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Abstract: Biocatalysts originating from Badamu
(Prunus communis) have been applied to catalyze
the asymmetric synthesis of (R)-4-methylsulfanyl-
mandelonitrile, a key building block of thiampheni-
col and florfenicol. Here, four hydroxynitrile lyase
(HNL) isozymes from Badamu were cloned and het-
erologously expressed in Pichia pastoris. The bio-
chemical properties and catalytic performances of
these isozymes were comprehensively explored to
evaluate their efficiency and selectivity in asymmet-
ric synthesis. Among then, PcHNLS was identified
with outstanding activity and enantioselectivity in
asymmetric hydrocyanation. Under the optimized
mild biphasic reaction conditions, seventeen prochi-

ral aromatic aldehydes were converted to valuable
chiral cyanohydrins with good yields (up to 94%)
and excellent optical purities (up to >99.9% ee),
which provide a facile access to numerous chiral
amino alcohols, hypoglycemic agents, angiotension
converting enzyme (ACE) inhibitors and f3-blockers.
This work therefore underlines the importance of
discovering the most potent biocatalyst among
a group of isozymes for converting unnatural sub-
strates into value-added products.

Keywords: biocatalysis; characterization; chiral cya-
nohydrins; hydrocyanation; hydroxynitrile lyase iso-
zymes

Introduction

Hydroxynitrile lyases (HNLs) were first isolated from
cyanogenic plants and are one of very few classes of
biocatalysts capable of catalyzing the formation of C—
C bonds selectively.'! HNLs catalyze the cleavage of
cyanohydrins to release HCN, which plays an impor-
tant role in the plant defense system.”! The reverse
reaction, which is also driven by HNLs, involves the
enantioselective formation of cyanohydrins from
HCN and aldehydes or ketones under mild condi-
tions. This reaction has attracted considerable interest
because the hydroxy and nitrile moieties in cyanohy-
drins are versatile functional groups in pharmaceuti-
cals and agrochemicals.”!

Although HNLs were discovered more than one
century ago,*! their use was hampered by the unsatis-
factory enantiomeric excess (ee) of the cyanohydrin
products. This issue is mainly attributed to the occur-
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rence of the competitive spontaneous (non-selective)
addition reaction. An ideal enzymatic system for the
asymmetric hydrocyanation of aldehydes and ketones
should therefore consist of a potent HNL that is capa-
ble of overriding the deleterious side reaction. Several
biphasic and micro-aqueous systems have consequent-
ly been designed to suppress the formation of the un-
desired enantiomer from the hydrocyanation reac-
tion.”) However, the native HNLs are expressed with
low amounts in natural tissues, making it difficult to
obtain sufficient enzyme for synthetic usage. Accord-
ingly, the heterologous expression in microbial hosts
is an effective alternative strategy for enzyme mass
production for the chiral cyanohydrin synthesis. Suc-
cessful precedent examples include (S)-selective
HNLs derived from Manihot esculenta (MeHNL, cas-
sava)® and Hevea brasiliensis (HbHNL, rubber
tree);”! the (R)-selective HNLs derived from Linum
usitatissimum (LuHNL, flax)®! and Arabidopsis thali-

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/adsc.201601332

FULL PAPERS

asc.wiley-vch.de

/ ynesis &
/ Catalysis

ana (AtHNL, rockcress);”” the cupin fold-containing
HNL derived from Granulicella tundricola (GtHNL,
bacteria);'” and the FAD-dependent HNLs from the
Rosaceae family."!! Recently, an HNL has, for the
first time, been isolated from an animal (Chamberli-
nius hualienensis, a millipede): the (R)-selective
ChuaHNL."”! Remarkably, the acid-tolerant, geneti-
cally-modified isozyme S from Prunus amydalus
(PaHNLS, bitter almond) was applied to the produc-
tion of (R)-cyanohydrin on an industrial scale.!'

Although most of the HNLs show a relatively
broad substrate spectrum, a few reports have focused
on the unnatural substrate biotransformation by eval-
uating the biochemical properties and reaction pa-
rameters of HNL candidates, especially for FAD-de-
pendent families."*') Moreover, prominent interest
has been aimed at discovering novel HNLs!" towards
the conversion of benzaldehyde®™'?! as well as other
unnatural substrates such as o-chlorobenzalde-
hyde,®!">13¢16] phenylpropyl aldehyde,*™'® hydroxy-
pivalaldehyde!®*"l "and m-phenoxybenzaldehyde.!'"!
To the best of our knowledge, only one report has
been published to date describing the reaction of sub-
strates which carry valuable substituents such as 4-
methylsulfanylbenzaldehyde.!"”!

We previously reported an efficient route for the
chemo-enzymatic synthesis of the broad spectrum an-
tibiotics thiamphenicol and florfenicol starting with
the asymmetric hydrocyanation of 4-methylsulfanyl-
benzaldehyde (1a) (Scheme 1)." This strategy afford-
ed the efficient construction of two chiral centers,
whereas the unwanted L-isomer is inefficiently recy-
cled in a conventional resolution process, relying on
unnatural Dp-(—)-tartaric acid.’” A large number of
crude enzymes from known plants containing (R)-se-
lective HNLs were screened toward this key transfor-
mation. Although most of them exhibited either poor
optical purity or low conversion towards 1a,"”)
Badamu (Prunus communis, a sweet almond from
Xinjiang Province, China) was identified as a promis-
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Scheme 1. PcHNL -catalyzed the synthesis of (R)-4-methyl-
sulfanyl-mandelonitrile (2a) from 4-methylsulfanylbenzalde-
hyde (1a), a key intermediate for the broad-spectrum antibi-
otics thiamphenicol and florfenicol.
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ing HNL source for its excellent reaction per-
formance. However, its catalytic versatility was not
fully explored due to availability issues, which highly
motivated us to identify functional enzymes and eval-
uate their properties in greater detail.

In this study, we successfully cloned four isozymes
from Badamu and overexpressed these proteins in
Pichia pastoris. The enzymatic properties and catalytic
performance of these isozymes were systematically in-
vestigated, and a representative enzyme was selected
for the efficient asymmetric hydrocyanation of alde-
hydes in a biphasic system under mild conditions. The
reaction parameters were subsequently optimized and
applied to the most robust isozyme in the current
study. Notably, this system actively catalyzed the syn-
thesis of (R)-4-methylsulfanylmandelonitrile, as well
as a variety of chiral cyanohydrins, with up to >99%
ee at room temperature.

Results and Discussion

Although there has been a preference for acquiring
complete eukaryotic HNL sequences via the construc-
tion and screening of cDNA libraries,”!™! this type
of strategy is labor intensive and time consuming. In-
stead, we aligned the reported gene sequences of all
the HNLs isolated from Prunus species and designed
homology primers based on several conserved regions
of these genes. Genomic DNA isolated from the ker-
nels of Badamu was used as a template to perform
PCR. The amplified band was about 2300 bp and con-
tained four independent genes. All of the PcHNL iso-
zyme genes contained 3 short introns and a highly
conserved signal peptide. It is noteworthy that all of
these isozymes were similar to the known (R)-selec-
tive HNLs from different species of the Prunus family
(i.e., P. amydalus, P. persica and P. mume). The four
different isozymes were therefore named after the
HNLs with which they had the most in common. In
this study, P. pastoris was chosen as a heterologous
host for the large scale production of the HNLs. Ini-
tially, very low titers (1-2 UmL™") of recombinant
HNLs were harvested by shake flask incubation.
However, following redesign of the HNL genes, we
observed considerable increases in the activity (four-
to six-fold). Further fermentation in a 5 L. bioreactor
yielded 83, 190, 420 and 380 kU of PcHNLs 1, 2, 4
and 5, respectively, per liter of yeast culture. It is
noteworthy that one liter of fermentation supernatant
was equal to the amount of enzyme isolated from 0.4—
2 kg of defatted kernel meal or 1.5-7.5 kg of fresh
kernel tissue from Badamu. Since Pichia pastoris only
secretes very small amounts of its endogenous pro-
teins, the use of recombinant PcHNLs represented an
efficient strategy for the rapid preparation of large
amounts of these materials in high purity. The re-
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combinant system also represents a low-cost alterna-
tive to long-term accumulation of native PcHNLs in
the plant. This was particularly useful since the HNLs
isolated from the native plant tissue showed high vari-
ability in terms of the enantiomeric purity of their cy-
anohydrin products.

The N-terminal His-tagged recombinant PcHNLs
were concentrated by ultrafiltration and subjected to
fractional precipitation with 1,2-dimethoxyethane
(DME), before being purified by nickel affinity chro-
matography. We initially investigated the purified
native PcHNLs, which consisted of a mixture of four
isozymes of approximately 63 kDa in weight with dif-
ferent pl values (data not shown). However, all of the
recombinant PcHNLs were observed as overglycosy-
lated proteins by SDS-PAGE analysis, which was
a similar result to that observed for recombinant
PaHNLS (Supporting Information, Figure S2).!)

Micro-aqueous systems have been proven to sup-
press the formation of racemic addition products.
However, the application of this strategy to Badamu
meal afforded the desired addition product 2a in only
95% ee prior to recrystallization.”® which was the
result of the combined performance of different iso-
zymes present in Badamu meal. Thus we firstly mea-
sured the steady-state kinetic parameters of the iso-
zymes towards la (Table 1, entries 1-4). The results
revealed that the catalytic efficiency (k. /K,,) was in
the range of 17-61 mm's™'. However, when catalyz-
ing the natural substrate mandelonitrile (2b), the cata-
lytic efficiency of PcHNLs was 2.7-25-times more
than that of 1a, as is commonly observed in dehydro-

cyanation. It indicates that these four isozymes exhib-
ited lower catalytic activities towards the unnatural
substrate.

The asymmetric hydrocyanation of substrate 1a was
carried out in the presence of each of the four pure
isozymes in a biphasic methyl tert-butyl ether
(MTBE)-citrate buffer system. PcHNL1 and PcHNL4
both showed poor conversions (38.6% and 14.4%, re-
spectively) and showed clear differences in the enan-
tioselectivity (90.2% and 70.3% ee, respectively) after
12 h (Figure 1, A and C). In contrast, PcHNL2 and
PcHNLS performed much more effectively with re-
spect to their conversion or enantioselectivity
(Figure 1, B and D). The cleavage of racemic mande-
lonitrile was chosen as a model reaction for evaluat-
ing the enzymatic and physicochemical properties of
the different PcHNLs. All the isozymes exhibited
good thermostability, even when they were incubated
at 65°C for 1 h (Supporting Information, Figure S5).
Moreover, the deactivation temperature of the
PcHNLs showed a positive correlation with the in-
creased potential of the N-glycosylation motif (N-X-
S/Y). PcHNLS5 showed the greatest stability of all of
the isozymes tested towards acidic buffer with an op-
timum pH of 5.0, whereas all of the other isozymes
quickly lost their activities in the acidic buffer (Sup-
porting Information, Figure S4). The tolerance of this
enzyme for MTBE was also evaluated (Supporting In-
formation, Figure S6), and the results showed that all
of the isozymes except PcHNLS precipitated from
MTBE after they had been vigorously stirred at 30°C
for 36 h. Based on the results above, PcHNLS5 was

Table 1. Comparison of kinetic parameters of PcHNLs towards (R)-4-methylsulfanylbenzaldehyde (1a) and natural substrate

mandelonitrile.
0 OH
X XN
R1©)kH .oy PN i CN

Z =

1 2
Entry Substrate Isozyme K, [mM] ke [s7'] ke Ky V nax

[s'mM™] [umol min~'mg~!]

1 1a (R'=p-MeS)® PcHNL1 229+0.72 139417 61 134416
2 PcHNL2 1.09+£0.12 403+1.3 37 35.0+£1.0
3 PcHNLA4 1.5440.51 263+2.7 17 22.0+£2.0
4 PcHNLS 2.97+0.31 1424+9 48 120+7
5 2b (R'=H)" PcHNLI1 1.1640.05 240+4 207 22943
6 PcHNL2 1.47+£0.24 380+31 258 327+27
7 PcHNLA4 1.9140.19 818427 428 690423
8 PcHNLS 6.36+0.18 81748 128 697+4

[l Synthesis of 4-methylsulfanyl-mandelonitrile was monitored by HPLC (see the Experimental Section for details).

] Activity was determined by UV-Vis absorbance at 280 nm of benzaldehyde that is cleaved from racemic mandelonitrile.
The reaction system contained 980 pL citrate buffer (100 mM, pH 5.0), 10 uL DMSO solution of mandelonitrile with
varied concentrations, and 10 pLL HNL solution with an appropriate concentration to maintain the variation within 0-0.1

units.
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Figure 1. The synthesis of (R)-4-methylsulfanylmandelonitrile (2a) from 4-methylsulfanylbenzaldehyde (1a) using the puri-
fied PcHNLL1 (A), PcHNL2 (B), PcHNL4 (C) and PcHNLS5 (D). The reaction mixture, containing 1 mg purified isozyme di-
luted in 2.37 mL citrate buffer (100 mM, pH 5.0), 1 mmol 1a, and 2.5 mL MTBE solution of HCN (2M), was agitated at
15°C. The conversion (m) and enantiomeric excess (@) were determined by chiral HPLC (see the Experimental Section for

details).

identified as the best isozyme in terms of its conver-
sion and enantioselectivity, and was selected for fur-
ther studies.

The main challenge in asymmetric hydrocyanation
is to control the non-selective spontaneous reaction,
which will deteriorate the optical purity of the prod-
uct. One strategy for avoiding this possibility is to
complete the reaction as soon as possible prior to the
accumulation of the undesired enantiomer. With this
in mind, we investigated the synthesis of (R)-2a using
different amounts of lyophilized crude recombinant
PcHNLS, which was prepared in a biphasic reaction
system (Figure 2). For the initial attempt, a 2-10 gL
of HNL loading resulted in a reasonable conversion
(94.7-97.3%) of 1a and with 98.6-99.6% ee of 2a after
12 h. However, reducing the catalyst loading to 1 gL~
led to a decrease in substrate conversion as well as ee
deterioration of 2a (95.5% ee) due to the accumula-
tion of the racemic product. Based on a compromise
between reactive performance, cost, and enantioselec-
tivity, we selected an HNL loading of 5 gL ™" for fur-
ther optimization.
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Figure 2. Effect of PcHNLS (lyophilized HNL preparation
secreted by yeast, 12.6 U/mg) loading on the asymmetric hy-
drocyanation of 1a. The reaction system, containing 5-50 mg
PcHNLS preparation, 1 mmol 1a, 25mL 2M HCN dis-
solved in MTBE, and 2.37 mL citrate buffer (100 mM,
pHS5.0), was agitated at 15°C. Enzyme loads: Smg (V);
10 mg (a); 20 mg (®); 50 mg (m)

10 12
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Table 2. Optimizing the reaction parameters of PcHNLS5-catalyzed asymmetric hydrocyanation of 1a.
Entry Lyophilized PcHNLS HCN/aldehyde  Aldehyde pH Temp. Time  Conv. ee Yield
L1 ratio )" Cl ][] [
1 5.0 5 0.2 5 15 7 96 >99 90
2 5.0 5 0.2 5 20 5 96 >99 93
3 5.0 5 0.2 5 25 35 94 >99 89
4 5.0 5 0.2 4 25 7 90 >99 85
5 5.0 5 0.2 6 25 5 88 98 80
6 7.5 33 0.3 5 25 4 95 99 94
7 10.0 2.5 0.4 5 25 4 96 >99 94
8 12.5 2 0.5 5 25 10 83 >99 80
9 25.0 1 1.0 5 25 24 80 95 73

=

The reaction mixture, containing 10-100 mg lyophilized crude PcHNLS5 preparation (12.6 U/mg), 1-5 mmol 1a, 2.5 mL

2M HCN dissolved in MTBE and citrate buffer (100 mM, pH 5.0) up to 5 mL, was agitated at 15-25°C.

) Concentrations were calculated by the total volume.
[l Determined by chiral HPLC.

[l Determined by chiral HPLC after acetylation of the resultant cyanohydrins.
[l Isolated yield after purification with silica gel column chromatography.

The pharmaceutical industry not only requires opti-
cally pure chemicals to simplify the synthesis of bio-
logically active compounds, but also to decrease the
amount of energy consumed during the synthesis of
these compounds. Biphasic asymmetric hydrocyana-
tion reactions are generally conducted at low temper-
atures (4-10°C) to suppress the formation of racemic
addition products.*'*'"l However, the use of low tem-
peratures is often accompanied by a considerable de-
crease in enzymatic activity. As shown in Table 2, the
performance of PcHNLS was encouraging when the
reaction temperature was elevated from 15 to 25°C
(entries 1-3). These conditions gave good conversions
(94-96%) and the desired product 2a was also ach-
ieved with excellent optical purity (>99% ee) over
a much shorter time period (3.5 h versus 7 h).

Lowering the pH of the aqueous phase is also an al-
ternative strategy for suppressing the occurrence of
non-selective addition reactions.'>'7?l  However,
a lower pH did not show a significant improvement in
terms of isolated yield and enantioselectivity (Table 2,
entry 4). In contrast, setting the pH of the aqueous
phase to 6 resulted in a lower optical purity of the cy-
anohydrin product. To increase the atom economy of
the target reaction whilst also reducing the cost of the
toxic cyanide reagent, the loading concentration of al-
dehyde at the same equivalent of the cyanide source
was investigated as well. When the loading of 1a was
increased from 0.2 to 0.4M with an HNL loading of
5 g per mol of 1a, the aldehyde could almost com-
pletely converted within 4 h (Table 2, entries 3, 6 and
7). However, when the molar ratio of HCN to the al-
dehyde was less than 2, the conversion was stalled at
around 80% and both the isolated yield and optical
purity of the product declined even when the reaction
time was prolonged to 24 h (entries 8 and 9). Com-
pared with the micro-aqueous hydrocyanation cata-
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lyzed by defatted kernel meal from P. communis, the
optimal reaction conditions directly (Table 2, entry 7)
afforded 2a with an STY of up to 343.4¢gL'd™" in
much higher optical purity without recrystallization.
This newly developed asymmetric hydrocyanation
was further applied to a wide range of aldehydes at
room temperature (Table 3). The majority of the cya-
nohydrins are intermediates for the preparation of
bioactive drugs such as semi-synthetic cephalosporins
(antibacterial agents),”!  clopidogrel (anticoagu-
lant),! cycloprothrin (insecticide),”™ hypoglycemic
agents,” ACE inhibitors,””! and B-blockers.”®! Most
of the substituted benzaldehydes evaluated in the cur-
rent study were readily converted to the correspond-
ing cyanohydrins with good yields (90-95%) and ex-
cellent optical purity (95% to >99.9% ee). However,
ortho-chlorobenzaldehyde (1¢) gave a much lower op-
tical purity (83.5% ee) than the corresponding meta-
and para-substituted counterparts under the current
optimal conditions (entry 2). In contrast to the engi-
neered PaHNLS variants or AfHNL,”*l PcHNLS
exhibited a lower selectivity towards benzaldehydes
bearing an electron-withdrawing group at the ortho-
position of their benzene ring, whereas substrates
bearing an ortho-substituted electron-donating group
(1d) gave 95% ee (entry 3). Furthermore, longer reac-
tion times were needed for the complete conversion
of substrates bearing bulkier substituents (entries 6,
15-17). Notably, PcHNLS showed a much higher sub-
strate preference to 2-naphthaldehyde (1q) than 1-
naphthaldehyde (1p) (entries16 and 17), while
PmHNL which also tolerated a wide range of alde-
hydes showed little difference in catalyzing these two
bulky aldehydes.”? However, it showed much lower
enantioselectivity (entries 12-14) for substrates bear-
ing a heterocyclic substituent, compared to the results
when using defatted bitter almond meal (mixture of

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Substrate scope of the asymmetric hydrocyanation by PcHNLS at room temperature.”!

Oﬁ

X H __PoHNLs
RS + HCN
= citrate buffer/MTBE
25°C
1
Entry  Substrate Time Conv. ee Yield Entry  Substrate Time Conv. ee Yield
1[R'<] % [Pl %] 1[R'=] %™ [ %)
1 8 98 >99.5 90
b (H) 13 8 80 92.6 72
2 ¢ (2-Cl) 3 99 83.5 92
3 d (2-OMe) 10 99 94.5 95
4 1e (3-Cl) 8 98 >99.5 95
5 1f (3-OMe) 5 9 96.4 95
6 1g (3-OPh) 10 99 >99.9 92 A H i
14 5 08 N.D.M -
7 1h (4-F) 7 98 >99.0 93 N
8 1i (4-OMe) 6 92 96.5 84 10
9 1j (4-Me) 7 9 >99.9 94 Ow _H
0] 84
15 OO 10 57 91.1 44
1k
o) 1p
. 0
1 1 97 93.0 87
H
16 >99.5 90
1l
2 N o 7 82 78.6 L
(¢)
H
1m
" Q)L 93.4 84

[a] The reaction system containing 50 mg lyophilized crude PcHNLS preparation (12.6 U/mg), 2 mmol aldehyde, 2.5 mL 2M
HCN dissolved in MTBE and citrate buffer (100 mM, pH 5.0) up to 5 mL, was agitated at 25°C.

1 Determined by chiral HPLC.
[l Isolation yield after silica gel column chromatography.
@ The product was racemic.

isozymes of Prunus amydalus) in a micro-aqueous
system.”) To summarize, this PcHNLS5-catalyzed
system could broadly effect the asymmetric hydrocya-
nation of aromatic aldehydes for the synthesis of
chiral cyanohydrins.

Conclusions

Several recombinant isozymes from Prunus communis
were prepared and evaluated in terms of their catalyt-
ic properties and synthetic performances for the prep-
aration of (R)-4-methylsulfanylmandelonitrile.
PcHNLS was identified as the best isozyme because
of its high tolerance towards MTBE, as well as its
outstanding catalytic efficiency. This isozyme could
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therefore be used to catalyze a wide range of existing
asymmetric hydrocyanation reactions. The optimiza-
tion of the reaction parameters for this isozyme re-
sulted in the development of a room-temperature,
single isozyme-catalyzed hydrocyanation system for
the enantioselective synthesis (up to 99.9% ee) of val-
uable (R)-cyanohydrins in good yields (up to 95%).
Notably, this work demonstrates that the evaluation
of biocatalytic properties in combination with synthet-
ic performance can yield insights on understanding of
the proficiency of a biocatalyst system. This report
therefore represents an effective process for identify-
ing unknown biocatalysts for the efficient conversion
of unnatural substrates into structurally diverse prod-
ucts.
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Experimental Section

General

Badamu seeds were purchased from Kashgar, Xinjiang
Province, China. E. coli Top10 and Pichia pastoris X33 were
chosen as cloning and heterologous expression hosts, respec-
tively. Plasmids pMD-19T and pPICZaA were used for clon-
ing and expression, respectively. Benzaldehyde and NaCN
were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). 4-Methylthiobenzaldehyde (97%),
2-chlorobenzaldehyde (99%) and 4-methoxybenzaldehyde
(98%) were purchased from Tokyo Chemical Industry
(Shanghai, China). 2-Methoxybenzaldehyde (98%) and fur-
fural (99.5%) were purchased from Aladdin (Shanghai,
China). 3-Pyridinecarboxyaldehyde (97%), 1-naphthalde-
hdye (97%), 1,4-benzodioxan-6-carboxaldehyde (98%) and
mandelonitrile (98% ) were purchased from J&K Chemicals
(Beijing, China). 3-Phenoxybenzaldehyde (98%), 2-thienal-
dehyde (97%) and phenylpropyl aldehyde (95%) were pur-
chased from Energy Chemical (Shanghai, China). 3-Chloro-
benzaldhyde (98%), 2-naphthaldehyde (98%), 4-
methylbenzaldehyde (97% ), phenylacetaldehyde (95%) and
trimethylsilyl cyanide (96% ) were purchased from Macklin
(Shanghai, China). Unless specified otherwise, all the other
chemical reagents were also obtained commercially, with the
highest purity available, and used without further purifica-
tion. All the aldehydes were freshly washed with saturated
KHCO; solution, dried, and stored under argon. 'H NMR
and C NMR spectra were measured on a Bruker Avance
spectrometer (400 MHz) using tetramethylsilane (TMS) as
an internal standard.

Cloning and Heterologous Expression of PcHNLs

Genomic DNA of Prunus communis was isolated from ker-
nels by phenol-chloroform extraction. Primers were de-
signed according to known conserved coded sequences of all
Rosaceae HNLs to get full length gene sequence. For more
details see the Supporting Information. Each isozyme gene
was ligated into pPICZaA by restrict enzymatic digestion
(EcoR T and Not 1) with N-terminal 6xhis-tag and trans-
ferred into Pichia pastoris X33. Competent cells, transforma-
tion and multiple integrant transformants were prepared ac-
cording to the Pichia Expression Kit (Invitrogen, USA).
The positive Mut* transformant with highest HNL activity
was selected for further 5-L fermentation.

Purification of PcHNLs

The HNL preparations were produced in a 5-L bioreactor,
concentrated and chromatographically purified. The protein
concentration was determined according to the Pierce™
BCA Protein Assay Kit (Thermo Fisher Scientific™, USA).
The calculation of the molarity of PcHNL was based on
FAD spectral scan, more details are shown in the Support-
ing Information, and the protein purity was examined by
10% SDS-PAGE. All of the subsequent steps were per-
formed at 4°C.

Fermentation broth was centrifuged at 6,000 x g for 20 min
to remove the biomass. The supernatant was concentrated
by ultrafiltration until the concentration of proteins was
higher than 2 mgmL" if it is necessary. Prior to the further
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purification procedure, the concentrated HNL preparations
were diluted and concentrated repeatedly with citrate buffer
(20 mM, pH 5.5) to remove pigment and ions in the culture.
Such procedures were carried out by a Labscale™ Tangen-
tial Flow Filtration System (Merck Millipore, German)
equipped with a 30kDa cut off module (Pellicon® XL,
50 cm?, Millipore, Germany).

After 30-60% fractional precipitation with DME, the
yellow precipitant (HNL) was dissolved in iced binding
buffer A (20 mM sodium phosphate, 500 mM NaCl, 5 mM
2-mercaptoethanol, pH 7.4) and loaded onto a Ni-NTA
column. Most of the unbound proteins were removed by
washing the column with 10 column volumes of binding
buffer A. Then HNL was eluted by 5-100% elution buffer
B (20 mM sodium phosphate, 500 mM imidazole, 500 mM
NaCl, 5 mM 2-mercaptoethanol, pH 8.0). It is easy to ob-
serve the yellow color of PcHNLs due to the cofactor FAD
in the desired elution fragments. The fragments containing
highly pure PcHNLs were collected, concentrated and de-
salted with buffer C (20 mM sodium phosphate, 20% glycer-
ol, v/v, pH 7.4).

Lyophilized HNL Preparation

To prepare lyophilized HNL for asymmetric hydrocyana-
tion, all steps were the same as the purification procedure
except for 30-60% fractional precipitation with DME. De-
salted HNL preparations were placed at —80°C overnight,
lyophilized under vacuum at —60°C, collected and stored at
4°C until use.

Assay of Enzymatic Kinetics

The synthesis of 2a from la was monitored by HPLC in
a 0.5-mL scale reaction which employed 1M citrate buffer
(pH 4.2) to suppress the spontaneous hydrocyanation. HNL
samples were diluted in the above buffer, containing 0.2
30 mM 4-methylsulfanylbenzaldehyde, 1% DMSO (v/v) and
100 mM NaCN, and incubated at 25°C for 1 min. The reac-
tant was extracted with one reaction volume of MTBE, then
analyzed by HPLC using a Shimadzu LC-2010A liquid chro-
matograph equipped with an OD-H column (250 mm x
4.6 mm, 5 um particle size, Daicel) and a UV detector. For
each data point, the rate of non-enzymatic reaction as the
control was also measured and subtracted from the total
value.

HCN-MTBE Formation

Caution: Because hydrogen cyanide and sodium cyanide are
extremely toxic, all experiments related to cyanide should
be performed in a well-ventilated hood! All cyanide waste
should be decontaminated by saturated FeCl;/FeSO,. It is
suggested that all the apparatus should be soaked in 10%
hydrogen peroxide for 12 h before reuse.

HCN-MTBE should be used as freshly prepared. Based
on Pohl’ s method,® 0.98 g sodium cyanide was mixed ho-
mogeneously with 2mL water and 5mL MTBE at 0°C,
then 2.5 mL 4M sulfuric acid was added slowly dropwise.
The mixture was kept stirring for about 15 min. After sepa-
ration, 5 mL MTBE were added to extract HCN from the
residual aqueous phase. The combined organic layers were
transferred into a small dark bottle and stored at 0°C.
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General Procedure for Enzymatic Reactions

The activity of lyophilized HNL powders was determined
according to Hanefeld’s work.*!! HNL was firstly diluted in
100 mM citrate with an appropriate pH value. Aldehyde
(the total volume of aldehyde and aqueous phase makes up
half of the system) was added as follows, then the reaction
was started with the addition of 2M HCN-MTBE. The reac-
tion was traced by thin-layer chromatography (TLC) until
no more product was formed. Then the reaction was forced
to terminate by ethyl acetate (EA) extraction, the combined
organic phase was washed by aqueous saturated FeCl; until
the color of FeCl; remained unchanged, dried over Na,SO,,
and evaporated under reduced pressure, and purified by fast
chromatography on silica gel.

Racemic Cyanohydrins Standard and A cetylated
Derivative for HPLC Analysis

Cyanohydrin synthesis: based on the work of Ohkuma
etal.,”? 5 mmol of aldehyde were added in a 25-mL glass
vessel and mixed with 1 equiv. trimethylsilyl cyanide on an
ice bath. The reaction was started by adding one drop of
100 mM LiCl dissolved in tetrahydrofuran (THF), warmed
spontaneously to room temperature and further stirred for
1 h. Then 5 mL EA were added, and the TMS group was re-
moved by mixing vigorously with 1N HCI at room tempera-
ture. The reaction mixture was extracted by EA, washed in
sequence with saturated KHCO; and NaCl solutions, dried
over anhydrous Na,SO,, evaporated, and purified by column
chromatography on silica. All of the racemic cyanohydrins
obtained by the above method were fully characterized by
"H NMR spectroscopy and used as HPLC standards.

Acetylization of products: 1 mmol of cyanohydrin was di-
luted with 2 mL dichloromethane, 400 uL acetic anhydride,
5 mg 4-dimethylaminopyridine (DMAP), and 200 pL pyri-
dine were added in that order and stirred. Then after being
diluted with 10 mL EA, aqueous saturated CuSO, solution
and water ware used to remove pyridine and redundant
acetic anhydride, respectively. The organic phase was dried
over anhydrous Na,SO,, evaporated and purified by silica
column chromatography. All of acetylated racemic cyanohy-
drins obtained were fully characterized by 'H NMR spec-
troscopy and used as HPLC standards.

Determination of the Biotransformation Conversion
and Enantiometric Excess

At the scheduled time, 50 pLL samples from the reaction mix-
ture were taken and extracted by MTBE (450 pL), the or-
ganic layers were dried over anhydrous MgSO,. For deriva-
tizaion, the organic layers were mixed with 80 pL acetic an-
hydride, 50 uL pyridine, 1 mg DMAP, agitated for 2 h, then
washed with aqueous saturated CuSO, solution and water,
dried over anhydrous Na,SO,. Then all the MTBE was
evaporated and exchanged with n-hexane/2-propanol (see
ratio in the Supportinbg Information, Table S1), and ana-
lyzed by HPLC.
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