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Abstract: Precise control over the structure and function of a material constitutes a fundamental challenge facing
materials science. Due to the diverse specific interactions among biomolecules, direct assembly of biomolecules or
even living cells into higher-order structures may provide a solution to this. In recent years, genetically encoded click
chemistries (GECCs)-a collection of new protein chemistries that are inspired by the spontaneous isopeptide bond
formation within naturally occurring microbial proteins-have gained traction among materials scientists. They are able

to covalently assemble functional protein molecules directly into advanced architectures, with efficiency and selectivity
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rivaling traditional click reactions, while conferring genetic programmability on the resulting materials. These tools
have facilitated the integration of protein engineering, materials science, and synthetic biology, and thus have opened
enormous opportunities for the cross-disciplinary research. Here, we provide a concise review and discussion over the
recent developments and applications of these protein chemistries, and the trends thereof. We compare the GECCs of
different generations in reactivities, examine the synthesis of various uncommon protein molecule enabled by protein
topology engineering, glance over the entirely protein-based hydrogels with dynamically tunable properties or
underwater adhesiveness assembled via GECCs, glimpse into the design of subunit vaccines, especially those against
COVID-19, and further explore the modulation of genetically engineered living materials by GECCs, featuring self-
production, micropatterning, and self-assembly. Despite the tangible potential held by these molecular tools, unceasing
protein engineering efforts remain necessary to further optimize and expand the arsenal of GECCs . As their chemical
reactivities are fully encoded within the information (i.e., the amino acid sequence), GECCs may also serve as a source
of inspiration to develop new chemistries for other synthetic information polymers in a broader term. Together, this
emerging GECC toolbox has greatly empowered materials synthetic biology and will continue to provide solutions and

inspirations for new biotechnologies.
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Fig.1 Overview of genetically encoded click chemistry (GECC)
(a) SpyChemistry (SpyTag/SpyCatcher Chemistry), a representative GECC. The side chains of aspartic acid and lysine spontaneously form isopeptide
bond when SpyTag and SpyCatcher specifically recognize and react with each other®”’. PDB ID of SpyTag/SpyCatcher complex: 4MLI. (b) Second
order reaction kinetic constants of SpyChemistry and its optimized systems (Spy002 and Spy003) *). (c) Reversible SpyTag/SpyDock system without
isopeptide bond""". SpyDock is the E77A mutant of SpyCatcher, which loses the ability to form isopeptide bond. (d) Three-component SpyStapler/SpyTag/

BDTag reaction system and its second order reaction kinetic constant''",
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Fig.3 Development of entirely protein-based hydrogels based on GECC

(Adapted from Ref. 49 with permission from National Academy of Sciences, copyright 2014.)
LIF—Leukemia inhibitory factor; A-LIF-A—SpyTag-ELP-LIF-LEP-SpyTag
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Adapted from Ref. 52 with permission from National Academy of Sciences, copyright 2017.

(a) Constructing CarHc into linear polymer utilizing SpyChemistry, which can undergo liquid-to-solid phase transition induced by

AdoB,,, and solid-to-liquid phase transition induced by light. (b) Photo-induced release of 3T3 cells or hMSCs.
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Fig. 5 Applying GECC to develop heavy-metal binding protein hydrogel
Adapted from Ref. 51 with permission from The Royal Society of Chemistry, copyright 2017.

(a) Synthesis of super uranyl-binding protein (SUP) materials and chromate-binding protein materials. (b) Uranium extraction from
seawater using the hydrogels comprising SUP or its mutant, SUP-E64D, which exhibits stronger uranyl binding. Enrichment index
was calculated as the ratio of uranium concentration in protien material to that in water body after enrichment. (¢) Removal of
chromate from tap water using ModA hydrogels. Removal percentage was calculated as the reduced percentage of chromate in water
body after removal. Removal efficiency was calculated as the ratio of the actual amount of chromate absorbed by the material to the

theoretical maximum by the material.
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(c) Creation of mosaic nanoparticles harboring a collection of antigens derived from various zoonotic coronaviruses,
which can elicit cross-reactive immune responses in mice

Bl6 GECC{t=HH & A rNH
Fig. 6 Application of GECC in recombinant protein vaccines

Adapted from Ref. 91, 92 and 98 with permissions.
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Fig.7 GECC and engineered living materials

(a) Features of engineered living materials. (b) Decoration of E. coli biofilm via GECC. (c¢) Decoration of 2D hexameric protein lattice (S-layer) on

the surface of C. crescentus via GECC. Left: SpyTagged S-layer visualized by AFM. Scale bar: 40 nm. Right: the C. crescentus material labelled with

SpyCatcher-mRFP1 imaged via fluorescence microscopy. Scale bar: 3 um.
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Fig. 8 Smart production platform enabled by GECC.
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Fig. 9 GECC-based self-assembled E. coli living material and its features

118

(a) Diagram of GECC-based self-assembled E. coli living material'

!, (b) Self-assembled engineered living materials with core-shell structure, scale

bar: 100 um. (c¢) Intercellular assembly enabled by Spy chemistry activates quorum sensing. AHL, N-Acyl-Homoserine Lactone, an autoinducer of

quorum sening. The green fluorescent protein, mWasabi, served as a reporter of quorum sensing. L-Arabinose (L-Ara) was used to induce the

expression of SpyTag and SpyCatcher. Scale bar: 100 pm.
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