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Abstract: Metabolic engineering is a powerful tool to increase many valuable metabolites through enhancing endogenous
pathways or introducing exogenous pathways from other organisms. As the complexity of the targeted structure increases,
many problems arise when the host suffers from flux imbalance and some toxic effects. An emerging approach to solve these
problems is the use of synthetic scaffolds to co-localize key enzymes and metabolites of the synthetic pathways, enhance the
metabolic flux and limit the interaction between intermediate products in the host cell. Although many scaffolds made of
proteins and nucleic acids have been explored and applied to a variety of research to the heterogeneous synthesis of multiple
metabolites, success is rather limited. The precise assembly of synthetic scaffolds remains a difficult task. In this review, we
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summarized the application of synthetic scaffolds in metabolic engineering, and outlined the main principle of scaffold
designs, then highlighted the current challenges in their application.
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Fig. 1 Functional assembly of minicellulosomes on the yeast cell surface’®".
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Fig. 2 Schematic diagram of protein scaffold (GBD),-(SH3),-(PDZ),-mediated multi-enzyme assembly™"*?. (A) The
synthetic scaffolds were constructed with three modular protein-protein interaction domains (GBD, SH3, and PDZ),
which recruit three mevalonate biosynthetic enzymes (AACT, HMGS, and HMGR) C-terminally tagged with peptide
ligands specific for these interaction domains™®. Local concentrations of intermediate and enzymes are elevated to
improve reaction fluxes and balance kinetic parameters, in part by changing the number of repeats of these interaction
domains (x, y, z) ®*?. (B) Enzymes with oligomeric structures could potentially bind multiple scaffolds, resulting in

enzyme-scaffold complexes*™.
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Fig. 3 Schematic diagram of multi-dimensional DNA scaffolds’®®2. (A) Linear one-dimensiona single-stranded DNA scaffold
synthesized using the rolling circle amplification (RCA). The two enzymes (GOx and HRP) were chemically conjugated with
oligonucleotides to bind onto specific sites on the linear DNA scaffold®. (B) Assembly of the GOx and HRP enzymes on the

two-hexagon and four-hexagon two-dimensional DNA scaffolds through strands with partial complimentarity
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Fig. 4 Schematic diagram of coenzyme swinging arm/DNA double-crossover tile scaffold®. The NAD"-modified swinging
arm is positioned halfway between two the dehydrogenases (G6pDH and MDH), facilitating the transfer of hydrides.
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Fig. 5 Zinc finger protein-plasmid DNA scaffold assisted assembly of metabolic pathways in E. coli'®. Schematic of
different scaffold arrangements used for the two- or three-enzyme pathways producing resveratrol, 1,2-propanediol or
mevalonate. E1, E2 and E3 are the biosynthetic pathway enzymes, a, b and ¢ are Zinc finger domains, respectively.
Scaffolds are plasmids with different zinc finger binding sites.
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Fig. 6 RNA scaffold-mediated pathway enzyme assembly'®. Pathway enzyme A and B scaffolded onto discrete, 1D,
and 2D RNA assemblies.

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



FE HIEHZRERS TERNOMRRHE

4 iy [FeFe]- A LM M A ic B R 3 A A
RNA & i /R A B OB . — 2 il — 2 RNA 248 |
fii E. coli PN &t Ho JG S 2R T R AT AN [ 75 B2 1) 4
L AyEh AR5, 11 AR 48 5. XS5 R R,
B RNA SCHRZERE 5 0, R0 S by 3 4 b
JIT 7 A R P v R S AR R

[FIFER) RNA ARSI HRACAEAE E. coli
HR IR FIABEIL-ACP A5 (Acyl-ACP reductase,
AAR) Il LH AN (Aldehyde deformylating
oxygenase, ADO) A"+ ke hyimal™, 5
TS B MRA L, — 4 RNA 22000+ o ke = 5
2415, B AGRIE, RNA GEBCIAZE IR K
FI AR 2518 AAR 5 ADO & MEAL A5 25 8] 1) 1Y
Ak, T2 A AR 0 - i, U T A
RNA SR A2 AL e 7 i, il M v oc i AR X
25 [ H b+ B e 4 ik, R RNA
THLRREAAL TR SR04 AL R SRR
R, HHACGHE RIS T 88%, Wit —4
VR TR SE M . 2R MRS T DNA 3£

R1 FEEBEEMIRBELE
Tablel A summary of the different synthetic scaffolds

B, AUAT DAL B AL R R, g
ARt B T BEL ARG , 38 T LA il 4 23 ) 16 200
A g — Pl SR B T, RNA &R HA
SEPE SRR IZ A, I RNA 3
BT LY ) o A 2 i A AR T e

3 RELRE

FEACH TR, A AU AR A i 22
PRI B0 B A A R TS TR R S e —ik, 3R
FHRER T HAR i TR R AR . ik, BER A
KA Z R, s F ™. Esh T
RS oA Sh S A AR | 3P R A v
AR R KK, IFBUS T —E R
o A NSRRI A T4 1007 1%, Sl
TR B RS T, g
ferh Tz N, B A E R AR IR IR Y
HA AT, BB AN e , s 3 e AU
WA H I R 1SS TR G MR
U T2 ZEBE TS

Strategy Application Building material in vivo/in vitro References
Fusion enzymes Synthesis Protein in vivo/in vitro [9-13]
Cohesin-dockerin scaffold Synthesis Protein invitro [29-33]
PCNA Synthesis Protein invitro [34-35]
(GBD),-(SH3),-(PDZ), scaffold Synthesis Protein in vivo [36-40]
PDZ: PDZIig Synthesis Protein invivo/in vitro [41-43]
SH3: SH3lig Synthesis Protein in vivo [44]
Affibody-Anti-idiotype affibody Synthesis Protein in vivo [46]
Single-stranded DNA scaffold Synthesis DNA oligonucleotides invitro [61]
Hexagonal DNA scaffold Synthesis DNA oligonucleotides invitro [62]
2D DNA origami Synthesis DNA oligonucleotides in vitro [22]
Coenzyme swinging arm/DNA double-crossover  Synthesis DNA oligonucleotides invitro [21]
tile scaffold
DNA origami scaffold Protein/Enzyme DNA oligonucleotides in vitro [64]

assembly
Halo-tag conjugation of nucleotides to proteins Synthesis Modified oligonuclectides in vitro [65—66]
Zinc finger proteins/plasmid DNA scaffolds Synthesis dsDNA invivo/in vitro [24, 70-71]
Transcription activator-like effectors/dsDNA scaffolds Synthesis dsDNA in vivo [74]
RNA scaffolding with aptamers Synthesis RNA oligonucleotides invivo [20, 23,73]
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