiomeric excess (ee)) was obtained underoptimum conditions. The
biocatalytic process was scaled up to a 5-litrenéartor afforded high reaction yield in
IL-containing system. The results demonstrated tinatiL [N1,1,1,1][Cys] is a useful

co-solvent to improve bioreduction process and rhag potential applications in



various biocatalytic reactions.
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Biocatalysis; Asymmetric bioreduction; Recombin®NA; Bioprocess design; lonic
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1. Introduction

Chiral alcohols are among the most valuable bugditocks for the manufacture of
pharmaceuticals. R)-[3,5-bis(trifluoromethyl)phenyl] ethanol Rf-BTPE) is a key
chiral intermediate for the synthesis of AprepitéBmend) with an annual sale of
approximately 387 million dollars in 2010 and Fasgitant (Ivemend), a tachykinin
NK1 receptor antagonist widely administered to eangatients for the treatment of
chemotherapy-induced nausea and vomiting [1-3]réddly, (R)-BTPE is obtained
mainly through the transitional metal-catalyzed nasyetric reduction of the
3,5-bis(trifluoromethyl)acetophenone (BTAP), whilee drawbacks of this method are
the utilization of air sensitive and expensive kats, and/or hazardous reagents. In
light of the above description, the search for hoasgproaches for highly efficient
synthesis of enantiometrically pure BTPE is becamntreasingly important. Recently,
the asymmetric reduction of BTAP using microbiadtieg cells and various enzymes
have attracted more attention due to their enviemal friendliness, mild reaction
conditions, and excellent regio-, stereo-, and dsaitectivity. Several studies on
microbial reduction of BTAP toR)-BTPE have been reported so far by us and other
groups [4-9]. However, the product yield is undatitory at high BTAP concentration,

possibly owing to the problems arisen from thetireddy poor solubility of the substrate



in aqueous media, and/or its toxicity to the biabadt, which cumbers the practical
application of this bioprocess [5, 6, 10].

Over the past decades, it was found that biocdtalyere also able to work in
non-aqueous media such as organic solvents and iaquids (ILs) [11-15]. In
particular, as clean alternative to conventiongaaic solvents, ILs can be used as
reaction media for performing biocatalytic reacida6, 17]. ILs are a promising new
class of functional solvents with unique propert{@snvolatile, non-flammable and
highly stable), and able to dissolve a variety ofap and nonpolar compounds, thus
exhibiting great potential for environment-friendiyreen solvents. Moreover, the
properties of ILs can be easily tuned to matchdpecific requirements of particular
process by altering the cations and/or anions. Assalt, the catalytic performance of
enzyme or microbial cells may be improved in IL-@oning systems [18-19]. Recently,
the biocatalytic asymmetric reduction with ILs gaction systems has been investigated,
and some valuable results have been obtained mstef the activity [15, 20],
enantioselectivity [21] and stability [22] of bidedysts. However, the reported types of
ILs used in reaction systems for whole cell-medidtecatalysis remain limited, and
mainly focus on conventional imidazolium and pymidm-based ILs. Moreover, most
of the ILs used, with recombinaht coli cells as biocatalyst, were hydrophobic ILs and
mainly selected for the IL/water two-phase syst@B) P4]. Hydrophilic ILs, especially
used as co-solvent in aqueous system for recombianoli-mediated biocatalytic
reaction, has largely been unexplored.

Hydrophilic surfactant ILs (e.g. alkylimidazoliumabed ILs), as a new type of
functional ILs and co-solvent, have been investidain the bioreduction sometimes
with remarkable results. The surfactant ILs empibyereaction system can make cell

membrane more permeable, not only change the éelluéar concentration of substrate



and product, but also reduce their toxicity to thecatalysts, thus enhancing the
biocatalytic efficiency. He et al. [25] describedhet use of hydrophilic IL
1-butyl-3-methylimidazolium tetrafluoroborate ([BMI][BF4) as co-solvent for
asymmetric bioreduction of ethyl acetoacetate hyldR)-3-hydroxybutyrate catalyzed
by Pichia membranaefaciens Hansen ZJPHO7 cells, and it was found that thetiadd
of [BMIM][BF 4] in aqueous system can markedly reduce the ststraibition and
moderately improve the enantioselectivity. Similarl the presence of
1-(2’-hydroxyl)ethyl-3-methylimidazolium nitrate gOHMIM-NO3) as co-solvent in
reaction system can facilitate the biocatalyticuetthn of 4’-methoxyacetophenone to
(9-1-(4-methoxyphenyl)ethanol with immobilizeBhodotorula sp. AS2.2241, and
provide significant increase in product yield [26). some cases, hydrophilic ILs can
not only improve the enzyme stability but also actenzyme activators, and lead to the
improvement of productivity [13, 16]. Therefore, Seems that hydrophilic IL is a
promising and attractive co-solvent for whole cediated biocatalytic processes.
Similar to alkylimidazolium-based ILs, quaternamraonium-based ILs also exhibited
surface-active properties, and were regarded dacsant ILs [27, 28]. To date, only a
few studies have been reported about the perforesapicquaternary ammonium-based
surfactant ILs in biocatalytic reactions [29].

In the present study, we focus on the performanaduation of eight quaternary
ammonium-based hydrophilic ILs for efficient syrdlseof R)-BTPE by recombinart.
coli cells overexpressing an engineered carbonyl radac{LXCAR-S154Y) from
Leifsonia xyli HS0904 for the first time. It was found that therbduction of BTAP to
(R-BTPE could be markedly improved by adding tetrHtoyl@mmonium cysteine
(IN1,1,1,1][Cys]) as co-solvent in agueous systémoptimize the bioreduction in this

developed [N1,1,1,1][Cys]-containing buffer systethe effects of some crucial



reaction parameters for the synthesisR{BTPE were subsequently investigated, such
as [N1,1,1,1][Cys] content, buffer pH, reaction parature, substrate concentration and
cell concentration. Moreover, a comparative studg werformed either in the presence
or in the absence of [N1,1,1,1][Cys], higher reattiyield was achieved in

[N1,1,1,1])[Cys]-containing buffer system.

2. Material and methods

2.1. Chemicals

Substrate BTAP was supplied by Beijing Golden Ol@empany, China. Product
(R-BTPE and §-BTPE were purchased from Capot Chemical Co.,, l@thina. The
ILs synthesized in this research were entrust&hamghai Chengjie Chemical Co., Ltd.,
China. All other chemicals were from commercialrees and were of analytical grade.
2.2. Srain and fed-batch cultivation

RecombinantE. coli BL21 (DES3), overexpressing an engineered carboeglictase
(LXCAR-S154Y) from L. xyli HS0904, was obtained by directed evolution in our
previous study [30].

For the cultivation of recombinait coli as whole-cell biocatalyst, a fed-batch process
was developed. Single colony of recombinB&ntoli was selected from agar plate, and
inoculated into a 500 mL flask containing 100 mLriegBertani (LB) medium
(tryptone 10 g/L, yeast extract 5 g/L and NaCl 1D) gupplemented with 5Qg/mL
kanamycin, and incubated for 12 h on a rotary shak&7 °C and 200 rpm as the seed
culture. The obtained seed culture (4 %, v/v) & transferred into a 5-litre Biostat

B bioreactor (Braun Biotech Int., Germany) contagn®.5 L fermentation medium, and
incubated at 37 °C. The fermentation medium coetiritric acid 3 g/L, glucose 20

g/L, tryptone 30 g/L, yeast extract 20 g/L, MG 0.1 g/L, NaHPO,- 12H,0 3 gl/L,



KH,PO, 6.75 g/L, (NH).SO, 5 g/L, MgSQ-7H,0 1.5 g/L and 6 mL/L of trace metal
solution (FeS@7H,O 10 g/L, ZnSQ@ 7HO 2.25 ¢g/L, MnS@5H,0 0.5 g/L,
CaCb-2H,0 1.35 g/L, CuGt2H,0 1 g/L, NaMoQ:-2H,0 0.1 g/L and BFBO3 0.2 g/L).
The agitation speed and aeration was set at 800armn5 L/min. The expression of
carbonyl reductase was induced at 33 °C by thetiaddiof lactose to a final
concentration of 20 g/L when the @freached around 25 (about at 5 h). The pH value
of the culture was kept constant at 7.1 throughioeitvhole process by adding ammonia
water or nutrient feeding solution. When an incee@s pH signalled the complete
consumption of glucose, the nutrient feeding sohlutwas fed automatically by
peristaltic pump. The nutrient feeding solution teamed 700 g/L of glucose. After
induction for 28 h, the incubated recombindhat coli cells were harvested by
centrifugation at 4 °C, 9000 rpm for 10 min, andstwed twice with saline, and then
subjected to biocatalytic reduction.

2.3. Selection of ILs

Eight quaternary ammonium-based hydrophilic ILso¢gh in Table 1) were evaluated
for their performances in the asymmetric reductdBTAP to R)-BTPE catalyzed by
recombinank. coli cells. The bioreduction was performed in 50-mLeBrheyer flasks.
The reaction mixtures (total volume of 5 mL) contad 3.82 mL phosphate buffer (200
mM, pH 7.2), 5 g/L recombinarid. coli cells (DCW), 1.0 mL isopropanol (20 %, v/v),
200 mM BTAP, and 1.5 % (w/v) ILs. The reaction napds were incubated at 30 °C
and 200 rpm. After reaction for 10 min and 2 h, gla® were taken to determine the
initial reaction rate and yield. The yield and edue of the product were assayed by
chiral-GC analysis described in our previous refféjrt

2.4. Cdll viability assay

The viability of recombinank. coli cells was defined as the ratio of the consumed



glucose amount by cells pretreated in various lhtaming buffer systems [16, 25].
The recombinanE. coli cells were pre-incubated at 30 °C, 200 rpm for i karious
1.5 % (w/v) IL-phosphate buffer (200 mM, pH 7.2s®ms in the presence of 200 mM
BTAP or not, then adding 10 g/L glucose and culldoe an additional 4 h. The glucose
concentrations in the medium were then assayed bshogical sensing analyzer.

2.5. Cell membrane permeability assay

The recombinarnit. coli cells were incubated at 30 °C, 200 rpm in varikhighosphate
buffer (200 mM, pH 7.2) systems, or phosphate b({#60 mM, pH 7.2) solution only.
The cell-free supernatants containing ILs and sadaintracellular components
(primarily nucleic acids and proteins) were withdnafrom the systems at 0 h (as
controls) and 6 h respectively, for the measureméntedium OD value. The Qkynm
and ODgonm Values of samples were determined using ultravigectrophotometer,
and the OD value was taken as a direct measuteedt.$’ effect on the permeability of
cell membrane [20, 26].

2.6. Viscosity of IL and substrate solubility assay

Viscosity of IL and reaction system were measutddeitemperaturé = 298.15 + 0.02
K by a rotational automated viscometer Anton PatabiSger AMA 5000 M and
viscometer ND58S, Shanghai Inspection & Measuren@mntLtd., respectively. Each
data point of the viscosity is the average valuthtde measurements.

For the determination of substrate solubility, loadtion curves were firstly established
using the corresponding standard dissolved in rahedxas the reference. The solubility
of the substrate BTAP in the reaction system wderdened with a similar method
described in our previous report [10].

2.7. Effects of key variables on the asymmetric reduction of BTAP to (R)-BTPE

To determine appropriate conditions for the biomdm of BTAP to R)-BTPE in the



[N1,1,1,1][Cys]-containing system, some crucialgmaeters, including [N1,1,1,1][Cys]
content, buffer pH, reaction temperature, substateentration and cell concentration,
were investigated individually. The reaction mixsircontained phosphate buffer (200
mM), isopropanol (20 %, v/v),certain amount of recombinant. coli cells,
[N1,1,1,1][Cys] and substrate BTAP, and were intedaat 30 °C, 200 rpm. Samples
were taken to determine the initial reaction ragag¢tion for 10 min) and product yield
(reaction for 2 h). The yield and product ee wasaged by GC analysis.

2.8. Bioreduction of BTAP to (R)-BTPE in the devel oped reaction system

The asymmetric reduction of BTAP tB)(BTPE catalyzed by recombinalat coli cells
using the developed reaction system either in thesgmce or in the absence of
[N1,1,1,1][Cys] were performed in 50 mL Erlenmeflasks (working volume of 5 mL)
and a 5-litre bioreactor (working volume of 2 Lgspectively. The reaction mixture
contained 200 mM phosphate buffer (initial buffét 6.8 with 35 g/L [N1,1,1,1][Cys]
or initial buffer pH 7.2 without 35 g/L [N1,1,1,1lys]), isopropanol (20 %, v/v}2.7
g/L recombinan€. coli cells (DCW) and 800 mM or 1 M BTAP, with or withiothe
addition of 35 g/L [N1,1,1,1][Cys]. The asymmetreduction was conducted at 30 °C
and 200 rpm (Erlenmeyer flask) or 500 rpm (5 L femtor). The samples were taken
from the reaction system at certain time intervalg] assayed by GC analysis for the

yield and product ee.

3. Resultsand discussion

3.1. Effects of various ILs on the asymmetric reduction of BTAP to (R)-BTPE

Eight hydrophilic ILs were evaluated for their pmrhances in the asymmetric
reduction of BTAP catalyzed by recombindntcoli cells. As shown in Table 2, the

recombinank. coli cells were capable of catalyzing the bioreductbBTAP in all the



tested IL-containing buffer systems with above 99®4duct ee, but the initial reaction
rates and vyields displayed great difference foriousr IL-containing systems. The
addition of amino acid-based ILs in reaction systeuelerated the bioreduction and
resulted in the increased vyields (Table 2, ent@es), especially [N1,1,1,1][Cys]
afforded the highest initial reaction rate and ltlest yield. However, the initial reaction
rate and achieved vyield substantially decreasethenpresence of [Bf-based ILs
(Table 2, entries 6-9). Moreover, it was found ttia initial reaction rate and yield
decreased with the elongation of the alkyl chaiadited to the cation. Our experimental
results were similar with the previous reportswinich the relationships between the
increasing length of alkyl chain of imidazolium icait and the increasing toxicity of IL
to microorganisms had been investigated [15, 20].

Based on the results described above, [N1,1,1,%][Gyrned out to be the most
powerful for the bioreduction. Additionally, varisuLs exerted different influences on
the recombinank&. coli cell-mediated bioreduction, possibly owing to tlaet that
various ILs display different effects on cell viétlyi and/or cell membrane permeability
of recombinantE. coli cells, and/or ILs might enter the cells and thdfech the
enzymes responsible for the bioreduction, whiclvat# or inactivate enzyme activity.
3.2. Cell viability of recombinant E. coli cellsin various IL-containing buffer systems

It was reported that ILs had great impact on ciabiity and most of ketone substrates
and/or their corresponding reduction products akimibnounced toxicity to microbial
cells [15, 17, 20, 26]. Therefore, the cell vidimk of recombinanE. coli cells were
examined in various IL-containing buffer systemsthwor without the addition of
substrate BTAP. As shown in Fig. 1, in the absesfdBTAP, the cell viabilities in all
the tested IL-containing buffer systems are lovantthat in buffer system, suggested

that the examined ILs exhibit more or less toxidiythe recombinanE. coli cells.



Moreover, cell viability decreased slightly in #lle systems in the presence of BTAP
compared with that in the absence of BTAP, posgioky to the substrate toxicity to the
cells. However, it is worth noting that the celability was markedly improved in the
presence of BTAP in [N1,1,1,1][Cys]-containing larfisystem compared with that in
phosphate buffer only. The results indicated tinat addition of [N1,1,1,1][Cys] in
reaction system seemed to be able to reduce traratétoxicity to microbial cells,
thus affording the highest initial reaction rate darthe best vyield in the
[N1,1,1,1][Cys]-containing system (Table 2). Simitasults were also obtained by Xiao
et al. [20] that the toxic effect of 4-(trimethyid)-3-butyn-2-one onAcetobacter sp.
CCTCC M209061 cells could be reduced in hydrophili€,OHMIM-NO3-containing
system. Additionally, it was found that the celbbilities clearly decreased with the
alkyl chain of the cation elongated for tested eigydrophilic ILs, and the results are
consistent with the data of initial reaction raaesl yields in Table 2.

3.3. Effect of various ILs on cell membrane permeability of recombinant E. coli cells

ILs might increase the cell membrane permeabilitg ¢hus allow the substrate and
product to pass more quickly in and out of celeading to the acceleration of the
bioreduction. On the other hand, the increase linnbembrane permeability caused by
the addition of ILs might give rise to a detrimdretiect on the biocatalysts because the
damage to cell membrane may result in cell deathi@mer the availability of reducing
equivalents for the reaction [20, 26, 31]. Thugsibf great importance to investigate
the effect of various ILs on cell membrane permiggbof recombinantE. coli cells.
The results showed that the @Bmand ODgonmvalues increased clearly in IL-buffer
systems (Table 3), indicating that the cell memérbecomes permeabilized in eight
examined IL-containing systems. Of all the testeéd, |[BF]-based quaternary

ammonium ILs display greatly increase in cell meanigr permeability (Table 3, entries



6-9), butafford lower reaction efficiency (Table 2, entri@®), probably due to the fact
that the significant toxicity of [Bff -based ILs to cells resulted in the terminationhef
reactions (Fig. 1). However, amino acid-based qnatg ammonium ILs can
moderately improve the cell membrane permeabiligb(e 3, entries 2-5) and enhance
the reduction efficiency (Table 2, entries 2-5). #lsown in Table 3, among eight
hydrophilic ILs tested, the lowest Q§3nmand ODgonm Values were observed with the
addition of [N1,1,1,1][Cys], suggesting that [N1,1][Cys] could modestly increase
the cell membrane permeability with negligible i to E. coli cells (Fig. 1). These
results could well explain the superior performance cells in the
[N1,1,1,1][Cys]-containing buffer system for thet@duction (Table 2).

3.4. Effects of key variables on asymmetric reduction of BTAP to (R)-BTPE in the
[N1,1,1,1] [ Cys] -containing system

Bioreduction of BTAP to R)-BTPE catalyzed by recombinaiid. coli cells was
optimized in terms of various reaction parametsigh as [N1,1,1,1][Cys] content,
reaction temperature, buffer pH, substrate conagatr, cell concentration and reaction
time.

It was reported that the ionic liquid content indantaining buffer system has a great
impact on biocatalytic process. The presence ofltle proper concentration can boost
the activity, enantioselectivity and stability ofizymes and microbial cells [18-22].
Thus, the effect of [N1,1,1,1][Cys] content on asyetric reduction of BTAP with
recombinan€. coli cells was investigated, and the results are rhtstl in Fig. 2. The
initial reaction rate and product yield (reactiar 2 h) increased obviously with the
increasing content of [N1,1,1,1][Cys] up to 3.5 %/\). Further increase In
[N1,1,1,1][Cys] content resulted in sharp decreasbkoth the initial reaction rate and

product yield. The results suggested that excessiveunt of [N1,1,1,1][Cys] possibly



caused a high ionic strength of the reaction medmmth might inactivate the cells or
the enzymes. Throughout the range of [N1,1,1,1[[Cgatent (0-5 %, w/v) examined,
the product ee remains almost constant (> 99 %s Tthe optimal [N1,1,1,1][Cys]
content was 3.5 % (w/v), with an initial reactiate of 436.4imol/min/g.ey and 77.0 %

yield. Additionally, the viscosities of [N1,1,1,Qfs], buffer system and

[N1,1,1,1][Cys]-containing system were respectivdtermined. The results showed

that [N1,1,1,1][Cys] exhibits relatively high vissity (3.24 x 10" mPa-s) compared

with that of the buffer system (1.12 mPa-s, 29&)5However, the viscosity of the
developed [N1,1,1,1][Cys]-containing reaction sgstén the present study is 1.94
mPa-s. It is demonstrated that the reaction systertained only a minor fraction (3.5
%, w/v) of [N1,1,1,1][Cys] exert negligible effecn mass-transfer of substrate and
product in the reduction process. The solubilitysabstrate BTAP in the developed
[N1,1,1,1][Cys]-containing system was also deteedint was found that the solubility
of BTAP (51 mg/L) in [N1,1,1,1][Cys] (3.5 %, w/v)ith isopropanol (20 %, v/v) was
slightly higher than that in isopropanol (20 %, )vonly (48 mg/L). Therefore, the IL
[N1,1,1,1][Cys] is indispensable for improving thimreduction efficiency catalyzed by
recombinank. coli cells. Additionally, the effect of cysteine contration (0-5 %, w/v)
on asymmetric reduction of BTAP was also investdafdata no shown). The results
indicated that, compared with the buffer solutiadding 3.5% cysteine in reaction
system exhibit no appreciable impact on both th#ialnreaction rate (314.3
pmol/min/g.e versus 318.7imol/min/g.) and the yield (51.1% versus 52.2%).

The effects of reaction temperature and buffer pHasymmetric reduction were also
investigated in buffer systems with or without thddition of [N1,1,1,1][Cys]. As
illustrated in Fig. 3a, the initial reaction ratadathe yield were both boosted with

increasing reaction temperature from 20 °C to 30HG@wever, the initial reaction rate



and yield decreased when the temperature was &fb%€, possibly resulting from the
partial inactivation of enzyme within the cellstagh temperature. Thus, the optimal
reaction temperature was 30 °C. Fig. 3b depictssipeificant effect of buffer pH on
the bioreduction. It was found that the bioreduttiwvas markedly accelerated with
increasing buffer pH from 6.0 to 6.8 in the pregent[N1,1,1,1][Cys], and the initial
reaction rate and yield increased significantlyitiker increase in buffer pH resulted in
decline in both the initial reaction rate and theld, Similar results were also observed
in buffer system without the addition of [N1,1,1(ys]. The optimal buffer pH was 6.8
for the system in the presence of [N1,1,1,1][Cyshich is lower than that in the
absence of [N1,1,1,1][Cys] (the optimal buffer pHasv7.2). It is likely that
[N1,1,1,1][Cys] as an alkaline compound led to thi¢ value of reaction system
increased to the optimum for the bioreduction. Witthe assayed reaction temperature
and buffer pH range, the product ee remains irftaé® %).

The effects of substrate concentration and cellcentration on the asymmetric
reduction of BTAP were also investigated. The rssimdicated that the initial reaction
rate enhanced obviously with the increasing sutest@ncentration up to 1 M (256 g/L),
beyond which further increase in substrate conagatr decrease the initial reaction
rate due to substrate inhibition (Fig. 3c). Fig.s3wbws the effect of cell concentration
on the asymmetric reduction, and the maximal ihreaction rate was obtained at 12.7
g/L (DCW) of cell concentration. Both substrate cemtration and cell concentration
showed no influences on the enantioselectivity &ieed > 99 %).

3.5. Bioreduction of BTAP to (R)-BTPE in the devel oped reaction system

The time courses of BTAP reduction catalyzed bymaainantE. coli cells using the
developed reaction system in Erlenmeyer flasks wkrgtrated in Fig. 4. The results

indicated that a best yield of 99.1 % f&)BTPE was obtained at 800 mM of BTAP in



12 h in the [N1,1,1,1][Cys]-buffer system. Furthecrease of BTAP concentration up
to 1 M, the maximal concentration of 987 mM (258/k) for (R)-BTPE was achieved

in 12 h in the [N1,1,1,1][Cys]-buffer system, acnease of 173 mM compared with that
in buffer system in the absence of [N1,1,1,1][C{¥&].our knowledge, this is the highest

product titer (252.7 g/L) and productivity (21.0%8(-h)) reported so far for the

biocatalytic asymmetric reduction of BTAP tB){BTPE (Table 4). Additionally, the
product ee remains almost constant (> 99 %) throuigthe whole process. The results
suggested that the recombinadhtcoli whole cell-mediated biocatalytic process with
[N1,1,1,1][Cys] is promising for efficient synthesif (R)-BTPE.

A comparative study on preparative scale bioredunatf BTAP to R)-BTPE using the
developed reaction system with or without the addiof [N1,1,1,1][Cys] was carried
out in a 5-litre fermentor (working volume of 2 [Higher yield (93.9 % versus 80.9 %)
could be achieved at 1 M BTAP concentration afteaction for 12 h in the
IL-containing system. In spite of being slightlyler than that obtained in shaking
culture with total volume of 5.0 mL, the achieveeélg of (R)-BTPE is much higher
than the previously reported [30]. The product emained above 99 % in reaction
systems both with or without the addition of [N1,1][Cys]. Based on above results,
the bioredcution process in the developed reastystem was shown to be feasible on a

5-litre fermentor preparative scale.

4. Conclusions

The present study demonstrated that using IL [N11])]Cys] as co-solvent could
substantially improve the biocatalytic asymmeteduction of BTAP toR)-BTPE with
recombinantE. coli cells. The addition of [N1,1,1,1][Cys] in wholeHleeatalyzed

reaction system can moderately increase the cethbreme permeability and improve



substrate accessibility to the intracellular cagporeductase, reduce the toxicity of
substrate to the biocatalyst. The developed bibdatgprocess is scalable and has
potential applications in other biocatalytic reans. The related further investigations
are now underway in our laboratory, and some véduasults have been obtained. The
IL [N1,1,1,1][Cys], as an environment-friendly gresolvents which the anion involved
is directly derived from non-toxic renewable madtsi(naturala-amino acid), is a

promising and attractive co-solvent for whole cediated biocatalytic processes.
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Figure Captions

Fig. 1. The cell viability of recombinari. coli cells in buffers containing various ILs.
Fig. 2. Effect of [N1,1,1,1][Cys] content on asymmetric wetdon of BTAP with
recombinantE. coli cells. Symbols: ) yield; (e) initial reaction rate. Reaction

conditions: 200 mM of BTAP, 5 g/L recombindht coli cells (DCW), 20 % (v/v)



isopropanol.

Fig. 3. Effects of reaction temperature (a), buffer pH fubstrate concentration (c) and
cell concentration (d) on asymmetric reduction 0AB with recombinank. coli cells.
Symbols: ¢) yield with [N1,1,1,1][Cys] and) yield without [N1,1,1,1][Cys]; ¢)
initial reaction rate with [N1,1,1,1][Cys] andm) initial reaction rate without
[N1,1,1,1][Cys]. Reaction conditions: 3.5 % (w/vN1,1,1,1][Cys], 20 % (v/v)
isopropanol, 200 mM of BTAP (a and b) or 1 M of BHAd), 5 g/L recombinari.
coli cells (DCW) (a, b and c).

Fig. 4. Time courses of asymmetric reduction of BTAP wihambinang. coli cells in
phosphate buffer systems with or without the addibf [N1,1,1,1][Cys]. Symbols:e(|
1 M BTAP with [N1,1,1,1][Cys]; ¢) 1 M BTAP without [N1,1,1,1][Cys]; %) 800 mM

BTAP with [N1,1,1,1][Cys]; €) 800 mM BTAP without [N1,1,1,1][Cys].

Table1

ILs used in this work and their nuclear magnetgoreance (HMR)

lonic liquid Abbreviation ~ 'H NMR (400 MHz, BO) and**C NMR (100 MHz, BO)
Tetramethylammoniu (NL111][Cys] 3/ppm (H): 3.64-3.61 () = 3.6 Hz, 1H, CH), 3.09 (s, 12H, GHt 4), 2
m cysteine o (**C): 179.8 (COOH), 57.9 (CH), 55.7 (GH 4), 27.2 (CH)).
Tetraethylammonium N2.2,2.2][Cys] 8/ppm (H): 3.47-3.44 (qJ = 3.2 Hz, 1H, CH), 3.18-3.13 (§= 6.0 Hz, 8
cysteine o (t, J=5.2 Hz, 12H, Chix 4);5/ppm ¢3C): 176.8 (COOH), 64.6 (CH), B!
Tetramethylammoniu 8/ppm (H): 3.05 (s, 12H, Chix 4), 2.10-2.06 (t) = 8.0 Hz, 1H, CH), 1

[N1,1,1,1][Glu]

m glutamate CH,); 8/ppm (°C): 182.5 (COOH), 182.2 (COOH), 57.8 (CH), 56.0 (CGH
3/ppm (¢H): 3.18-3.14 (q) = 5.6 Hz, 8H, CH x 4), 2.152.07 (m, 1H, CH)

Tetraethylammonium

glutamate
35.0 (CHy), 32.6 (CH), 7.4 (CH x 4).

IN2,2,2,2][Glu] 2H, CH), 1.16 (tJ = 6.0 Hz, 12H, Ckix 4);8/ppm (*C): 182.7 (COOH),



Tetramethylammoniu
m tetrafluoroborate
Tetraethylammonium
tetrafluoroborate
Tetrapropylammoniu
m tetrafluoroborate

[N1,1,1,1][BR]

[N2,2,2,2][BF]

[N3,3,3,3][BR]

Tetrabutylammonium

[N4,4,4,4][BF]
tetrafluoroborate

8/ppm {H): 3.05 (s,CHx 4); 8/ppm (°C): 55.6 (CH x 4).

8/ppm (H): 3.23-3.19 (qJ = 5.2 Hz, 8H, CH x 4), 1.24-1.21 (m12H, C
(CH, x 4).

8/ppm ¢H): 3.06 (s, 8H, Chix 4), 1.61 (s, 8H, Ckix 4), 0.86 (s12H, CF
(CH, x 4),10.0 (CH x 4).

8/ppm {H): 3.12-3.09 (1) = 6.0 Hz, 8H, Chix 4), 1.58-1.54 (t) = 8.0Hz
8H, CH, x 4), 0.87-0.84 () = 6.0 Hz, 12H, Chix 4); 8/ppm ¢3C): 58.3(
12.9 (CH x 4).




Table 2

Effect of various ILs on asymmetric reduction ofATwith recombinanE. coli cells

Entries Medium Vo/umol/min/g Yield/% Product ee/%
1 Phosphate buffer 318.7+3.98 52.2+0.78 >99
2 [N1,1,1,1][Cys]-buffer 373.6-4.23 61.4+0.92 >99
3 [N2,2,2,2][Cys]-buffer 338.5+4.42 54.9+1.07 >99
4 [N1,1,1,1][Glu]-buffer ~ 343.9+4.16 56.2+0.82 >99
5 [N2,2,2,2][Glu]-buffer  328.9+3.92 52.4+0.56 >99
6 [N1,1,1,1][BR]-buffer ~ 291.1+4.89 47.5:1.08 >99
7 IN2,2,2,2][BR]-buffer ~ 277.6-4.04 46.7+0.72 >99
8 [N3,3,3,3][BR]-buffer  272.1+4.31 45.5+0.88 >99
9 [N4,4,4,4][BR]-buffer ~ 250.0+-3.94 43.6£0.82 >99

Reaction conditions: 1.5 % (w/v) various ILs, 5 gdcombinan€. coli cells OCW), 20 % (v/v)

isopropanol, and 200 mM BTAP, buffer pH 73D °C and 200 rpm, reaction for 10 mMg) and 2

h (yield).

Table 3

Effect of various ILs on cell membrane permeabitityecombinank. coli cells



Entries Medium Net ODsonm  Net ODrgonm

1 Phosphate buffer 0.257+0.008 0.235+0.005
2 [N1,1,1,1][Cys]-buffer 0.289+0.006 0.295t+0.004
3 [N2,2,2,2][Cys]-buffer 0.304+0.007 0.389+0.009
4 [N1,1,1,1][Glu]-buffer 0.384+0.006 0.510+0.007
5 IN2,2,2,2][Glu]-buffer 0.418+0.011 0.566+0.012
6 [N1,1,1,1][BR]-buffer 0.738t0.012 0.842+0.016
7 [N2,2,2,2][BR]-buffer 0.718+0.014 0.849+0.012
8 [N3,3,3,3][BR]-buffer 0.795t0.011 1.011+0.018
9 [N4,4,4,4][BR]-buffer 0.508+0.016 0.864+0.021

Reaction conditions: 200 mM phosphate buffer (pH),71.5 % (w/v) various ILs, and 5 g/L

recombinang. coli cells ODCW), 30 °C and 200 rpm for 6 h.



Table 4

Comparison of biosynthesis oR¥BTPE by asymmetric reduction using BTAP as

substrate
ys Product titer/g/L  Yield/ % ee /% Productivity /g/(L-h) Referen
illus kefir (20-24 g/L, DCW) 1.20 100.0 >99.0 0.075 [5]
Im expansum EBK-9 2.6 76.0 >99.0 0.046 [6]
LXyli HS0904 (300 g/L, wet cell mass) 47.0 91.8 >99.0 1.567 [10]
terium oxydans C3 (33 g/L, DCW) 28.0 56.0 >99.0 0.700 [4]
rma asperellum ZJPH0810 (60 g/L, DCW)  11.9 93.4 >98.0 0.567 [7]

yacterium sp. CA49 derived recombinaiii.
149.9 >99.9 >99.9 6.246 [8]
e enzyme lyophilized powc (2 g/L)

inar E. coli cells expressing LXCAR-S154Y
252.7 98.7 >99.0 21.058 Our pre:
, DCW)

Fig. 1
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