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motivate human society to seek disruptive and innovative solutions. /n vitro biotransformation (ivBT), bridging the gap
between whole-cell-based fermentation and enzyme-based biocatalysis, is an emerging biomanufacturing platform
designed for the production of biocommodities (e. g., synthetic starch, healthy sweeteners, organic acids, etc.) and
bioenergy. In ivBT, in vitro synthetic enzymatic biosystem (ivSEB) is its high-efficiency biocatalyst. Based on the
Chinese philosophy that “Tao is simple”, ivSEB is the in vitro reconstruction of artificial (non-natural) enzymatic
pathways with a number of natural enzymes, artificial enzymes, and/or (biomimetic or natural) coenzymes, and/or
artificial membrane, without living cell’s constraints, such as cell duplication, bioenergetics, basic metabolisms,
regulation, and so on. ivBT enables it to surpass the limitations of whole-cell fermentation and has multiple advantages,
such as theoretical product yield, at least 10-time volumetric productivity, tolerance to toxic substrate/product, and so
on. This review defines the concept of ivBT, presents its design principles, distinguishes it from other seemingly-like
concepts, such as cell-free protein synthesis and cascade enzyme biocatalysis, introduces several representative
examples, and discusses its challenges and opportunities. The development of ivBT is based on the linear strategy of
“Design-Build-GoNG-Optimization”, leading to super-biomanufacturing machines that can meet national needs, such
as food security and new energy system. To address food security, we propose two out-of-the-box solutions: (1) in vitro
biotransformation of cellulose to starch, possibly increasing the starch supply by a factor of 10; (2) artificial starch
synthesis from CO, by combining ivBT and chemical catalysis. Furthermore, the revolutionary production of starch
could open a door to the starch-based carbohydrate economy, wherein starch is a high-density hydrogen carrier, more
than 2.5 times that of compressed hydrogen, and an ultra-high electricity storage compound, more than 10 times of
lithium-ion battery. In a word, ivBT featuring ultra-high energy efficiency and potentially-low-cost production could

become a third industrial biomanufacturing platform and help solve huge challenges.

Microbial fermentation
Enzymatic
biocatalysis
BioTransformation

¥ 5 @ % SR

Primary metabolites, Starch glucose, HFCS, Biocommodities

Second metabolites, Cell mass, Biomass sugars, Heparins, Food components, Energy,

Proteins and enzymes Drug precursors, NMN, NAD Organic acids, Alcohols, Inositol

Keywords: in vitro synthetic biology; industrial biomanufacturing; in vitro biotransformation; in vitro synthetic

enzymatic biosystem; food security
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Table 2 Comparison of ivBT with similar biotechnologies
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aGP—a-glucan phosphorylase; PGM—phosphoglucomutase; IPS—inositol 3-phosphate synthase; IMP—inositol monophosphatase; IA—isoamylase



1446 BRENE H55

B5 EHAIvBTHLEE Tk b= 1)
Fig. 5 Image of the first large-scale inositol factory

3.2 EXMGHLiEERE

M/ BE AL B IR T AR A BpE S AT AR
R B RE R ) AR B D) RE, SRR AR A fg R
2004 4, Tzumori F$% $2 A HI B B 3- 2 [ 57 44
By . E SR M BE L T OBE L IR B A S AL O R
SHETRETRORERN —BERERE, KA
Izumoring T HE " '), Tzumoring W& 5 4R E 1% F
F BRI S A 7= #i /D W, (A RAFAE— 242, -
OB (2 54 A S BT 81 3 BU WA K, 77 AT
BN s IR B AR = AR AT 0 8, B
AT RA . QB BEIE i Bl AN A A I TR i R R
TIN5 R T NAD(P), ¥ KR 4 = A2 =
FRAS s B HE e JFURL R JE A B B 4% & 5t (i D-2f
FUBE), S EOHE LUK AR 77

D-BE & Bl & — FlORSRE R, HIBk5E3E, &
FESRERARBL, #E R AR 13 2, Bk
PEVE N o AR L A KR . IKTHREFE 2. Pld s .
U . B0GE W ) B A0 08 e ) AR D
20004, KEGMMAYER)R (FDA) #HtHEH N
NINEA (GRAS) & 55k, MR4E Izumoring
HHG, D-BERCBERT DL D=2 FUBE N 5L A S R
EIX A 3 A8 S 80P 11 8 40AIG, 7R SR A il e B
Sy B PE ARy e E R B R T AR
FORBEF T (TRIFRREE T IME BRI 5 8 & AE
[zumori PR A N F# /D BRI 7T, W E 2 53T
Wi /DG BRI T, KR T — RV TR O
Hig 7 LH, O D-EHREEAR . (H2 5k FL b
KIEAIR BN BT, M2 BELERR, (E5
D- 55 K BE 2B 7= R vk R = ik 57732

m)zﬁ [127-128]0

2014 4F, sKUDIME R 7@MD~ mE, JF
G675 R AT R FH K 5 BN R} 2 A 7 S AR R
fth 225 KSR UDP-4 %5 W 4-22 ) 57 ) 19 1) A4 Ao
Ae, HENI AN B AR G AR 2 88 A A N T R A B 4-
Z ) 5 M g . 2015 4F, 5K #r PR 4 (1) Danial
Wichelecki 1# =4 & 3l T Kk H T Agrobacterium
tumefaciens [JEA&HE 6-1 12 22 17) St M Il ™, mT LA
A IS BE 6-T5 IR 5 R bE o- W A BLie ik . T
BRI IEAS BE 6- IR 22 0] e A Il L JE kD B Ak
VLR i 45 1 DA R Ve K A R RS g 4 e Y, Bk DL
EHIR 5 Wichelecki 18 142 t MUE Ky 5 B D- 4% 1
12 Bt ag e Y R, R AT R T IE R
A RIS B A S 2 B4R R BB ) 1

53E R & VLB &A% FE AR L, SRS A Ak
BWAIAEE = O ATP 1) 2 B L E
kR BB A ) T Y @B R RE 6-BE IR
6 Tt R0 3 M 0 6- 188 TR 22 1) e A0 Tl A2 A 2 RS A B
6-TH IR 1 Yy @i I A 6Tl I B IR A Ak 35
K WH - B I T B IR A RIS A B B> Y R BT g
RANVER], B TR KA B TR Rk o ) R
IKWEIAEE, SR JE W A AU M E — AN ROV A AL
AP SRS R BOR T — R 2 AT AR
PR, LRI o A P B R RE R e e
A K% [#] 72 A Bl 45 AR ALV K A i A A . T
R 5L i VR 2 A K A B30 T 55 A% AE DG T T
Y315 K H T Dictyoglomus turgidum ) o~ 54
WML AL B Y MR B T Caldilinea aerophila 1) 54
6-TA IR 4-72 ) S AL g 0, I H A T 2 W A
WA ISR A R RN, TLERMWE T —H%
LRI TN IE Bl 1) R I A B AR MR, IR SE
T KL T A G0 M A TE AR B S A B AR

D-[5r 8 J A 2 D-SBE 1) C-3 22 [a) S fk B
iR MR 70%, FE A A TERER 10%, #IkHN
T R B AR AR U FDA fEE AR N
GRAS & anids s AT & AR Ah A, BAKg
RGO E . PR AL OGE KR Y, BkAh, e
B BEIE " Bt gtk N A
AEPRTRE . D-B v L AT LI Gk D-B v R 3- 2
) S A A £k D- S BE G R Mo 7E D= i e A T
WAL A =, SO A AL AR, R B



%5% www.synbioj.com

1447

B TEMARY, JPRRY) REEIAE A, 7S
AR 2017 4F, W BRSLUR AL (5K DAE 2
2 U5 Atomi 204 YD) L [F A TE R R VE R
AFENIEER AR . 2014 FEE CI AR 78—/
E R B ST i T A P R R S T AR SE
X 3¢ [H /A 7] Bonumose F1 Greenlight Biosciences 4
Ja R AE T UE K B BRI A B 1) R B A S D,
1B 2 & A H G 5 v IR 3 78 00 o TT 60 35 Bl SR U
B AR IE . SN RAT S 77 B A R ER S
Bo 20214, JHEREH " KR THE-R¥EARR
3, Z W T LA A TE K B B VA R B v T A
FERATF T VR ARG .

D-H 5% B5 /2 D- & W 1) C-2 2 [m) ik, 1%
BT SR RMEE RS (&, HOoXx.
AN DI SO N 1 A SR e A N | R )
1% "0, 7 F T 10005 FR i T e B IR B e 5 | 1)
RAE . EITIBT AR, IR H A F# T 1) D-
H % B R R DA R ARG T IR AL T
A T AN 11| | NS N R S A R

-

<
CHAOH OH | oo
0, Q
FOKEN ) e
o d o oH
oH M |y M

S

Izumoring g, 7] LLEISE D-L¥E 7 MG B D-H #&
B, AR T S BT R HOIRAG, 7R Al B,
FEUEF A S . A ATP (1) 5] %1 8% % IR AL
SN — Tt TR S A s N2 — I g IR s N R S R,
ARG YR T — % 2 R HEAGTE R G H SRR
WAT, RS T IR B B

Rk, skDMERBA SRS T — N T ivBT 1)
/D BEG BOR g (i 6 Fron), BN #S ATP
F1%) ] 760 A Tl TR A S IO — Tl TR W S ) IS . — JI g
RBL, A DL AR A BOULEE  SE A% OB L B I B
Wi HEERE . RS . XA ivBT 50K AE 9% 8
Tzumoring J7 7% [ NP4 TP 1], 38 B23T 100% 1)
FOR AR . TER & BOUVLEE I Tl A B Dh S5 e
Sk FEpE Tl AP iE

3.3 HFHEREMIEN

ek R B (SRR, B
WERR BN WIVE R ) A A W) SR A A7 e B 10 A

1 FlmATPIORBRR

/GIP N 7~
Gop —q— 13P|—

M6P—

A6P—

-
D
—
Nl

Be6 ivBT FIF

o

i R i
o N
HO, OH
L
i
R gk
ik
»/\/I\/"\/" Wil % il
JRAEE HERE N T g 1

(aGP. PGM. IPS. IMP [EIJLEE & L&)
PGI—Hi % % 6-TF IR EAUME; FPP—HE o-BE IR IRAE; TPE—I5ASHE o-BF IR 4-22 M A0 TPP—ISHEHE 6-BRMRBE RGN ;
MPI—H F& 4% 6-W i A4 B MPP—H Ee bl o- W IR IR : API—Piy& Mabh o-WE iR Ml : APP—RTI&ENNE o-ff M BRI
Fig. 6 Rare sugars artificial synthesis pathway of ivBT

(Enzymes of aGP, PGM, IPS, IMP are the same as inositol synthesis pathway.)

PGI—phosphoglucose isomerase; FPP—fructose 6-phosphatase; TPE—tagatose 6-phosphate 4-epimerase; TPP—tagatose 6-phosphatase;

MPI—mannose 6-phosphate isomerase; MPP—mannose 6-phosphatase; API—allulose 6-phosphate isomerase; APP—allulose 6-phosphatase
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(EG—endoglucanase; CBH—cellobiohydrolase; CBP—cellobiose phosphorylase; PGP—potato a-glucan phosphorylase)
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Enzymes of oGP and PGM are the same as inositol synthesis pathway. G6PDH—glucose 6-phosphate dehydrogenase; 6PGL—6-
phosphogluconolactonase; 6PGDH—6-phosphogluconate dehydrogenase; RPI—ribose 5-phosphate isomerase; RPE—ribulose 5-phosphate 3-epimerase;
TK—transketolase; TAL—transaldolase; TIM—triose phosphate isomerase; ALD—fructose-bisphosphate aldolase; FBP—fructosebisphosphatase;
PGI—phosphoglucose isomerase; SH | —soluble hydrogenase | . The metabolites are: glp—glucose 1-phosphate; gop—glucose 6-phosphate; 6pg—
6-phospho-D-gluconolactone; ruSp—ribulose 5-phosphate; x5Sp—xylulose 5-phosphate; rSp—ribose 5-phosphate; s7p—sedoheptulose 7-phosphate; g3p—
glyceraldehyde 3-phosphate; e4p—erythrose 4-phosphate; dhap—dihydroxacetone phosphate; fdp—fructose 1,6-diphosphate; fop—fructose 6-phosphate
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