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Abstract: With the increasing global awareness of health, the demand for natural sugars that are low in calories, have

Wi HEA: 2025-06-04 {EEIHEA: 2025-08-05

HEWMEB: BHEAEREIM (2022YFA0912300); EREARFESHE EME (NSFC32271544); GAEMZIE UL EMEMCIHME (22HHSWSS000155); KiE
HAEMEYEAR IR IR TEIE (TSBICIP-CXRC-067)

SIBAX: AF, KRS, skUUE . ETHIEENFNRBEREDFISHRARSUGERE[J]. &REYS, 2025, 6. DOI: 10.12211/2096-8280.2025-054

Citation: SHI Ting, CHEN Xuemei, ZHANG Yi-Heng P. Job. New technologies and industrialization progress in healthy sugar biomanufacturing based on in vitro
synthetic biology[J]. Synthetic Biology Journal, 2025, 6. DOI: 10.12211/2096-8280.2025-054




002 BRENE H6B

wonderful sweetness and healthful functions continues to grow. However, the traditional sugar industry faces
significant constraints related to health concerns, cost, and scalability. Enzymatic biocatalysis and in vitro
BioTransformation (ivBT) are two pivotal technological platforms in biomanufacturing, playing an increasingly vital
role in biomanufacturing of healthy sugars. The successful commercialization of high-fructose corn syrup opened the
door of the starchy sweetener industry. Later, the [zumoring strategy opened the door to the rare sugars industry that is
based on by enzymatic isomerization and oxidization-reduction of sugars. However, the key products made by the
Izumoring strategy suffer from high reliance on limited feedstocks, low product yields due to equilibria of
isomerization, high separation costs, and/or the use of costly NAD(P) for the oxidization-reduction of sugars. Based on
the ivBT platform, we have developed the first new-to-nature pentose 4-epimerase, enabling the direct conversion of D-
type to L-type pentoses without sugar alcohol intermediates, thereby establishing an innovative route for the
biotransformation of D-xylose to L-arabinose. The successful industrial-scale production of myo-inositol from starch
has validated the biomanufacturing advantages of Zhang strategy ("ATP-free Phosphorylation-Isomerization-
Dephosphorylation" strategy) as applied to ivBT. This approach has since been extended to the synthesis of a few
healthy sugars, such as D-tagatose, D-allulose, and D-mannose, from abundant polysaccharides including starch,
cellulose, and sucrose, showing great potential for industrial application. Furthermore, the "carbon dioxide to sugar"
ivBT platform overcomes the low energy efficiency and slow productivity bottlenecks of natural plant photosynthesis,
opening up a new door for the synthesis of healthy sugars from the third-generation feedstock of CO,. This ivBT
platform has achieved multiple breakthroughs, such as the reconstruction of artificial enzymatic pathways for the
biosynthesis of healthy sugars, low-cost biomanufacturing of multi-enzyme molecular machines equipped with
thermostable enzyme bricks, great compatibility of multi-enzyme co-immobilization for prolonging enzyme life-time,
promotion of the PE value (Product-to-Enzyme Weight Ratio) of multi-enzyme molecular machines, and low-cost
separation and purification of healthy sugars. As a disruptive innovation in biomanufacturing, ivBT motivates the rapid
development in the biomanufacturing of "affordable, accessible, and effective" healthy sugars and holds promise to

drive a new wave of transformation in the sweetener industry.
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Fig.3 Production of L-arabinose using D-L sugar epimerase based on in vitro Biotransformation (ivBT)

(X1, D-xylose isomerase; Xu4E, D-xylulose 4-epimerase; Al, L-arabinose isomerase)
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formation (ivBT): A multi-enzyme molecular machine for healthy sugars
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Table 1 Comparison of Key Technical Indicators for D-Tagatose Synthesis via Enzymatic Isomerization, Whole-cell Biosynthesis,

Microbial Fermentation, and in vitro BioTransformation (ivBT)

Titer Yield Productivity Temp

Production method Enzyme Substrate Reference
(gL) (%)  (glh) ()
Enzymatic isomerization L-AI from Arthrobacter sp. 22¢ 100 g/L D-galactose 30 30 0.25 30 [104]
L-Al from G. stearothermophilus 100 g/L D-galactose 30.6 30.6 1.9 60 [105]
L-Al from G. thermodenitrificans 300 g/L D-galactose 158 52.7 8 60 [48]
L-Al from Thermoanaerobacter mathranii 300 g/L D-galactose 126 42.0 2.6 65 [106]
L-Al from Thermotaga maritima 1.8 g/L D-galactose 1.0 56.0 0.2 80 [107]
Tagaturonate 3-epimerase from Thermotoga petrophila 700 g/L D-fructose 213 30.0 107 80 [49]
Tagatose-4-epimerase from Thermotogae bacterium 200 g/L D-fructose 28 14.0 14 70 [108]
D-tagaturonate epimerase from Thermotoga 100 g/L D-fructose 21.8 21.8 7.3 65 [109]
neapolitana
Tagatose 4-epimerase from Thermoprotei archaeon 100 g/L D-fructose 18.9 18.9 7.6 70 [50]
Whole-cell biosynthesis  E. coli BL21/pET28a-P3-LfaraAD390V/V468LlacZ 500 g/L lactose 115 23.1 2.4 50 [68]
E. coli/pETDuet-agp-pgm andpCDFDuet-pgi-gatz-pgp 20 g/L maltodextrin 3.2 16.0 0.13 60 [70]
E. coli ER-2GatZ (ApAz) 10 g/L maltodextrin 3.38 33.8 1.13 60 [72]
Fermentation S. cerevisiae EJ2g_iXiG_pXpG 114 g/L lactose ~ 37.7 33 0.13 30 [75]
B. subtilis BS-3CA4 72 g/L D-galactose 39.6 0.55 0.33 45 [76]
ivBT oGP, PGM, PGI, TPE, and TPP from B. subtilis 100 g/L maltodextrin 78 78 2.0 37 [110]
oGP, PGM, PGI, TPE, and TPP from E.coli BL21 20 g/L maltodextrin 17.7 88.5 0.74 50 [61]
oGP, PGM, PGI, TPE, and TPP from E.coli BL21 50 g/L maltodextrin 37.6 75 1.57 50 [61]

TR DME R A TR R BRI M BE o- B 22 10 LIBAR ™. Zhang SRWE H] T M HE & B8 =1
FERIEE ST TER A RRERE AR L DURGER A e (1) ANKOBTATP (1 2 I (A 2 B B R 16 A= B
Ry, REAER SR D-EREN L EE PR A, () i RN - UL 7 14 B A
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AT BEMEBE 4- 22 17 A TE I, AT R DA B4R
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CGMCC 2921) R Y5 i v i M L- e S 4114 7 440 1
(L-arabinose isomerase, Al), £t P31l 3R1E R
AR K D390V/V468L; Bt it B 3 T,
ZRADARFEDR 5 -2 70 Wiy 2 DR AE K W A R

A
Carbohydrate feedstock

BRI, MR MEECA R, ML 500 g/L 7L
WEREY), AL F] 115 g/L D-E M HE, bk
F23.1%, FEERILF2.4 g/L/", TFFKFAITIRE
AR KIAEO ) T IS AR OCHIE 7T 7, VLB A
T — PR L3R IE T g AR 1Y K AT B LR B AR
ST A A0 A A 10 /L 22 E MG & Rl 3.38 g/L 35 4%
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AT T DL D=2 FURE U 0 DS BE B O R
BB S0, DLEZ2RIRE 7 R SRk 4> 2
fEfbyL . CARCFLRE . D-2 70 U AR A
VIR kA I D-3E M BT 5, 2 T Zhang SRS T
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B (1, B 5. 3 FE Bonumose A # B
FIH ivBT £ A 2 54 72 1000 MiIE RS HE ) 5 2023
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VTR vE 8 BRI AT SR 0 . R B 5 B I
R0 AR )3 Pl A, R B ivB T 7 R R
W E R B AT 77

3.4 ZEEHDFUEFASNREHKINEEERNE

TR B HE O R A BRAME B AR AR )
b SR TR I R A A BN 2 BRI AR T U
By 5 R R ER EAEM IR (BES . S
RV R R AR AE AR BR, R Tk

B

Costly lactose (D-galactose)

30% Fructose 4-e¢pimerase

Izumoring strategy

CHLOH CHL O

Equilibria

High yield

Less costly glucans (D-fructose)

30% Starch [ -~

Gibbs free energy

Glucose Fractose

ElS  D-BEROE I ARG 7 vk LA
(A, FRREEIRIBE: 30%-100%; B, FHAWTH HAEEHEKIE: eQuilibrator: The Biochemical Thermodynamics Calculator (weizmann.ac.

i)
Fig. 5

Comparison of biotechnological methods for D-tagatose production

(A, Theoretical molar yield: 30%-100%; B, Sources of Gibbs free energy data: eQuilibrator: The Biochemical Thermodynamics Calculator (weiz-

mann.ac.il))
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H:02 ADP CH0P0y* Isomerases | (:;-.‘I o M'anm;sa i
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Zn0-Zr0; HO/Y\OF’Oaz‘ UHOCHZOH Epimerases | o !

= o DHAP . —on Phosphatases | Ketoses i

i | CHOH CHp0H :

OH OH F6P \ - HH !

,J_\.\H /L:H OH | | = H . __.’DH i

H” ™H H” H 2'03P0\/'\;0 | OH OH :
Methanol Methanol GALP | Allulose Tagatose

CO, RR C1 modul C3 modul C6 modul .
%________} C] module , C3 module . Fy module s@ca) - -

Be AT _HMIKHIMEESE (ACSP) Mikil 7
(FALD: HE; DHA: 237 fd: DHAP: BilE /25 Hd: GALP: 3-BHEQHHEE: FoP: JWE-o-BME: AOX: BE%{LH§: FLS: HE
45 H; DhaK: TFRXLNEIAG: TPL: BERRPIMETAEE: FSA: FbE-6-BERRME4ike)
Fig. 6 Design of artificial CO2-to-sugars route (ACSP)

FALD: formaldehyde; DHA: dihydroxyacetone; DHAP: dihydroxyacetone phosphate; GALP: glyceraldehyde 3 phosphate; F6P: fructose-6-phos-
phate; AOX: alcoholoxidase; FLS: formolase; DhaK: dihydroxyacetone kinase; TPI: triosephosphate isomerase; FSA: fructose 6-phosphate aldolase.
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