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 Extractive enzyme reaction for asymmetric synthesiamino acids

» Cascade reactions by coupling two transaminases.

« Equilibrium shift by recycling a cosubstrate

« In situ selective extraction of an inhibitory ke&

» The biphasic reaction afforded synthesis of sixnamacids with > 92 % yield and > 99.9 %



Abstract

Enantiopure aliphatic amino acids, includingB-hydroxyadamantylglycineL{Hag), L-tert-
leucine (-Tle) and L-norvaline, are essential chiral building blocksr fa number of
pharmaceutical drugs. Here, we developed cascadenenreactions in an extractive biphasic
system using a branched-chain amino acid transamifBCTA) and an §)-selective w-
transaminaseut TA) for asymmetric synthesis of the aliphatic amarcids from achirak-keto
acid precursors. The extractive cascade reactioabled equilibrium shift of the BCTA
reaction by recycling an amino acid cosubstrateelsas acceleration of the-TA reaction by
removing an inhibitory ketone product from an aquephase. Starting with 20 mbtketo
acid, 4 mMrac-homoalanine and 50 mkac-a-methylbenzylaminer@c-a-MBA), the biphasic
cascade reactions afforded synthesis of four un@ammino acids (i.eL-Tle, L-Hag, L-
norvalineandL-norleucine) and two natural amino acids (Levaline andL-leucine) with >
92 % conversion yield and > 99.9 88 To demonstrate the industrial feasibility of the
extractive cascade reaction, preparative-scalenegigt ofL-Hag was performed in a reaction
mixture consisting of 300 mL hexane and 50 mL agsesolution (50 mM phosphate buffer,
pH 7.0) charged with 50 mM keto acid substrate,Nd mmhomoalanine, 120 mMac-a-MBA,

2 U/mL BCTA and 16 U/mlw-TA. Conversion yield of-Hag reached 92 % with > 99.9 &6

at 70 h. Product isolation led to 0.32 g whitegoliL-Hag (62 % isolation yield).

1. Introduction
Optically pure amino acids are increasingly emptbgs important chiral motifs in various
pharmaceutical drugs [1, 2]. For example3-hydroxyadamantylglycineL{Hag) andL-tert-

leucine (-Tle), which are unnatural amino acids carryingniofeed-chain aliphatic groups, are



essential components of a type-2 diabetes drug gazagliptin) [3] and a HIV-protease
inhibitor [4], respectively. In addition,-norvaline carrying a linear aliphatic side charaikey
intermediate of Perindopril (i.e. an ACE inhibitdf]. Growing industrial demands for the
aliphatic amino acids have spurred massive resedfotis to develop preparative methods via
biocatalysis owing to the lack of the fermentatimethods yet to access the unnatural amino
acids. Several biocatalytic strategies have beemldeed by kinetic resolution of racemic
amino acid derivatives using acylase, lipase antepse [6-8] or asymmetric amination of keto
acids using transaminase and dehydrogenase [B&thuse of a two-fold higher maximum
yield, the asymmetric synthesis is often favoredrdtie kinetic resolution [12, 13].

Branched-chain amino acid transaminase (BCTA) imagor metabolic producer of the
natural branched-chain amino acids such.-asline, L-leucine and.-isoleucine [14]. BCTA
displays a perfect match in the substrate spegiffor a broad range of aliphaticketo acids,
which enables production of the unnatural amindssiuch as-Tle andL-Hag [11]. Moreover,
compared to the amino acid dehydrogenases [9,nb0tequirement of an expensive external
cofactor such as NADH renders BCTA promising fadustrial applications in the asymmetric
synthesis of the aliphatic amino acids. Howevemugial setback in the scale-up of the BCTA
reaction is a neutral equilibrium position of theshBCTA reactions (i.e. equilibrium constant
= 1) [14]. To overcome the equilibrium problem, iasvdemonstrated that removal of a keto
acid coproduct by spontaneous decarboxylation byreatic conversion using dehydrogenases
could facilitate an equilibrium shift [11].

In the previous report, we demonstrated thathlbeenmiodynamically neutral BCTA reactions
can be driven to completion by couplingoetransaminaseu¢ TA) reaction as an equilibrium
shifter [15]. Note thato-TA is capable of employing primary amines as annangonor and

thereby the resultingo-TA reaction between the primary amine and the katid is



thermodynamically favorable [16]. To couple the BCand w-TA reactions,L.-homoalanine
was used as a shuttling substrate. Isopropylamere wged as an amino donor for thd A
from Ochrobactrum anthropi because isopropylamine was regarded as an idaabafonor
due to easy removal of the volatile deaminationdpobd (i.e. acetone) [17]. However, this
strategy cannot be generalized to otheFAs because isopropylamine is rather a poor satestr
for most w-TAs. For example, two typicalo-TAs, i.e. an §)-selectivew-TA from Vibrio
fluvialis JS17 and arR)-selectivew-TA form Arthrobacter sp., are known to show negligible
activities for isopropylamine [18, 19]. Note thdtetw-TA from O. anthropi used in the
previous study shows exceptionally high activity ippropylamine (i.e. 43 % activity relative
to that for §-a-methylbenzylamine §-a-MBA)) [20]. In this study, we seek to develop a
generally applicable strategy in which an aminesgabe of choice is reactive toward maost
TAs (i.e. benzylamine and-MBA) and thereby anyw-TA displaying desirable enzymatic
properties for a manufacturing setting, includinighhoperational stability and low product

inhibition, can be used for a process scale-up.

2. Materialsand methods
2.1. Chemicals

Pyridoxal 3-phosphate (PLP) was purchased from Sigma Aldrioh (St. Louis, USA).
Pyruvic acid was obtained from Kanto Chemical Cak{yo, Japan). Trimethylpyruvate was
purchased from Tokyo Chemical Industry Co. (Tokjyapan). 2-(3-Hydroxy-1-adamantyl)-2-
oxoethanoic acid was purchased from Hi-Tech Chdnica (Chongging, Chinan-Hexane
was purchased from Duksan Chemical Co. (Ansan,hSKotea). Materials used for culture
media including yeast extract, tryptone and agaewerchased from Difco (Spark, USA). All

other chemicals were purchased from Sigma Aldrioh (St. Louis, USA) and of the highest



grade available.

2.2. Expression and purification of TAs

Overexpression of Higagged TAs was carried out as described previouwsth minor
modifications [21].Escherichia coli BL21(DE3) cells carrying the expression vectore. (i
pET28a(+) harboring the TA gene) were cultivatetlBhimedium (typically 1 L) containing 50
pHg/mL kanamycin. Protein expression was induced®yd at 0.4 Olyo and the cells were
allowed to grow for 10 h. The culture broth wastaéuged and the resulting cell suspension
was subjected to ultrasonic disruption. Proteinifimation was carried out as described
previously [21]. Molar concentrations of the pwedi TAs were determined by measuring UV

absorbance at 280 nm.

2.3. Enzyme assay

Typical enzyme assays were carried out at 37 °&0imM phosphate buffer (pH 7). One unit
of BCTA is defined as the enzyme amount catalyfargation of 1lumole 2-oxobutyrate in 1
min at 20 mM trimethylpyruvate and 20 mMhomoalanine. One unit ofo-TA from
Paracoccus denitrificans (PDTA) is defined as the enzyme amount catalyZarghation of 1
umole acetophenone in 1 min at 20 mM pyruvate andm®0 (S-a-MBA. After 10 min
reaction, the enzyme reaction (1QQ reaction volume) was stopped by adding Q0
acetonitrile. For the initial rate measurementsx@butyrate and acetophenone for BCTA and

PDTA, respectively, were analyzed by HPLC.

2.4. Cascade enzyme reactions to produce aliphatic amino acids
Unless otherwise specified, the cascade reactiare werformed in 50 mM phosphate

buffer (pH 7) at 37C. In the biphasic reactions, 3 or 6 mL of hexames warefully overlaid on



the aqueous reaction mixture (1 mL) and the reastiwere carried out without agitation.
Aliquots of the aqueous and organic phasegu3@ach) were taken at predetermined reaction
times and mixed with 18QL acetonitrile. The reaction progresses were moaitdy HPLC

analysis of the keto acid substrate or the amiih @oduct.

2.5. Preparative-scale synthesis and isolation of L-Hag

Preparative-scale extractive cascade reactionsfgmmetric synthesis afHag was carried
out at 37 °C under magnetic stirring in an overdrbeaker charged with 50 mL reaction
mixture containing 2-(3-hydroxy-1-adamantyl)-2-okwenoic acid (2.5 mmol),-homoalanine
(0.25 mmol),rac-a-MBA (6 mmol), PLP (5umol), BCTA (0.18umol), PDTA (0.7umol) and
potassium phosphate (50 mM, pH 7.0). Hexane (30) wds added to the aqueous reaction
mixture. When the conversion exceeded 90 %, the@gireaction mixture was subjected to
product isolation.

The aqueous reaction mixture (50 mL) was separatad the organic phase using a
separation funnel and the pH was adjusted to 1.Gadning 5 N HCI (4.5 mL). Protein
precipitate was removed by filtration through asgkéritted filter funnel. The pH of the filtrate
solution was adjusted to 7.0 by adding 5 N NaOHitsmh (6 mL). The resulting solution was
evaporated at 30 °C and 0.1 bar until the finauxtd reached around 2 mL. The precipitate
formed during the evaporation was obtained byadfilom, washed by 10 mL EtOH and then
dried overnight in a drying oven (75 °C). The résgl white solid ofL.-Hagwas subjected to

mass spectrometric analysisd elemental analysis as described in the SupplanyeData.

2.6. HPLC analysis
Analysis of acetophenone was performed on a W&tBIC system (Milford, USA) using

a Symmetry C18 column (Waters Co.) with isocratigien of 60 % methanol/40 % water,



both containing 0.1 % trifluoroacetic acid, at 1/min. Detection was done with a UV detector
tuned at 254 nm. Retention time of acetophenone3@min.

o-Keto acids were analyzed using an Aminex HPX-8dlimn (Bio-Rad, Hercules, USA)
with isocratic elution of 5 mM kS0, solution at 0.5 mL/min. UV detection was carriad at
210 nm. Column oven temperature was set to 40 ¥ferf&ion times of the keto acids were
12.0 (2-oxobutyrate), 14.2 (2-oxopentanoic acid},91(3-methyl-2-oxobutyrate), 17.7 (2-
oxohexanoic acid), 15.3 (4-methyl-2-oxopentanoid}a®.7 (trimethylpyruvate) and 11.7 min
(2-(3-hydroxy-1-adamantyl)-2-oxoethanoic acid).

For determination of amino acid concentration andntiomeric excess, 2,3,4,6-tetra-O-
acetyl$-D-glucopyranosyl isothiocyanate (GITC) was useddmino acid derivatization [22].
The GITC-derivatives of the amino acids were resglgn the Symmetry column at a flow rate
of 1 mL/min with UV detection tuned at 254 nm. R#ien time of L/D-enantiomers of
homoalanine was 26.9/28.7 min at isocratic eluabA0 % methanol (A)/60 % water (B), both
containing 0.1 % trifluoroacetic acid,. Retentiamé of L/D-enantiomers of Hag was 21.1/34.4
min at isocratic elution of 45 % A/55 % B. Retentibme ofL/D-enantiomers of norvaline,
valine, leucine, Tle were 10.1/14.9, 8.8/13.3, 82 and 11.6/19.0 min, respectively, at
isocratic elution of 50 % A/50 % B. Retention timé L/D-enantiomers of norleucine was

6.0/7.9 min at isocratic elution of 60 % A/40 % B.

3. Results and discussion

3.1. Extractive cascade reaction
To construct the extractive cascade reaction s@figure 1), we chose a BCTA cloned
from Escherichia coli [15] and a §)-selectivew-TA from Paracoccus denitrificans (PDTA)

[23]. L-Homoalanine (i.e. a shuttling substrate) was usedn amino donor for the BCTA



reaction and its deamination product (i.e. 2-oxgtaie) was converted back tehomoalanine

by thew-TA reaction in which the amino group to be transfd was supplied from a primary
amine, leading to recycling of the shuttling subistrand a consequent thermodynamic shift of
the BCTA reaction driven by the highly exergoni€l' A reaction. Owing to the recycling of the
shuttling substrate, the cascade reaction requdeamoalanine in a much lower amount than
the keto acid substrate. Benzylamine anlIBA, i.e. typical reactive amine substrates fdr al
known w-TAs, were employed as the amino donor for PDTAha cascade reactions. For
example, PDTA showed a 14-fold higher activity f(#)-a-MBA relative to that for
isopropylamine [20]. This render§{a-MBA much more efficient as an amino donor for
PDTA like otherw>-TAs. The ketone product from the-TA reaction was known to exert a
severe inhibition on the>-TA activity [16]. For example, the product inhibmh constant of
PDTA for acetophenone was measured to 2.4 mM inre¢hetion betweenS-a-MBA and
pyruvate [24]. Therefore, an organic solvent wasrlawd on the aqueous phase where the
cascade reaction was occurring, so the inhibitetprke could be selectively extracted to reduce
the product inhibition [16]. Note that all the strates and products, except the ketone, are not
extractable because of their ionic characters. Hexavas used as the extractant of
benzaldehyde and acetophenone of which the parttibefficients were measured to be 11.1

[25] and 16.4 [26], respectively, in the hexanegr&iphasic system.

3.2. Effect of ketone removal
To examine whether the extractive ketone remawgiroves the cascade reaction rate, we
compared reaction progresses of the synthesisTéé in a monophasic and a biphasic system

using benzylamine as the amine substrate (Figurb@g that PDTA possesses a high activity



for benzylamine (i.e. 96 % activity relative t&{a-MBA) [23]. Owing to a cheap price,
racemic homoalanine rather than an enantioptffeem was used as the shuttling substrate (0.1
molar equivalent of kinetically effectivehomoalanine to trimethylpyruvate). As expectee, th
biphasic reaction led to a much higher conversiatdythan that of the monophasic reaction
devoid of extraction of the inhibitory benzaldehytieboth reactions, enantiomeric excesses of

the produced-Tle were higher than 99.9 % owing to the stringagateoselectivity of BCTA.

3.3. Asymmetric synthesis of L-Tle

The yield ofL-Tle in the biphasic system reached 81 % at 53thdlelinot increase upon
further incubation until 107 h (Figure 2). We premd that the leveling off of the yield resulted
from high amino acceptor reactivity of benzaldehydBTA displayed 91 % amino acceptor
activity for benzaldehyde relative to 2-oxobutyrd®?]. Therefore, despite the extractive
removal, a low concentration of benzaldehyde inaheeous phase would strongly compete
with 2-oxobutyrate for the amination step catalybgd®DTA. This led us to change the amine
substrate from benzylamine t8){0-MBA because the amino acceptor activity of PDTA fo
arylalkyl ketones such as propiophenone was néigigl3] and thereby the competition with
2-oxobutyrate for PDTA would be minimal. Indeedbstitution of benzylamine witki-MBA
significantly improved the asymmetric synthesis. &fle (i.e. 94 % yield and > 99.9 & of L-
Tle at 61 h) (Figure 3A). By the same reason widmbalaninerac-a-MBA rather than §-a-
MBA was used as the amine substrate for PDTA (@i.85 molar equivalent of kinetically
effective §-a-MBA to trimethylpyruvate). This led to enantioesirment of the racemic amine
substrate during the cascade reaction (i.e. 8 %f (R)-a-MBA at 61 h). This could benefit

the process economics when the partially enrickax{MBA was to be isolated and further



processed to enantiopu®)-a-MBA.

To examine how well the shuttling substrate wayeked during the cascade reaction, we
monitored concentrations afFhomoalanine and 2-oxobutyrate (Figure 3B). Theellesf 2-
oxobutyrate was kept below 0.12 mM throughout tkaction, indicative of the efficient
regeneration of-homoalanine driven by the PDTA reaction. Only Ond8! 2-oxobutyrate was
detectable at the end of the reaction, supportiag the thermodynamically favorable PDTA
reaction served well as an equilibrium shifter. By@ng thermodynamic coupling of the two
TA reactions was attributed to the efficient remoefian inhibitory ketone and the ensuing
maintenance of the high PDTA activity. We monitorecketophenone levels in both phases,
showing that acetophenone was initially built upthie agqueous phase and then the aqueous
acetophenone was kept constant around 0.4 mMziftar(Figure 3C). The concentration ratio
of acetophenone in the aqueous to organic phasd®dsat the end of the extractive reaction
(i.e. below the partition coefficient), indicatirtbat the hexane layer was capable of further

extraction of acetophenone.

3.4. Asymmetric synthesis of various amino acids

The cascade reaction performed with BCTA and PEmployedL-homoalanine, rather
thanL-alanine, as the shuttling substrate. This choies vased on a much lower activity of
BCTA for L-alanine than that for-homoalanine because the active site of BCTA has be
optimized for branched-chain amino acids [15]. Heare PDTA shows much higher activity
for pyruvate than 2-oxobutyrate, i.e. a 19-foldH@gspecificity constant for pyruvate than that
for 2-oxobutyrate [27]. Moreover, -alanine is cheaper thanrhomoalanine. To examine
whetherL-homoalanine is a shuttling substrate of choicéebghanL-alanine, we compared
reaction progresses of the cascade reaction thesigeL-Tle in a monophasic reaction system

(Figure 4). The cascade reaction performed witllanine led to much lower conversion than



that withL-homoalanine did, indicating that the BCTA reacticather than the PDTA reaction,
is rate-determining under the given reaction coowdst Therefore, we kept using-
homoalanine for further reactions.

To apply the extractive cascade reaction to theh&gis of various aliphatic amino acids,
we performed asymmetric amination of five additioketo acids (Table 1). All the reactions
led to > 95 % vyields of the amino acid products. (three unnatural and two natural amino
acids) within 76 h. Owing to the high stereoselegtiof BCTA, enantiopurities of all the
amino acids produced were > 99.9%#0 As observed during the asymmetric synthesis-olfe
in Fig. 3, all the reactions in Table 1 led to @drénantioenrichment ai-MBA substrate (i.e.
63 - 72 %ee of the resultingRR)-a-MBA).

To demonstrate industrial applicability of the rextive cascade reaction, we performed
preparative-scale synthesis ofHag under magnetic stirring in a 50 mL aqueoustrea
mixture charged with 0.56 g 2-(3-hydroxy-1-adam§r2yoxoethanoic acid (50 mM), 0.026 g
L-homoalanine (0.1 molar eq. to the keto acid sabskr0.773 mlrac-a-MBA (2.4 molar eq.),
34 mg BCTA (2 U/mL) and 74 mg PDTA (16 U/mL). Harsitu removal of acetophenone, 300
mL hexane (i.e. 6 vol. to the aqueous phase) wagaw over the aqueous reaction mixture.
After 70 h, conversion yield af-Hag reached 92 % with > 99.9 &. The resulting aqueous
phase was processed to product isolation, leadirrgdovery of 0.32 g white solid efHag
(62 % isolation yield, > 99.9 %e). The isolated product was subjected to mass speetrizm
analysis and elemental analysis, which correspondepureL-Hag (see the Supplementary

Data).

4. Conclusions

In this study, we demonstrate that the extractagcade reaction composed of BCTA and



w-TA can afford asymmetric synthesis of various laific amino acids by shifting the
equilibrium limit of the BCTA reaction and removirthe product inhibition of theo-TA
reaction. Because the amine substrate used instbdy (i.e.a-MBA) is one of the most
reactive amino donors fap-TAsS, the present strategy is expected to be agipkcto all thew-
TAs. To the best of our knowledge, this is thetfesample of the TA-based asymmetric
synthesis of amino acids using extractive cascadetions. However, feasibility of scaling up
this approach should be addressed by minimizingrfimtial enzyme inactivation that might
result from a direct contact of the enzyme to aganic solvent (e.g. use of an enzyme

membrane reactor combined with an extraction mo[2gp.

Acknowledgements

This work was supported by the Advanced Biomass R&enter (ABC-2011-0031358)
through the National Research Foundation of Korehthe R&D grant (S2173394) funded by

the Small and Medium Business Administration of éaor

References

[1] M. Breuer, K. Ditrich, T. Habicher, B. Hauer, .MKel3eler, R. Sturmer, T. Zelinski,
Industrial methods for the production of opticadigtive intermediates, Angew. Chem. Int.
Ed., 43 (7) (2004) 788-824.

[2] J.S. Ma, Unnatural amino acids in drug discgy&himica Oggi, 21(6) (2003) 65-68.

[3] S.A. Savage, G.S. Jones, S. Kolotuchin, S AmRdtan, T. Vu, R.E. Waltermire,
Preparation of saxagliptin, a novel DPP-1V inhibit®rg. Process Res. Dev., 13 (6) (2009)
1169-1176.

[4] P. Lehr, A. Billich, B. Charpiot, P. EttmayeD. Scholz, B. Rosenwirth, H. Gstach,

Inhibitors of human immunodeficiency virus type fotfgase containing 2-aminobenzyl-



substituted 4-amino-3-hydroxy-5-phenylpentanoicdaciSynthesis, activity, and oral
bioavailability, J. Med. Chem., 39 (10) (1996) 2081567 .

[5] V. Michel, B. Jean, M Bernard, R. Georges, Ufidat No. 4,902,817 (1990)

[6] S.L. Liu, Q.X. Song, D.Z. Wei, Y.W. Zhang, X.Wang, Preparation of optically pure tert-
leucine by penicillin G acylase-catalyzed resolti¢’rep. Biochem. Biotech., 36 (3)
(2006) 235-241.

[7]1 N.J. Turner, J.R. Winterman, R. Mccague, J.&rrd&dt, S.J.C. Taylor, Synthesis of
homochiral L-tert-leucine via a lipase-catalyzedayic resolution process, Tetrahedron
Lett., 36 (7) (1995) 1113-1116.

[8] E. Agosta, A. Caligiuri, P. D'Arrigo, S. ServD). Tessaro, R. Canevotti, Enzymatic
approach to both enantiomers of N-Boc hydrophobima acids, Tetrahedron Asymmetry,
17 (13) (2006) 1995-1999.

[9] R. Wichmann, C. Wandrey, A.F. Bickmann, M.R. I&u Continuous enzymatic
transformation in an enzyme membrane reactor wittulsaneous NAD(H) regeneration,
Biotechnol. Bioeng., 23 (1981) 2789-2802.

[10] R.L. Hanson, S.L. Goldberg, D.B. BrzozowskiPT Tully, D. Cazzulino, W.L. Parker,
O.K. Lyngberg, T.C. Vu, M.K. Wong, R.N. Patel, Paegtion of an amino acid
intermediate for the dipeptidyl peptidase IV inkibj saxagliptin, using a modified
phenylalanine dehydrogenase, Adv. Synth. Cata®,(8%(2007) 1369-1378.

[11] E.Y. Hong, M.H. Cha, H.D. Yun, B.G. Kim, Asynetric synthesis of L-tert-leucine and
L-3-hydroxyadamantylglycine using branched chainnatnansferase, J. Mol. Catal. B-

Enzym., 66 (2) (2010) 228-233.



[12] S. Servi, D. Tessaro, G. Pedrocchi-Fantong@t-enzymatic deracemization methods for
the preparation of enantiopure non-naturedamino acids, Coordin. Chem. Rev., 252 (7)
(2008) 715-726.

[13] C.C. Gruber, I. Lavandera, K. Faber, W. Krgutrom a racemate to a single enantiomer:
Deracemization by stereoinversion, Adv. Synth. Cas48 (14) (2006) 1789-1805.

[14] K. Hirotsu, M. Goto, A. Okamoto, I|. MiyaharaDual substrate recognition of
aminotransferases, Chem. Rec., 5 (3) (2005) 160-172

[15] E.S. Park, J.Y. Dong, J.S. Shin, Biocatalyagymmetric synthesis of unnatural amino
acids through the cascade transfer of amino gréngps primary amines onto keto acids,
ChemCatChem, 5 (12) (2013) 3538-3542.

[16] M.S. Malik, E.S. Park, J.S. Shin, Features tgahnical applications ab-transaminases,
Appl. Microbiol. Biotechnol., 94 (5) (2012) 1163-21L

[17] C.K. Savile, J.M. Janey, E.C. Mundorff, J.Codfe, S. Tam, W.R. Jarvis, J.C. Colbeck, A.
Krebber, F.J. Fleitz, J. Brands, P.N. Devine, GRMisman, G.J. Hughes, Biocatalytic
asymmetric synthesis of chiral amines from ketoapplied to sitagliptin manufacture,
Science, 329 (2010) 305-309.

[18] J.S. Shin, B.G. Kim, Exploring the active sgeamine:pyruvate aminotransferase on the
basis of the substrate structure-reactivity retediop: How the enzyme controls substrate
specificity and stereoselectivity, J. Org. Cheni.(®) (2002) 2848-2853.

[19] A. Iwasaki, K. Matsumoto, J. Hasegawa, Y. Ytzm@, A novel transaminase, (R)-
amine:pyruvate aminotransferase, frofnthrobacter sp. KNK168 (FERM BP-5228):
Purification, characterization, and gene cloninggpA Microbiol. Biotechnol., 93 (4)

(2012) 1563-1573.



[20] E.S. Park, J.Y. Dong, J.S. Shim;Transaminase-catalyzed asymmetric synthesis of
unnatural amino acids using isopropylamine as amamonor, Org. Biomol. Chem., 11
(40) (2013) 6929-6933.

[21] E.S. Park, J.S. Shin, Deracemization of anaiaids by coupling transaminases of opposite
stereoselectivity, Adv. Synth. Catal., 356 (17)1203505-3509.

[22] E. Park, M. Kim, J.S. Shin, One-pot conversiohL-threonine into L-homoalanine:
Biocatalytic production of an unnatural amino ag@m a natural one, Adv. Synth. Catal.,
352 (18) (2010) 3391-3398.

[23] E.-S. Park, M. Kim, J.-S. Shin, Molecular detéhants for substrate selectivity af
transaminases, Appl. Microbiol. Biotechnol., 93 (8)12) 2425-2435.

[24] E.S. Park, J.S. Shim-Transaminase frorfdchrobactrum anthropi is devoid of substrate
and product inhibitions, Appl. Environ. Microbiol9 (13) (2013) 4141-4144.

[25] J.S. Shin, B.G. Kim, Transaminase-catalyzeglhmasetric synthesis of L-2-aminobutyric
acid from achiral reactants, Biotechnol Lett., 30)((2009) 1595-1599.

[26] J.S. Shin, B.G. Kim, Kinetic resolution of-methylbenzylamine witho-transaminase
screened from soil microorganisms: Application dfiphasic system to overcome product
inhibition, Biotechnol. Bioeng., 55 (2) (1997) 3388.

[27] E.S. Park, J.S. Shin, Free energy analysie-tthnsaminase reactions to dissect how the
enzyme controls the substrate selectivity, Enzyn@dd. Tech., 49 (2011) 380-387.

[28] J.S. Shin, B.G. Kim, A. Liese, C. Wandrey, Hiit resolution of chiral amines with-
transaminase using an enzyme-membrane reactoedBiodl. Bioeng., 73 (3) (2001) 179-

187.

Table 1. Asymmetric synthesis of aliphatic amino acidshie éxtractive cascade reactfon.



Side chain of the keto Reaction Product vield? (%) ceP (%)

acid sub time (h)
g@/\ 61 L-Hag 95.6 >99.9
/\@ 76 L-norvaline > 09 >09.9
\@\/z 40 L-norleucine 97.8 >99.9
\@)\ 40 L-valine > 99 >00.9
E)l/\ 40 L-leucine 95.2 >00.9

% Reaction conditions were 6 mL hexane combined witmL aqueous reaction mixture
containing keto acid (20 mMyac-a-MBA (50 mM), rac-homoalanine (4 mM), BCTA (0.6
U/mL), PDTA (4.8 U/mL) and PLP (0.1 mM) in phospadtuffer (50 mM, pH 7)‘? Yield and

ee of the amino acid products were measured by peifay quantitative chiral HPLC analysis.

Figurelegends

Fig. 1 Schematics of the extractive cascade reactibenfitals enclosed by ovals represent
substrates that are initially fed in the reactiomtore. The desired amino acid product

is shown in a box.

Fig. 2 Comparison of the cascade reactions in aopimasic and a biphasic system for
asymmetric synthesis of-Tle. Aqueous reaction mixture (1 mL) contained
trimethylpyruvate (20 mM), benzylamine (30 mMac-homoalanine (4 mM), BCTA

(0.6 U/mL), PDTA (4.8 U/mL) and PLP (0.1 mM) in mgphate buffer (50 mM, pH 7).
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To construct the biphasic system, hexane (3 mL)avaslaid on the aqueous reaction

mixture.

Fig. 3 Extractive cascade reaction for asymmetyictlesis ofL-Tle usinga-MBA as the
amine substrate. Reaction conditions in the 1 mlLueags phase were
trimethylpyruvate (20 mM)rac-a-MBA (50 mM), rac-homoalanine (4 mM), BCTA
(0.6 U/mL), PDTA (4.8 U/mL) and PLP (0.1 mM) in gphate buffer (50 mM, pH 7).
For the ketone removal, 6 mL of hexane added t@theous reaction mixture. Time-
course monitoring of the reaction progress was dopeanalyzing (A)L-Tle and
trimethylpyruvate, (B)L-homoalanine and 2-oxobutyrate, and (C) acetophenon

both aqueous and organic phases.

Fig. 4 Comparison of-homoalanine and-alanine as a shuttling substrate. The cascade
reactions were carried out under the same reactmdlitions as those in Figure 3,
except that 4 mMac-homoalanine was replaced by 2 mMhomoalanine or-alanine.

Organic solvent was not added over the aqueousioranixture.
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