£ 0% L O BO% HINE ZMEVAR VIREBRIRE-4-BE- - BERNTRIERE
Chinese Journal of Biotechnology

http://journals.im.ac.cn/cjbcn Dec. 25, 2022, 38(12): 4498-4519
DOI: 10.13345/j.¢jb.220739 ©2022 Chin J Biotech, All rights reserved

T A& B L- Tl & R A R 3C-4- 22 B - L- Tl R Y B 5T
i3

AANE S BRE MEHY WE Y ERE BRG]

1 MM R2E ARl b T Ak B AR B R BA TR .0 Tk EY#EE TR~
ot , fEE RN 350108
2 R EB AT, JEE 100101

HI/NER, A, RIS, ME, EAE, R MAwAE R a4 5L E R T R, Y AR
%, 2022, 38(12): 4498-4519.

HU XL, CUI SM, KE CR, TAO Y, HUANG JZ, YANG XW. Advances on microbial synthesis of L-proline and
trans-4-hydroxy-L-proline. Chin J Biotech, 2022, 38(12): 4498-4519.

W  E:. LHAB (L-proline, L-Pro) &M R A MIKE G i 20 F R I BR F vk — o) —FF T RILER,
HHEAE G F 9 £ F R RN -4-FHI-L-FHRBR (trans-4-hydroxy-L-proline, T-4-Hyp), P ¥ LA
IRaF ey EN, EAYEBFR R ER ST OAFEERTHRGER . A L-Pro = T-4-Hyp %
BE YR ATIE, XAFFERE B8, BAAMIRI I FE R 7 ik QR EH R LGSR
&, TR, HROHER., LFR, SRAEYFRELE, BILENMBEHN L-Pro Fo T-4-Hyp 498,
R, METRAYMB T A THBMNAE Z, HEEZIE T L-Pro f= T-4-Hyp B T #H e B %.
AL 2R T L-Pro A= T-4-Hyp ¢9 5 Bl 5 & 7 7 ik . fAE ¥4 M L-Pro #= T-4-Hyp &9 K HH& 12 VL B %
A M L-Pro F= T-4-Hyp 89 i & HAF R b, & A L-Pro #= T-4-Hyp 49«4k & £ M 4)1£ 73R
B Roalh, (REEHE T A

TR AR, RRX-4-FE-L-HABRR, AWK, Rt MAemAE >

Received: September 15, 2022; Accepted: November 18, 2022; Published online: November 21, 2022

Supported by: Natural Science Foundation of Fujian Province, China (2021J01170, 2021J01172)

Corresponding authors: YANG Xinwei. Tel/Fax: +86-591-22868212; E-mail: npkace@fjnu.edu.cn
HUANG Jianzhong. Tel/Fax: +86-591-22868212; E-mail: hjz@fjnu.edu.cn

BEEWE: WEE ARE#I4 (2021J01170,2021J01172)



HIE FMEMER -RSBRNRI-4-28- - BRROMSRHERE 4499

Advances on microbial synthesis of L-proline and
trans-4-hydroxy-L-proline

HU Xiaolul, CUI Shumeil, KE Chongrongl’z, TAO Yongl’z, HUANG Jianzhongl,
YANG Xinwei'

1 Engineering Research Center of Industrial Microbiology, Ministry of Education, National and Local United
Engineering Research Center of Industrial Microbiology and Fermentation Technology, College of Life
Sciences, Fujian Normal University, Fuzhou 350108, Fujian, China

2 Institute of Microbiology, Chinese Academy of Sciences, Beijing 100101, China

Abstract: L-proline (L-Pro) is the only imino acid among the 20 amino acids that constitute biological

proteins, and its main hydroxylated product is trans-4-hydroxy-L-proline (T-4-Hyp). Both of them have

unique biological activities and play important roles in biomedicine, food and beauty industry. With the
in-depth exploration of the functions of L-Pro and T-4-Hyp, the demand for them is gradually increasing.

Traditional methods of biological extraction and chemical synthesis are unable to meet the demand of

“green, environmental protection and high efficiency”. In recent years, synthetic biology has developed

rapidly. Through the intensive analysis of the synthetic pathways of L-Pro and T-4-Hyp, microbial cell

factories were constructed for large-scale production, which opened a new chapter for the green and
efficient production of L-Pro and T-4-Hyp. This paper reviews the application and production methods
of L-Pro and T-4-Hyp, the metabolic pathways for microbial synthesis of L-Pro and T-4-Hyp, and the

engineering strategies and advances on microbial production of L-Pro and T-4-Hyp, aiming to provide a

theoretical basis for the “green bio-manufacturing” of L-Pro and T-4-Hyp and promote their industrial

production.
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Table 1 Physicochemical properties of L-Pro and T-4-Hyp

Properties L-proline (L-Pro) trans-4-hydroxy-L-proline (T-4-Hyp)
Molecular formula CsHoNO, CsHoNO;
Molecular weight (g/mol ) 115.13 131.13
Water-solubility (%, 25 C) 162.30 36.10

Boiling point (‘C) 252.20 355.20

Melting point ('C) 228.00 273.00

Isoelectric point (pI) 6.30 5.83

Dissociation constant (pK) pK1:1.99, pK2:10.60 PK1:1.82, PK2:9.65
Specific rotation —84.50—-86.00 —74.00—-77.00
Refractive index -85.00 —75.50

Density (g/cm?) 1.35 1.39
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1.1.1  L-FEEERAY N A

L-Pro PR HMURE T ) {2 W AR B A AL R, 1E
BEgl, ol . b AL LGS UEA Iz PR
M, LR A E USRI BEARZ . L-Pro 1]
DA o S AL PR F i, A O £ 11 o il = 5 A 1
PR EFRANTEL ™ L-Pro AT LLIE 18R
AL A3 AR/ T A0 B U TR DR AN BV I
2 WM ERERMEED L-Pro AT FEAT/N B
ALY (AL e e i 5 v 7 1 BT A
at, e HARERN R L-Pro AT EGE
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GDH) MIEA N AR - %R (L-glutamic acid,
L-Glu), L-Glu 28 3 — & 5 Bl 1) 4 1k ™ A=
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L-Pro. 53— b s mis e, B Lefy
AYIREE L) L-Glu & RS & MR (arginine, Arg)
A R AR P ] = ) N- & -y- 2% 2 R 2 B
(N-acetyl-y-glutamyl semialdehyde, AGASA) &,

5% (ornithine, Orn) NJEY) & L-Pro, %%
MLFAATE 4 584 (I 1, JR TR R .
LA Gle YENIEYIE T-4-Hyp WITH 2 e
B UL B A2 A ), L-Pro, P51 FH il 2R 52 AL 1
(proline hydroxylase, P4H) — # fii fb = 4
T-4-Hyp. iz fbad #2552 LUE 2 1) L-Pro Al
a-KG FILEY), A ERMT, FIH P4H 1Y
SR E M, B4 L-Pro & A T-4-Hyp, [RHF6F
o-KG R A I8 FAER (succinate, Suc) (K 1)

7 Glucose argA N
IDH-P
gadAB AGA
l EMP %—*lsoci rate a‘ay L-Glu /\ argB
Pyruvate Citrate ‘N’*H gdhA % v-GABA  AGAP
l / aceA CRG gind Gj argE argC
Gln pro S
Acetyl-CoA .
Oxaloacetete susABpdd putd GS:\/ AGASA
R Glyoxylate Succinyl-CoA / a-KG argD
Mal t‘/ sucC. PSC argl
alate
TCA p W Arginine
L-Pro Orn .
Fumarate Succinate W arg
\ / Ureacycle Aga
Cell P2C«___ AOP argF
T-4-Hyp o argG
\_ | Citrulline Y.
| |
v L-Pro
T-4-Hyp

EMP: glycolytic pathway

TCA: tricarboxylic acid cycle
L-Pro: L-proline

T-4-Hyp: trans-4-hydroxy-L-proline
o-KG: a-ketoglutarate

L-Glu: L-glutamate

IDH: isocitrate dehydrogenase

Gln: glutamine

Orn:ornithine

B 1 WEMEE -HBRENER-4-2E-L-BRBRRSRE
FI -4 2B L- I BRI A s B OFR R LB E MRS R B R FR KGR 4

RN -l =R
Figure 1

GP: y-glutamyl phosphate
GSA: L-glutamate-y-semialdehyde
P5C: A'-pyrroline-5-carboxylate

v-GABA: gamma-aminobutyric acid

AGA: N-acetyl-L-glutamate
AGAP: N-acetyl-L-glutamate-5-phosphate
AGASA: N-acetyl-y-glutamyl semialdehyde

ASA: argininosuccinic acid

AOP: 5-amino-2-

oxopentanoate

P2C: A'-pyrroline-2-carboxylate

RGN TN KL ey B AN
ORI L E R

Metabolic pathways of microbial production of L-Pro and T-4-Hyp. Red arrows indicate L-Pro and

T-4-Hyp synthesis from glucose; yellow arrows indicate L-Glu to arginine and the urea cycle; blue arrows
indicate the synthesis of L-Pro by the arginine pathway.
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DL 20 Herp, GK R AR AR 2R — 1T
‘BN R I B X ™Y L-Pro PRI
Tl AR, & L-Pro & AL HY T BLR AL A o
L-Pro 1 AH 5 B B9 M 46 T Al DL 23 % 6
L-Glu, H& B o3 i A8 2k % 59 ob | >
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NADP* Pi @

P5C/GSA A, [HZ 5L N BB,

PR IF R 58 4 & U R S i, DL 2.

T, WA SR (proline dehydrogenase,
PRODH) 1k L-Pro 4= i P5C, [Alf} FAD $%5%
HL I i FADH, ; i 7 P5C AR /K fif 4= i GSA;
GSA & L- B 2R -y- L & (L-glutamate-y-
semialdehyde dehydrogenase, GSADH) HJ1fH
TR AR L-Glu, [RIE NAD 52 L FIE L
NADHY*™, ik A2y 2 /4> 22 PRODH
1 GSADH H:[al i putd JERGtD, [FIEF, putd
TE I 2 B2 Bk 2k 1) B0 T 25 DAy e s B I TR 1411
il putd A1 putP 9K, putd . putP M putC
HFH A L-Pro FFHZERFET S, putP Stis iy
FE 1 HE— Na'-Pro HHEHE A, purC FEH
(7 ) AT 4% PRODH #94 i™). L-Glu B T
TE proBAC B 48 % A5 8 L-Pro, Wa] LIE
NIV AW Arg. y-Z K TR (y-aminobutyric
acid, y-GABA) DI J 4+ 2 Bt i (glutamine,
Gln). 7E L-Glu & i L-Pro FfCHHE L T, Arg.
y-GABA LI} Gln fERSEGr 5518, &%
MR A A 1), 33 L-Pro A b, LKL 1,

(€]
NADPH proA HMH Spontaneous =
0 o - KA
GPR 2 H NADPH
0,PO )K/\HJ\OH GSA H,0 [
ADP GII)\IH2 - &0(
[71‘08 GK PSCR. N y
ATP—/Mg* Glutamate pathway NADP*  Pi
\\\ _____ It] ‘I‘!%//I > \\\II;II______/'/
L-Glu Y- GSADH o 0 PRODH - | pro
******** H,0
@ HW‘\OH —7 - H <744 FAD
NADH H' \Ap* H,0 NH, FADH,
GSA P5C

2 AEMEREH L-HEEEESBAIG

Figure 2 Synthesis and catabolism of L-Pro by glutamate pathway.
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FER G I KA E (Escherichia coli) 1
IV TTIRE (Salmonella typhimurium) ",

argD it i) N- It 22 1R 22 Bk 5% 14 1l 2K 1 I
S TE AGASA HBIR; 1K) AGASA 1E
N-Z B & % B2 i (N-acetylornithinase, NAO)
ML T L GSA, H &MU PSC, 7E PSCR
MHEAL R I L-Prot™*4 . 5 2 Pl 4% S 7E A 5
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o, W ocd FifS ) S TR IMER 2 (ornithine
cyclodeaminase, OCD) ##ft Orn — B i
L-Pro®*Y 55 4 Fig 2 2 B AR o-E R

fi#f  (ornithine a-aminotransferase, o-OAT) P

0 0
OH/l\//\T(J\OH
0

a-ketoglutarate

H

L-proline

2.1.2

Fez+
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oxopentanoate, AOP), H & IRLAL A'-nH I pk-2-
FR IR (A'-pyrroline-2-carboxylate, P2C), FH1 A'-
e ook -2- R R L R B
carboxylate reductase, P2CR) it J5L i L-Pro'**,
22 RAA4-BE-L-HEBOKREIRE
WEE G W T-4-Hyp 7 2 %6 G L L-Pro fE -y

KW, FHFERAMRFALEE (proline hydroxylase,
P4H) KL T 521 . P4H LB FR N Fe(Il)/a-KG
MBI AR, 32 S0 LR A 7B T 7 42
L-Pro LN 4h, AT L 7 2 1 a-KGFI 0,2 5,
L 3. FEMAEYFIH L-Pro & B T-4-Hyp 13l
FE, a-KG VBRI K525 EEAE RS,
PRIILRT T AR OCAREHE R T o-KG AR ™

N R . o-KG 1E TCA i3 i 2RI B
sucAB Ml ipdA it 1 o- B 5 — 1R A i
(a-ketoglutarate dehydrogenase, AKGDH) & &
AR A= BB FATEE 4T A (succinyl-coenzyme A,
Suc-CoA) BlJG#E sucCD Zwt5 BT HIMERIEE A
A Wl (succinyl-CoA synthase, SCS) k4=
IR ; MAAEMAEY T SA p4h J5, 0-KG A]
HHbE PAH HEALE BRFAIRREY, WA 1 A 3.
EMAY T, BRAEWRMIEL SN o-KG R
WA (1) B mRiE

(A'-pyrroline-2-

0
OH
OHM

(0]
Succinate

H
N COOH
-

HO'
trans-4-hydroxy-L-proline
Co,

3 FRBRENEBEN -HRERASERR-4-BE-L-BRR
Figure 3 T-4-Hyp is synthesized by proline hydroxylase from L-Pro.

: 010-64807509
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LTETRIEARTE aced b 1Y) 57 7 45 TR 24 fifk Ty
(isocitrate lyase, ICL) BIVER T B #™  BE
M2, M a-KG BE8; (2) aceK Fit iy 54T
B iR i & B 94 B8 (isocitrate dehydrogenase
kinase, IDHK) fifi 55 #7452 Il & ¥ (isocitrate
dehydrogenase, IDH) #¢ii R AL i 2 25 16 1,
AR AT BRI o-KG, WK 1,

3 BMAMET L-FARNNKEAE
SR B 5

YT L-Pro FFsR WG K SOH AL AR
FEIKE R AR R Y A ST IR, DL
Xf L-Pro QR AR M HOCHERG TR A T i, B
FHENMIR RIS YA L-Pro PP &R
W&, IS TRORSE . H R R 2 A
AR L-Pro, WH5EE KRZEELL Gle h
JIEYI Sk A B L-Pro, T 1 5 2240 IR I i
L-Glu; YA L-Pro W) LREREME EEES
RN (Corynebacterium glutamicum), T
A A — EB 43 A 5 3 X A L A bR A
L-Pro RURE ) HEAT T WFSE o Bl WP 2 MR 442 1Y)
TR, SR EWRR TRHARBRE ™
L-Pro MITHOL, FFHUS TR ERNAR, W% 2,
3.1 AEREZRER L-HER

EMEY R BEA T L-Pro MWF5EH,
C. glutamicum {F R4 7 L-Pro W) 5 2 T 72 R
BN N IR T E W) (generally recognized as
safe, GRAS)”* ™, AT #F T2 203 i 4 7 ik
b 78 s s A R o) 7 35 AR 1E B AR S R L-Pro
B C. glutamicum TEFE, LU Araki 5507 1€ 2] 5+
L@ MR (isoleucine, Ile) & FRHLIGEH K ATCC
19223 FIRZ RN FE 2L TRk R-412, H L-Pro )™
WIFE 15-30 g/L 224 Wi L-Pro Ui 1%
M BRI SEAE 90 5 ) oo AR S A
L-Pro W45 B 1E . IR T R G ML i &

http://journals.im.ac.cn/cjben

HEPEE . Zhang T C. glutamicum 425
DRI ZH AR AR | B BT 3 putd . proB F
acn YRGS BRI (aconitase, ACO) %k
SRS PR A IR IR M) L-Pro, FALERE pro6 &
¥ 60 h )i L-Pro i% 66.43 g/LP®, Zhang 257841
b T C.  glutamicum 1t 1% N ¥ R &
(SacB-assisted CRISPR-Cpfl system) Y 3 fiili
b, 3R ET proBY* Ml gdhA LIRS L-Pro
AARIR , 5946 T o-KG BLAREIEN (odhd) L)
PR TCA JEER, RHCBR T PN B R 28 B 7% il Ak [
avtA F putd VIFEBR 55 M 12 A0 il s 12 1 5%
Wi, S T B R ISCOME A A v ) o 2 A - 6- TR -
It U LR 2w T 6~ Tt A2 i 2 TR 2 it e K]
gnd DI¥ER NADPH RYHIEN , 5280 77 A bk
ZQIY-9 UL Gle HJEW LB 76 h & L-Pro
120.18 /L7, Liu Z—£ k& T C. glutamicum
) CRISPR/Cas9 /- 1) HE R R R 40, FI M
MRAEGR G T HA proBY N B A HEE, 5
B 53 A % BN B PR AR AL B SE R pye FTH
T -3-BE R i A WL N gapN 1Y MsE A F] T
ATP Fil NADPH Wity , i —25 Rk A 3+ 3¢
PEAE R4 ik T gdh . pyc F1 gapN Wik,
[RIRE putd SR IE ISR T proBY*NAC 1)
ik, EERENALLRET -NHEILD
L-Pro #4iaE AN cgl2622 3 H R T L-Glu
Hn BN cgl1270; RV Eid R E A
B ORL . AN FHPTAE R AN B AR PRO-19 78
5 L T v ) AR W 2R PRk o0t b ek e 1
49 h 74 L-Pro 15 142.4 g/L, P=35h 2.90 g/(L-h)®™,
& HHT L-Pro A i Y fe i )™ 1t o

Br 7 C. glutamicum ¥F R TRE AR & B4R
7= L-Pro, W& WSR2 ¥ #F 8 (Corynebacterium
acetoacidophilum) . ¥ (% FT 5 (Brevibacterium
Sflavum) . Ki VP HCE  (Serratia marcescens)

DA B R 3 PRI TR (Brevendimonas diminuta)
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WA T A & A ™ L-Pro IIBFFEH . A%
TEPAF—HFR & 7 L-Pro B9 C. acetoacidophilum,
50 L R BEREP 315 82.1 g/L Y L-Pro®”!, & yk ik
[FIFELL C. acetoacidophilum VE R TREMH , g
AR IEFR A5 L bR = IR I SEBLAE 50 L
REERE 75 h 774 L-Pro 112 g/LU"%, fdi75 7 &
AT ikE—m$E 5 . Nakamori 6Lk B. flavum
2247 MR BEME, 2 AESEIAL BLRTS e
MR E IR bk fA B FNBE S Pk R AR R, TES A
10% 80 . 6%IREL . JoHLEL 54173 1 551
N, Htk B. flavum P-390 ;= L-Pro 40 g/L!'"",
Masuda S 1 Ff] S. marcescens SP511 4= 7= L-Pro,
TEVUERAE N BRI e, 78 3% SR U fin RE b
BLRIRIE 32%5F T, K3k 4 d, L-Pro /353
100 g/LU" 2, pbabh, FEH & B4 7= L-Pro (A
s, W S AMER N L-Glu, LIE&F L-Pro
e, SR ESELL C. acetoacidophilum XQ3 /EH
TARE, SMEAIN L-Glu, &# 96 h 7 L-Pro 2
7 52 g/L") Nakanishi %M\ C. acetoacidophilum
ATCC 13870 [l B Ho i 16 21 A T~ A ) 3% e
JEER R IE (it 4%) 1 L-Pro PP AR, TE
2 L RBEHEH, L-Glu ¥R 6% . i FR B vk
M 2.5%, K 42 h A L& L-Pro 108.3 g/L, Glc
AL IR B 30% L 1o S TP AR R B i i A
WAEEN MO, 2 E S RS A
U5 ZRAEVE T B R B R B AR R A e 1]
VERERES s, AT pH A 20K IR
AAJEU S FEAMEEIN L-Glu i 5e b, TR
WIRBR T C. acetoacidophilum #b, XA %K
E T —WFE B. diminuta, WATHOMERIE . AR
Pk . WAL . BEHLRE, FEETE
PRTES Gle 19 5 L R BEREH M L-Glu, 61 h 7]
A= 7% L-Pro 57.6 g/L, FEEN 0.944 g/(L-h)!',
3.2 HBERETER L-HEER

Wit K AR AR F2 7 L-Pro &30 S H

: 010-64807509

WA, RAMARIERAE L-Pro B
5 BT M . Csonka %5 K IAE argD proB
5, argD proA X FELH, L-Pro (A& %
2| Arg FIEAT A XS L-Pro 9 SIS 064
Vi, proBA argD argR F&7FIRTEGRZ Arg H5
FRFEH 43I L-Prol ), IR TR HIRRAG A
MRz G RL L-Pro HY24HEK. 5 il <54 b
BARFF (Corynebacterium pkinense) PR
TRtk 3 U S8 R AR AE BRG R . AR W) 3 R s R B
BRI, 30 CHiFE 5d, AR L-Pro
25 /LM, BARF RN R, HEA JIHIEN T
ZIRAEI T AT . Jensen S0k B & RR
B (Pseudomonas putida) WFEH ocd A C.
glutamicum W, I3 Rk Gty N- L BEA 2 BRI
i (N-acetylglutamate kinase, NAGK) HJHE[H ,

TET Arg BIR5FR 5 30 h IWAT H Gle & A% L-Pro
12.7 g/L, #Ab% N 0.36 g Pro/g Glc®™, # K Hb,
i TR, PR TR, AR
LA e S A AR, R kB R
(pEvolvR-rara codons selection) fifi % %] P.
putida KA ZEAE FEIH 0cd<20SOMSKTIN j¢ 0 |
& L-Arg #) C. crenatum (a subspecies of C.
glutamicum) W, ] sRNA T argF B3R5
FEI R IR R] 41.6% 0 [F] i 45 A A MR 25 & 0 a5
RBS) i 1k
0cd<OSAMBSKITION py sk 1) Gle W JREMI S ]
ST HEANEHEERTE 5 L A BESRE T 60 h ™ 4E 38.4 g/L
L-Pro, [A]i} L-Arg Fl1 L-Orn ¥ EE 4 /NF 1 g/LU74,
K2R i AR R AR . IO R A R,

EREAS i A BT DL JR] i & e 2 RS ™ 1, HoAl
DAAR G b B 7 By 0 il 20z, PR X — i A2
AR B AR ARG . oAb, Wi 8
B KS R BR R4S TE T-4-Hyp W& Rt B &%

= v [84
p= A

(ribosome  binding  site,

B<: cjb@im.ac.cn
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R2 L-HRBEOEFFRIARK

Table 2  Current status for microbial production of L-Pro
Metabolic Substrate ~ Microorganism Metabolic engineering Culture L-Pro production Reference
pathways strategies system C(g/L) P(g/(L'h)) R (%)
Glutamate Glucose; lle C. glutamicum (1) Ile™; (2) 200 pg/mL Ile NA 14.80 NA NA D3
pathway  Glucose;  C. glutamicum (1) Nucleic acids™; (2)  Fed-batch;  30.00 0.50 NA
Sugarcane POESA 5L
molasses
Glucose  C. glutamicum (1) +proB°; (2) Aputd,  Fed-batch;  66.43 1.11 26.00 P
(3) acn® 7.5L
Glucose C. glutamicum (1) +proB™; (2) proB®,  Shake-flask 19.68 NA NA D7
gdhA™; (3) Aputd; Aavid: peq pach; 120.18 1.58 20.00
(4) 0dhA™; (5) zwf™, gnd™ 51
Glucose C. glutamicum (1) +proB™; Fed-batch; 142.40 2.90 31.00 P8
(2) Fine-tuned:gdh, 5L
proBAC, pyc, gapN; (3)
Aputd; (4) Cgl2622°;
Acgl1270
Glucose  C. acetoacidophilum (1) Mutagenesis; Shake-flask  75.60 1.05 NA D9
(2) Recombination; Fed-batch;  82.10 1.03 NA
(3) Screening 50 L
Glucose  C. acetoacidophilum Optimizing conditions  Fed-batch; 112.00 1.56 42.20 100
50L
Glucose; Ile B. flavum (1) Ile™; (2) Nucleic NA 40.00 0.56 NA o1
acids™;
Sucrose S. marcescens Optimizing conditions  Fed-batch  100.00 1.04 NA [0
Glucose;  C. acetoacidophilum Optimizing conditions  Batch 52.00 0.54 NA [0
Glutamate shake-flask
Glucose;  C. acetoacidophilum (1) Mutagenesis; (2) Fed-batch; 108.3  2.58 30 (104
Glutamate Screening; (3) Optimizing 2 L
conditions
Glucose; B. diminuta (1) Screening; (2) Fed-batch; 57.60 0.94 NA [103)
Glutamate Mutagenesis; (3) 5L
Optimizing conditions
Arginine  Glucose; C. pkinense Optimizing conditions Shake-flask 25.00 0.21 NA 108
pathway  Arginine
Glucose;  C. glutamicum (1) +ocd®®; (2) NAGK ~ Batch 12.70 0.42 36 BN
Arginine gene®®
Glucose C. crenatum (1) 0cd<?0SCMEEKITIZA. pod batch;  38.40 0.64 NA 4
(2) argF™ 5L

C: concentration; P: productivity; R: the conversion rate of substrate; NA: not available;
usage or promoters or expression vectors; °°:

o

POESA: polyoxyethylenestearylamine; NAGK: N-acetylglutamate kinase.

4 WAENEFRA-4-REL-HAR

By £ 2 SRR 5 B R

T-4-Hyp WA= FELLKIGFF R (Escherichia
coli) fE Rl TREHE MR, WAMLALL C. glutamicum

http://journals.im.ac.cn/cjben

: optimization of the gene codon
overexpression; ™: mutation of gene; +: expresstion of the gene; ™:

weakening;

PR TRER ARG HE o BF50 & A T 1 24k

fiti . Ak L-Pro W& BB f# RIS . 75 0-KG
RS NI s i S5 T T AT T IR AR S AL

fbo TEIRYIIESE b, W EREYIETE Gle 1tk
fitl_ESMEAS N L-Pro 2 H H L-Pro 114 441l i
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ALY BB A T-4-Hyp, Bl E— 4%
HHER LM 2 Gle, MkE L T-4-Hyp. I4h,
A M E RSN Gle 1R aE L
A 7# B A T-4-Hyp OBF5E, 0L 3.
41 WEHUAEREDEFRA4-FZE-L-
N
411 MHRERLEIRESHIE

K LL L-Pro R 09 A= W 5% Ak 2 A
T-4-Hyp MA%.Co 240 3 538 1Y 52 10 g 1 FLAE 1K
A=Yk AL L-Pro A2 i T-4-Hyp.o T8 FH Y
TR AN AR ARG pah 85 3R
KB, —MREEAMESI AR P4H,
Shibasaki &5t 8 R AN [l K (1 T b A7 42 4 i
B GO E , RBLCR IR T4 0 RHI
(Dactylosporangium sp. RH1) [ PAH % & i ,
Bz I K Dsp4h 15 E. coli P EA LK, HEFE
BETY 12.6 £51°, Shibasaki %5 i 5 ) FH (2
RIR PRSI T1E E. coli Pt Tk T4k
JG W) Dsp4h, L) L-Pro Fll Gle Y RILEY), 7E 5 L
RERETH KT 100 h, K73 T-4-Hyp 41 g/L!"*
XIGHRAE E. coli i — 0 itk B WES51F, LA Gle
i L-Pro VERIKYIIF AN Gle, 44 h )5 T-4-Hyp
FREIRE] 42,5 g/L, AR 0.966 g/(L-h), TR
WaEsE T R EERTRIU), Falcioni 2544 Dsp4h 5|
ANRZHFR (isoleucine, Ile) & 7 28748 B B b
C. glutamicum ", &P Glc/lle EE/R LR 46 & 1 B,
23 h WAJLLF=4A: 7.1 g/L T-4-Hyp, ¥ib%H
98.5%""% ., EAMIFFY 3 o AN TR 2R O
RIAW T /NRI T E  (Micromonospora sp.
CNB394) . b i 52 & B L 1R (Alteromonas
mediterranea) . WiHEZEfUAT A (Bacillus cereus)
AR AR FEA A (uncultured bacterium) %5 A9
P4H tHARREA SRS L-Pro ¥ 4L 4 T-4-Hyp.
4.1.2 R4k L-Pro B & R ANPERRIZTR

iRk HLL Gle IR B4 LWL, Wk

: 010-64807509

T T AR Y2 AR A DG 3 R 1 S ity B F— 25 fk
Gle & W L-Pro Hi&4%, THESE R G RERE
g proB MR putd PIFRIE .
Shibasaki 5544 & 15 AL G 1 proB744 T A
A Dspah W R, RIS XRAET E. coli
KA L-Pro FEARIEARHCEILIN putd, L
Gle N¥—JEY, 76 5 L KRHE+H 96 h S
T-4-Hyp 25 g/L!"", Wang & [FFEMLAL T 5 &2
S mAMEE, JFHmERkA 4
mediterranea W p4h, ¥ 510405 H) proB744
RECERE, FAES L-Pro I E. coli/Aputd 7,
DL Gle A% 36 h BL 2R 45.83 g/L T-4-Hyp'''*,
PR T 1.8 A%, BF4E R E R 37.5%.
2R S [F FE R BR putd . FER 35Kk proBA
FETE LA i — 203 i NADPH b, Xt
s ik T L-Pro BOA A, I ES AM
Micromonospora sp.FRAFH p4h, F150040)E
) E. coli 5537 40 h Ji7 T-4-Hyp ik 5] 48.6 g/L!'"*,
4.13 1 a-KG By

FEARAL RN 25 SR I A2 (W S md 1, BF
FHE— R TCA PEHH o-KG MRt
23500 T-4-Hyp HYA B, BARKR N o-KG 1EH
LR KT FE SRR N 2, AR S R AR
T-4-Hyp W77 & o 5 &3] PAH 198U & Fe
MYEWMAEY S A p4h J5, P4H ik L-Pro 4
B T-4-Hyp B[R], 2 fiEfb o-KG B 4248 L3R
HPY, YW TCA a3 i o-KG BIBEHIRR 1Y)
R miE T PAH %42, BEIBGHE T TCA 136,
PRI st AT DI T-4-Hyp A AR,
PiPg e =&, LI 1. Zhang F LI EEH
BT L-Pro By C. glutamicum VE R EERE LS,
mi kg sucCD LAU/> o-KG BHFE, JR4sE#1k
i ARk, BVAIA Ptac Jg sh 1 5
Ik 35 RBS WM 5 #9 Dsp4h # proB , 1331 T.
FEER B Hyp-7 ZEFEI DL Gle IR P #h kL

B<: cjb@im.ac.cn
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*3 RAA-BE-L-HREBENEFRARIRK
Table 3 Current status on microbial production of T-4-Hyp

Substrate Microorganism Source of p4h

Metabolic

engineering strategies system

Culture

T-4-Hyp production

Reference

C (g/L) P(gL-h) R (%)

Optimizing

strategies

Hydroxylase Glucose;
L-proline
Glucose;
L-proline
Glucose;

E. coli

E. coli

C.

Isoleucine glutamicum

Hydroxylase; Glucose
pathways of
L-Pro

Glucose

Glucose

Hydroxylase; Glucose

pathways of

L-Pro;

supply of

o-KG
Glucose
Glucose
Glucose
Glucose;
o-KG

E. coli

E. coli

E. coli

C.

glutamicum

E. coli

E. coli

E. coli

E. coli

Dactylosporangium
sp.
Dactylosporangium
sp.
Dactylosporangium
sp.

Dactylosporangium

sp

A. mediterranea

Micromonospora sp.

Dactylosporangium
sp

Dactylosporangium
sp.

B. cereus

Uncultured
bacterium

Micromonospora sp.

(1) +Dsp4h’,

(2) Promoters®
(1) +Dsp4h°;

(2) Fermentation®
(1) +Dsp4h;

(2) 11e™;

(3) Glc: Ile (46:1)
(1) +Dsp4h’;

(2) +proB74°,

(3) + proA®;

(4) Aput A

(1) AputA4;

(2) +alp4h®™;

(3) +proB74°°4%°+
alp4h®®

(1) +PT7-mp4h*™,
(2) +Ptrc-pro;

(3) operon®;

(4) NADPH®,

(5) Aput A

(1) AsucCD;

(2) +RBS°- Dsp4h;
(3) RBS+proB™,
(4) +Dsp4hce-
proB®°

(1) AputA;

(2) AsucAB,;

(3) AaceAK;

(4) +Trc-Trp;

(5) +p4h°-proBA®°
(1) +bpdh;

(2) Ptrc99a+
proBA®+bp4h*’;
(3) +E. coli
3AW3110

(1) +Ubp4h™*",
(2) +proB™,

(3) AputA; AputP;
AproP;

(4) Aaced;

(5) PesaS™+sucA

Batch; 5 L 41.00

Fed-batch 42.50

Fed-batch; 7.10

Batch; 5 L 25.00

Fed-batch; 45.83
5L

Fed-batch; 48.60
5L

Shake-flas 21.72
k

Fed-batch; 31.00
5L

Fed-batch; 46.20
5L

Fed-batch; 54.80
7.5L

Fed-batch a-KG and Fed-batch; 62.14

glucose

30L

0.41

0.97

0.31

0.26

1.27

1.22

0.36

0.60

0.96

0.91

1.64

87.00° [108]
81.10°[109]

98.50%[110]

NA [111]

NA [112]

21.60 [113]

27.00 [114]

NA

[115]

NA

[116]

23.60 [117]

22.37 [118]

http://journals.im.ac.cn/cjben
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(B3 3)
Optimizing ~ Substrate Microorganism Source of p4h Metabolic Culture  T-4-Hyp production Reference
strategies engineering strategies system C (g/L) P(g/(L-h)) R (%)
14.40 0.25 NA [122]
Glucose; E. coli Dactylosporangium (1) +p4h®°+vgb®®;  Fed-batch; 45.23 0.57 NA  [81]
L-proline sp. (2) Aput 4; (3) 7L
Fermentation®
Glucose; E. coli Dactylosporangium (1) +Dsp4h°, Batch;5 L 49.80 1.38 87.40% [124]
L-proline sp. (2) Aputd; (3)
AsucCD; (4) +vgb;
(5) RBS®
Glucose; E. coli Dactylosporangium (1) +Dsp4h°, Whole-cell 99.90 2.77 99.90% [125]
L-proline sp. (2) Kinetic catalysis;
parameters’; (3) 5L
Fermentation®;
(4) Substrate®
Glucose E. coli NA Optimal protease, Fed-batch; 45.30 1.19 18.10 [126]
concentration, 5L
addition time
Glucose E. coli NA Dissolved oxygen  Fed-batch; 45.30 1.42 20.70 [127]
stage control 30L
strategy
New Glycerin E. coli Dactylosporangium (1) +Dsp4h®; Fed-batch; 25.40 0.53 NA [130]
exploration sp. (2) +Dsp4h™; 5L

(3) Fermentation®;

Corncob  C. glutamicum Uncultured (1) +Ubp4h®™; Shake-flask 0.33  NA NA [131]
bacterium (2) +ocd,
(3) AputA

Photoauto Synechocystis Dactylosporangium NA NA NA NA NA [132]

trophy  sp. sp.

C: concentration; P: productivity; R: conversion rate of substrate; *: conversion rate of L-Pro to T-4-Hyp; NA: not available; °:

optimization of the gene codon usage or promoters or expression vectors;
weakening; +: expresstion of the gene; A: deletion of the gene;

gene.

At & EE 60 h, T-4-Hyp Fe&nlik 21.72 g/L,

RRU= R A 0.36 g/(L-0)M, Ak 2 BERR & A2 1Y)
FAAEH IDH I BEIR 1k 2x T8 0-K G Ay LN 80
FH N Hb AT DA RGBSR aced F aceK DAFENN o-KG
HENY o Zhang SFFE SR purd WoSERG T, JE T
FR T TCA mAZH RN sucAB Ml acedK,

S AR APPSR T (Tre-Trp) LKA
Dsp4h F1 proBA WiFiki, wPLEHE 52 h 7~
T-4-Hyp 31 g/L"", Wang %553 2§ ZDEIE T B. cereus
B p4h FEH, & R pTre99a-proBA-bp4h H B

: 010-64807509

°¢. overexpression; ™: mutation of gene; %
. coexpression; & genome mining; *: replacement of the

KEkL, S AR E. colil AputAAsucAB AaceAK T#
¥R, 48 h 5 T-4-Hyp Fo& N 462 g/L, F2F K
1.0 g/(L-h)!M T iy 4R He I 2 Al ) ok TR
i), 25 R4k 1 K EEmfE], B4 T T-4-Hyp 7~
i, UL RN B. cereus KR 12 AL BTG
ML TF Dsp4h. Long 55| AR A %565 714K N i
1t % R (rare-codon selection-based in vivo
evolution) FRTF T —#k L-Pro =/ bk, Xk
175 s o3 M 5 R SE bR putd . putP . proP
(L-Pro ¥%5i8 24t) Fl aced VA% L-Pro & A

B<: cjb@im.ac.cn
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R R s SIA 3-SR BEEE R 2 AR N
fig (3-oxohexanoylhomoserine lactone, AHL) 1
VERGE, DL PeaS Bt sucd J7A 5 hFah 4%
il TCA TEARIE a-KG BYHER. , f5c )5 A SE
HIZPEH AR (genome mining) 15 AR $% 57 40 A
() pah™TONPTN I R AR B S, 7E 7S LR
FEEEH 60 h Al 7= T-4-Hyp 54.8 g/LB*"71 . 2%
WSS R o-KG MR KAT —@ il vE
TELL Gle MNP K et B BESE RN 5 g/L
a-KG, f#f T-4-Hyp AY7F=H7E 30 L & et ik 5]
62.14 g/LIM"¥1
414 REARE, EIEX4-BE-L-HIEK
e

2L IR R I, T PAH 2K o-KG
BRSO SRl X — R, AR I AL R B TR
e a-KG BIHEN AF, 7527 R AR HAb,
TR W TE 85 S5 0 78 TR OE B0 en 286 E t BELAS T4
SEERMY KR R ARG & S BRI T
CIRRUR, A4 A 1 A= AL 020 i
RERIT —Fhil veb 4l 05 I B 1M 21 2 1
(vitreoscilla hemoglobin, VHB), ‘& HA M & AIE
i R, REAR LT M A D AT B A S A I A2
Zhao 5 vgb RGP REB I FIMIAEH
Dsp4h W) E. coli Jeta i, DLk S0 Uk 7E &
SRR EL, TE 1.4 L b #s853% 57 h J5nl ™
T-4-Hyp 14.4 g/L, [t & B VHB [ L
i e FE AR 77%22 gk Jiek ) 2 1 — A A Ak i
fif A SR LS d R IB AL A, T
E. coli/Aputd F5| A\ Dsp4h Fl vgb 33K BTk
pUHVT4 DI i i 5, 76 Gle @ Hlh o £k
8110 8 1) GC #5#-FEHLL 1.6 g/(L-hy#MiE, 4b
YRV IN L-Pro, 80 h Ji5 T-4-Hyp y= el 45.23 g/LIFV1Z)
Chen §7E E. coli 1132 3RiK T Dsp4h F1 RBS 1
WG vgb DASEERANIEIFI A T-4-Hyp & BT
A5, REBE T putA M sucCD VLS L-Pro Hl

http://journals.im.ac.cn/cjben

o-KG HOER] , FZAELL L-Pro Al Gle /E R IL[R)E
YIRY 5 L R IEERED T-4-Hyp 7= k3] 49.8 /L4,
Chen S5 —F| H 24 fifbik, LA L-pro fE
KR A 7 T-4-Hyp, TEXTIREE . pH. 3tk
J%7 N7 SR 15T I 7 i R DS & [ P N2
—ZANH RTINS, 5 L hige 36 h 1]
4= 77 T-4-Hyp 99.9 g/L, L-pro & & T-4-Hyp %%
LR 99.9%, F#F N 2.77 g/(L-h)'>, 1hsh,
WA WFFE R T HoAth 1) SR e LB 5 V5 i 4L
Fean Liu #2878 T-4-Hyp KR IMAE A
Fitg 7K A ATV R AR T ARSIV A 4L, B 2R
AN 203K T-4-Hyp, HAESRMT, SL AR
W R TR AT S MR S R BEAR 43.5%,
T-4-Hyp ;=i ik %] 453 g/L, Glc #%4bEK K
18.1%!"2%, SR i %5 R 1 /0 Wy B 45 il % 40, 30 L
R EREY T-4-Hyp #9780y 45.3 g/L, Gle ¥4k
o 20.7%127,
42 WEYMUHMEDEFRN-4-125-
L-FE R ER

B T LA Gle 3% L-Pro MKWy, — S22 4R
FE T B AN R sl o AT FE A A R e YR
A7 T-4-Hyp, BERTIU/DIREEI5 YL, SCRE RS 3E
JRIR %, (R T S IRI IS, H I /E R
RARWIR , T RUE A7 T-4-Hyp, 1 HLLH
TR R JELA R R 2 TR 1 AR B U210 Wwang 45
B itk )5 B9 Dsp4h T AN E. coli
BL21(DE3) Hr, i 7548 g PR % 2] LA H R
MfE— B TR 4 TR AR NA4S, (ARG R 357 S L &
FEHEH 48 h A7 25.4 g/L T-4-Hyp!"", Zs3k LU
TR EERAE MEY), VLA ocd. p4h, A
B rii bR putd B9 C. glutamicum VBN T FEE KK,
PR A 92 h )5, T-4-Hyp 7= 4 327 mg/L"P',
Brandenburg %5 ¥ Dsp4h 5 A £ M 5 B
(Synechocystis sp. PCC 6803) H, B ik5| Atk
VERRETRY R A 77 T-4-Hyp!*?, (Hi T AA TR
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Ot A SR A0 A B BRI RE AR, DA I
Fv s SO A BOR B BRI, FEAIESE 1 AN B8
2 R R R R

5 REER#E

EAESE, A RUEYI2E I G R TR
S AT A Tk A A =T T8 Rt . 38
I X AR W A I 4 TR AR BT, L-Pro
T-4-Hyp MG BURBE R4S 557 s i S i 5 =
FRERE P ) CHRAR . it 9 W), X A
HOCHERE A5 SRt C A AR . T
L-Pro Fl T-4-Hyp MAFFM )1z i AE BLAE L DI RE
A RAE AR T M BER T Tk b
BEA AR To il e L H 25 K 77K o Xt
o LR ATIERT A B JE Al b4k Sk skt 49
Ml R, SN, ErdE. R
Her 5 G EY S5l T B, dHRE R
AT E BT RE ek, R E B T s A
BORI RN, FSHEHES] L-Pro A1 T-4-Hyp
AP R R ARG R, A SR R —
4% L-Pro I T-4-Hyp HI4RMET.) .
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