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Efficient enzymatic synthesis of L-phenylglycine from benzoylformic acid*

LIU Qiaoli, YANG Taowei, ZHOU Junping, XU Meijuan, ZHANG Xian & RAO Zhiming™
Ministry of Education Key Laboratory of Industrial Biotechnology, School of Biotechnology, Jiangnan University, Wuxi 214122, China

Algimat  L-phenylglycine, an important intermediate in the synthesis of various antibiotics and anticancer drugs, is currently
mainly synthesized through chemical methods. In this study, a new biological synthesis method for Z-phenylglycine was
developed. Leucine dehydrogenase (LeuDH) from Bacillus cereus was used to catalyze the reductive amination of benzoylformic
acid for L-phenylglycine synthesis, and formate dehydrogenase (FDH) was used for cofactor regeneration. The results showed
that the cofactor regeneration system was effective for the synthesis of L-phenylglycine without any by-products, and the
reaction cosubstrate ammonium formate further provided the ammonium ions (NH,") required for reductive amination. The
enzymatic transformation conditions were then optimized to improve conversion efficiency. The obtained optimal conversion
conditions were: benzoylformic acid 60 g/L, ammonium formate 50.4 g/L, LeuDH 4 U/mL, FDH 2 U/mL, NAD" concentration
0.14 g/L, pH 8.0, and a temperature of 30 °C. Finally, under these optimal conditions, a 99% conversion rate was achieved in 5
h with the yield of 60.2 g/L, and an ee value > 99% at 1 L scale. This study, therefore, provides a simplified, more efficient and
economical biosynthetic method for L-phenylglycine production.

[{'ﬁﬁmﬂ,‘j L-phenylglycine; benzoylformic acid; leucine dehydrogenase; formate dehydrogenase; cofactor regeneration system
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Fig. 1 Biosynthesis of L-phenylglycine by enzymes.
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Table 1 Strains and plasmids used in this work

TR 5 SR AL et
Strain or plasmid Characteristics Ref or note
bk Strain
g F-dem ompT hsdS (rB- mB-) gal SIS EAEAT
Escherichia coli BL21 A(DE3) Lab stock
. recAl, endAl, gyrA96, thi-1, S A
E. coli IM109 hsdRI7(r-K-mK-)supE44 Lab stock
Jii k7 Plasmid
R SCH FEAH AT
pET28a Km?, Lab stock
pET28a-ldh Km", expression LeuDHin E. coli 7]&{1}{9%1‘@@
This work
R . P N, bt )
pET28a-gdh Km", expression GDH in E. coli This work
N . B N 5 hg 1) <
pET28a-fdh Km", expression FDHin E. coli This work

Km"; F8% ZHiPk. Km": Kanamycin-resistant.

1.3 EARMIEE

R PENCBIH N A 1 B #E 28 f K B Bacillus cereus 15
A LeuDH3E K Idh (GenBank 5t 5: 1206507) | A # 2F 1
FF i Bacillus subtilis> )5 1) GDHIE H gdh ( GenBank& 5% 5
938261) L S WA TR 228+ Candida boidinii () FDHIE [N fdh
(GenBank# 5% % : 7657866) Jy #1 it 514 (%2) , 435I
B. cereus. B. subtilisF1C. boidinii LR 4 MR, #47PCRY”
W4, PCRy™=W)ldh. gdhfifdhze it i & alifbis, o iliEsE =
T AR pMDI8-T, ¥4 4k Escherichia coli IM109, i it 2"~ 75
%2 (AMP) PR 0 36 BH M Ak 7, 45 Ok fig U0 36 ik, Jf ik
TR S5 5. 154 R pMDI8-T-Idh ., pMDI18-T-gdh . pMD18-
T-fdh 1 3% 3K # AR pET28a43 5l i A7 LAY, 2lifk Ml J516 <C
R, AT AL IR RARE. coli BL21, RIBEZE (Kan)
SR B 3k BH L A T, $5 TR A D SR, ), TEP
2 S AL 7 A .

R2 AHRFTAPCRY 511
Table 2 Primers for PCR amplication used in this study

5194 Elk7la2dl RO
Primer name Primer sequence (5'-3") Restriction site
L1 CGGGATCCATGACATTAGAAATCTTCG BamH 1

L2 ACGCGTCGACTTAGCGACGGCTAATAATATC Sall

Gl CGGGATCCATGTATCCGGATTTAAAAGG BamH |
G2 CCCAAGCTTTTAACCGCGGCCTGCCTGG Hindll
Fl1 CGGGATCCATGAAGATCGTTTTAGTC BamH 1
F2 ACGCGTCGACTTATTTCTTATCGTGTTTAC Sall

REUI (1) F R b

The restriction enzyme sites are underlined.
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LB 35523 AR 10 g/L, BEEEKS 5 g/L, NaCl 10
g/L, pH 7.0.

TBR B Fedk: R 12 g/L, BEhkky 24 /L, s g/



L, KH,PO, 2.31 g/L, K,HPO, 12.54 g/L.

FTHFE. coli BL21/pET28a-ldh. E. coli BL21/pET28a-gdh
HIE. coli BL21/pET28a-fdhi 18 1% 42 Fh & 5 B2 A 10 mLFh T
BrgiEk, & Kan 50 ug/mL, 37 °C . 180 r/min F 5 3%10 h. Ff 7&K
TR 1% M M s A R BERT IR 3L, 37 CTH %, EHk
ODyoffi 470.3-0.5, LA SN I -B-D-T A2 2U0E T (IPTG) &
29k B 250.5 mmol/L, 24 °C . 160 r/minifs 512 h.

1.5 EEiEMENE

4 CTF LR BEHE W (8 000 r/min, 5 min) , 3f:H]0.1 mol/
LA BAEIR 22 wip (pH 7.0) Pk 40O v 5, 4 W8 10435 v 45 1Y
LA FH 22 i 30 BT T A R, VGRS ) R AR A S T T

(W51 sf53 s, 15 min) , 12 000 r/mings5.[>20 min, 15 ) ¥ FE kL
M 3%, FF SDS-PAGE M7 K i i il %2 . LeuDH, FDHAI
GDHPEGFE I 22 45591 2 % Ansorge ", Zheng P Fujita P14
ESEITE1=N
1.6 L-ZFHRERHI & K& ZHFRAL

B R SRR %5 T°0.1 mol/L pH 7.509 MRk 2 nh i, T4
J50% (9 NH - H,Off e e, [ Bk i A%l iS40 P IR 8 B 5%
(VIv) (4t 55 A LeuDHAN GDH/FDHY A i U, %5 1k,
WA K20 mL, B TSP L, #8553 M 160 t/min, #F
TPHEAL NG, 5N 3 2 v o T i 50% 8 NH, - H,0 5 20% (1)

PP % S 9815 B2 I A4k 22 (1) pH.

A AL . FERE A pH (6.0-9.0) | I B (25-50
°C) .\ JRYIHE (1575 g/L) . NAD" ¥ ¥ (0-0.35 g/L) | 4
YIS L (0.5:1-4:1) . LeuDHS FDHEL ] (0.5:1-5:1) LU
e Tl B % A ) £ PR AT LR R R W R AL 52 e, g a
HPLCH A [R5 4k 25 48 F 75540 FF 4530 minBif (19 L-28H 4L
TR R 77t , THIROZ AU N T 36 Sy 3% (SN #3330 min
L-ZRH &R 7= 5 i (B] R 21 OC R AN 20778 ) . HPLCIA K
W77y L2 H R R 17 H Meee 1Y BAA 5 5 % Cheng %5 A
B ARy 3t

3.0+
2.54

2.0+

Equation yv=a+bx
Adj. R-Square | 0.99322

['Value | Standard error
B Intercept 1=0.02] 0.08025
B Slope [ 0.09 0.00429

LA R ik
Yield of L-phenylglycine (p/g L)

T T T T T 1
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fHa] Time (#/h)
E2 L-FHSE®E RIS R R 5 h 2.

Fig. 2 Determination of initial rate in the synthesis of L-phenylglycine.
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2.1 LeuDH, GDHE FDHEREH/KIFTKIE XL EEE
PAB. cereus. B. subtilisf1C. boidiniik:N 4 MM, Y47

254 XNIGH] 4 453

PCRH/"##, PCR/= /43741 101 bp. 786 bpF11 095 bp ([&3) ,
280 17 %5 5 5 NCBIEUE e iz R i i LeuDH . GDH & FDH
FER T 51 — 85, 8 A PR D) 0 006 B R DR A Rk
#AKPET28a, L R IKTE EE. coli BL21, W&l ik S H
K THE. coli/pET28a-Idh, E. coli/pET28a-gdh. E. colil
PET28a-fdh I JF Uk 1 Bk 43 SRR 75 i AR 0 800, B B3l kAT
SDS-PAGE/ M7 B G I 72 . W1 E 4 7%, LeuDH, GDH X FDH
MR AR AR G 4 F T i (M) 4331 h40.4 x 10, 28.9 x 10°
1402 x 10°, 55HEP P 51— B0 2 550 0 4% T 4 11 AR AV 1) il
I, UG TR R 15 25 ZpET28af Ay X IR, Z5 AN 3[R,
2H 7 LeuDH 1 4727.6 U/mL, & % HRZH (1940022155 ; H2H
FDHAIGDHJFIE 73 5124 0.55 U/mLA122.4 U/mL, % f8£H A4
I 2 FDHAI GDHJif 1% , 1581 LeuDH, GDH & FDHA] 75 K % FT
AT R IA.

bp

2000

1000
750
500

250
100

&3 LeuDH, GDHX FDHEJE E PCR.
Fig. 3 PCR of the genes of LeuDH, GDH and FDH. M: DNA marker; 1:
ldh; 2: gdh; 3: fdh.

M/ M 1 2 3 4

. -
18.4 4
o A
&4 LeuDH, GDHX FDHAJSDS-PAGE4> 1.
Fig. 4 SDS-PAGE analysis of LeuDH, GDH and and FDH. M: Protein
marker; 1: E. coli/pET28a; 2: E. coli /pET28a-Idh; 3: E. coli /pET28a-fdh; 4: E.
coli /pET28a-gdh.

22 WEEBAKRNEERIFIE

AT AL —FE N A A R LR T &R B
e, FRATT B ST X SRR T AR 2 FE AT B 1) LeuDHXT 12K £ iR
B 5% AL BE D0 BEAT IR E, [R) RS X o FF A 4 48l 2 1 1 e
B GDHANFDHUE 17 6. 764K LW R 7.5 ¢/L . R 4%3.15 g/
LK NAD" 0.07 g/Li420 mL{ %5 k14 2 b 23 5 A LeuDHA!
GDH, A} LeuDHHIFDHAYKLEE L, F1: L) Leu DHAIE U5 B £k
FEL VR 2EL R S 5 B A5 R B R B AR R P G R B 4o 1
U/mL, 4k )% i FpH 7.5, 160 r/min., 30 C& {4 FiE47. 45
WIS, 165 B 4] LeuDHAA B AL IR 2, L H &R
7L 0.38 g/L, T LeuDH43 51| 5 GDH AT F DHAH B i) %l ity
FAERRT, 7.5 g/LAYFE LT FR 7E2 hN LR 1 >99%, H.
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P S AL R AR Y, FE W eef 35> 99%, it W I 4 2 A 4T
T K U Leu DHAT LAY &4 3 107 01t 27 400 8 1) L2 H = 1R
B R, TRl TER], 4 GDHAIFDHAE /R Z Hh BigE AR [ I, ¢
142 HENADHAY A2 R A 2. 5198 GDHIY LG S 505
(B2 1R T GDHEAT Rl il 145 A I, BR 1 S5 I A B4
FHIRY Z 5, b 2NN I B 6 O 3 U i Ak S v R 1t
NH,", [7 o E 7 490 4 4 0 T e LA e A i 3 e B 25, i 24 1
FDHZEAT H M 425, HUAG A5 0 R R e S iR 9, i)™ 41 CO,
TRE Zy Bk 25, HLFDHAEML R H IR S Ak 2 RS AT, 2545 % )8
S A 0 B 28 D A, e i LeuDHUAT FDHAA B 1) Al -
AR T LR E R B AL 5 A

%3 LeuDH. FDHE GDHZE X B #F & h 10 B %
Table 3 The activities of LenDH, FDH and GDH in E. coli

[Esg7S ity it
Strain Enzyme Enzyme activity (4/U mL™")
E. coli BL21/pET28a LeuDH 0.06 £ 0.01
E. coli BL21/pET28a-Idh LeuDH 27.6+0.24
E. coli BL21/pET28a FDH —
E. coli BL21/pET28a-fdh FDH 0.55+0.04
E. coli BL21/pET28a GDH —
E. coli BL21/pET28a-gdh GDH 22.4+0.35
—8—3 —8—b —A—Cc —y—ece
91 1105
~ 8_ v b v v v
= 190
74
3 6] 17
L5
@z 44
w 1=
mg O] 3
tﬁ%ix 3 14
~
‘*g 2 430
Z 14
> . —a {15
04
_1 T T T T T T O
0.0 0.5 1.0 1.5 2.0

fisHE] Time (¢/h)
BES5 TR#EBBEEREML-FHER.
Fig. 5 Synthesis of L-phenylglycine by different cofactor regeneration
systems.
a: E. coli/[pET28a-Idh and E. coli/pET28a; b: E. coli/pET28a-Idh and E. coli/
pET28a-fdh; c: E. coli/pET28a-Idh and E. coli/pET28a-gdh.
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Fig. 6 The effect of temperature and pH on conversion.
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23 BEARL-ZHESBIEZEMRL

J T ik — 2545 7 LeuDHAI FDHAY B 09 30 i fb iR 2 &
B LR S R A SR 7= b, AR 98 XA S R AT R A
k. Un1.6HT R, B4 R W7 160 r/min. 20 mL{&KZ 47,
231 BERpHMEMENE 72 EHEIL T, B4
P AT 25 AN W) ) S5 oG S5 N it )3 K2 pH, 81 41 Leu DH AT FDHIY)
B SN L BE 49 R 55 G FI3T °C, T LeuDHAY fi% 1 2 v pH
#78.5, FDHIW) & i 2 N pH K7 7.5-8.5 P20 PRIt , 76 3 i A T
BRI, T RS A B e O BE A 3 S, 5 BB AL G o
FETR EE A pHIEA T O Ak I8 RN pHN S i T 1) 52 1y e 6, [F]
st 2 552 M) i 100 R P A D B TR 22, TR I 25 460 8 R pHOX
BEAL BRI E, AS ORI A0 4 o2 1 7 26 B9 AR 4k, [RIERE ARG S h
R AL R AR L. IR 15 o/L . FiR#46.3 g/L. NAD'
0.07 g/LKpH 7.50 5 F T, 255 T IR 3 Xt 5% Ak 5 0 19 5%
g 6afit i, AR & R 25-50 “CHT, Bl 75 U5 B Tt s, w0
U B Ak o 2R e B A 2R 1 B S TH i R G A i, ) B T g T
RAEA0 CIF Ik F) e KM 105.4 mg L min”, M40 Cwf %4k
FALN38.5%, 1Mi30 CHIFEILERH99.3%, 158 B AR £40 C
I 0 2 0 SR R Ak, {H R B AE30 CLUG R E MR st s 22, A
FIF BN RS2 AT, DRI G Lo H 20 I ) e G ¥R >l 30
°C. [R5 58 TpHX AL 2 ) , 45 S an &l 6bfit 7R, 7EpHN
6.0-9.00F, 24pH < 8, 1) 4y 5 1k 3 2R Tl % Ak 2R [l 25 pHAY 3 10
T+, AHJE Y pHAR ST 5, W) UR G fb ol SRR G fh 3 0] 25 2
JE R B, U B a1 B 7 A pHES AR i g A 1T, A
LA 2 R 1) e 3l pHoM 8.0.

232 WEBLLHIRBRYSRMILGINFELEZME R
Wk, 75 20 i AR IO BRI, A R4S Tl A4 S A

BRI EE A B 2 ) e A A0 S 8 Ak S B R I AR 5 X i
il A9 B sz 1 T ) B9 R AT TR AR AR RN AR R R R
FDHAY % A1 U/mL, LeuDHZ i34 i, {#i45 LeuDH:FDHM
0.5: 138 JnE)5:1, g5 LK 7afir 7R, B & LeuDH) % A 18,
W4 S R B N, 4 LeuDH Y FDHIA £ 2:1F, #1468 %
7 328 2K B e KA 120.5 mg L7 min™, L 9 i EG 1 1106 42 5 T
41%, {HJE 4k L3 N LeuDHIP) &, 1L H0R NE A T [, Uil
TE % P il A fE 19 R N W, LeuDHS FDHI iR FE HL A Ry 2:1, 5
QI% i 2 18 P12,
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Fig. 7 The effect of the ratio of LeuDH : FDH and cosubstrate : substrate on conversion.

TyAI, FE AR E T, G A 0 v R R S )
HERCRI N R 2P T BLAE RN AR R b, R 2 T
st 2 A i 2 Ak S 7 ) i L A, PR ok AT 5 %o R
B MR BEAT IR 7 R AR R, PR R R SR IR e 5 15 g/
L, 3 g 1877 FP IR i 0% e B 0 7 FP 1R i 55 2 2 T TR P 00 T 1Y)
w05 14 i 3 4:1, &5 R WE TR, Rl R B 1) e
JE B BN, 7 4G BN R SE T R, Y R B S R TR R N
2:10F, KB ERKAF138.5 mg L™ min”, {ELJ2 4 F R B 14 vk 13 4k
SR B s Ny R U T LR [, PR e 2 s By AR F v, TR
5528 AR B B A 9 5 ) L Ay 2:1.

233 R¥IIRE. BBRMEBILENAD REN LM 7E
R P A P S5 7 P RS A R JRE TGP R LA B S VAR R )
R B3 R R, (HR X3 R FE AR, HIL AT
ik B AE AR, TR 4R 5 R = R A AL A
R FE AT AR W R e Ak 45 14 (pH. 8.0, 30 °C, LeuDH
5 FDH 2: 1 KW R B 578 LB R 2:1) A B LK H & R, IF25
A TR IR 0 Wk B . LeuDHAY s il & DL & NAD ¥ B %oF
I 7= MR R A2, 25 SRR 4PN, 2R N R R
LeuDH}2 U/mL, NAD' ¥R i 470.07 g/LB, 15 g/LIJEI vl 78
2 hZ e A ik, (B2 S B B m £l 60 g/Link, #44b
2212 h, Ffk Fd HAG 74.3%, UL B A E g B SN
LeuDH[¥ 7 N M ZE 4 U/mL, NAD™ ¥k BE{R He AN As | i 4p,
Frgi12 him, HAk %986.5%, 15 A B 45 v I o O A RE
SO R AR, WL E— K NAD ¥R 2R £20.14 g/L,
R AL RRSES hin, RPN 58 2554k, ERH R R R E 4
A 22 r i R A ) T R AR R A RE A A R R R AR RCR. SR
T I ok g Ak S48 w5 2575 @/ LIk, RV ik — 20 34 ik = op
R4 . NADIR B K B iE X 8 L B 220

Table 4 The effect of substrate, NAD" concentration and enzyme
activities on conversion

Y LeuDH  NAD' I ] e
Substrate (p/g L")  (4/UmL") (p/gL") Time (/h) Conversion (P/%)

15 2 0.07 2 >99
30 2 0.07 5 >99
45 2 0.07 10 >99
60 2 0.07 12 74.3
60 4 0.07 12 86.5
60 4 0.14 5 >99
75 4 0.14 12 80.4
75 6 0.21 12 85.6
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#£20 mLEZ AL IR 2 Hh% LeuDHAN FDH: [ 4 4k & il L-28
H &R AR R DAL, P A5 5 i 7% Ak 5% 1 R G ik
60 g/L, 4Kk & 50.4 g/L, LeuDH 4 U/mL, FDH 2 U/mL,
NAD "V F£0.14 g/L, pH 8.0, 30 <CLL 2160 r/min, 75 R 054k
SR, K% N TR AT LR () Ak B g, 45 S 40 & 8
N, FERALIEATS hiv, F Ak 3Rk 599% L I, LR H &% ™
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Fig. 8 Synthesis of L-phenylglycine on 1 L scale.
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