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Abstract

Genetically introducing covalent bonds into proteins in vivo with residue specificity is affording 

innovative ways for protein research and engineering, yet latent bioreactive unnatural amino acids 

(Uaas) genetically encoded to date react with one to few natural residues only, limiting the variety 

of proteins and the scope of applications amenable to this technology. Here we report the genetic 

encoding of (2R)-2-amino-3-fluoro-3-(4-((2-nitrobenzyl)oxy) phenyl) propanoic acid (FnbY) in E. 
coli and mammalian cells. Upon photoactivation, FnbY generated a reactive quinone methide 

(QM), which selectively reacted with nine natural amino acid residues placed in proximity in 

proteins directly in live cells. In addition to Cys, Lys, His and Tyr, photoactivated FnbY also 

reacted with Trp, Met, Arg, Asn and Gln, which are inaccessible with existing latent bioreactive 

Uaas. FnbY thus dramatically expanded the number of residues for covalent targeting in vivo. QM 

has longer half-life than the intermediates of conventional photo-crosslinking Uaas, and FnbY 

exhibited crosslinking efficiency higher than p-azido-phenylalanine. The photoactivatable and 

multi-targeting reactivity of FnbY with selectivity toward nucleophilic residues will be valuable 

for addressing diverse proteins and broadening the scope of applications through exploiting 

covalent bonding in vivo for chemical biology, biotherapeutics, and protein engineering.
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The ability to selectively introduce covalent linkages among amino acid side chains of 

proteins in vivo would afford new avenues for protein research, protein engineering, 

biotherapeutics, and synthetic biology.1,2 Genetically encoded photocrosslinkers react with 

all natural amino acid residues but in a nonselective manner. Although valuable for 

crosslinking of proteins with interacting partners,3–6 such nonselective reactivity makes it 

difficult to identify the crosslinked residues using mass spectrometry, and has rarely been 

utilized for judicious engineering of covalent bonds into proteins. Recently, selective 

covalent bonding of proteins has been enabled by the genetically encoding of latent 

bioreactive unnatural amino acids (Uaas).1,2 These Uaas have fine-tuned reactivity 

compatible for use in cells. After being incorporated into proteins, they react with nearby 

target natural residues specifically via proximity-enabled reactivity, forming covalent 

linkages selectively in living systems. The new covalent bonding ability has been harnessed 

within proteins to enhance or create protein properties,1,7–10 and between proteins to study 

protein interactions and to generate irreversible binders and inhibitors.11–16 Latent 

bioreactive Uaas have been developed to react with Cys, Lys, His, Glu, and Tyr.
1,7,10,12,13,17–19 However, other natural residues have not been targeted successfully, and 

each latent bioreactive Uaa can usually react with one or up to three natural residues only.

The ability of a bioreactive Uaa to react with a broader range of natural residues will expand 

the scope of this methodology and provide flexibility for applications. For instance, when 

identifying unknown protein-protein interactions wherein no information of the target 

natural residue is available, a bioreactive Uaa with broader reactivity will significantly 

increase the chance of covalent capturing. Here we report the genetically encoding of a new 

latent bioreactive Uaa FnbY in E. coli and mammalian cells, which upon photoactivation is 

able to react with nine different natural residues via proximity-enabled reactivity in vivo.

Genetically encoding a bioreactive Uaa with multi-targeting ability is challenging because 

high reactivity is needed yet it tends to cause cytotoxicity and lose reaction specificity. We 

reasoned that this challenge can be overcome by combining the advantage of 

photocrosslinkers (i.e., high reactivity masked by photocage) with that of proximity-enabled 

reactivity (i.e., specificity achieved by proximity). We decided to genetically encode a 

photocaged reactive intermediate that has reaction selectivity, for which quinone methide 
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(QM) was chosen. QM is a highly reactive Michael acceptor for nucleophiles. It occurs as 

natural metabolic intermediates of biosynthesis and has been widely explored for organic 

synthesis and chemical biology,20–27 but has not been genetically incorporated into proteins.

To genetically incorporate a photocaged QM in live cells, we designed a Uaa (2R)-2-

amino-3-fluoro-3-(4-((2-nitrobenzyl)oxy)phenyl)propanoic acid (o-2-nitrobenzyl-β-F-

tyrosine, FnbY) by installing a fluorine at the β position of o-2-nitrobenzyl-L-tyrosine 

(Figure 1a). When the photocaging o-nitrobenzyl group is released by UV light, the fluoride 

ion will be eliminated to generate QM spontaneously. The QM generated in situ will then 

allow for Michael addition of a nearby nucleophilic natural residue, forming a covalent bond 

selectively. To evolve an aminoacyl-tRNA synthetase specific for FnbY, we constructed a 

focused mutant library of Methanosarcina barkeri pyrrolysyl-tRNA synthetase (PylRS) and 

subjected it for selection. Multiple hits showing FnbY-dependent phenotype were identified 

and converged on the same amino acid sequence (L270F/L274M/N311A/C313G) 

(Supplementary methods), which we named as FnbYRS. To verify FnbY incorporation, we 

expressed in E. coli the glutathione transferase (GST) gene containing a TAG codon at 

position 103 together with tRNACUA
Pyl /FnbYRS. In the absence of FnbY, no full-length GST 

was detected; when 1 mM of FnbY was added in growth media, full-length GST was 

expressed and purified (Figure 1b). The purified GST(103FnbY) was analyzed with 

electrospray ionization time-of-flight mass spectrometry (ESI-TOF MS), which confirmed 

the successful incorporation of FnbY (Figure 1c).

We next determined whether the incorporated FnbY could react with lysine in proximity 

upon photoactivation directly in E. coli cells. GST is a dimeric protein, whose structure 

shows that residue 103 of one monomer is close to residue 107 of the other monomer at the 

dimer interface (Figure 2a).28 We thus incorporated FnbY at site 103 and tested if it could 

covalently crosslink with the native Lys107 upon photoactivation (Figure 2b). E. coli cells 

expressing GST(103FnbY) were illuminated with UV light, and cell lysates were analyzed 

with Western blot to detect GST. GST dimerization was detected upon UV light activation 

(302 nm or 365 nm) for 5 min, with efficiency reaching 75% (Figure 2c, Figure S1). When 

using a wild type GST (no FnbY) or mutating Lys107 to Ala (103FnbY/107Ala), no GST 

dimeric crosslinking was detected under identical conditions (Figure S2). These results 

suggest that the covalent crosslinking occurred between FnbY103 and Lys107 selectively. 

We further used tandem mass spectrometry to determine the bonding pattern of the 

crosslinked GST. The cross-linked GST was purified, digested with endoproteinase GluC, 

and analyzed with nano-LC-MS. The fragmented ions in MS2 spectrum indicate that the 

covalent linkage formed between Lys107 of one GST monomer with Tyr103 of the other 

monomer (Figure 2d). Because QM generated from FnbY would be converted into a Tyr 

upon Michael addition (Figure 2b), the MS result thus further confirms that the reaction 

occurred between FnbY103 and Lys107 via the QM mechanism.

To test if FnbY could react with other natural residues, we mutated Lys107 of GST to all 

other possible nucleophilic amino acids, including His, Tyr, Cys, Trp, Ser, Thr, Asp, Asn, 

Glu, Gln, Met, and Arg. E. coli cells expressing GST containing FnbY103 and each test 

residue at site 107 were photoactivated and analyzed with Western blot (Figure 3). To our 
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delight, the FnbY-generated QM reacted with His, Tyr, Cys, and Trp in high efficiencies up 

to 80%. Remarkably, it also reacted with Met, Arg, Asn, and Gln, which have weak 

nucleophilicity, in moderate efficiencies (9% - 29%). For Ser, Thr, Asp, and Glu, GST 

dimerization could be detected but the reactivity was low. The crosslinking of FnbY103 with 

His107, Tyr107, and Cys107 were further verified with tandem MS (Figure S3).

QM photo-released from FnbY showed broad reactivity toward natural amino acids, yet it is 

distinct from conventional photo-crosslinking Uaas containing phenyl azide, diazirine, or 

benzophenone. First, in terms of reaction mechanism, FnbY generates an electrophilic 

Michael acceptor QM to react with nucleophilic Michael donor selectively, while photo-

crosslinking Uaas generate nitrene, carbene, or diradical, which react with any natural 

residue non-selectively. Second, the intermediates generated from photo-crosslinking Uaas 

have very short half-life (ns to μs),29,30 whereas the half-life of QM is on the order of 

seconds,31,32 dramatically longer than the former. For comparison, we genetically 

incorporated the photo-crosslinking Uaa p-azido-phenylalanine (AzF) into GST at position 

103, while leaving Ala or Lys at position 107. After photoactivation in cells, both mutants 

showed GST dimerization (Figure S4), confirming the lack of residue specificity of photo-

crosslinking via AzF. In addition, the QM-mediated GST(103FnbY/107Lys) has much 

higher crosslinking efficiency (75%) than the AzF-mediated GST(103AzF/107Lys) 

crosslinking (45%) under the same conditions. These results suggest that longer half-life of 

QM may enhance crosslinking yield, which will be beneficial for identifying weak and 

transient interactions.

To enable the use of FnbY in mammalian cells, we tested and optimized its incorporation 

into green fluorescent protein (GFP) in HeLa cells. The FnbYRS gene was cloned into 

plasmid pMP-3xtRNAPyl and plasmid pNEU-4xtRNAM15.33–35 The latter uses an optimized 

tRNAPyl to increase Uaa incorporation efficiency in mammalian cells.35 We also tested the 

Y349F mutation in FnbYRS, which has been reported to increase PylRS activity.36 The 

resultant plasmids were separately transfected into the HeLa-GFP-182TAG reporter cells, 

which contain a genome-integrated GFP gene with a TAG stop codon at site 182.37 

Suppression of the 182TAG codon would produce full-length GFP rendering cells 

fluorescent. FACS analysis of transfected cells showed that strong green fluorescence was 

detected only when cells were fed with FnbY (Figure 4a). In addition, the fluorescence 

intensity increased with FnbY concentration. Plasmid pNEU-4xtRNAM15-FnbYRS 

markedly increased the incorporation efficiency of FnbY in comparison to pMP-3xtRNAPyl-

FnbYRS, and mutation Y349F also enhanced FnbY incorporation (Figure 4a, Figure S5, 

Figure S6). These data indicate efficient incorporation of FnbY into GFP in HeLa cells.

We then explored photoactivated chemical crosslinking of proteins via FnbY in mammalian 

cells. Plasmid pNEU-4xtRNAM15-FnbYRS(Y349F) was cotransfected with pCDNA3.1-

GST(103TAG/107His) into HEK293 cells. Western blot analysis of cell lysate indicate that 

full-length GST was produced only when FnbY was added to the media (Figure 4b). 

Consistent with FACS analysis of FnbY incorporation into GFP, both data indicate the high 

specificity of FnbY incorporation into proteins in mammalian cells. Upon UV illumination 

of HEK293 cells expressing GST(103TAG/107His), we detected efficient GST dimeric 

crosslinking through Western blot analysis of cell lysate (Figure 4c). These results 
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demonstrate the successful incorporation of FnbY into proteins in mammalian cells and in 

situ generation of QM for protein crosslinking.

In summary, we genetically encoded FnbY, an unnatural amino acid containing a photocaged 

QM into proteins in E. coli and mammalian cells. Upon photoactivation FnbY enables the 

selective bond formation with nine natural amino acid residues in proteins directly in live 

cells, covering the majority of nucleophilic residues. In comparison with the latent 

bioreactive Uaas genetically encoded to date, FnbY substantially expands the number of 

natural residues covalently targetable with a single bioreactive Uaa, and successfully targets 

Trp, Arg, Met, Gln, and Asn for the first time with proximity-enabled reactivity in vivo. In 

addition, FnbY’s reactivity is photo-controlled, which will promise spatiotemporal 

resolution for future applications. Also, the strategy of masking and releasing a highly 

reactive intermediate, represented by QM from FnbY here, may afford a general route to 

genetically introduce various chemical reactivities inside cells in a biocompatible manner. In 

comparison with photo-crosslinking Uaas, FnbY reacts with nucleophilic residues 

selectively, which will enable designer placement of covalent bonds and facilitate detection 

of crosslinking site by mass spectrometry. The photoactivated intermediate of FnbY, QM, 

has longer half-life than those of photo-crosslinking Uaas, which can increase crosslinking 

efficiency and improve the identification of biomolecular interactions. Lastly, QM-bearing 

small molecules have been versatile in organic synthesis and chemical biology; Genetically 

encoding FnbY now enables researchers to exploit QM-based chemistries in proteins in live 

cells. Therefore, we expect that the photoactivatable and multi-targeting reactivity of FnbY 

will broaden the diversity of proteins and the scope of applications amenable to covalent 

bonding in vivo for chemical biology, biotherapeutics, and protein engineering.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Genetically encode FnbY into GST protein in E. coli. (a) Scheme showing FnbY structure 

and photoactivated Michael addition. Photoactivation of FnbY generates QM on protein in 

situ, which reacts with nucleophilic residues in proximity via Michael addition, forming new 

covalent bonds. (b) SDS-PAGE analysis of FnbY incorporation into GST at site 103. (c) 

ESI-TOF MS analysis of purified GST(103FnbY). Expected: 23906 Da; measured: 23905 

Da.

Liu et al. Page 8

J Am Chem Soc. Author manuscript; available in PMC 2020 June 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Photoactivated FnbY selectively reacts with a proximal Lys in protein in E. coli cells. (a) 

Crystal structure of E. coli GST (PDB code 1A0F) showing site 103 and 107 at the dimer 

interface. (b) Scheme showing photoactivated chemical crosslinking via FnbY: FnbY103 

incorporated in GST, upon photoactivation, reacts with the nearby Lys107 of the other GST 

monomer, resulting in a covalently crosslinked GST dimer. (c) GST dimerization detected 

on Western blot of cell lysates of E. coli cells expressing GST(103FnbY). Cells were 

illuminated with UV light at 302 nm for indicated duration. (d) Tandem mass spectrum of 

GST(103FnbY) after photoactivated chemical crosslinking. A series of b and y ions indicate 

the crosslinking of FnbY103 (in final form of Tyr) with Lys107.
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Figure 3. 
Photoactivated FnbY reacts with multiple residues in proteins in E. coli. E. coli cells 

expressing GST mutants with FnbY103 and position 107 mutated to the indicated residues 

were illuminated with UV light, and cell lysates were analyzed with Western blot to detect 

GST.
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Figure 4. 
Genetic incorporation of FnbY into proteins in mammalian cells and in cell photoactivated 

chemical crosslinking of GST. (a) FACS analysis of FnbY incorporation into GFP in HeLa 

cells. HeLa-GFP-182TAG stable cell line was transfected with pNEU-4xtRNAM15-FnbYRS 

or pNEU-4xtRNAM15-FnbYRS(Y349F) and cultured with indicated concentrations of FnbY. 

(b) Western blot analysis of incorporation of FnbY into GST(103TAG/107His) in HEK293 

cells. (c) Western blot analysis of photoactivated chemical crosslinking of GST(103FnbY/

107His) in HEK293 cells.
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