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Biocatalytic Cascade Reaction for the Asymmetric Synthesis of L-

and b-Homoalanine

Marcus V. de M. Silva,’™ ™ Ingrid C. R. Costa,”™ Rodrigo O. M. A. de Souza,™ and U

Bornscheuer*?

Abstract: Unnatural amino acids attract growing attention for
pharmaceutical applications as they are useful building blocks for the
synthesis of a number of chiral drugs. Here, we describe a two-step
enzymatic method for the asymmetric synthesis of homoalanine from
L-methionine, a cheap and readily available natural amino acid. First,
the enzyme L-methionine y-lyase (METase), from Fusobacterium
nucleatum, catalyzed the vy-elimination of L-methionine to 2-
oxobutyrate. Second, an amino acid aminotransferase catalyzed the
asymmetric conversion of 2-oxobutyrate to either L- or bD-
homoalanine. The L-branched chain amino acid aminotransferase
from Escherichia coli (eBCAT), using L-glutamate as amino donor,
produced L-homoalanine (32.5% conv., 28% y, 99%ee) and the D-
amino acid aminotransferase from Bacillus sp. (DATA) used D-
alanine as amino donor to produce D-homoalanine (87.5% conv.,
69% vy, 90%ee). Thus, this concept allows for the first time the

synthesis of both enantiomers of this important unnatural amino acid.

Unnatural amino acids, in high optical purity, attract growing
attention for pharmaceutical application as they are useful
building blocks for the synthesis of a number of chiral dru
For instance, L-homoalanine is a key chiral intermediate |
synthesis of important drugs like antiepileptic (levetiracetam and
brivaracetam) and antituberculosis (ethambutol) com
The optical purity of these drugs plays an important r;
therapeutic safety and efficacy, where the (R)-e
levetiracetam has no antiepileptic activity and
stereoisomer of ethambutol can cause blindness,
these chiral drugs are now available as ge
production cost is still very high. For many patients,
from developing countries, the cost of the treatment is
prohibitive and the use of cheaper and less effective alternative
medications is their only option.*!
Although many methods have
literature, the synthesis of chiral un
an important challenge.?> ¥ Unlike
fermentation and extraction methods are no
production.”! Different strategi
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also possible using
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has gained attention

from prochiral
aminotransferases

one pot is
recently." G
acids from the
coupling four enz
(FDH), ine deh

ic reactions: formate dehydrogenase
enase (L-AlaDH), alanine racemase
inotransferase (DATA).'" In this
process, pyruvate was cOmverted to p-alanine through L-alanine
by the reaction of L-AlaDH and AlaR. NADH was regenerated by
idation offbrmate by the FDH. The bp-enantiomers of
ucine, norleucine and methionine could be
esized with high optical purities and conversions. However,
ethod was not applicable to the synthesis of p-norvaline
omoalanine. These compounds were obtained in low
i ue to the action of L-AlaDH, which reduced a-
d a-ketovalerate more rapidly than pyruvate, and
AlaR (that ¥acemized p-homoalanine and p-norvaline). Another
elegant method was developed by Park, Kim and Shin.*! They
synthesized L-homoalanine from L-threonine by a cascade
on of threonine deaminase and w-transaminase using
lamine as amino donor. In this system 91% of L-threonine
converted to L-homoalanine.

In this study, we describe a new biocatalytic cascade
roviding access to both the - and b-enantiomers of
homoalanine. To achieve this goal, we combined two enzymatic
reactions (Scheme 1).
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Scheme 1. Schematic cascade reaction for the asymmetric synthesis of D- or
L-homoalanine by choosing the right combination of biocatalysts. a-KG: a-
ketoglutaric acid (5), Pyr: (7).

The first reaction is catalyzed by L-methionine y-lyase (METase,
EC 4.4.1.11), a fold type | pyridoxal-5°-phosphate (PLP)-
dependent enzyme. METase catalyzes the y-elimination of L-
methionine (1) to form a-ketobutyrate (2), ammonium, and
methanethiol.!"® The second reaction involves a transamination
catalyzed by branched-chain amino acid aminotransferase from
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Escherichia coli (eBCAT, EC 2.6.1.42) or p-amino acid
aminotransferase (DATA, EC 2.6.1.21) from Bacillus sp. Both of
these transaminases are fold type IV PLP-dependent enzymes.
The eBCAT catalyzes the transamination between L-glutamate
(4) and o-ketobutyrate 2 to produce L-homoalanine (3a), see
Scheme in Table 1. On the other hand, DATA catalyzes the
same transamination by using p-alanine (6) as amine donor
leading to the desired product with opposite configuration (3b),
see Scheme in Table 2. Together these enzymes display a
perfect match for production of these unnatural amino acids.
Methionine, a natural amino acid produced in large quantities at
low cost,*® " is converted to 2 "in situ" by the METase. In such
a way, this approach overcomes the use of this expensive a-
keto acid as a starting material.l'”*® Furthermore, compared to
other cascades that use amino acid dehydrogenases,* there
is no requirement for an expensive cofactor such as NADH
when aminotransferases are used."®

The first step of the cascade presents a y-elimination
catalyzed by METase. For studying this step, we cloned and
expressed a METase from Fusobacterium nucleatum subsp.
nucleatum in E. coli BL21 (DE3) with vector pET24A."" The
expression conditions were optimized (see Supporting
Information) and the crude lysate produced, after being
lyophilized, was used as enzyme source. To better understand
the METase reaction, a design of experiment (DOE) with three
levels and three variables (3°) was proposed. For the selection
of the variables and the levels used in the DOE we based
decision on the work developed by Suganya and coworke,
These authors demonstrated that the physical properties of
METase from different organism are relative simi For
example, pH optimum is in the range from 7.0-8.
optimum temperature around 25-37°C. The reactio,
set to 20 min and it was possible to verify that v.
influenced most the reaction course was tempe
where reactions at 40°C and pH 7.0 lead to hig
(37-46%). PLP concentration did not show a significa
on the final conversion (see Supporting Information for
This results are corroborated by previous studies in literatur
where METases with optimal activities at 37°C*?%?% and pHy**
%1 were described.

In the second step the reaction

both stereocisomers by using e
transamination reaction was

greater activit i and it had no
of the proposed cascade
reaction. Tempera ried around the values,
which were already
ish to perform everything in a one-pot

reacti ust accept matching reaction
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Table 1: Asymmetric synthesis of L-homoalanine catalysed by eBCAT.

NH;

Conversion [%]

Entry Temperatum pH

‘ ~
‘ 10
l 11

20

7.0

Reactio jans: 40 f a solution containing 50 mM sodium a-
ketobutyrate, i jum phosphate buffer (50 mM) with 1 mM
PLP. The concentration ed crude lysates was 1 mg/mL. Conversion

was determined by HPLC analysis using a Luna Omega PS C18 column with
OPA-MCE derivatization.

le 2: Asy ric synthesis of D-homoalanine catalyzed by DATA.

DATA
1 mMPLP o

o)
/ﬁ% T°C, pH, 24 h A~
OH -~ “OH
o N ’

NH; 0
6 7
Temperature (°C) pH Conversion [%]
1 30 7 53
2 30 8 48
3 40 7 66
40 8 47

Reaction conditions: See Table 1 except that 50 mM D-Ala was used instead of
L-Glu.

Under optimal conditions for the METase reaction (pH 7 and
40°C) both amino acid aminotransferases showed activity. In the
case of DATA, around 65% conversion could be achieved while
eBCAT lead to only 20% of the desired product. The low
conversion observed for eBCAT could be related to an
unfavorable reaction equilibrium  often observed in
transaminases-catalyzed reactions. In the case of DATA, the
reaction stopped at 65% conversion probably because DATA
can use the reaction product homoalanine as amine donor for
regenerating alanine in the reaction system. After optimization of
the two steps separately, the cascade reaction was performed in
batch reactors containing METase/eBCAT or METase/DATA
biocatalysts at 40°C, pH 7 with 1 mM PLP. After the one-pot
reaction studies, it was verified that within 24 h the best
conversion results for the combination METase-eBCAT were
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obtained (Figure 1) whereas for the combination METase-DATA
longer reaction time were needed (Figure 2).

Relative amount (%)

0 10 20 30 40

Time (hour)
Figure 1. Time course of the cascade reaction by employing METase and
eBCAT in the conversion of L-methionine to L-homoalanine.
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Figure 2. Time course of the cascade reaction by employing METase and
DATA in the conversion of L-methionine to D-homoalanine.

reaction and 90%ee for the
D-homoalanine.

asymmetric synthesis of 3
The key point was the use
enzymes MET i
the equilibrium limitation of
in future work to improve
reactions. are convinced that this
tion represents an elegant strategy for
ificant chiral unnatural amino acids.
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Experimental Section

Chemicals
All chemicals were purchased from Sigma=}
or Acros/Thermofisher Scientific (Waltham, U
used without further purification. Biocatalysi

Darmstadt, Germany)
lytical grade and

yme METase, from
sent in the vector
(DE3). Cells were grown in
kanamycin (50 pg/mL) at
hed approximately 0.4-0.6,
al concentration at 1.0 mM)

Terrific Broth (TB)
37°C and 180 rpm.

and the cells wi
Cells were ha nd resuspended in phosphate
M, pH 7.4). The cell suspension was submitted
tion and the supernatant obtained after
in, 4°C) was frozen, lyophilized and used

tions (see also Supporting Information).

METase assay
D, terminatior?ﬁe activity of the METase was performed as described

Foo.? Aft 0 min reaction, 10% v/v of 50% trichloroacetic acid was
d in ordé®to precipitate the enzyme to stop the reaction. Samples
centrifuged and then 50 pL was transferred to a 96-well plate with
of acetic buffer (1 M, pH 5). The concentration was determined by
g the a-ketobutyrate formation at 320 nm. The molar extinction
a-ketobutyrate was determined (€320 =3.83x102 M cm'1)
curve using sodium 2-oxobutyrate. One unit of activity
s the amount of enzyme that produces 1 pmol a-
ketobutyrate per minute.?”! Reaction optimization was performed using
selected variables: pH (6.0, 7.0 and 8.0), temperature (25, 32.5 and
40°C) and PLP concentration (0.10, 0.55 and 1.0 mM) (the DOE matrix

pression of eBCAT and DATA

he synthetic codon optimized genes of the enzymes eBCAT and DATA
were present in the vectors pET24A and pGASTON respectively. Both
constructs were transformed into E. coli BL21 (DE3). The cells were
grown in Terrific Broth (TB) media supplemented with kanamycin (50
pg/mL) for eBCAT and ampicillin (100 pg/mL) for DATA at 37°C and 180
rpm. When the cell ODgoo reached approximately 0.4-0.6, enzyme
expression was induced by IPTG (1.0 mM final concentration) for eBCAT
or by rhamnose (0.2%) for DATA. The cells were allowed for overnight
cultivation at 20°C. Cells were harvested by centrifugation and
resuspended in phosphate buffer (50 mM with PLP 0.1 mM, pH 7.4). The
cell suspension was submitted to ultrasonic cell disruption and the
supernatant obtained after centrifugation (4500 x g, 30 min, 4°C) was
frozen, lyophilized and used as catalyst in the enzymatic reactions.®?!

Biocatalysis with amino acid aminotransferases

Solutions containing 50 mM sodium a-ketobutyrate, 50 mM L-Glu (for
eBCAT) or 50 mM D-Ala (for DATA) in sodium phosphate buffer (50 mM
with 1 mM of PLP) either pH 7.0 or 8.0 were prepared.”® To this reaction
lyophilized enzymatic extracts were added so that the final concentration
was 1 mg/mL eBCAT or DATA. Samples were taken after 0, 30, 90, 120
min, 24 and 48 h (Tables 1 and 2). All analyzes were performed by HPLC
with OPA-MCE derivatization.

This article is protected by copyright. All rights reserved.
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Cascade reactions with METase—eBCAT or METase-DATA

For this, a solution containing 50 mM L-Met, 50 mM L-Glu or D-Ala in
phosphate buffer (50 mM pH 7 with 1 mM PLP) was prepared. This
solution was adjusted to pH 7 with 10 N NaOH. To this reaction solution
lyophilized enzymatic extracts were added (1 mg/mL METase and 1
mg/mL eBCAT or DATA). Samples were taken after 0, 5, 10, 15, 20, 30,
60, 90, 120, 1440 and 2880 min. All analyzes were performed by HPLC
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For the cascade reaction with METase and eBCAT or METase and
DATA on a larger scale, 0.3 g (2 mmol) of L-Met and 0.296 g (2 mmol) of
L-Glu (in the case of eBCAT) and 0.1782 g (2 mmol) of D-Ala (in the case |
of DATA) were used. A final concentration of 1 mg/mL of each enzyme

was used. After the reaction, the product was derivatized with di-tert-butyl (2]
dicarbonate (Boc). For the derivatization step, 1.2 eq. of Boc and 2 eq. of
K,CO; were added for each eq. of amino acids in the reaction. The
reaction mixture was solubilized in THF:H,O (1:1) and monitored for 24 h.

After the end of the reaction, the supernatant was evaporated and the (3]
remaining solid was resuspended in ethanol and subjected to a silica
column using a butanol:H,O:acetic acid (3:1:1) mixture as the mobile
phase. The fractions were monitored by TLC (ninhydrin staining),
relevant fractions were pooled and the solvent was evaporated. This

gave 0.1347 g (32.5% conversion) in the case of eBCAT reactions and [4]
0.3577 g (87.5% conversion) in the case of DATA. Product identity was
confirmed by NMR spectroscopy.

NMR spectroscopy
"H- and "*C-NMR spectroscopy were performed on a Varian Gemini-200
(400 MHz and 500 MHz) and Bruker Avance DRX 400 (300 MHz
400 MHz) device using D,O as solvent. Chemical shifts are repo
ppm with TMS (3 = 0.00) as the internal standard for '"H-NMR and fMeOD
(5= 49.86) for *C-NMR spectra.

HPLC analyses
For derivatization of the amino acids the methodology
Turnell & Cooper®™® was used. For this a derivaty
containing 40 mM o-phthalaldehyde (OPA)
mercaptoethanol (MCE) in a saturated solution of N

B was composed of AcCN:MeOH:H,O
performed at 1 ml/min at 338 nm. Further infor
Supporting Information.
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acid. Detection was [18]
times were initially checl

D,L-enantjgmers of homoal [19]
[20]

[21]

. Soc. Rev. 2018, 47, 1516-

. Ibrahim, Biotechnol. Appl.
. Kim, J. S. Shin, Adv. Synth.

Proc. Natl.
a) M. Breuer,

1 ich, T. Habicher, B. Hauer, M. Kesseler, R. Sturmer,
T. Zelinski, Ange

em. Int. Ed. Engl. 2004, 43, 788-824; Angew.

6-843; b) S. D. Shorvon, K. Van Rijckevorsel,

in J. chiatry, 2002; c) M. Haria, J. A. Balfour,

CNS Drugs 1997, 7/, 4.

J. C. Liao, K. Zhang, K. M. Cho, US Patent 2016/0053236 A1, 2016.

X. Lu, J. @ Z. Q. Zhang, J. J. Dai, J. H. Liu, B. Xiao, Y. Fu, L. Liu,
Chemi’)M, 20, 15339-15343.

F. Guo, ™. Berglund, Green Chem. 2017, 19, 333-360.

a) H. J. Kreuzfeld, C. Débler, U. Schmidt, H. W. Krause, Amino Acids

996, 71, 269-282; b) I. V. Archer, S. A. Arnold, R. Carr, I. G.

theringham, R. E. Speight, P. P. Taylor, in In Asymmetric Synthesis

lication of a-Amino Acids, American Chemical Society,

, DC, 2009, pp. 322-336.

. , F. R. Dietz, in Wiley Encycl. Chem. Biol., Hoboken: John

Wiley & Sons, 2009, pp. 191-204.

H. K. Chenaull, J. Dahmer, G. M. Whitesides, J. Am. Chem. Soc. 1989,
111, 6354-6363.

| . Krieg, Ansorge-Schumacher, M. B., M.-R. Kula, Adv. Synth. Catal.

002, 344, 965-973.

J. Altenbuchner, M. S. Siemann-Herzberg, Christoph Curr. Opin.
Biotechnol. 2001, 12, 559-563.

a) P. P. Taylor, D. P. Pantaleone, R. F. Senkpeil, I. G. Fortheringham,
Trends Biotechnol. 1998, 16, 412-418; b) E.-S. Park, J.-Y. Dong, J.-S.
Shin, Org. Biomol. Chem. 2013, 11, 6929-6933; c) T. Li, A. B. Kootstra,
I. G. Fotheringham, Org. Proc. Res. Dev. 2002, 6, 533-538.

a) W. Leuchtenberger, K. Huthmacher, K. Drauz, Appl. Microbiol.
Biotechnol. 2005, 69, 1-8; b) L. P. B. Gonc,alves, O. A. C. Antunes, E.
G. Oestreicher, Org. Proc. Res. Dev. 2006, 10, 673-677.

a) N. Nakajima, K. Tanizawa, H. Tanaka, K. Soda, J. Biotechnol. 1988,
8, 243-248; b) A. S. El-Sayed, M. A. Yassin, H. Ibrahim, Biotechnol.

Appl. Biochem. 2015, 62, 514-522.

a) A. Galkin, L. Kulakova, H. Yamamoto, K. Tanizawa, H. Tanaka, N.
Esaki, K. Soda, J. Ferment. Bioeng. 1997, 83, 299-300; b) A. Galkin, L.
Kulakova, T. Yoshimura, K. Soda, N. Esaki, Appl. Microbiol. Biotechnol.
1997, 63, 4651-4656.

K. Suganya, K. Govindan, P. Prabha, M. Murugan, Biocatal. Agric.
Biotechnol. 2017, 12, 104-115.

a) D. Kumar, J. Gomes, Biotechnol. Adv. 2005, 23, 41-61; b) J. Shim, Y.
Shin, I. Lee, S. Y. Kim, Adv. Biochem. Eng/Biotechnol. 2016, 123, 127-
141; c) T. Willke, Appl. Microbiol. Biotechnol. 2014, 98, 9893-9914.

X. Wang, T. Saba, H. H. P. Yiu, R. F. Howe, J. A. Anderson, J. Shi,
Chemistry 2017, 2, 621-654.

K.-Y. Huang, H.-Y. Hu, Y.-L. Tang, F.-G. Xia, X.-Q. Luo, J.-Z. Liu, Mar.

Drugs 2015, 13, 5492-5507.

D. Sato, W. Yamagata, K. Kamei, T. Nozaki, S. Harada, Acta
Crystallogr. Sect. F 2006, 62, 1034-1036.
B. C. Lockwood, G. H. Coombs, Biochem. J. 1991, 279, 675-682.

This article is protected by copyright. All rights reserved.



ChemCatChem 10.1002/cctc.201801413

WILEY-VCH

[22] A.S. A. El-Sayed, J. Microbiol. 2011, 49, 130-140.

[23] H. Tanaka, N. Esaki, K. Soda, Biochem. 1977, 16, 100-106.

[24] I. V Manukhov, D. V Mamaeva, E. A. Morozova, S. M. Rastorguev, N.
G. Faleev, T. V Demidkina, G. B. Zavilgelsky, Biochem. 2006, 71, 361-
369.

[25] T. Nakayama, N. Esaki, K. Sugie, T. T. Beresov, H. Tanaka, K. Soda,
Anal. Biochem. 1984, 138, 421-424.

[26] M. Hohne, S. Schatzle, H. Jochens, K. Robins, U. T. Bornscheuer, Nat.
Chem. Biol. 2010, 6, 807-813.

[27] J.-S. Shin, H. Yun, J.-W. Jang, |. Park, B.-G. Kim, Appl. Microbiol.
Biotechnol. 2003, 61, 463-471

[28] J. C. M. Hafkenscheid, J. Van Der Ven-Jongekrijg, T. H. De Boo, Ann.
Clin. Biochem. 1982, 19, 426-430.

[29] T. C. Foo, A. C. Terentis, K. V. Venkatachalam, Anal. Biochem. 2016,
507, 21-26.

[30] D.C. Turnell, J.D. Cooper, Clin. Chem. 1982, 28, 527-531.

[31] N. Nimura, H. Ogura, T. Kinoshita, J. Chromatogr. A 1980, 202, 375-

A
49,
&

This article is protected by copyright. All rights reserved.



ChemCatChem 10.1002/cctc.201801413

WILEY-VCH

Entry for the Table of Contents

COMMUNICATION &

L-Glu a-KG

eBCAT. 9 32.05% conv. i ? . R.
OH o za, and
o o NH, 99%ee - A
s METase 3a
- oH —  ~ OH
NH, o)
1

o
87.5% conv.
2 MOH 69% y

DATA 90%ee

NHz 5 eaction for the

DAla - Pyr symmetric hesis of L- and D-
Unnatural amino acids have important applications in pharmaceutical chemistry. We Homoalanine

describe a biocatalytic cascade providing access to both, the L- and D-homoalanine
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