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Abstract: Synthetic genetic circuits are engineered gene networks comprised of redesigned genetic parts for
interacting to perform customized functions in cells. With the rapid development of synthetic biology, synthetic genetic
circuits have shown significant application potentials in many fields such as biomanufacturing, healthcare and
environmental monitoring. However, the efforts to scale up genetic circuits are hindered by the limited number of
orthogonal parts, the difficulty of functionally composing large-scale circuits, and the poor predictability of circuit
behaviors. A longstanding goal of synthetic biology research is to engineer complex synthetic biological circuits, using

modular genetic parts, as we do with electronic circuits. Synthetic biologists have developed various genetic toolboxes
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and functional assembly methods over the past few decades. Here we present an overview of the latest advances,
challenges, and future prospects in genetic circuit engineering from four aspects corresponding to the four key
engineering principles for circuit design, i. e. orthogonality, standardization, modularity, and automation. Firstly, the
design and construction of orthogonal genetic part libraries are discussed in both prokaryotes and eukaryotes at the
levels of DNA replication, transcription, and translation, respectively. Standardized characterization methods and the
design of modular genetic parts are subsequently summarized. Furthermore, progress in developing modular genetic
circuits are presented, providing new concepts and ways for engineering increasingly large and complex circuits.
Finally, how to achieve automated design and building of genetic circuits are addressed from the advances in software,
hardware and artificial intelligence, respectively, with an aim to replacing the presently time-consuming manual trial-
and-error mode with the iterative “design-build-test-learn” cycle for improved efficiency and predictability of circuit
design. The integration of these fundamental principles and the latest advances in information technology such as
artificial intelligence and lab automation will accelerate the paradigm shift in genetic circuit engineering and synthetic

biology research, making it feasible for designing synthetic lives to meet various customized needs.
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Fig. 1 Validated orthogonal parts and tools for precise gene expression control in genetic circuit design
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Table 1 Design and characterization of the libraries of orthogonal genetic parts
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Publications

Table pages for each grouping

Part pages

(c)

Namea

B Input

Modulators of gene expression based on external inputs, in the form of small molecules, light, or metals. Presently this list is only composed by
regulated promorers whose activators and repressors can be affected by external inducers.

Please note the different units for each characterization. Comparison between promoters from different works is not recommended.

Show quantitative parameters:

Dynamic Range

Hill Number [
High/Low Expresion [
Km [

Zinc-inducible Promaoter
Codmium-inducible Promoter
Arsenic inducible Promoter
Mercury-inducible Promater
Copper-inducibie Promoter

Green light-inducible Promoter

Blue light-inducible Promoler
UV light-inducible Promoter

- | code - ype

| PrraP Reguiated Promaters
PantA Reguiated Promoters

ParsR Reguicted Promoters

PmefT Regulated Promoters

PeusC Reguicted Promoters

PepeGe-172 Regulated Promoters

PRixK2 Reguiated Promoters

PesiR1-109 Regulated Promoters

E 2

(b)

Help File

This part belongs to:

Type: Constitutive Promaters
Function: Hardwire
Publication: Davis, J2011

Data
Strength | 289 | RPU | mo oo
Strain DH5a _I‘_n_@_t
Plasmid pSB3CS [ wots
ori plSA
Resistance Clo
(better resolution)
Description
Partof alibrary of long b y varioth the f E. coli's
B P1. Th in insulator’ sequenc ind {-105 to +55)
of the promoter core (-35 to - 10). The addition of these il strength

from the neighbouring genetic context, leading to more predictable gene expression
measurements.

8

GFP gyrifesis rate par ool
B

c1 23 A4S 00 C DI

Search
Reguiator - RegType - llab - |doi =
| ZraRt Actvation | Wang | hitpuicbudoi.ong/ 10,1016/ bios.20... |
ZntR Activation Wang | hipuidhedoiong/ 10,1018/ bios.20...
ArsR Repression Wang | hHpuhedoiong/10,1016/,bios.20... |
MerR Repression Wang p iorg/10. I 20,
CusR Activation Wang | hitpulidx.doi.org/10.1016/jbios.20... |
CeaR Activation Tabor | hitps:fidolorg/10.1002/chic.2018...
Foud Activation Maghich | hitps:iidoiorg/10.1016/,imb:2012...
UiR Activation Tabor | hitps:idolong/10.1021 facssynbio. .

5 IR TG A AR I 20405 P2 BioPartsDB 1 3 4544 15 A 28 i ik e ]

(a) BioPartsDB %t e (K BT+ A 1], i Sk AR Bt e L UL A 7 90, i S T RO 22 (o B iR AR i S 0 I U bk 2,
HAE SRR (b) F AR BREASJE R e B8l 10 DU T N s s (o) AR A B R e 1R 1 R TS A 2o B, Sk s G AP R T S35 R G

BRI (S S

Fig.2 Design portfolio and the web architecture of the BioPartsDB platform"

(a) A simplified diagram showing the information flow of the database platform. Arrows indicate the intended user browsing along the platform’s

webpages. Increasingly stacked panels indicate the higher number of pages in each section and consequently the more detailed level of information.

(b) A web page with in-depth description of the information, performance, and characterization conditions for a specific genetic part. (c) A table for

parts with a brief description and data of their key performance.
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PrmE e, AR R TR SR R G BEE R (BIRT R AWML A St BB 7
PN T ] T A R T, BN B AT R B AT D9 AR B . Ceroni
AR B G R E @A, rI AR IR T & AT AN A R R R A
N TR AT “RIER A psog, KiE TP o fF x40 i 53 950 &5 1 % 00 A I 07 3%
B N LRGIPERE . 2 5 R 1 IR SRR SR v SR AT A A AR i R U

SRS At T B I BB AT Il AT A TR A AU A SR R AR B BT T S AR

L RBS I
> > >
Inputs Modular circuit I Output

(a) Btk HIEZZHZ R S 1A SR 5 2R ER it

(a) Design of a modular and orthogonal genetic AND gate for the logic integration of multi-input signals/**!

Tunable-gain amplifier

(b) Al FLOA S BOE ST i i 4 35 5 ORI 50t

(b) Design of modular and tunable genetic amplifiers for transcriptional signals'™!

g

Input ligand [

(AFHHE") Amplifier cascade

N SCISOTMOdle FEE Amplifier module ] cent_/

(c) T GHk % 2 IR A2 MU AL (0 345 5 O SR 50 Y 4500 ) i o U ) o 55 T 0 o 75 S TR A W A SRR B 1)
(c) Design of ultrasensitive bacterial sensors for arsenic and mercury by cascading multiple modular
and orthogonal transcriptional amplifiers'™
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Cum=0 aTc=0 Ara=0 aTc

Cum aTe+Cum

(d) [R1 B A4 FEI DY 4388 {35 3 3 1Y)

SR AN S B

(d) Engineered biocomputing circuit that simultancously utilizes four communication channels!®!
B3 &R 2 B AR S s

Fig. 3 Modular design of synthetic genetic circuits
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Fig. 4 An automated “design-build-test-learn” cycle for genetic circuit engineering.

(Automated instrumentation in biofoundries is adapted from reference [97]. The neural network-based deep learning model is adapted from reference [98].)
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