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THE BIGGER PICTURE Advancements in protein engineering are increasingly focused on sustainability and
the development of resource-efficient chemical tools. Conventional methods for site-specific labeling and
post-translational modifications of proteins often rely on expensive reagents and complex synthetic pro-
cesses, limiting accessibility and scalability. Our work presents a sustainable platform that repurposes
readily available chemicals for the in vivo biosynthesis and site-specific incorporation of reactive nitrile-
bearing amino acids into proteins in E. coli. By harnessing bacterial biosynthetic pathways, this approach
minimizes chemical waste and reduces the dependence on resource-intensive processes. Our system inte-
grates the nitrile-aminothiol click reaction for tunable fluorogenic labeling and rapid protein conjugation,
enabling efficient, wash-free, live-cell labeling under physiological conditions. This method simplifies work-
flows and broadens the scope of applications in fluorescence imaging, protein functionalization, and chem-
ical biology. It empowers researchers with sustainable tools for drug discovery, diagnostics, and therapeutic
applications while promoting responsible resource usage.
SUMMARY
Few chemistries are suitable for in-cell protein labeling, and the required reagents are costly. We present an
approach for the coupled biosynthesis and genetic encoding of activated nitriles, delivering a facile way to
furnish proteins with biocompatible reactive handles suitable for subsequent site-specific modifications
both in cell and in vitro. The strategy utilizes the endogenous bacterial cysteine biosynthetic machinery to
produce the nitrile-bearing non-canonical amino acids (ncAAs) in situ and then perform genetic encoding
through an engineered orthogonal translation system. We demonstrate the utility of our system for rapid
site-specific bioconjugation and macrocyclization through the nitrile-aminothiol (NAT) click reaction. In addi-
tion, we introduce the aromatic condensation NAT (arcNAT) click reaction as a tool for generating a diverse
array of turn-on fluorophores. arcNAT achieves fluorogenic labeling of proteins for live-cell microscopy
without requiring washing steps. Our approach provides a uniquely convenient, versatile, and cost-effective
platform for the post-translational diversification of proteins.
INTRODUCTION

Modern biosciences critically depend on biocompatible reac-

tions for the precise post-translational modification of proteins

in vivo with minimal side reactions and toxicity. Only a few syn-

thetic reactions meet the criteria of biocompatibility, where (1)

the reaction proceeds efficiently under physiological conditions,

(2) none of the educts react with endogenous molecules at their
All rights are reserved, including those
cellular concentrations, and (3) no potentially cytotoxic catalyst

is required. Prominent examples include strain-promoted cyclo-

additions (SPCAs) and inverse electron-demand Diels-Alder

(IEDDA) reactions, which have found wide use in numerous ap-

plications, including the tagging of biomolecules for structural in-

vestigations, the fluorescent labeling of proteins to track their

intracellular localization, and antibody-drug conjugations for

therapeutic applications.1–11 The drawbacks of these reactions
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are the instability of the reactive handles in a reducing in vivo

environment12,13 and the chemical complexity of their reactive

groups, which often involves elaborate and costly chemical

synthesis.14–18

The nitrile-aminothiol (NAT) click reaction presents a prom-

ising alternative to existing bioconjugation methods because

it requires only relatively simple and inexpensive reactants.

We previously introduced this condensation reaction by using

a cyanopyridine moiety to present an electrophilic nitrile for

a straightforward reaction with 1,2-aminothiol compounds,

such as L-cysteine, under catalyst-free conditions.19 The low

complexity of the cyanopyridine moiety proved to be particularly

beneficial given that non-canonical amino acids (ncAAs) with this

group can be readily synthesized and was amenable to efficient

genetic encoding for ribosomal protein synthesis by genetic

code expansion (GCE).20 Furthermore, peptides and proteins

with an N-terminal cysteine residue present a 1,2-aminothiol

functionality suitable for the NAT click reaction and are readily

accessible through the proteolytic cleavage of a leader

sequence.21–23 Alternatively, the functionality can be introduced

by 1,2-aminothiol-bearing ncAAs.24,25 The NAT click reaction

thus offers an exceptionally effective biocompatible strategy

for ligating highly complex molecules. Here, we show that the re-

action also offers a straightforward way to turn on fluorescent

labeling.

Fluorescent labeling is fundamentally important to tracking

biological macromolecules as well as analyzing their structure,

function, and dynamics both in vitro and in vivo.26–30 The excep-

tional sensitivity of fluorescence allows the single-molecule

detection of biomolecules and microscopy at sub-micrometer

resolution, making it an indispensable tool for bioanalytics.31–34

Commonly, the fluorescent tagging of proteins employs either

fusions with fluorescent proteins, which are large and usually

limited to the N- or C-terminal ends of the target protein,35 or

small organic fluorescent dyes with high quantum yields that

are covalently conjugated to the protein. Although straightfor-

ward in principle, the chemical labeling of native proteins often

suffers from a lack of site specificity and target selectivity

because complex cellular environments lead to off-target label-

ing.36,37 GCE provides a solution to this problem by site-specif-

ically installing a ncAA. These ncAAs can either contain a fluores-

cent moiety in their side chain38–40 or serve as a reactive handle

for subsequent conjugation with fluorescent groups in a biocom-

patible reaction.41,42 Although GCE is a well-established tech-

nique capable of incorporating over 500 different ncAAs into pro-

teins, the number of genetically encoded fluorescent amino

acids remains small while their excitation wavelength tends to

be short (<400 nm) and their brightness is relatively low.43,44

By contrast, biocompatible reactions that conjugate ncAAs

with fluorophores possessing better photochemical properties

have proven to be highly successful in many applications.45–47

As a downside, this approach typically requires special reactive

groups that render the synthesis of the ncAA and the corre-

sponding fluorescent tag expensive. Furthermore, because

both the tagging reagents and the labeled target proteins share

similar absorbance and fluorescence properties, excess re-

agents must be removed by dialysis or extensive washing of

cells. As a result, GCE-based approaches for the fluorescent la-
2 Chem 11, 102385, May 8, 2025
beling of proteins are often perceived as technically challenging

and resource intensive, hindering their widespread adoption

in many research labs.48 Recent studies have demonstrated

the efficient biosynthesis and GCE of aromatic thioethers of

cysteine.49,50 These aromatic thioether ncAAs lack intrinsic fluo-

rescence in the visible range, but we show that they can serve as

versatile handles for subsequent conjugation with either fluoro-

phores or aromatic compounds that create fluorophores with

long wavelength emissions. Themodular nature of this approach

allows labeling with diverse fluorophores, expanding the scope

for fluorescence-based applications.

This work is based on the coupled biosynthesis and genetic

encoding of activated nitriles. Specifically, we demonstrate

that the biosynthesis of two reactive nitrile-bearing ncAAs, S-

(4-cyanopyridin-2-yl)-L-cysteine (CysCNP) and S-(4-cyanopyri-

midin-2-yl)-L-cysteine (CysCNPym), by the endogenous cysteine

biosynthetic pathway in E. coli is sufficiently fast to install the

ncAAs by genetic encoding in high yield and purity. In this way,

proteins containing site-specific activated nitrile handles are

produced from inexpensive and commercially available precur-

sors. Furthermore, the heteroaromatic moieties in the ncAAs un-

dergo fast NAT click reactions in a facile and catalyst-free

manner. We introduce the aromatic condensation NAT (arcNAT)

click reaction by reacting the activated nitrile groups with

2-aminobenzenethiols (ABTs) to obtain fluorophores absorbing

and emitting in the visible spectral range. The reaction proceeds

efficiently under physiological conditions in complex biological

environments, including live cells. With ON/OFF ratios of up to

three orders of magnitude, this protocol provides highly tunable,

background-free fluorescence easily detectable in complex bio-

logical matrices without time-consuming dialysis or washing of

the labeled cells.

RESULTS AND DISCUSSION

Coupling the biosynthesis of activated nitrile-bearing
ncAAs with GCE
TheNAT click reaction depends on electron-deficient nitriles, but

the corresponding ncAAs are costly because of time-consuming

multistep syntheses.19,20,51 By contrast, the approach described

below uses readily available nitrile building blocks and harnesses

bacterial biosynthesis to produce the ncAAs CysCNP and

CysCNPym in vivo (Figure 1A).

Among the different biosynthetic pathways that could

be exploited for producing a NAT-compatible nitrile-bearing

ncAA,25,52–61 we identified the cysteine biosynthetic pathway

as the most promising candidate.62 In E. coli, cysteine synthase

A (CysK) and cysteine synthase B (CysM) are pyridoxal-50-phos-
phate (PLP)-dependent enzymes, which catalyze cysteine

synthesis from O-acetyl-L-serine and sulfide ions via a b-substi-

tution reaction (Figure 1B). Previous studies showed that

CysK and CysM are capable of producing ncAAs by substituting

sulfide with thiol compounds as nucleophiles.49,50,63 Hypothe-

sizing that these enzymes could also accept an activated

nitrile-bearing pyridine-thiol as substrate (Figure S1), we identi-

fied 2-sulfanylpyridine-4-carbonitrile (CNP-thiol) as a potential

precursor for the biosynthetic transformation to CysCNP

(Figure 1B).



Figure 1. Coupling the biosynthesis of activated nitrile-bearing ncAAs with GCE

(A) Chemical structures of ncAAs with an activated nitrile group. mCNP is fully synthetic. CysCNP and CysCNPym are produced enzymatically in vivo.

(B) L-cysteine biosynthetic pathway in E. coli. CysK and CysM use sulfide ions (HS�) to convert O-acetyl-L-serine to L-cysteine. HS� can be replaced with CNP-

thiol and CNPym-thiol for the production of CysCNP and CysCNPym, respectively. The ncAA biosynthesis is fast, allowing simultaneous selection of an

orthogonal aminoacyl-tRNA synthetase for the incorporation of CysCNP and CysCNPym by suppression of the amber stop codon.

(C) Histogram representation of cells expressing RFP after the fifth selection round for CysCNP-specific G1PylRS mutants. The horizontal axis represents the

level of red fluorescence, and the vertical axis indicates the number of cells with this fluorescence level. The difference in RFP fluorescence intensity between cells

grown with and without CNP-thiol indicates the presence of CysCNP-specific G1PylRS mutants in the gene pool.

(D) Activity of the top-performing G1RS mutants, selected on the basis of their efficiency in suppressing an amber codon in the RFP reporter gene by CysCNP

incorporation (n R 2 ± standard deviation).

(E) Intact protein mass spectrometry analysis of RFP CysCNP and RFP CysCNPym expressed under varying conditions: 25�C or 18�C for 16 h or 30�C for 5 h

(black). Red spectra: after ligation with L-cysteine (100 mMprotein, 10mM L-Cys in PBS buffer containing 20mM tris(2-carboxyethyl)phosphine [TCEP], 25�C for 1

h). The dashed lines identify the expected masses of the unreacted and reacted proteins. The individual mass spectra are shown in Figure S15.
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Using CNP-thiol as the precursor for the biosynthesis of

CysCNP, we screened a library of variants of the pyrrolysyl-

tRNA synthase derived from the methanogenic archaeon

ISO4-G1 (G1PylRS) for mutants capable of recognizing
CysCNP as a specific substrate.20,64–66 The library targeted mu-

tations in the amino acid binding pocket by mutating the sites of

Leu124, Tyr125, Ala221, and Trp237 to all 20 canonical amino

acids; Asn165 to a set of eight amino acids (Gly, Ala, Val, Ser,
Chem 11, 102385, May 8, 2025 3



Figure 2. Reaction between CysCNPym and the cysteine-lysine motif for intermolecular bioconjugation via site-selective lysine ligation

(A) Intact protein mass spectrometry analysis of unreacted NT_Ubi CysCNP and NT_Ubi CysCNPym (black) and their respective NAT reaction products with

L-Cys (red). The individual mass spectra are shown in Figure S15.

(legend continued on next page)
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Asn, Thr, Ile, and Asp); Val167 to seven amino acids (Gly, Ala, Val,

Ser, Cys, Leu, and Phe); and Tyr204 to Phe, Tyr, and Trp. E. coli

DH10B cells were co-transformed with the library plasmid pBK-

G1PylRS and the selection plasmid pBAD-H6RFP encoding

mCherry red fluorescent protein (RFP) with an amber stop codon

following an N-terminal His6 tag. Using fluorescence-activated

cell sorting (FACS), we conducted multiple rounds of alternating

positive (with 0.5mMCNP-thiol in the culturemedium) and nega-

tive (without supplementing CNP-thiol) selection rounds to

enrich for cells expressing functional CysCNP-specific G1PylRS

(Figures 1C and S2). After five selection rounds, several colonies

expressing high levels of RFP were isolated and sequenced,

revealing two distinct G1PylRS mutant sequences: RS-I (124S/

215F/165N/167F/204W/221G/237Y) and RS-II (124L/215L/165T/

167F/204W/221G/237K) (Figures 1D and S3 and Table S1).

The top-performing RS-I enzyme, designated G1(CysCNP)

RS, was cloned into the high-copy-number pRSF plasmid for

use in our previously reported dual-plasmid system for efficient

suppression of the amber stop codon.67 The correct biosyn-

thesis and genetic encoding of CysCNP was confirmed with

the NT*_GDX construct, which consists of the NT* solubility tag

followed by a TEV protease cleavage site, glycine, aspartic

acid, and the ncAA encoded by the amber stop codon.65 The

NT*_GD(CysCNP) protein was cleaved with TEV protease, and

the liberated GD(CysCNP) tripeptide containing the incorporated

CysCNP was separated from the NT* tag and TEV protease by

Ni-NTA resin purification. 1H NMR spectra of the tripeptide

confirmed near-complete incorporation of the ncAA and its iden-

tity as CysCNP (Figure S4).

The dual-plasmid system with G1(CysCNP)RS displayed

exceptional efficiency and fidelity. It surpassed the expression

levels achievable with mCNP supplemented at a concentration

of 1 mM. Remarkably, the expression levels of proteins contain-

ing CysCNP were comparable to those of the wild-type proteins

(Table S2). Intact protein mass spectra showed no evidence of

truncation or misrecognition of the amber stop codon by gluta-

minyl-tRNA68 (Figures S4 and S5). The reactivity toward intracel-

lular levels of free L-Cys was negligible, whereas ligation pro-

ceeded readily and quantitatively at high L-Cys concentrations

(Figure 1E). High cell-density fermentation produced up to 1.8

g/L of CysCNP-containing protein, which is the highest yield

achieved in our lab for ncAA incorporation, without compro-

mising the fidelity of amber suppression (Figures S5 and S6).

The success of our strategy attests to the speed of biosynthesis

of CysCNP, which delivers the amino acid quickly and at suffi-

ciently high concentration to sustain a high rate of protein syn-
(B) Proposed mechanism for the intramolecular reaction between CysCNPym a

reversibly reacts with the nitrile group, forming a thioimidate intermediate, which

imido transfer, resulting in the formation of a stable amidine macrocyclic produc

(C) Intermolecular ligation reaction betweenNT_Ubi CysCNP andNT_Ubi CysCNP

the difference in electrophilicity of CysCNPym and CysCNP.

(D) Reducing SDS-PAGE analysis of the intermolecular ligation reaction for an

CysCNPym SCSK (lane B) after 24 h incubation in PBS buffer containing 20 m

A-B, and the blue arrow in lane C denotes the purified cyclic Ubi CysCNP/Ubi Cy

Lane M shows the molecular-weight markers.

(E) Intact protein mass spectrometry analysis of the C-D conjugate confirms

N-terminal cysteine and CysCNP (expected mass indicated in red).
thesis. The endogenous cysteine biosynthetic machinery of

E. coli is ubiquitous in bacteria, eliminating the need for complex

cellular metabolic engineering.49

Encouraged by these results, we further assessed the capac-

ity of our system to utilize CNPym-thiol, which is the commer-

cially available pyrimidine analog of CNP-thiol. Given their

bioisosteric relationship, we hypothesized that the CNPym-thiol

would also be accepted by the cysteine biosynthetic enzymes as

well as the G1(CysCNP)RS selected for CysCNP.69 The second

nitrogen atom in the six-membered ring of CysCNPym (Fig-

ure 1B) enhances the electrophilicity of the nitrile group and

consequently increases the rate of the NAT click reaction.70

By supplementing the culture media of E. coli cells harboring

the pCDF-RFP amber/pRSF-G1(CysCNP)RS dual-plasmid sys-

tem with 0.5 mM CNPym-thiol, we achieved RFP yields compa-

rable to wild-type levels after 16 h expression at 25�C. However,

the intact protein mass spectrum showed the expected mass for

only one-third of the expressed RFP CysCNPym protein,

whereas two-thirds showed the mass of the NAT reaction prod-

uct with L-Cys (Figures 1E and S15). This indicates that the

increased electrophilicity of the nitrile group in CysCNPym per-

mits reaction with free L-Cys at the natural intracellular concen-

tration in bacteria. Nonetheless, the desired protein was ob-

tained in >95% purity when the expression time was reduced

to 5 h at 30�C or the expression temperature was lowered to

18�C for overnight expression (Figure 1E and S15). Kinetic

in vitro analyses showed that CysCNP displayed rapid reactivity

in the intramolecular click NAT reaction with a half-life (t1/2) of

5.8 min at 37�C (Figure S7). Compared with CysCNP,

CysCNPym reacted approximately 40 times faster with 1,2-ami-

nothiols in the intermolecular NAT click reaction and typically

completed the reaction in less than 30 min (Figure S8).

Enhanced electrophilicity of theCysCNPymnitrile group
enables site-selective lysine ligation
Using a fusion construct between the NT* domain and ubiquitin

with a CysCNPym residue in the linker region (NT_Ubi Cy-

sCNPym), we compared the NAT click reaction with L-Cys with

that of the corresponding CysCNP construct. Unexpectedly,

the more reactive CysCNPym mutant produced the expected

ligation product in less than 20% yield, whereas the CysCNP

mutant under identical reaction conditions yielded complete

ligation (Figure 2A and S15). Inspection of the polypeptide

segment containing the ncAA (CGKRKS(ncAA)) showed a

cysteine-lysine motif. Previous work by Bertozzi and co-workers

showed that cysteine-lysine motifs can react irreversibly with
nd the cysteine-lysine motif in NT_Ubi CysCNPym. The cysteine thiol group

subsequently reacts with a nearby lysine side-chain amine group via an S-to-N

t. The NT_Ubi models were generated with AlphaFold Server.72

ymSCSK illustrates sequential bioconjugation andmacrocyclization exploiting

equimolar mixture (lane AB) of 0.5 mM NT_Ubi CysCNP (lane A) and NT_Ubi

M TCEP at 37�C. The red arrow indicates the intermolecular ligation product

sCNPym SCSK conjugate C-D generated by TEV proteolytic cleavage of A-B.

its formation in addition to the intramolecular macrocyclization between the

Chem 11, 102385, May 8, 2025 5
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electron-deficient nitriles to form an amidine adduct between

2-cyanobenzothiazole (CBT) derivatives and the amine group

of the lysine side chain via a thioimidate intermediate.71

If the nitrile group in NT_Ubi CysCNPym were to undergo a

similar intramolecular reaction, where the thioimidate intermedi-

ate is formed by nucleophilic attack of the nearby cysteine thiol

group on the nitrile group followed by a subsequent S-to-N imido

transfer involving the amine group of the adjacent lysine side

chain, a stable intramolecular amidine macrocyclic product

would formwith no change in proteinmass. The ligation between

CysCNPym and the lysine ε-NH2 group would result in a stapled

product with a pyrimidinyl-amidine linker (Figure 2B), which

would render the product unreactive toward the NAT click reac-

tion with free L-Cys.

To validate this hypothesis, we designed and expressed three

NT_Ubi CysCNPymmutants: NT_Ubi CysCNPym SC (where the

cysteine residue in the motif is mutated to alanine), NT_Ubi Cy-

sCNPym SK (where the two lysine residues in the peptide motif

are mutated to alanine), and NT_Ubi CysCNPym SCSK (where

the cysteine and the two lysine residues in the peptide motif

are mutated to alanine). Subjecting these mutants to the NAT re-

action with L-Cys produced the expected L-Cys adduct in con-

version yields of 86%, 84%, and 100%, respectively (Figures

2A and S15). The restoration of CysCNPym nitrile reactivity in

these mutants supports the activity of the cysteine-lysine motif

in the original NT_Ubi CysCNPym construct and underscores

the importance of the cysteine residue in the reaction.

Next, we investigated the feasibility of using the cysteine-

lysine motif with CysCNPym for intermolecular bioconjugation

without a 1,2-aminothiolate (Figure 2C). Incubation of an equi-

molar mixture of NT_Ubi CysCNP, which contains the

cysteine-lysine motif, and NT_Ubi CysCNPym SCSK at 37�C
for 24 h resulted in a new band in the SDS-PAGE with the

mass expected for the intermolecular conjugate (Figure 2D). To

confirm the expected linkage, we used the TEV protease cleav-

age sites between the NT* and ubiquitin domains to remove the

NT* domains, yielding the Ubi CysCNP/Ubi CysCNPym SCSK

conjugate, which underwent an intramolecular macrocyclization

by the NAT reaction between the CysCNP residue and the N-ter-

minal cysteine generated by the TEV cleavage. Intact protein

mass spectrometry confirmed the expected mass (Figure 2E).

The availability of the free thiol group in the cysteine-lysine motif

after intermolecular ligation with CysCNPym strongly suggests

the site-selective attachment of CysCNPym to the nearby lysine

residue in the motif. As demonstrated by the reaction scheme of

Figure 2C, the unique capacity of CysCNPym for the cysteine-

lysine motif opens a route to controlling the order and sites of

post-translational modifications in proteins, where CysCNPym

is used for one ligation with lysine and CysCNP for another liga-

tion with a 1,2-aminothiol.

Protein-protein ligation and cell surface labeling via
CysCNPym reactivity with genetically encoded 1,2-
aminothiols
The high purity and yield of genetically encoded CysCNPym-

containing proteins and the high reactivity of the CysCNPym

nitrile group supports efficient protein-protein ligation via

the biocompatible NAT click reaction. To demonstrate this
6 Chem 11, 102385, May 8, 2025
approach, we explored the capacity of this reaction for labeling

a CysCNPym residue with an RFPmutant containing an N-termi-

nal cysteine residue generated by TEV proteolytic cleavage of a

leader sequence (C-RFP). Equimolar mixtures of C-RFP with

RFP CysCNPym were incubated at 4�C, 25�C, and 37�C (Fig-

ure 3A), and the reaction was monitored by SDS-PAGE

(Figures 3B and S9). A new band corresponding to the RFP

CysCNPym/C-RFP conjugate appeared at the expected mass

(Figures 3B and 3C). After 4 h, the reaction reached a conversion

yield of 30%–34% with no significant difference between the

different temperature conditions. The ability of the CysCNPym-

mediated NAT reaction to proceed at 4�C renders this technique

particularly advantageous for ligation of temperature-sensitive

recombinant proteins.

The reactivity of the CysCNP and CysCNPym amino acids in-

vites applications for selective cell surface labeling with 1,2-ami-

nothiol-bearing molecules. To display the nitrile functionality on

the cell surface, we introduced CysCNPym into the E. coli

outer-membrane protein OmpX (OmpX CysCNPym) between

residues S53 and S54 in the extracellular OmpX loop (Fig-

ure 3D).73 Incubation of E. coli cells displaying OmpX

CysCNPym with C-RFP at 25�C for 4 h resulted in successful

fluorescence labeling of the cell surface, as confirmed by flow

cytometry and confocal fluorescence microscopy. Flow cytom-

etry analysis revealed that more than 94% of cells displaying

OmpX CysCNPym were strongly fluorescently labeled even

when they reacted with only 20 mM C-RFP, whereas less than

1% of cells devoid of the ncAAs were labeled after incubation

with C-RFP under the same conditions (Figure 3E). Confocal

fluorescence microscopy imaging clearly demonstrated the

localization of C-RFP-labeled OmpX on the cell surface of the

labeled cells (Figures 3F and S10).

Tunable fluorogenic protein labeling via the arcNAT
click reaction between nitrile-bearing ncAAs and ABTs
Screening different 1,2-aminothiols for NAT click reactivity, we

observed that not only aliphatic 1,2-aminothiols but also ABT

readily reacted with mCNP residues in proteins under ambient,

catalyst-free conditions (Figures 4A and S11). This arcNAT reac-

tion yielded a 2-pyridinyl benzothiazole derivative, extending the

number of conjugated double bonds and increasing the fluores-

cence excitation and emission wavelengths (maxlEx = 320 nm

and maxlEm = 386 nm; Figure S11). ABT has previously been re-

ported to react with aromatic heterocyclic nitriles to form the

benzothiazole derivative but only with catalysis by metal ions

and under elevated temperatures or microwave irradiation.74–77

The benzothiazole product presents a D-p-A push-pull-type

chromophore, where the benzothiazole and pyridinyl rings func-

tion as electron-donor (D) and electron-acceptor (A) groups,

respectively, linked by a p-conjugated system.78–81 The UV

spectroscopic properties of D-p-A chromophores are governed

by intramolecular charge transfer (ICT) following photon absorp-

tion, allowing for tunable absorption and emission properties

through variations in the D and A groups.82,83

We hypothesized that the fluorescent properties of the pyri-

dinyl benzothiazole groups resulting from the arcNAT reaction

could be tuned in a modular fashion bymodifications of the elec-

tronic properties of the nitrile-bearing ncAA (Nitx), the ABT



Figure 3. Site-specific protein-protein ligation and cell-surface labeling via the NAT click reaction

(A) Reaction scheme for site-specific conjugation. The CysCNPym residue of RFP CysCNPym is near the N terminus. C-RFP is produced by the cleavage of a

modified TEV protease recognition sequence to expose an N-terminal cysteine residue. Incubation of both RFP versions in PBS buffer containing 20mM TCEP at

4�C yields the RFP CysCNPym/C-RFP conjugate via the NAT click reaction. The RFP models were generated from PDB: 2QLG.

(B) Monitoring the reaction by reducing SDS-PAGE. The reaction mixture contained 300 mM RFP CysCNPym (lane A) and C-RFP (lane B). After 4 h incubation at

different temperatures (4�C, 25�C, and 37�C), the new band of the RFP CysCNPym/C-RFP conjugate (AB; red arrow) demonstrates ligation. Lane M: markers of

molecular weight.

(C) Intact protein mass spectrometry analysis of the purified conjugate AB confirms its successful formation. The expected mass is in red.

(D) Cell-surface labeling using the NAT click reaction. OmpX CysCNPym displays the CysCNPym residue in the extracellular space for the reaction with C-RFP.

The OmpX model was generated from PDB: 2M06.

(E) Flow cytometry analysis of E. coli cells displaying OmpX CysCNPym (+CNPym-thiol) after 4 h incubation with 20 mM (left) or 200 mM (right) C-RFP at 25�C.
Incubation of the negative control (E. coli cells-CNPym-thiol) with C-RFP under the same conditions shows no labeling (Figure S10).

(F) Confocal fluorescencemicroscopy images of live E. coli cells displaying OmpXCysCNPym after 4 h incubation with 200 mMC-RFP at 25�C confirm successful

cell-surface fluorescent labeling. Fluorescence imaging used a 561 nm excitation laser (scale bar: 1 mm). The uncropped images are provided in Figure S10.
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module (ABTy), or both (Figure 4A). A library of commercially

available aryl and heteroaryl 2-aminothiol building blocks (>100

compounds with diverse substituent types and numbers) facili-

tated extensive exploration of the D substituent effects on the

fluorophores’ photophysical properties. Regarding the Nitx-

ABTy reaction products, we expected that differences in the

electron-withdrawing ability between the pyridine and pyrimidine

moieties, the position of the A center in relation to the D group,
and the presence of the thioether linkage would increase the

overall dipole moments of the chromophores and redshift the

light absorption and fluorescent emission of the push-pull sys-

tem (Figure 4A).82,84,85

To explore the tunability of fluorescent product in the arcNAT

reaction, we investigated the reaction betweenmCNP, CysCNP,

or CysCNPym incorporated into NT_Ubi and 13 commercially

available aryl and heteroaryl ABTs (Table S4). Six of the tested
Chem 11, 102385, May 8, 2025 7
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ABTs showed the formation of the fluorescent benzothiazole de-

rivatives with diverse photophysical properties (Figures 4B–4D

and S16; Table S3). As predicted, compared with the unsubsti-

tuted ABT, ABTs with strong electron-donating substituents

(R = methoxy, methylenedioxy, amino) yielded redshifted chro-

mophores with large Stokes shifts (82–178 nm) (Table S3). The

large Stokes shifts of these chromophores are beneficial for fluo-

rescence imaging because the substantial separation between

the excitation and emission maxima reduces self-absorption,

thereby minimizing the inner-filter effect.86,87 In contrast, ABTs

with electron-withdrawing substituents (R = cyano, carboxyl)

produced non-fluorescent benzothiazole derivatives (Figure S16).

No detectable arcNAT reaction products were observed with

heteroaromatic ABTs (Table S4).

Modifications of the nitrile module significantly altered the

fluorescence properties of the resulting chromophores, specif-

ically by eliciting a bathochromic shift in maxlEm. This shift corre-

lated with the increasing electron-withdrawing ability of the het-

eroaromatic ring bearing the nitrile group, as quantified by

their Hammett sp substitution constants: 2-pyridyl = 0.17

(mCNP) < 4-pyridyl = 0.44 (CysCNP) < 4-pyrimidinyl = 0.63

(CysCNPym).88 Most importantly, the fluorogenic arcNAT click

reaction exhibited a remarkable fluorescence turn-on effect

with a fluorescence ON/OFF ratio exceeding 1,000-fold in the

formation of chromophore y6 (Figure S12). Kinetic studies re-

vealed that the arcNAT reaction proceeded at rates comparable

to those of strain-promoted [3 + 2] azide-alkyne cycloaddition

(SPAAC) bioorthogonal reactions, albeit at the slower end of

the range (Figure S8).89

Application of the arcNAT click reaction for wash-free,
live-cell fluorescent labeling
The combination of a high signal-to-noise ratio (ON/OFF ratio)

and fast reaction kinetics (Figures S12 and S13 and Video S1),

especially for chromophores y2 and y6, renders the fluorogenic

arcNAT click reaction an attractive candidate for live-cell fluores-

cent labeling without the need for washing off excess reagent,

making it highly suitable for both flow cytometry and fluores-

cencemicroscopy. For extracellular surface labeling, E. coli cells

displaying OmpX CysCNPym were incubated with ABT 2 or 6 at

25�C for 4 h, resulting in cell-surface labeling with chromophore

y2 or y6, respectively. Confocal fluorescence microscopy

confirmed successful cell surface labeling without the removal

of the tagging solution and without any washing steps with

labeled cell fractions of 93.7% and 84.5%, respectively

(Figure 5).

The arcNAT reaction can also be used for efficiently labeling

intracellular proteins containing CysCNPym given the small
Figure 4. arcNAT click reaction for tunable fluorogenic protein labelin

(A) arcNAT click reaction between 2-aminobenzenethiol (ABT) and the nitrile group

Modulating the electronic effects (both inductive andmesomeric) of the R group a

the electron-acceptor (A) module can alter the push-pull effect on the fluorophor

(B) Photographic images of the arcNAT reaction products of NT_Ubi mCNP (m), NT

images are photographs of 5–50 mM solutions in a 400 mL quartz fluorescence c

illumination. The intact protein mass spectrometry analysis of the reaction produ

(C and D) Fluorescence emission spectra (C) and CIE 1931 xy chromaticity diagra

in Table S3.
size of ABTs and thiol-mediated cellular uptake.90,91 E. coli cells

expressing NT_Ubi CysCNPym SCSK were incubated with ABT

2 or 6 at 25�C for 4 h. Flow cytometry analysis showed that

the majority of cells (99.5% or 99.5%, respectively) had a

distinctly different fluorescent profile from that of the control

cells. Wash-free confocal fluorescence microscopy imaging

confirmed the chromophore formation and intracellular localiza-

tion of the arcNAT click reaction products, chromophores y2 and

y6, demonstrating the reaction efficiency and specificity in a live-

cell context (Figure 5). Cell viability and morphology were not

significantly affected by the ncAA-forming thiol compounds

(CNP-thiol and CNPym-thiol) or ABTs (2 and 6) at concentrations

used for protein expression and live-cell labeling (Figures S17–

S19). These results highlight the potential of the fluorogenic

arcNAT click reaction as a powerful tool for live-cell labeling by

offering advantages in terms of simplicity, speed, tunability,

and biocompatibility.

Conclusions
Coupling the biosynthesis of ncAAs with GCE enables the cost-

effective production of proteins with a handle with selective

chemical properties. The activated nitrile-bearing ncAAs of the

present work afford a flexible and highly efficient platform for

site-specific post-translational modifications of proteins. The

approach expands the applications of NAT chemistry to include

protein-protein cross-linking and turn-on fluorogenic labeling of

proteins for live-cell imaging. CysCNPym stands out as a ncAA

that strikes a balance between high reactivity toward 1,2-amino-

thiols and sufficient resilience toward intracellular concentra-

tions of thiol and amine nucleophiles to permit genetic encoding

of the unmodified ncAA. The purity and yield with which proteins

can be produced with CysCNP and CysCNPym highlight the ef-

ficiency with which thiol compounds are taken up by cells and

processed by the cysteine biosynthetic machinery,90,91 as well

as the extraordinary activity of the G1(CysCNP)RS variant iden-

tified in this work.

In addition, the aromatic condensation reaction between acti-

vated nitrile-bearing ncAAs and electron-rich ABT—arcNAT—

readily proceeds under physiological conditions, enabling turn-

on fluorogenic labeling of proteins for fluorescence-based

applications including live-cell microscopy. As illustrated by

the modularity of the arcNAT reaction, the in situ NAT click reac-

tion presents a powerful platform for increasing the chemical di-

versity of peptides and proteins for applications in medicinal

chemistry and chemical biology. Protein libraries constructed

from activated nitriles and chemically diverse 2-aminothiols

promise to significantly expand the chemical space available

for protein chemistry.92,93
g

of an ncAA (Nit) to form a benzothiazole with longer fluorescence wavelengths.

ttached to the ABT in the electron-donor (D) module and the heterocyclic ring in

es’ excitation and emission properties.

_Ubi CysCNP (c), or NT_Ubi CysCNPymSCSK (y) with various ABTs (1–6). The

ell and were taken with an ordinary mobile phone camera under 365 nm LED

cts is shown in Figure S16.

ms (D) of the samples shown in (B) measured at the corresponding maxlEx listed
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Figure 5. Wash-free, live-cell fluorescent labeling using the fluorogenic arcNAT click reaction

Confocal fluorescence microscopy images and FACS analysis of live E. coli cells displaying OmpX CysCNPym (surface labeling) or expressing NT_Ubi Cy-

sCNPymSCSK (intracellular labeling) after 4 h incubation with 2mMABT 2 or 6 at 25�Cdemonstrate successful fluorescent labeling (scale bar: 1 mm). Fluorescent

images were recorded with 405 and 458 nm excitation lasers. The uncropped images are shown in Figure S14.
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METHODS

Detailed methods can be found in the supplemental information.
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