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Abstract: Carbohydrates constitute the most structurally diverse class of biological macromolecules in nature, with
their glycan chains playing irreplaceable roles in cell recognition, signal transduction, and immune regulation. Unlike

the template-driven biosynthesis of nucleic acids and proteins, glycan biosynthesis operates without a direct molecular
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template. Glycosidic linkage positions (1—>2, 1—>3, 1—>4, 1—>6), anomeric configurations (o or ), branching patterns,
and modification groups are collectively determined by glycosyltransferases (GTs) localized across distinct subcellular
compartments. This multi-dimensional structural freedom endows carbohydrates with the high information density
among biomolecules, yet it has historically constrained scalable production of complex glycans: chemical synthesis of
glycans demands laborious protecting-group manipulations and stringent stereochemical control, while natural sources
yield structurally heterogeneous mixtures that preclude systematic structure-activity relationship studies. Synthetic
biology fundamentally reframes this challenge by redefining glycosylation systems as engineerable, reconfigurable
networks amenable to rational design. Through genome mining and protein engineering of GTs, precision tuning of
sugar nucleotide metabolic networks, and systematic optimization of microbial cell factories, the field is advancing
toward the programmable biomanufacturing of structurally defined glycans, from simple monosaccharides to complex
glycoconjugates, with unprecedented efficiency and precision. The defining contribution of glycosynthetic biology is
methodological. It transforms glycoscience from a discipline that catalogs what nature provides into one that engineers
what we need. For decades, glycans stood as the “dark matter” of molecular biology—an essential poorly understood
component of cellular systems. They were structurally intractable, biosynthetically opaque, and functionally elusive,
yet they sat at the center of development, immunity, infection, and tumorigenesis. Synthetic biology breaks this
deadlock. By making homogeneous glycans accessible on demand, it enables the systematic elucidation of structure-
function relationships that had been the missing foundation of the field. However, three bottlenecks remain. The first is
functional annotation of GTs. Over 500,000 sequences are catalogued in the CAZy database; fewer than 5% have been
experimentally validated for substrate specificity and kinetics. Glycosylation pathway design therefore remains a
screening exercise, not a rational assembly of standardized parts. The second is sugar nucleotide supply control. These
metabolic networks are deeply embedded in central carbon metabolism. A perturbation in one pathway, be it GDP-
fucose or CMP-Neu5Ac, ripples unpredictably through the entire system. Independent, dynamic, and precise control of
multiple sugar nucleotide pools remains unsolved. The third is glycan structure - activity relationships. These defy the
frameworks built for small molecules and proteins. The same epitope elicits different responses depending on backbone
context, whether N-glycan, O-glycan, or glycolipid. Multivalency produces non-linear effects that cannot be
extrapolated from monovalent affinities. This is not a data problem fixable by more measurements; it is an
epistemological one requiring new conceptual tools. This review examines twenty years of progress through four
enabling technologies. GT element engineering spans genomic mining against CAZy, structure-guided rational design,
directed evolution, and ancestral sequence reconstruction. It has produced variants with orders-of-magnitude gains in
catalytic efficiency, altered substrate specificity, and improved process stability. Metabolic pathway rewiring and cell
factory design have delivered landmark achievements: the first transplantation of prokaryotic N-glycosylation into E.
coli, the humanization of yeast for complex sialylated N-glycans, the CRISPR-enabled glycoform customization of
CHO cells, and the de novo microbial biosynthesis of glycosaminoglycans including heparin and hyaluronic acid. Cell-
free synthetic systems bypass the constraints of living chassis entirely. There are no membrane barriers, no metabolic
cross-talk, no product toxicity. They uniquely enable the incorporation of non-natural sugar nucleotides for
bioorthogonal applications. Al and machine learning are accelerating glycan structure prediction, GT function
annotation, and pathway optimization. Yet their defining handicap is structural: glycan databases are orders of
magnitude smaller than those for proteins or nucleic acids. This places a hard ceiling on what data-hungry models can
currently deliver. Four product categories illustrate the translational arc from concept to commerce. Human milk
oligosaccharides, led by 2'-fucosyllactose, represent the most mature success. Fermentation titers have surpassed 100 g/
L; the global market exceeds one billion USD. Multiple species, including 3-FL, LNT, LNnT, 3'-SL, and 6’-SL, have
reached industrial production. Glycoengineered antibodies demonstrate glycan-level pharmacology. Removal of core
fucose from IgGl Fc enhances FcyRIIla binding by approximately 50-fold, boosting ADCC from therapeutically

marginal to clinically decisive. The FDA approval of afucosylated obinutuzumab for chronic lymphocytic leukemia
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validated this principle. Terminal galactosylation tunes complement activation; 02,6-sialylation extends serum half-life.
These parameters are independently controllable, making the Fc glycan a multi-dimensional tuning interface.
Glycoconjugate vaccines are being reshaped by recombinant bioconjugation. Engineered E. coli enzymatically transfers
target oligosaccharides to carrier proteins, eliminating the chemical coupling and multi-step purification that dominate
traditional conjugate vaccine manufacturing. Functional polysaccharides have fulfilled the promise of metabolic
engineering at scale. Hyaluronic acid, produced at hundred-ton scale in engineered Bacillus subtilis, now serves
ophthalmic surgery, joint injection, and aesthetic medicine. Its success validated the general design principle of push-
pull UDP-sugar flux control. Underlying all four cases is a common trajectory: from empirical iteration toward
predictive, computation-guided design, powered by the modular assembly of standardized biological parts. Three grand
challenges define the next decade. The first is deciphering the glyco-code, the rules that translate glycan structure into
biological function. Unlike the genetic code, this mapping is non-linear, multivalent, and context-dependent. Progress
demands the convergence of glycan microarray technology, high-resolution mass spectrometry, and Al-driven pattern

recognition. It also demands training data that currently does not exist in sufficient quantity. The second is transitioning
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from trial-and-error to intelligent design. This requires comprehensive, standardized GT kinetics databases. It requires
embedding Al prediction models within automated biofoundry workflows. It requires low-resource machine learning
methods that can learn from sparse, heterogeneous datasets, a fundamentally different challenge from the data-rich
ecosystems of proteomics and genomics. The third is bridging the lab-to-plant gap. Cell factory robustness must
withstand industrial fermentation conditions, including temperature swings, pH drift, and osmotic stress. Phage
contamination remains an existential threat in bacterial chassis. Downstream purification still consumes 50 to 70
percent of total production costs. Beyond these challenges, emerging frontiers are reshaping the boundaries of the field.
C, feedstock-driven glycan biosynthesis, using CO,, methanol, or formate as sole carbon sources, promises to decouple
carbohydrate production from arable land and plant photosynthesis. Non-natural glycan therapeutics, including
fluorinated antivirals, thio-sugar glycosidase inhibitors, and amino-glycoside antibiotic potentiators, extend the
accessible chemical space beyond nature’s monosaccharide repertoire. Personalized glycan vaccines designed against
patient-specific tumor glycoforms and CRISPR-like programmable glycan editing tools point toward a future where
glycan structures can be edited as precisely as genes. Glycosynthetic biology is completing a fundamental
transformation. It is moving from discovering what nature provides to designing and manufacturing what we desire.
Carbohydrates are emerging from the neglected periphery of molecular biology to a frontier at the intersection of
discovery and industry. The destination is clear: a standardized glycan operating system for the programmable, on-
demand biomanufacturing of structurally defined glycans.

Keywords: glycosynthetic biology; glycosyltransferase; metabolic engineering; cell factory; sugar nucleotide; human

milk oligosaccharides; cell-free synthetic system
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(o BRI TR At P

AR TR AL SR ms GG . O ER B R i
TR BRI R @56 4 MR 12 1 R B o 2D Bk
WA O RGP AR i i s @4
THERGKES ™., zhu ™ EHLLTHIAIY
R AEVR ARG R T RARR T RERS
PR BE B R AL B oC s . B TR R
F B B B 12 40 A R ST AR R B 3 Sl A Ak IS
WG, &YuTRAT 2 B s LA 300 R R
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W2/ T 2= EHRR (HA) . R HCE
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(Glucose)

0 UDP-GleAf A& RS MRS
(UDP-GlcA synthesis & polymerization)

HAT*4]
(Hyaluronic acid)

COOH OH
0 N 0
HO o -1
OH NHAc
&

WG gy BRI MGP e T2 H-1-P

Gun)

UDP-i &1 8

QEEDlww$M)

o He i % i -6-P I » [UDP-GlcA] 0
| |
i gmt.f
@1 (PR 1E ) l
BIEEFE-1-P
el 7 1] I5T BE2(HA) L& 5T EER
@1 v e Rl e (Metrics & Strategy)
UDP-GIONAC e x o= okaut GLELM: MR
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“HE” (push)f Qi a0 fh/AUd 42 1 H]

“HL7 (pull)f Q5 I/ & AL
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B2 FWIBER (HA) it 2 AT 36 A s 2k
Fig. 2 Metabolic biosynthetic pathway of hyaluronic acid (HA) in Bacillus subtilis
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AL, KA BRI =Y. MRk 4 T 20X
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W, H AN [ R 2 AL e 7% g 1 IS P oy S 1 22
TR R . NI R AR IR S SR
AR 9N E AL B REIR A A . B A PR BT

oA P R R R A A 3, (H 2 20 i e e B 1) TP B
2 R T) P A A PR A R R T T
AN o b SR (I £, S dE O A R K 3R
P R AL AR, 7 I U 5 1 I R e 4k P
Bk i RS . AR T AT R R BT S A
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3.5 MEHEFFREEHRITTEN

MR 5 R B Tl A TR RE W A A i T
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T35 1 AR e R AR B 1 R D R i
H=-.

1R 7 B A A8 1T 22 A e RO AR B TR A
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RE T1 ACE R ] S RAR L FURL £ Kk B 4 5 B
FEREERAE . LL2-FLAE Rtk G, Setaffi e
S L SR T B AR M, HRIES IR
AT B 2 v Y B GDP-t BE R & B IR ) R0
U, 7.

BEAL, e L bR 0 X R A A0 32 08 T
ol 36 R U B A S B0 W BEAE ORI A R
1% T S 56 5 7R (0 DL TR o 8 5 S 5 AT T )
oy REL TR B2 P, O T g 92 O A2 P B R AR A AT
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PRI & OS AR, A2 RORHX — PRl A R

R R A D TP ARRE 7 il 27 (0 I A
T 1 W T 75 4 PR R 5 B o T A T o T R A
S YLV A R] T BUB L R B R W, I R K A
PR o XL TR B B AR & Y A AT 1 Bk
M, (EAE R KRB K S R R A 7 3
s HARREENE GRD.

3.6 MirEIERNEER

Jefferis * 7E H 22 HL 2508 Th R G010 T i 4L
YENARACTUAR G IT 25 W) 1K) 2 4E B2 0% o Shields
S Uy AR AR I, JiBR 1gG1 Fe Bt N-HE B 1)
1% 0o 5 5 0 P A B AR 5 FeyR Il a (19 55 A1 g 2 71
50 7%, AT KR 36 % ADCC #& 1, JF 8 T Pifd b
TREMH L 6. Li%s ™ g — 0 B Fo bl TR A 4%
IgG 2N I BE B RS 40 4> F ML . Huang % ™ K &
TIE AL AR TR &, R A YIRS E
AGT BB B, 15565 1gG Pifk R 51 A8
EPRFrEER, 2Pl T ADCC. CDC %% &3 M
INRER E RIS . PereiraZs " RGULEIR T 4 &
BEACU IR B AR 1R T A e

4 BTG SUA R

4.1 FTHREEASHK

6 40 L BE B S R R SR T AR I A A
2R IR VT BRI, BT T AT LR T I A R 3R
iR E W= RGN PR R el ok 7 7 - S a2

JBEBE B R0 2 M R R AR R AR R4 .
Jaroentomeechai %5 " 8 57 7 1 AN 5 201 TG 41 i pE
HHEAGT 6, £RXT ol i s -BE &
WA FE B PelB T B R A I A0 M SR B, S
DRV B N-BERALH) — B 78 . Kightlinger
FIRZTERBBABEIA RS, SFEKIEN
GT RS RA IS F nl R NS AR S, e ik
B A PR Y R R AR T HT TR A R E
T AR R ) — SRR A AE T AT BRI H AR R
RMEAZ B IR ATAR, Nl & A IR R ABERER) <R
YIEAL” BEE A TTRE 7R A%.

4.2 WEEEBRIVAINEESH

B 2 il 2 BK A4 2R 0 2 Ak O 42 Bl 2 73 7E I
N2 AL, MR AT R A R 5 R A T TR BB
W, RIEEBE T RIS TR A R BOR
Mgk, SRUEY kB, AR R R
HA RN BI85 1l
T M AR 58 SRS, (E i Al AR E E
EIRRIIVIEAT N CE W s T

Roberts 55 ") RGTLER T TR G BT L)
REFE UL B e BT Bk SR AN B A, R e T SR
2 B N s v I (8] R A6 AT A DT AR A SRS o De
Bruyn 5 "' 4x i [#] 38 1 % T UDP-¥E i /) 73 - Bl 5
WAEY) AL B W . Ruffing 1 Chen ™7 1 . 1 435k
$ie I B R R R A % e i DR R 9 A A R B
() “HfE-Br 7 SEME, BERE T MUEMAH TREA 5
BEAN 2 B8 B HEZE

R1 LRI ERE LR

Table 1 Performance comparison of major cell factory chassis for glycan and glycoprotein production

Xof He 4 i KIGHF s TR TP 2 R CHO 4 it Tl B 2 FAT

JE AL WAL HRAE A AR AR BARSG. . EATSEE 0 ANTEACHE b . C 3k GRASZAWMK.EH W
PRV RAIE A4 fie Jy5

WAL e T JE A T AR AL (AT R R — AR AL SR N-FEIO-FE AT BERY o R ARBE AL R RiE)

T N-WEHEAED kil

(A 2'-FL. 3-FL. LNT. ¥4  AJEAbBEE A R BITIEUA R AMAE IE R IR ER O R
R %

R 2-FL: 1214 g/L(64h);  WEEAZTH IR NGAN 4 HA>50 g/L
Bt 141.27 g/L(45 h)

TV MR ARG S N R . AR EAA R R AR FRAS BB R VR PR R AR BB LB

TR AN

BUELS PR
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4.3 MCO:ZlfE: CERRIEMEW

Cai 25 " )38 19 M CO, BTE K 1 TE 41 M Ak 27 il
B B W B A ) T A A EL RS ) R SR 2
— GMAN AN T A RGE R B 1D O R B4
i, e AR F AR EE I Calvin B3R, A
BN T AR T BRI ) B T AR
H1,  Antonovsky % "7 L E K A B R EE T
CO, 28 1) & i A s 42, 38 3d 51 A Rubisco Al
PRK MG HIE T C, 3 C BicH B 564k [ AR W) 2 vl A7
ZA AR XA E T B RGO RS C
JEk (CO,. HIEE. HWERD 1ENRY TR I A4
WA A B VR 678 S Tk R AR

4.4 FEXRABESEVIERINZF

FEF Bertozzi 52596 %= MY BEFEME TAE A 1E
AT, AT A R 2 VS A 3h A v ) R R I A 4y
PEARIC A B BE BN AT fE . Laughlin 48 ) @57 7 &
FMEARH AR I bR 1 T V% BB R BRI N-4
Fif H & FE % (ManNAz) B EM)E, WIRMREE
A RN B FOR R TR IE B N B A b, BE)S
i3 Staudinger % 42 B 7 4k 2% O SE I AT ALK, o
Agard 55 BV I R AR 2 B G- B R R Rk
(SPAAC) JF @I T Jo i s o A6 % (1 %67 . Baskin
S PO B AR RS R . A IE R A
WG R AV A G, @il 5 NAE RIS
P I DLAE P I 28 I B0 AR B S T G R 1) B
250 PR B AR AT AN BE [ 2543632 B

5 LN H

5.1 8B35# (HMO)

HMO J& B & il A= 40 27 77 M A d5 i D) 1) G2 461 22
—, BRI 2025 E TR B 10123 7T, i
TH7E 2030 4F B HF L) 12%~15% [ 4E 2 A 18 K %
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F1[150.5~0.6 g/g.
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ALY 720> 4 S o b 1 D 5 N
A IEAEIE A PR 3 7E Al A0 AR Y B BROAS o B o

DA &0 BEREEC R (HEE. HED B4R
FLFE I HMO Mk A SR OVF 2 R MES 50 uE ol
R A AU 3R RN 28 B 1 AT 328 SR 31 45 L RE 43 ) i 2
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5.2 ¥EEH

R PR T IT R Y AL, 2 hE
gEG T, Pt SRR 2 M BT R A R A
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B GDP- SR P A AR B FUNERINSE SR 2-FLi4)
(GDP-Fucose synthesis) (Lactose import & glycosylation) (2'-Fucosyllactose)
i w Sub-step A ‘ = B Sub-step B
(Glucoge) SLEESEIZ A (lactose)  FucT2fi fLHEHE AL
5, £ (Lactose import) (Glycosylation) OH
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- manC AlacZ R 9L on
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Aweal (PR i i) iR | i
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GDP-4-fi-6- 15 U 1 55 4 > 7 "“?.&é& A

‘ weaG

FucT2 o Lok Ak sets

s s (001 2- TEBREL TSN
ey ————— R N @ REFHFE100 g/L
© W
“HE” (push)fUiitsi “Fi” (pull) fR13EI @ TERH, SRR

BI3 2/ e E AR LR AR Y 4 4 1R 2
Fig. 3 Whole-cell microbial biosynthetic pathway of 2'-fucosyllactose
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