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Abstract

Site-specific introduction of bioorthogonal handles into biomolecules provides powerful tools for
studying and manipulating the structures and functions of proteins. Recent advances in
bioorthogonal chemistry demonstrate that tetrazine-based bioorthogonal cycloaddition is a
particularly useful methodology due to its high reactivity, biological selectivity, and turn-on
property for fluorescence imaging. Despite its broad applications in protein labeling and imaging,
utilization of tetrazine-based bioorthogonal cycloaddition has been limited to date by the
requirement of a hydrophobic strained alkene reactive moiety. Circumventing this structural
requirement, we report the site-specific incorporation of noncanonical amino acids (ncAAs) with a
small isocyanide (or isonitrile) group into proteins in both bacterial and mammalian cells. We
showed that under physiological conditions and in the absence of a catalyst these isocyanide-
containing ncAAs could react selectively with tetrazine molecules via [4 + 1]-cycloaddition, thus
providing a versatile bioorthogonal handle for site-specific protein labeling and protein decaging.
Significantly, these bioorthogonal reactions between isocyanides and tetrazines also provide a
unique mechanism for the activation of tetrazine-quenched fluorophores. The addition of these
isocyanide-containing ncAAs to the list of 20 commonly used, naturally occurring amino acids
expands our repertoire of reagents for bioorthogonal chemistry, therefore enabling new biological
applications ranging from protein labeling and imaging studies to the chemical activation of
proteins.
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The development of bioorthogonal reactions and strategies for introducing “handles” into
polypeptides has transformed our ability to study and manipulate proteins.1~8 There have
been many improvements in the speed and selectivity of bioorthogonal reactions in the past
several decades.®~12 Recent advances in bioorthogonal chemistry have focused on tetrazine-
based inverse electron demand Diels-Alder (IEDDA) cycloaddition reactions due to their
rapid reaction rates, high selectivity, and product stability.®13-17 These reactions are
particularly useful for precision protein labeling, decaging, and cellular protein imaging.
13,14,17-24 For example, tetrazine-containing amino acids have been genetically incorporated
into proteins, allowing for a rapid bioorthogonal conjugation with frans-cyclooctene (TCO)-
labeled biomolecules.13-17 Taking advantage of the high reaction rate and good
biocompatibility of IEDDA reactions, Chen and others have redirected this reaction for site-
specific protein decaging.18-22 Proteins, including kinases and luciferase, have been caged
by TCO-labeled lysine, followed by activation upon reaction with tetrazines.18:20 Besides
acting as an IEDDA reaction partner, tetrazine can absorb visible light at around 500-525
nm, which makes it an ideal quencher toward a series of fluorophores. Based on this dual
functionality of tetrazine, IEDDA reaction was also employed to design a variety of
fluorogenic fluorophores.25-28 Despite the broad application of the IEDDA reactions, most
dienophiles used in tetrazine-based cycloaddition reactions are strained hydrophobic alkenes
or alkynes, such as TCO, cyclooctyne, norbornene, cyclobutene, cyclopropene, or
spirohexene.13:15.16.29.30 |n, this report, we incorporated noncanonical amino acids (ncCAAS)
containing small and hydrophilic isocyano (or isonitrile) groups into proteins in both
bacterial and mammalian cells using genetic code expansion technology. Site-specific
protein labeling was then achieved via a [4 + 1]-cycloaddition reaction with various types of
functional tetrazine moieties.

Isocyanide is a popular reactive group due to the presence of a resonance structure
containing a negative carbanion and a positive nitrogen ion. This enables isocyanide to serve
as either a nucleophile or an electrophile in chemical reactions. Due to their unique
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reactivity, isocyanides have been used as important building blocks in organic syntheses,
especially in multicomponent reactions, such as Ugi reaction and Passerini reaction.31-33
Because of their small size, stability, and lack of toxicity, isocyanides also have attracted
interest in several biological applications.3435 In an early effort, Ziegler and co-workers
demonstrated that isocyanide compounds can undergo Ugi reactions to functionalize the
carboxyl and amino groups of native proteins under physiological conditions.36 For
improved labeling selectivity of isocyano moieties, bioorthogonal [4 + 1]-cycloaddition
reactions between isocyanides and tetrazines are of increasing interest (Figure 1).3 Leeper
and co-workers have developed isocyano derivatives of galactosamine and mannosamine for
metabolic glycan labeling.38-3° The incorporated isocyano glycans can subsequently be
derivatized with tetrazine-labeled fluorophores to enable visualization of cancer cell
glycoproteins. Most recently, Franzini and co-workers used 3-isocyanopropyl (ICPr)
moieties as hydroxy masking groups for anticancer drugs and bioimaging reagents with no
reported toxicity in vitroand in vivo.*9 Upon addition of decaging tetrazines, ICPr
undergoes a [4 + 1]-cycloaddition reaction, releasing N to yield a pyrazoleimine
intermediate, followed by hydrolysis to yield a 3-oxopropyl moiety.*! g-Elimination of the
resulting 3-oxopropyl-caged compound generates active biomolecules with hydroxyl groups.
42 During the preparation of this manuscript, a fert-butyl isocyano group was also reported to
react with bulky tetrazine for protein labeling, which has been used to achieve bioorthogonal
labeling of three different proteins at same time, together with azide-dibenzocyclooctyne
(DBCO) and less hindered tetrazine-TCO pairs.*3 Despite the potential importance of
isocyanides for modulating and studying biological functions, methods for site-specific
incorporation of isocyano groups into proteins have not yet become available.

Design and Synthesis of Isocyanide-Containing Amino Acids.

To genetically introduce isocyanide into protein, we designed a lysine amino acid analog
containing isocyanide, capable of generating stable conjugation products following reaction
with tetrazines. To prevent tautomerization and hydrolysis after the [4 + 1]-cycloaddition
reaction with tetrazines, a fert-butyl isocyano group was conjugated to the lysine amino acid
to yield e-A-2-isocyanoisobutyryl-lysine (NCibK, 1, Figure 1). In addition, we also designed
another analogue containing a 3-isocyanopropyl-1-carbamoyl (ICPrc) group, e-/-isocyano-
lysine (NCK, 2, Figure 1). We hypothesized that NCK could be chemically decaged by
tetrazines via a [4 + 1]-cycloaddition reaction to yield a wild-type lysine residue, thus
providing a new bioorthogonal cleavage mechanism for protein activation. We envision that
the site-specific introduction of the NCibK or NCK ncAAs into proteins will enable
precision protein labeling and chemical activation, respectively.

For the synthesis of NCK and NCibK ncAAs, isocyanide moieties were prepared by
dehydrating A-formamide with phosphorus oxychloride. NCK was prepared by coupling the
p-nitrophenyl carbonate-functionalized isocyanide to lysine with a 68% yield (Supporting
Information). Instead of forming the isocyanide prior to coupling to lysine, NCibK was
prepared by first incorporating an A-formyl aminoisobutyryl group into lysine, followed by
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converting this moiety to an isocyanoisobutyryl group in the presence of phosphorus
oxychloride.

Bioorthogonal Reaction between NCibK and Tetrazines.

To determine tetrazine reactivity with the isocyano group, the rate constant for the reaction
between NCibK and 3,6-di-2-pyridyl-1,2,4,5-tetrazine (dpTz) in phosphate-buffered saline
(PBS) at 25 °C was obtained by using UV-vis spectroscopy (Figure 2A). By following the
increase in pyrazole product absorbance at 430 nm upon reaction of NCibK with a 10-20-
fold excess of dpTz, we determined the rate constant as 0.29 + 0.03 M~1 s71, which is
comparable to that for the [3 + 2]-cycloaddition reaction between dibenzocyclooctyne
(DIBO) and benzyl azide (0.057 + 0.001 M~1 571, Figure 2B).44

Tetrazine-fluorophore conjugates, including BODIPY-tetrazine (Tz), are a unique class of
turn-on probes in which the tetrazine moiety serves as both a fluorescence quencher and a
bioorthogonal handle.25:28:45-48 Upon reaction with dienophiles, tetrazine is no longer able
to quench the fluorophore, resulting in enhanced fluorescence of fluorophore conjugates. To
examine the ability of isocyanides to activate the fluorescence of tetrazine-caged
fluorophores, we incubated different BODIPY-Tz conjugates with NCibK. We found that the
reaction between NCibK and BODIPY-m-Tz, the best-known turn-on probe for TCO,
resulted in a 14.8-fold increase in fluorescence (Figure 2C).25 The reaction of NCibK with
BODIPY-p-Tz, a probe with lower activation efficiency for TCO, yielded a 9.6-fold
activation (Figure 2D). Due to their good signal-to-noise ratios, we anticipate that these
isocyanide-mediated fluorogenic activations, like those between strained dienophiles and
tetrazine-fluorophore conjugates, will result in numerous applications in fluorescence
imaging.

Genetic Incorporation of Isocyanide-Containing Amino Acids in E. coli.

To genetically incorporate NCibK and NCK into proteins, the pyrrolysyl-tRNA synthetase
(PyIRS)/tRNAg{} A pair, which typically encodes ncAAs bearing a lysine moiety and the e-

N-carbonyl group of pyrrolysine, was used.2349-51 We screened a collection of
Methanosarcina barkeri PyIRS mutants that are able to genetically incorporate ncAAs with
structures similar to NCibK and NCK.1452-59 The activities of these PyIRS mutants were
determined based on their ability to incorporate NCibK or NCK into superfolder green
fluorescence protein modified with a C-terminal hexahistidine-tag (sSfGFP, encoded on
plasmid pET22b-T5-sfGFP*) and containing an amber codon at position 151. Escherichia
coliBL21 (DE3) cells containing the pET22b-T5-sfGFP* plasmid were independently
transformed with each of the PyIRS mutants, encoded on plasmid pUltra-PyIRS.60.61 A
quantitative fluorescence assay was carried out in LB medium in the presence or absence of
1 mM NCibK or NCK. We identified a PyIRS mutant (HibK-1) containing two amino acid
substitutions (Cys313Thr and Tyr349Phe) that exhibited an increase in fluorescence in the
presence of NCibK, suggesting successful expression of full-length NCibK-containing
sfGFP (Figure S1).57 Several PylRS mutants were found to be capable of NCK
incorporation, based on observed increases in fluorescence of sfGFP. By comparison, a
chimeric PyIRS mutant exhibited the largest increases in SfGFP expression level (Figure S1).
The chimeric PyIRS-IPYE mutant (chPyIRS-IPYE), comprised of residues 1-149 of M.
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barkeri PyIRS, residues 185-454 of Methanosarcina mazei PyIRS, and four mutations
(\Val31llle, Thr56Pro, His62Tyr, and Alal00Glu), was obtained via phage-assisted continuous
evolution for improved enzymatic efficiency without loss of substrate specificity.>9 To
investigate the efficiency and fidelity of NCibK and NCK incorporation, HibK-1 and
chPyIRS-IPYE mutants were used to express SfGFP in LB medium in the presence or
absence of 1 mM NCibK and NCK, respectively. SDS-PAGE analysis of Ni-NTA purified
sfGFP mutants revealed that full-length sfGFPs were expressed only for the two
combinations of HibK-1 enzyme plus 1 mM NCibK or chPylIRS-IPYE enzyme in the
presence of 1 mM NCK (Figure 3A). Yields of sfGFP mutants substituted with NCibK and
NCK and expressed in LB medium were 8.46 and 10.93 mg L1, respectively, comparing
with 90 mg L2 for wild-type sfGFP. ESI-MS analysis confirmed the site-specific
incorporation of NCibK and NCK into GFP (Figure 3B). A minor peak corresponding to the
misincorporation of phenylalanine at 151 position of GFP was observed for the purified
sfGFP-151NCibK. Thus, the expression of sfGFP-151NCibK was also carried out in M9-
glucose minimal medium to obtain a homogeneous protein (Figure S2).

Site-Specific Labeling of Proteins with NCibK.

To demonstrate that a tetrazine-functionalized probe can site-specifically react with isocyano
groups genetically inserted into proteins, we reacted purified NCibK-containing sfGFP with
1000 equiv of dpTz in PBS buffer at RT. ESI-MS analysis confirmed the quantitative
labeling of NCibK-containing sfGFP with the tetrazine moiety after 2 h (Figure 3C).
Furthermore, no hydrolysis of the conjugated product was detected by ESI-MS after storage
in PBS buffer for one month, suggesting good stability of the NCibK-tetrazine conjugate
under physiological conditions (Figure S3). To verify that our isocyanide-based strategy
represents a general approach to protein labeling, we substituted NCibK for the Lys99
residue of myoglobin expressed in E. coli. This was accomplished using a pBad-myo-K99*
plasmid containing a pBad promoter-driven myoglobin gene with an amber codon at a
permissive site (Lys99TAG).52 Myoglobin expression was carried out using £. co/i BL21
(DE3) cells cotransformed with the plasmids pBadmyo-K99* and pUlItra-HibK-1 in 2xYT
medium. SDS-PAGE analysis revealed that full-length myoglobin was expressed only in the
presence of 1 mM NCibK (Figure S4). ESI-MS analysis of myoglobin containing the
Lys99NCibK substitution revealed an observed mass of 18449 Da, in agreement with the
calculated mass (Figure S5). To demonstrate that NCibK-containing myoglobin can site-
specifically react with tetrazine moieties, we incubated myoglobin containing the
Lys99NCibK with 1000 equiv of dpTz in PBS buffer (pH 7.8) at RT. ESIMS analysis
confirmed the successful labeling of NCibK-containing myoglobin with the dpTz within 2 h
(Figure S5C). Next, we demonstrated that NCibK-containing myoglobin could be site-
specifically labeled with BODIPY-p-Tz. SDS-PAGE and in-gel fluorescence analyses
confirmed that only myoglobin containing NCibK was labeled with BODIPY-p-Tz; that is,
no labeling was detected in wild-type myoglobin (Figure S4).

Genetic Incorporation of Isocyanide-Containing Amino Acids in Mammalian Cells.

PyIRS/tRNAPY!- A pairs evolved in £. coli have been previously shown to be functional in
mammalian cells.53:57.60 To evaluate the incorporation of NCK and NCibK into proteins in
mammalian cells, we constructed a plasmid (pAcBacl-chPyIRS) containing four copies of
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U6 promoter-driven M. barkeri pyrrolysyltRNAcya, as well as a chPyIRS gene expressed
from a CMV promoter.53-65 To determine the incorporation efficiency of NCK and NCibK
into mammalian proteins, the pAcBacl-chPyIRS plasmid was co-transfected into Hel a cells
along with the pAcBacl-Pyl-EGFP* plasmid harboring an EGFP gene with an amber codon
at a permissive site (Tyr39). To judge the relative incorporation efficiency, e-N-Boc-lysine
(BocK), the best-known substrate for chPyIRS, was used as a positive control. Thirty-six
hours after transfection, increased levels of EGFP fluorescence were observed only in
cultures containing one of the three ncAAs, suggesting that, like BocK, NCK and NCibK
can be genetically incorporated in site-specific fashion into EGFP in mammalian cells
(Figure 4 and S6).

Fluorescence microscopy also revealed that NCK, in particular, was incorporated without
obvious toxicity at a level similar to that of BocK incorporation (Figure 4 and S7).

Tetrazine-Mediated Activation of Isocyano-Caged Proteins.

With NCK incorporation systems in hand for both bacterial and mammalian cells, we
investigated if the isocyano group can be used as a reversible caging tool for protein
activation /n vitroas well as in living cells. A sfGFP mutant, containing NCK at residue 151,
was purified from E£. coliand used as a model protein. To determine whether NCK can be
decaged to lysine via [4 + 1]-cycloaddition followed by a S-elimination reaction, NCK-
containing sfGFP was incubated with 1 mM dpTz in PBS buffer. ESI-MS analysis of the
NCK-containing sfGFP before and after dpTz-mediated decaging revealed a 112 Da shift of
the main peak, corresponding to removal of the isocyano caging group (Figure S8). In
addition to the major elimination products, we also observed reaction intermediates involved
in the decaging process (Figure S8). To demonstrate if this isocyanide and tetrazine-
mediated decaging strategy is also effective in mammalian cells, we site-specifically
incorporated NCK into a lipoic acid ligase-acceptor peptide (LAP) tag. This tag is used in
studies of probe incorporation mediated by enzymes (PRIME, Figure 5A).56.67 The LAP tag
is a 13-amino acid peptide in which a critical lysine residue is able to covalently link to
carboxylic acid residues in the presence of lipoic acid ligase (LplA) and adenosine
triphosphate (ATP).

To demonstrate that NCK can be used to cage the lysine residue present in the LAP tag, we
chose LAP-tagged neurexinlg, a synaptic adhesion protein that reacts with carboxylic acid-
functionalized coumarin to enable neurexin1gimaging in live cells.58 We found that human
embryonic kidney (HEK) 293T cells expressing wild-type LAP-tagged neurexinl could be
stained with coumarin fluorophore in the presence of 10 4/M LplA and 1 mM ATP (Figure
5B). Since coumarin labeling of LAP-tagged neurexinlg depends on the critical Lys6
residue within the LAP tag, we generated LAP-tagged neurexinls-Lys6NCK by substituting
NCK at this lysine residue to block LAP conjugation activity. As expected, labeling with
coumarin was only observed for cells expressing LAP-tagged neurexin15-Lys6 TAG in the
presence of both 1 mM NCK and dpTz for decaging (Figure 5B and S9). Removal of either
NCK in the media or the dpTz-mediated decaging step will lead to no significant coumarin
fluorescence, demonstrating that isocyano-caged lysine can be chemically restored to lysine
by tetrazine treatment in living cells.
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DISCUSSION

In summary, we have accomplished the genetic incorporation of isocyanide-containing
ncAAs into proteins in both bacterial and mammalian cells. Furthermore, we have
demonstrated the utility of this methodology for bioorthogonal protein labeling and
bioorthogonal protein decaging via a [4 + 1]-cycloaddition reaction with tetrazine probes.
Compared to currently used bioorthogonal reactivating partners for tetrazines, the isocyano
group has a smaller size, along with better stability and water-solubility, thus minimizing the
disruption of protein structures after incorporation. Furthermore, isocyanide-tetrazine [4 + 1]
cycloaddition reaction is compatible with the strain-promoted azide alkyne cycloaddition
reactions. Thus, the addition of isocyanide to genetic code will enable the
multifunctionalization of proteins in a site-specific manner. The ease of synthesis, versatility
of reactivity, and biocompatibility of isocyanides render them as attractive bioorthogonal
handles for biological and biomedical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Genetic incorporation of e-/N-2-isocyanoisobutyryl-lysine (NCibK, 1) and e-A-isocyano-
lysine (NCK, 2) for protein labeling and decaging, respectively.
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Characterization of reactions between NCibK and tetrazines. (A) Structures of tetrazine
derivatives used in this study.(B) Kinetics of NCibK with dpTz resulted in a rate constant of
k =0.29 + 0.03 M~1 571, (C) Fluorogenic turn-on reaction between NCibK and BODIPY-/-
Tz. (D) Fluorogenic turn-on reaction between NCibK and BODIPY-p-Tz.
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Incorporation of NCK and NCibK into sfGFP proteins in £. coli. (A) Expression of sfGFP
mutants in the presence or absence (=) of 1 mM NCK or NCibK, analyzed by SDS-PAGE.
(B) ESI-MS analysis of sSfGFP mutants containing NCibK or NCK. Two desired peaks were
observed for each sample. One is the full-length sfGFP mutant, and the other one is the full-
length sfGFP mutant without N-terminal Met. The 27577 Da peak corresponds to the
misincorporation of Phe at 151 position of sSfGFP. (C) ESI-MS analysis of NCibK-
containing sSfGFP mutant reacted with dpTz. The 27995 and 27864 Da peaks correspond to
the conjugated products with and without N-terminal Met, respectively.
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Figure 4.
Incorporation of BocK, NCK, and NCibK into EGFPY40TAG in mammalian cells analyzed

by fluorescence microscopy in the presence or absence (-) of ncAAs. Scale bar = 50 ym.
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Figure5.

Tetrazine-mediated activation of isocyano-caged lipoic acid ligase-acceptor peptide (LAP)
tag in living cells. (A) The reaction scheme for tetrazine-mediated activation of isocyano-
caged proteins. NCK wias site-specifically incorporated into the LAP-tagged neurexinlg
(NRX-LAP) to block the critical lysine residue. The NCK-modified LAP tag was then
decaged by tetrazine treatment, followed by reaction with coumarin fluorophore catalyzed
by lipoic acid ligase (LplA). (B) HEK293T cells expressing NRX-LAP or NRXLAP-TAG
with or without NCK were mixed with 1 mM dpTz in PBS for 20 min, followed by the
incubation with 1 mM pyrrolidine for 8 h. After PRIME labeling (blue) and cell fixation, 0.1
g/mL anti-Myc antibody and 7.5 pg/mL FITC-conjugated secondary antibody (green) were
added to check the expression level of NRX-LAP. Nucleus staining was carried out with 5
LM DRAQS (red) before confocal imaging. Scale bars = 25 ym.
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