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Abstract: Bioorthogonal click-reactions represent ideal means for labeling biomolecules selectively
and specifically with suitable small synthetic dyes. Genetic code expansion (GCE) technology en-
ables efficient site-selective installation of bioorthogonal handles onto proteins of interest (POIs).
Incorporation of bioorthogonalized non-canonical amino acids is a minimally perturbing means
of enabling the study of proteins in their native environment. The growing demand for the mul-
tiple modification of POIs has triggered the quest for developing orthogonal bioorthogonal reac-
tions that allow simultaneous modification of biomolecules. The recently reported bioorthogonal
cycloaddition reaction of bulky tetrazines and sterically demanding isonitriles has prompted us
to develop a non-canonical amino acid (ncAA) bearing a suitable isonitrile function. Herein we
disclose the synthesis and genetic incorporation of this ncAA together with studies aiming at as-
sessing the mutual orthogonality between its reaction with bulky tetrazines and the inverse electron
demand Diels–Alder (IEDDA) reaction of bicyclononyne (BCN) and tetrazine. Results showed that
the new ncAA, bulky-isonitrile-carbamate-lysine (BICK) is efficiently and specifically incorporated
into proteins by genetic code expansion, and despite the slow [4 + 1] cycloaddition, enables the
labeling of outer membrane receptors such as insulin receptor (IR) with a membrane-impermeable
dye. Furthermore, double labeling of protein structures in live and fixed mammalian cells was
achieved using the mutually orthogonal bioorthogonal IEDDA and [4 + 1] cycloaddition reaction
pair, by introducing BICK through GCE and BCN through a HaloTag technique.

Keywords: non-canonical amino acid (ncAA); genetic code expansion (GCE); orthogonal-bioorthogonal;
dual colour labeling; self-labeling peptide tag (SLPT); HaloTag

1. Introduction

An ever-growing demand of life science research is to be able to study multiple
subcellular structures and events in their natural ambience, in cellulo. In an era of pre-
viously unseen resolution limits offered by a continuously expanding palette of super-
resolution microscopy techniques, it is chemical biology that provides biologists with the
suitable biocompatible chemistry and chemicals that enable site-specific manipulation of
the biomolecules of interest, e.g., with small-synthetic fluorescent probes.

Amongst biomolecular manipulation strategies, fusion of engineered fluorescent
proteins (e.g., GFP, mCherry) or tags (e.g., Halo, CLIP, SNAP) to the protein of interest
represent routinely accomplished labeling methods. While both of these techniques offer
highly selective means of probe installation, the size of these fusion tags often perturbs
certain characteristics (mobility, function etc.) of the protein of interest (POI). Furthermore,
precise localization of the POI by fusion tags is also impaired due to linkage error. Point
mutations with non-canonical amino acids (ncAAs) carrying, e.g., a bioorthogonal function,
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are efficiently carried out using genetic code expansion techniques. Proteins carrying such
a bioorthogonalized amino acid are efficiently and selectively modified with fluorescent
or fluorogenic probes bearing the complementary bioorthogonal function. Such small
alterations to these point mutations mean they less likely hamper the function and char-
acteristics of the POI. The most established means for the extension of the genetic code
to site-specifically incorporate ncAAs is effected by the suppression of the Amber STOP
codon (UAG), but the use of other STOP codons in mammalian cells [1], or via quadruplet
codons [2,3], has been described as well.

The quest for bioorthogonal chemistries that enable multi-colour bioorthogonal label-
ing schemes of distinct structures includes the search for mutually orthogonal-bioorthogonal
reactions that can be run parallel to each other without any interfering reactions within
living cells. Simultaneous incorporation of mutually orthogonal bioorthogonal moieties
into distinct biomolecules (e.g., proteins) poses further challenges.

There is an emerging array of bioorthogonal click-reactions; however, only a handful
of these have been shown to be mutually orthogonal, as reviewed by Smeenk et al.,
recently [4]. In most cases, differences in rates of otherwise similar reactions are the source
of mutual orthogonality, which hampers concurrent administration of reagents. Indeed,
these mutual orthogonal reactions require sequentially driven modification schemes. For
example, in our pioneering work, a strain-promoted azide-alkyne cycloaddition, followed
by its copper catalyzed version, effected dual labeling of alkyne and cyclooctyne modified
peptides and proteins [5,6]. Nikić et. al. reported on a pulse-chase experiment where a
trans-cyclooctene (TCO) and a cyclooctyne-modified ncAA was implemented to insulin
receptors (IR) using a promiscuous tRNA/RS system accepting both amino acids, resulting
in differently functionalized IR populations in the plasma membrane. Such distinctly
functionalized receptors were then modified with a less reactive tetrazine to consume all
the TCO. Subsequent addition of a more reactive tetrazine then led to selective modification
of the cyclooctynylated insulin receptors [7]. Prescher and co-workers used sterically
fine-tuned cyclopropenes, which allowed mutually orthogonal Diels–Alder and dipolar
cycloadditions in combination with tetrazines and nitrile imines. Very recently, Tu et al. [8]
disclosed a study on sterically demanding isonitriles, which had preferential reactivity
towards sterically demanding tetrazines.

We wished to expand the toolbox of genetically encodable, bioorthogonalized amino
acids enabling mutually orthogonal bioorthogonal labeling schemes. The [4 + 1] cycload-
dition of sterically hindered isonitriles with sterically demanding tetrazines seemed a
favorable choice for our purposes. We assumed that the isonitrile group would make an
excellent functionality to add to an ncAA, because it consists of only two atoms. Thus, such
an ncAA is likely to be incorporated by one of the previously reported, more promiscu-
ous tRNA/tRNA synthetase (RS) pairs like NESPylRSAF/tRNAPyl

CUA [9]. The isonitrile
function is stable under physiological conditions and is non-toxic for mammals [10]. More-
over, it is not present in higher eukaryotes, and only occurs in a few natural products
(e.g., in marine sponges). During the course of our work, Chen et al. [11] reported site-
specific incorporation of primary and tertiary isocyanide-containing unnatural amino acids
into proteins by genetic code expansion. They achieved efficient fluorogenic labeling by
BODIPY-tetrazine derivatives and demonstrated a protein decaging experiment by the use
of the [4 + 1] cycloaddition.

Prompted by these considerations, we designed an isonitrile-appending lysine build-
ing block, where the isonitrile moiety is linked to the ε-amino function of Lys through a
carbamate bond. Former reports suggest that the carbamate linkage is preferred by the
tRNA synthetases leading to increased incorporation efficiency. Upon successful ncAA
incorporation, we wished to elaborate mutual orthogonality of the isonitrile-ncAA with
cyclooctynylated proteins in dual colour-labeling schemes. To evaluate orthogonality we
proposed to use a hybrid approach to achieve double bioorthogonal labeling of two distinct
subcellular structures. We sought to genetically incorporate the novel isonitrile-bearing
ncAA by genetic code expansion technology. To incorporate a second bioorthogonal handle



Molecules 2021, 26, 4988 3 of 16

into a different POI, we chose to take advantage of a fusion tag (i.e., HaloTag) capable of
specifically anchoring a BCN-functionalized HaloTag substrate.

Our aim was to demonstrate the mutually orthogonal bioorthogonal labeling potential
of the [4 + 1] cycloaddition of the tertiary isonitrile group with bulky tetrazines and
the inverse electron demand Diels–Alder (IEDDA) reaction between (1R,8S,9s)-bicyclo
[6.1.0]non-4-yn-9-ylmethanol, BCN and a less hindered tetrazine in vitro and in cellulo.

2. Results
2.1. Synthesis of Bulky Isonitrile-Carbamate-Lysine (BICK), Probes and Selectivity Studies

The target lysine derivative was prepared via a concise synthetic route outlined
in Scheme 1. First, an activated isonitrile residue was synthesized in a reaction of 4,4-
dimethyl-2-oxazoline (1) with p-nitrophenyl-chloroformate, using n-BuLi as a base. The in
situ-formed isonitrile-alkoxide was instantly converted to carbonate 2 with nitrophenyl-
chloroformate. Subsequently, carbonate 2 was allowed to react with Fmoc-protected
lysine at its free ε-amino group to furnish protected amino acid 3. Treatment of 3 with
piperidine afforded target amino acid 4 (bulky isonitrile-carbamate lysine, BICK) in an
acceptable yield.

Scheme 1. Synthesis of the bulky isonitrile-carbamate-lysine ncAA. (a) 4-nitrophenyl-chloroformate, n-BuLi, THF, −78 ◦C,
N2, 1.5 h, 67%; (b) Fmoc-Lys-OH, DMF, DIPEA, 25 ◦C, 1 h, 94%; (c) piperidine, CH2Cl2, 25 ◦C, 20 min, 15%.

As of a complementary function, which is reactive towards BICK, we needed sterically
demanding tetrazine modified probes. Thus, we needed a t-Bu-tetrazine that could be
easily installed onto various fluorescent probes. Formerly, we have reported on nicotinic
acid-derived tetrazines [12]. On the one hand, the nicotinic acid motif bears a carboxylic
acid function allowing further modification. On the other hand, it efficiently activates
tetrazines in IEDDA reactions due to its electron-withdrawing character. Therefore, we
have designed sterically demanding nicotinic acid-derived tetrazine 7, which was accessed
via a synthetic route involving pivalonitrile (5) and cyanonicotinic acid (Scheme 2). This
nicotinic acid-derived bulky tetrazine was coupled to rhodamine-piperazine 8 or sulfo-Cy3
14 to furnish a membrane-permeable probe tBuTetRhod (9) and a membrane-impermeant
tBuTetCy3 (17), respectively (Scheme 2).

For the preparation of the BCN-HaloTag substrate (21), N-Boc-2-(2-hydroxyethoxy)-
ethylamine (18) was alkylated with 1-chloro-6-iodohexane, in the presence of NaH to give
19. Removal of the Boc-protecting group was effected by TFA to yield the free amine, 20.
Finally, compound 20 was reacted with BCN-NHS (see Supplementary Materials) using
DIPEA as a base to get BCN-HaloTag substrate, 21 (Scheme 3).

In a preliminary experiment, we wished to see whether tetrazines with different
steric demand react selectively with a bulky isonitrile and a cyclooctyne. To this end, we
have combined tetrazines 7 and 22, with our bulky isonitrile-carbamate lysine (BICK)
and BCN (Scheme 4). Gratifyingly, LC-MS analysis of the product mixture indicated that
only two products corresponding to the adducts of 7 + BICK and 22 + BCN were formed
(Supplementary Materials Figure S1), suggesting mutual orthogonality of the concurrent
reactions.
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Scheme 2. Synthesis of the sterically demanding tetrazine-rhodamine (tBuTetRhod) and tetrazine-sulfoCy3 (tBuTetCy3)
probes. (a) EtOH, AcCl, 0 ◦C, 16 h, 63%; (b) 1. 6-cyanonicotinic acid, N2H4 × H2O, S8, 90 ◦C, 1 h; 2. (diacetoxyiodo)benzene,
CH2Cl2, 25 ◦C, 16 h, 84%; (c) HBTU, HOBt × H2O, DIPEA, MeCN, 25 ◦C, 4 h, 29%; (d) 6-bromohexanoic acid, KI,
dichlorobenzene, 150 ◦C, 48 h, N2, 40%; (e) N,N′-diphenylformamidine, AcOH, Ac2O, 120 ◦C, 1 h, N2; (f) pyridine, Ac2O,
25 ◦C, 16 h, 16% (2 steps); (g) N-hydroxysuccinimide, EDC × HCl, CH2Cl2, 25 ◦C, 2 h, (h) hexane-1,6-diamine, DMF, 25 ◦C,
16 h, 42% (2 steps); (i) 7, HBTU, HOBt × H2O, EDIPA, MeCN, DMF, 25 ◦C, 1,5 h, 26%.
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Scheme 3. Synthesis of BCN-HaloTag substrate. (a) NaH, 1-chloro-6-iodohexane, THF/CH2Cl2, 0–25 ◦C, 16 h, 67%; (b)
TFA/CH2Cl2 (H2O), 0–25 ◦C, 2 h, 90%; (c) BCN-NHS, DIPEA, MeCN, 25 ◦C, 16 h, 92%.

Scheme 4. Reaction products of sterically different tetrazines with bulky isonitrile and cyclooctyne reaction partners.

2.2. Specificity of Protein Labeling In Vitro

To test mutual orthogonality of the cycloaddition of the bulky isonitrile group and the
sterically demanding tert-butyl-tetrazine versus the IEDDA reaction to label proteins, we
selected Transferrin (TF, 76 kDa) and Bovine Serum Albumin (BSA, (66 kDa) because they
are comparable in size, but still can be fully resolved on SDS-PAGE gels. We conjugated
a 70 µM solution of each protein with a 5-fold excess of NHS-NC or NHS-BCN. After
removing the unreacted reagents using a Sephadex G-25 spin column, we added a 500 µM
solution of Tet-SiR and tBuTetRhod either separately or together to different combinations
of bioorthogonalized, i.e., isonitrile- or BCN-modified, proteins. Following a 2-h incubation,
the proteins were worked up using Sephadex G-25, and were immediately run on an 8%
SDS-polyacrylamide gel.
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The results indicate that Tet-SiR reacted specifically with BCN in either combination.
Reaction of tBuTetRhod with isonitrile, on the other hand, was partially specific, i.e., no
cross reaction was observed with BSA-BCN, while a faint but visible band appeared with
TF-BCN (Figure 1b, lane 4). Cross labeling was also present when a mixture of TF-BCN
and BSA-NC was treated with tBuTetRhod alone. However, when both bioorthogonalized
proteins and both dyes were present, the two reactions were specific in each combination
(Figure 1b lanes 5 and 8), indicating that cross reactivity is only present when the BCN
moiety is not consumed in the fast IEDDA reaction. Gratifyingly, no unspecific binding
of any of the dyes to any of the proteins was detected in the absence of NC and BCN
(Figure 1a,b, lanes 12 and 13).

Figure 1. Bioorthogonal labeling of serum proteins Transferrin (TF) and Bovine Serum Albumin (BSA) to test mutual
orthogonality between IEDDA and [4 + 1] cycloaddition represented by in-gel fluorescence imaging of SDS-PAGE gels. TF
and BSA were modified with NHS-NC and NHS-BCN. Top images are overlays of the Tet-SiR and tBuTetRhod channels.
Images in the middle two rows are the individual fluorescent channels, Coomassie staining is found in the lower row.
Molecular weight corresponding to the three visible bands of the marker are indicated. Panels (a,b) represent the two gels
that contain all combinations of labeling reactions. All reactions were run parallel and both of the gels in (a,b) were run
together in the same tank.

2.3. Genetic Incorporation of BICK into Mammalian Proteins in Cellulo

The optimized orthogonal NESPylRSAF/tRNAPyl
CUA pair has been shown to effi-

ciently translate the amber STOP codon as strained alkyne or alkene-containing ncAAs
in mammalian cells with high fidelity and yield [9]. Yet, it has been shown to be flexible
enough to accept further ncAAs as well [13]. Therefore, we ventured to test the ability of
NESPylRSAF/tRNAPyl

CUA to incorporate BICK into mammalian proteins.
To evaluate the incorporation efficiency and specificity of BICK, we transfected

HEK293T cells with reporter plasmid mCherry-TAG-EGFP [14] containing an Amber
STOP codon between a red (mCherry) and a green (EGFP) fluorescent reporter protein [14].
Red fluorescence was used to evaluate transfection efficiency, while green fluorescence
was expected to appear selectively in cells that successfully incorporated BICK at the site
determined by the amber STOP codon. We co-transfected this reporter construct with the
NESPylRSAF/tRNAPyl

CUA. Following transfection, we added fresh culture medium con-
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taining 1 mM BICK, or, as a positive control, 0.25 mM bicyclo [6.1.0]non-4-yn-9-ylmethanol-
lysine (BCNK), an ncAA known to be efficiently incorporated by NESPylRSAF into mam-
malian proteins [15].

To our delight, microscopy analysis indicated the appearance of green fluorescence in
a significant number of cells alongside red fluorescence, suggesting that BICK is efficiently
incorporated into proteins (Figure 2). Flow cytometry analysis of cells was utilized to
quantify the efficiency and specificity of ncAA incorporation (Figure 3 and Supplementary
Materials Figure S2). We observed that an average of 81% of transfected cells incorporated
BICK, which is similarly efficient to the incorporation of known substrate BCNK (76%)
and significantly higher than the negative control that contains mCherry-TAG-EGFP and
NESPylRSAF/tRNAPyl

CUA plasmids, but no ncAA (20%). Note that unspecific Amber
suppression in the ncAA negative samples resulted in relatively low level GFP fluores-
cence, which is considered the result of the normal leakage of the single Amber stop
codon due to non-specific incorporation of natural amino acids, causing a minor back-
ground [16]. We also showed in flow cytometry experiments that incorporation of BICK is
concentration-dependent (Figure S2b,c). Significant incorporation of BICK was already
detected at 0.125 mM concentration and this showed an increasing tendency towards 2 mM
concentration. However, the percentage of GFP-positive (thus Amber-suppressed, with
a GFP fluorescence threshold drawn at the level of the no-ncAA controls) cells did not
seem to differ to a biologically significant extent above 1 mM BICK. We also considered
the median fluorescence intensities of GFP-positive cells (Figure S2c). This was higher in
the case of 2 mM BICK, but progression of the curve was already reaching a plateau at
2 mM. 1 mM BICK concentration already gives a high value, moreover, this was closest to
the value measured in the case of 0.25 mM BCNK, our standard. Therefore, it seemed a
reasonable concentration to apply in live cell experiments.

Figure 2. Live cell fluorescent wide field imaging of specific incorporation of 250 µM BCNK (middle column) and 1 mM
BICK (right column) into pmCherry-TAG-EGFP in HEK293T cells. mCherry-positive cells were successfully transfected
with the plasmid bearing the POI, while the amber STOP codon is suppressed only in GFP-positive cells by a site-specific
incorporation of the added ncAAs. Scale bar = 500 µm.
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Figure 3. Flow cytometry analysis of the reporter pmCherry-TAG-EGFP in HEK293T cells to assess the efficiency of genetic
incorporation of 1 mM BICK (right) as compared to 250 µM BCNK (middle), or no ncAA added (left) by NESPylRSAF. On
the horizontal axis, fluorescence intensity corresponding to mCherry is shown, while GFP fluorescence is plotted on the
vertical axis. The latter indicates successful incorporation and Amber suppression rates. Fluorescence intensity is indicated
in arbitrary units.

The MTT assay revealed that BICK lacked any cytotoxicity (Figure S3). The viability
of HEK cells apparently remains at 100% after 16 h incubation with 1 mM BICK.

Stability tests (Figure S4) indicated that 1 mM BICK retains its full integrity for at least
48 h at 37 ◦C in 20 mM HEPES buffer or in HEPES completed with 2 mM GSH to model
the typical cellular environment.

2.4. Live Cell Labeling of Insulin Receptors (IR) on the Extracellular Side of the Cell Membrane

Given bulky-isonitrile bearing ncAA, BICK was incorporated by the NESPylRSAF/
tRNAPyl

CUA pair site-specifically, we moved on to test whether mutual orthogonality of
the cycloaddition of the bulky isonitrile group and the sterically demanding tert-butyl-
tetrazine versus the inverse electron demand Diels–Alder reaction between BCN and
methyl-tetrazine can be demonstrated under live-cell conditions. To this end, as indicated
in Figure 4a, we incorporated either BICK or BCNK into insulin receptors (IR) bearing
an Amber (TAG) mutation at an extracellular position (K676) by transfecting HEK293T
cells simultaneously with plasmids coding for the IRTAGGFP fusion construct [7] and the
NESPylRSAF/tRNAPyl

CUA pair [9]. Then we carried out single colour labeling reactions
on both ncAAs with tert-butyl-tetrazine-sulfo-Cy3 (tBuTetCy3, 100 µM, overnight) and
Cy3-tetrazine (TetCy3, (25) described in the work of Knorr et al. [17], 3 µM, 60 min).

As expected, TetCy3 labeling of BCNK was strong and specific, and reassuringly,
no Cy3 signal was detected on BICK-bearing cells, while tBuTetCy3 labeling was robust
in this latter cell population, although some undesired intracellular particles were also
detected, probably due to dye aggregation or endosomal uptake. This might have resulted
from the longer labeling interval with a relatively high dye concentration needed for
the efficient reaction of the bulky tetrazine under live cell conditions. This also leads to
some cross labeling as a result of the reaction of tBuTetCy3 with BCNK (Figure 4b). The
phenomenon was not unexpected, however, as the in-gel fluorescence tests gave similar
results. Based on the above findings, we reasoned that for orthogonal dual colour labeling
schemes, quick saturation of the BCN moieties with sterically non-demanding tetrazine-
dyes should be carried out first, followed by the addition of the slowly reacting tBuTet-dye
to conjugate to BICK bearing proteins. Longer labeling times with tBuTetCy3 was safe for
live HEK293T cells according to the MTT test carried out under the same conditions as the
live cell labeling reactions, as shown in Figure S3.
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Figure 4. (a) Live cell bioorthogonal labeling scheme of overexpressed insulin receptor-GFP fusion protein (IRTAGGFP) in
HEK293T cells with incorporation of either of the ncAAs BICK or BCNK and testing the labeling efficiency of a tertbutyl-
tetrazine conjugated dye (tBuTetCy3) and a tetrazine conjugated dye (TetCy3). (b) Confocal images of the live cell labeling
experiment outlined in the scheme in (a). We tested the orthogonality in cellulo of the bioorthogonal reactions between the
ncAAs BICK (1 mM) or BCNK (250 µM) genetically incorporated into IRTAGGFP and labeled with tBuTetCy3 (100 µM,
overnight) or TetCy3 (3 µM, 60 min). Detection windows: green channel (GFP) 495–550 nm; red channel (tBuTetCy3 and
TetCy3 conjugate) 565–650 nm. False colour codes: Green: The reporter fluorophore GFP shows location of efficient IR
expression. Red: Labeling of IR with tBuTetCy3 and TetCy3. Scale bar = 10 µm.

2.5. Dual Colour Labeling and Imaging of Subcellular Structures in Fixed Cells

After labeling insulin receptors on the outer membrane-surface of live cells, we turned
to double labeling of ultrastructures in fixed cells. We chose two intermediate filament type
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proteins: Vimentin (type III) and LaminA (type V)—the latter lines the inside of the nuclear
membrane. The third protein, TOMM20 (Translocase Of Outer Mitochondrial Membrane
20), is a mitochondrium marker. We assumed that we would be able to label complex
intracellular structures after fixation and permeabilization of cells. Since labeling of the
BCN-reactive group is possible after fixation with formaldehyde (PFA) and Triton X-100,
we could recruit the HaloTag system, i.e., an intracellular POI fused to the HaloTag self-
labeling enzyme [18,19]. This allowed easy labeling of various structures such as vimentin
(Figure 5b) and LaminA (Figure 5c) without the need for an antibody. The isonitrile group,
on the contrary, was not preserved for labeling when administered before fixation in
our hands; therefore, we used a bulky-isonitrile-modified secondary antibody (IgGNC)
together with anti-TOMM20 primary antibody to label mitochondria after fixation.

Our workflow (Figure 5a) started with transfection of COS-7 cells that have more
voluminous cytoplasm relative to their nucleus, when compared to HEK293T cells. We
used plasmids encoding intracellular proteins (Vimentin or LaminA) fused to Halo-Tag.
The HaloTag-BCN substrate was then added to cells one day after transfection to introduce
the first bioorthogonal reaction partner. After extensive washing, cells were fixed at
this point, and after further washing and blocking of unspecific antibody binding sites,
TOMM20 primary antibody was allowed to bind at 4 ◦C overnight. Cells were washed
extensively, and the isonitrile conjugated secondary antibody was added. At this point
each of the two bioorthogonal reactive groups (BCN and isonitrile) were ready to receive
their reaction partners. Knowing that the BCN-tetrazine reaction is fast and capable of
consuming practically every BCN moiety, we stained the specimens with Tet-SiR (24), a
methyl-tetrazine functionalized siliconrhodamine dye (described in the work of Kozma
et al.) [20] first, for one hour. After extensive washing, we proceeded with staining with
the sterically demanding, tertbutyl-tetrazine-rhodamine (tBuTetRhod) probe, which was
more specific with less background on the fixed samples compared to the tBuTetCy3
used to stain live cells. The reaction between isonitrile and tertbutyl-tetrazine groups is
ca. two orders of magnitude slower than the preceding IEDDA reaction, therefore this
labeling reaction was carried out overnight. After the final washes, confocal microscopy
revealed successful dual-colour labeling of mitochondria and vimentin or LaminA using
the orthogonal-bioorthogonal chemistry elaborated in this work.

2.6. Dual Colour Labeling and Imaging of Subcellular Structures in Live Cells

As we already incorporated BICK into the insulin receptor (IR) bearing an Amber
STOP codon using GCE in HEK293T cells and established a live cell labeling protocol with
tBuTetCy3 (Section 2.3), we next aimed to achieve dual colour live cell labeling. To this
end, we introduced the second bioorthogonal moiety (BCN) through a plasmid encoding
an intracellular POI fused to the HaloTag self-labeling enzyme, similarly to the fixed-cell
protocol. Our workflow is summarized in Figure 6a. As POIs we chose nuclear proteins,
LaminA and H2B. The histone protein H2B, like LaminA, is also located in the nucleus
and is involved in the structural organization of chromosomes. Following transfection of
the cells with the plasmids and protein expression, BICK was removed and HaloTag-BCN
substrate was added to introduce the other bioorthogonal reaction partner either to Lamin
or H2B. Following removal of unreacted HaloTag-BCN, Tet-SiR was added to label the first
subcellular structure. This labeling reaction is rapid, resulting in specific and background-
free labeling, and consumption of the BCN moieties. After extensive washing of the cells,
the second probe, tBuTetCy3, was added. The next day, after extensive washing, the
medium was changed to indicator-free DMEM, and confocal microscopy imaging was
carried out on the same day, without fixation. Labeling with tBuTetCy3 was specific;
however, some undesired dye accumulation in endocytotic vesicles could also be observed.
Using the above-described method we could carry out efficient double bioorthogonal
labeling of insulin receptors and histone H2B (Figure 6b) or LaminA (Figure 6c) in live
HEK293T cells. We detected no unspecific labeling, which meant that the BCN moieties
were fully consumed in the first step, resulting in specific labeling of H2B or LaminA at the
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inner lining of cell nuclei. Insulin receptors bearing an isonitrile-carbamate-lysine ncAA
were also specifically labeled in the following step.

Figure 5. (a) Chart representing the workflow for fixed-cell dual-colour bioorthogonal labeling inside COS-7 cells expressing
a HaloTag fused POI. Cells were fixed after the reaction with HaloTag ligand-BCN and labeled with Tet-SiR in parallel with
immunofluorescent labeling of mitochondria using anti-TOMM20 primary antibody and IgGNC (a) secondary antibody
activated with NHS-isonitrile (NHS-NC, 23)—followed by the cycloaddition of tertbutyl-tetrazine conjugated rhodamine
(tBuTetRhod). (b,c) Confocal images of dual colour fixed cell labeling using the strategy described in (a). (b) COS-7 cells
expressing Vimentin-HaloTag construct; double labeled through the described fixed-cell labeling strategy. (c) COS-7 cells
expressing LaminA-HaloTag; also double-labeled as described in (a). Detection windows: red channel (rhodamine) 565–615
nm; far red channel (SiR) 675–800 nm. False colours: Red: Tet-SiR labeling of HaloTag + HaloTag ligand-BCN tagged
nuclear proteins. Green: Labeling of TOMM20 with rhodamine by cycloaddition between isonitrile/tertbutyl-tetrazine
groups. Scale bar = 10 µm.
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Figure 6. (a) Diagram representing the workflow for live cell dual-colour bioorthogonal labeling
of overexpressed proteins in HEK293T cells combining incorporation of the ncAA BICK and the
cycloaddition of a tertbutyl-tetrazine conjugated dye (tBuTetCy3) and labeling through HaloTag-BCN
with Tet-SiR. (b,c) Confocal images of dual-colour live cell labeling with the orthogonal-bioorthogonal
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reactions between the ncAA BICK genetically incorporated into IR-TAG-GFP and tBuTetCy3, and
nuclear proteins expressed in fusion with the HaloTag self-labeling enzyme labeled with Tet-SiR
through HaloTag-BCN. (b) H2B-HaloTag construct; (c) LaminA-HaloTag construct was used. De-
tection windows: green channel (GFP) 495–550 nm; red channel (tBuTetCy3 conjugate) 565–650
nm; far red channel (SiR) 650–800 nm. False colour codes: Green: The reporter fluorophore GFP
shows location of efficient IR expression. Red: Labeling of IR with tBuTetCy3 by cycloaddition
between isonitrile/tertbutyl-tetrazine groups. Blue: Labeling of cell nucleus related proteins with
Tet-SiR through HaloTag-BCN. Yellow in overlays: Green GFP and red tBuTetCy3 labeling of insulin
receptors result in yellow colour. Scale bar = 5 µm.

3. Discussion

There is an ongoing demand for dual or even multicolour labeling schemes of
subcellular components in life sciences. Thus, mapping possible mutually orthogonal-
bioorthogonal reactions is a key step to facilitate exploitation of the advantages of fluo-
rescent dyes with superior photophysical properties. [21] Genetic code expansion enables
site-specific incorporation of bioorthogonal handles with minimal perturbation and linkage
error. Such biocompatible click reactions were successfully used to label proteins following
genetic incorporation of bioorthogonalized ncAAs into POIs in E. coli bacteria [22] and
mammalian cells, enabling protein turnover studies, using a pulse-chase strategy [7], or at
different sites within a protein, enabling FRET studies, and in different cell surface proteins,
allowing dual-colour labeling schemes, as well [1].

Our aim was to develop a dual colour labeling method to visualize subcellular struc-
tures using mutually orthogonal bioorthogonal reactions. To this end, we focused on the
recent report of Tu and colleagues [8] reporting on the [4 + 1] cycloaddition reactions of
tetrazines and isonitriles. It was reported that unlike in case of the IEDDA reactions of
tetrazines and strained alkenes/alkynes, increased steric demand facilitates the [4 + 1]
cycloaddition reactions of tetrazines towards sterically also demanding isonitriles, allowing
selective reaction in the presence of strained alkenes (e.g., TCO or norbornene). It was also
demonstrated that the tetrazine-isonitrile reaction is orthogonal to the strain-promoted
reaction of azides and dibenzocyclooctyne [23]. This latter report also highlighted the
importance of the size of the isonitrile function as it enabled enzymatic incorporation
of a glucosamine-NC derivative into surface glycans. These findings have prompted us
to investigate the orthogonality of the reaction between a bulky tetrazine and a tertiary
isonitrile with a sterically less demanding tetrazine-cyclooctyne pair. We also wished
to explore the possibility of incorporating a tertiary isonitrile moiety into proteins using
genetic code expansion.

We hypothesized that the IEDDA reaction of the cyclooctyne BCN and a methyl-
tetrazine might presumably be mutually orthogonal to the cycloaddition reaction of bulky
isonitriles with a sterically demanding tetrazine. BCN has proved a useful handle to render
biomolecules bioorthogonalized and allows high signal-to-noise ratios for super-resolution
microscopy studies [24,25]. We have assessed the mutual orthogonality of the two reactions
in solution followed by LC-MS and in vitro, using NC and BCN modified proteins in
combination with tBuTetrazine and MeTetrazine modified probes. Gel electrophoretic
images confirmed that the reactions are indeed mutually orthogonal, though the bulky
tetrazine has some tendency to cross-react with BCN. This latter finding highlighted the
limitation of the two pairs, i.e., the BCN moiety should be fully consumed in a reaction
with MeTet-probe before adding the tBuTet probe. This suggests a sequentially executed
labeling scheme.

Following this, we have synthesized a new bulky-isonitrile bearing ncAA (BICK)
to elaborate its GCE applicability. BICK was found to be incorporated extremely effi-
ciently into extra- and intracellular POIs by Amber suppression technology using the
NESPylRSAF/tRNAPyl

CUA pair [9].
Although examples for multiple modification of different intracellular structures via

GCE exist [1,3,26], incorporation of multiple ncAAs using GCE is yet to be generalized.
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Therefore, we have chosen to combine GCE with self-labeling HaloTag fusion protein
technique for the incorporation of BICK and BCN moiety, respectively.

The other problem that impairs ideal visualization of subcellular structures using
mutually orthogonal bioorthogonal reactions is the considerable difference in the rates of
the two reactions. While IEDDA is fast, the [4 + 1] cycloaddition of isonitriles and bulky
tetrazines is orders of magnitude slower, being in the same range as the strain-promoted
alkyne-azide cycloaddition (SPAAC) [11,27]. The slow reaction between isonitrile and bulky
tetrazine in our case required elevated labeling concentrations and time, that accounted
for the less efficient intracellular labeling of BICK tagged proteins with cell-permeant
tBuTetRhod, due to a higher nonspecific background accumulation. Therefore, we turned
towards the labeling of insulin receptors on the cell surface using a non-permeable dye,
tBuTetCy3 specifically designed for this particular task. Labeling of IR was successful in
this way, although some endosomal accumulation of the dye was visible, resulting from
the longer reaction interval. A task for future studies remains the design of a fluorogenic,
cell-permable, easy-to-wash out tBuTet- dye to enable intracellular labeling through BICK.

A further adjustment of our labeling protocol was necessary due to the slight affinity
of tBuTet moiety towards BCN as described above. The considerable difference between
the reaction rates does not allow the simultaneous addition of the differently functionalized
probes in live cell labeling schemes, as the much higher reagent concentration needed for the
sterically demanding tetrazine-bearing fluorescent probe leads to an elevated background.

In conclusion, we presented a new, bulky isonitrile-bearing amino acid, which is
found to be incorporated efficiently into proteins by the NESPylRSAF/tRNAPyl

CUA pair.
Results suggest that the mutually orthogonal bioorthogonal nature of isonitrile and BCN
moieties enables double bioorthogonal labeling through [4 + 1] and IEDDA cycloaddi-
tion click reactions. To achieve mutual orthogonality in live cell conditions, a sequential
protocol is required due to the limited reaction rate of the [4 + 1] cycloaddition relative
to the IEDDA reaction of tetrazines and strained alkynes. This required the design of a
specific, membrane-impermeable dye limiting the use of isonitrile-bulky tetrazine reac-
tions to the extracellular labeling schemes. Bearing in mind these limitations, we have
introduced a feasibly functioning mutually orthogonal bioorthogonal reaction pair, and
demonstrated their use in double labeling schemes using a sequential protocol. Such
mutually orthogonal chemistries could be exploited to achieve multi-colour labeling of
outer membrane structures (receptors, etc.) through BICK incorporation via GCE, and
distinct subcellular structures using, e.g., HaloTag fusion. In the future, incorporation of
both members of the orthogonal pair by GCE would be a useful goal, along with improved
fluorogenic tBuTet-dyes to facilitate intracellular live cell labeling through isonitrile with a
low background.

4. Materials and Methods

All materials and methods are described in the Supplementary Materials available
online at Supplementary Materials File 1.

Supplementary Materials: Supplementary Materials File 1, [28–32]. Figure S1. LC-MS chro-
matograms show the product peaks of the four-party reaction including tetrazines with different
steric demand (7 and 22) with bulky isonitrile-carbamate lysine (BICK) and BCN as indicated in
Scheme 4 in the main text. Figure S2. Flow cytometry analysis of the reporter pmCherry-TAG-EGFP
in HEK293T cells to assess the efficiency of genetic incorporation of BICK as compared to BCNK,
or no ncAA added by NESPylRSAF. Figure S3. MTT cell viability test of BICK and tBuTetCy3 (17).
Figure S4. Stability test of BICK. Text S1: Supplementary Materials and Methods.

Author Contributions: Conceptualization and supervision: P.K.; writing—original draft prepara-
tion: Á.S. and B.S.; writing—review and editing: P.K. and K.N.; organic syntheses: G.B.C., T.Á.M.
and B.S.; plasmid construction: Á.S. and A.B.; flow cytometry: G.V. and E.S.; subcellular label-
ing and microscopy: Á.S. and K.N. All authors have read and agreed to the published version of
the manuscript.



Molecules 2021, 26, 4988 15 of 16

Funding: This research was funded by grants of the National Research, Development and Innovation
Office of Hungary (K-131439, K-128011 and PD-123955) and the Eötvös Loránd Research Network
(KEP-10/2020).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article.

Acknowledgments: The authors would like to thank Attila Kormos (Chemical Biology Research
Group, Research Centre for Natural Sciences, Magyar tudósok krt 2, H-1117 Budapest, Hungary)
for the preparation of Tet-Sir. The authors would also like to thank Ágnes Gömöry (MS Proteomics
Research Group, Research Centre for Natural Sciences, Magyar tudósok krt 2, H-1117, Budapest,
Hungary) for high resolution mass spectrometry (HRMS) measurements. The authors would also
like to thank Pál Szabó (Head of MS Metabolomic Research Laboratory, Research Centre for Natural
Sciences, Magyar tudósok krt 2, H-1117, Budapest, Hungary) for high resolution mass spectrometry
(HRMS) measurement.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Meineke, B.; Heimgärtner, J.; Eirich, J.; Landreh, M.; Elsässer, S.J. Site-Specific Incorporation of Two ncAAs for Two-Color

Bioorthogonal Labeling and Crosslinking of Proteins on Live Mammalian Cells. Cell Rep. 2020, 31, 107811. [CrossRef] [PubMed]
2. Anderson, J.C.; Wu, N.; Santoro, S.W.; Lakshman, V.; King, D.S.; Schultz, P.G. An expanded genetic code with a functional

quadruplet codon. Proc. Natl. Acad. Sci. USA 2004, 101, 7566–7571. [CrossRef] [PubMed]
3. Dunkelmann, D.L.; Willis, J.C.W.; Beattie, A.T.; Chin, J.W. Engineered triply orthogonal pyrrolysyl—tRNA synthetase/tRNA

pairs enable the genetic encoding of three distinct non-canonical amino acids. Nat. Chem. 2020, 12, 535–544. [CrossRef] [PubMed]
4. Smeenk, M.L.W.J.; Agramunt, J.; Bonger, K.M. Recent developments in bioorthogonal chemistry and the orthogonality within.

Curr. Opin. Chem. Biol. 2021, 60, 79–88. [CrossRef] [PubMed]
5. Kele, P.; Mezö, G.; Achatz, D.; Wolfbeis, O.S. Dual Labeling of Biomolecules by Using Click Chemistry: A Sequential Approach.

Angew. Chem. Int. Ed. 2009, 48, 344–347. [CrossRef]
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9. Nikić, I.; Estrada Girona, G.; Kang, J.H.; Paci, G.; Mikhaleva, S.; Koehler, C.; Shymanska, N.V.; Santos, C.V.; Spitz, D.; Lemke, E.A.
Debugging Eukaryotic Genetic Code Expansion for Site-Specific Click-PAINT Super-Resolution Microscopy. Angew. Chem. Int.
Ed. 2016, 55, 16172–16176. [CrossRef]

10. Ugi, I.; Fetzer, U.; Eholzer, U.; Knupfer, H.; Offermann, K. Isonitrile Syntheses. Angew. Chem. Int. Ed. Engl. 1965, 4, 472–484.
[CrossRef]

11. Chen, Y.; Wu, K.-L.L.; Tang, J.; Loredo, A.; Clements, J.; Pei, J.; Peng, Z.; Gupta, R.; Fang, X.; Xiao, H. Addition of Isocyanide-
Containing Amino Acids to the Genetic Code for Protein Labelling and Activation. ACS Chem. Biol. 2019, 14, 2793–2799.
[CrossRef]

12. Cserép, G.B.; Demeter, O.; Bätzner, E.; Kállay, M.; Wagenknecht, H.A.; Kele, P. Synthesis and Evaluation of Nicotinic Acid Derived
Tetrazines for Bioorthogonal Labeling. Synthesis 2015, 47, 2738–2744. [CrossRef]

13. Yanagisawa, T.; Ishii, R.; Fukunaga, R.; Kobayashi, T.; Sakamoto, K.; Yokoyama, S. Multistep Engineering of Pyrrolysyl-tRNA
Synthetase to Genetically Encode Nε-(o-Azidobenzyloxycarbonyl) lysine for Site-Specific Protein Modification. Chem. Biol. 2008,
15, 1187–1197. [CrossRef] [PubMed]

14. Gautier, A.; Nguyen, D.P.; Lusic, H.; An, W.; Deiters, A.; Chin, J.W. Genetically encoded photocontrol of protein localization in
mammalian cells. J. Am. Chem. Soc. 2010, 132, 4086–4088. [CrossRef]

15. Borrmann, A.; Milles, S.; Plass, T.; Dommerholt, J.; Verkade, J.M.M.; Wießler, M.; Schultz, C.; Van Hest, J.C.M.; Van Delft,
F.L.; Lemke, E.A. Genetic Encoding of a Bicyclo[6.1.0]nonyne-Charged Amino Acid Enables Fast Cellular Protein Imaging by
Metal-Free Ligation. ChemBioChem 2012, 13, 2094–2099. [CrossRef]

16. Ye, S.; Köhrer, C.; Huber, T.; Kazmi, M.; Sachdev, P.; Yan, E.C.; Bhagat, A.; RajBhandary, U.L.; Sakmar, T.P.; Ye, S.; et al. Site-specific
incorporation of keto amino acids into functional G protein-coupled receptors using unnatural amino acid mutagenesis. J. Biol.
Chem. 2008, 283, 1525–1533. [CrossRef] [PubMed]

http://doi.org/10.1016/j.celrep.2020.107811
http://www.ncbi.nlm.nih.gov/pubmed/32579937
http://doi.org/10.1073/pnas.0401517101
http://www.ncbi.nlm.nih.gov/pubmed/15138302
http://doi.org/10.1038/s41557-020-0472-x
http://www.ncbi.nlm.nih.gov/pubmed/32472101
http://doi.org/10.1016/j.cbpa.2020.09.002
http://www.ncbi.nlm.nih.gov/pubmed/33152604
http://doi.org/10.1002/anie.200804514
http://doi.org/10.1002/cbic.200900261
http://doi.org/10.1002/anie.201309847
http://doi.org/10.1002/ange.201903877
http://doi.org/10.1002/anie.201608284
http://doi.org/10.1002/anie.196504721
http://doi.org/10.1021/acschembio.9b00678
http://doi.org/10.1055/s-0034-1380721
http://doi.org/10.1016/j.chembiol.2008.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19022179
http://doi.org/10.1021/ja910688s
http://doi.org/10.1002/cbic.201200407
http://doi.org/10.1074/jbc.M707355200
http://www.ncbi.nlm.nih.gov/pubmed/17993461


Molecules 2021, 26, 4988 16 of 16

17. Knorr, G.; Kozma, E.; Schaart, J.M.; Németh, K.; Török, G.; Kele, P. Bioorthogonally Applicable Fluorogenic Cyanine-Tetrazines
for No-Wash Super-Resolution Imaging. Bioconjug Chem. 2018, 29, 1312–1318. [CrossRef]

18. Erdmann, R.S.; Baguley, S.W.; Richens, J.H.; Wissner, R.F.; Xi, Z.; Allgeyer, E.S.; Zhong, S.; Thompson, A.D.; Lowe, N.; Butler, R.;
et al. Labeling Strategies Matter for Super-Resolution Microscopy: A Comparison between HaloTags and SNAP-tags. Cell Chem
Biol. 2019, 26, 584–592.e6. [CrossRef] [PubMed]

19. Murrey, H.E.; Judkins, J.C.; Am Ende, C.W.; Ballard, T.E.; Fang, Y.; Riccardi, K.; Di, L.; Guilmette, E.R.; Schwartz, J.W.; Fox,
J.M.; et al. Systematic Evaluation of Bioorthogonal Reactions in Live Cells with Clickable HaloTag Ligands: Implications for
Intracellular Imaging. J. Am. Chem. Soc. 2015, 137, 11461–11475. [CrossRef] [PubMed]

20. Kozma, E.; Estrada Girona, G.; Paci, G.; Lemke, E.A.; Kele, P. Bioorthogonal double-fluorogenic siliconrhodamine probes for
intracellular super-resolution microscopy. Chem. Commun. 2017, 53, 6696–6699. [CrossRef]

21. Patterson, D.M.; Prescher, J.A. Orthogonal bioorthogonal chemistries. Curr. Opin. Chem. Biol. 2015, 28, 141–149. [CrossRef]
22. Wan, W.; Huang, Y.; Wang, Z.; Russell, W.K.; Pai, P.-J.; Russell, D.H.; Liu, W.R. A Facile System for Genetic Incorporation of Two

Different Noncanonical Amino Acids into One Protein in Escherichia coli. Angew. Chem. Int. Ed. 2010, 49, 3211–3214. [CrossRef]
[PubMed]

23. Wainman, Y.A.; Neves, A.A.; Stairs, S.; Stöckmann, H.; Ireland-Zecchini, H.; Brindle, K.M.; Leeper, F.J. Dual-sugar imaging using
isonitrile and azido-based click chemistries. Org. Biomol. Chem. 2013, 11, 7297–7300. [CrossRef]

24. Dommerholt, J.; Schmidt, S.; Temming, R.; Hendriks, L.J.A.; Rutjes, F.P.J.T.; Van Hest, J.C.M.; Lefeber, D.J.; Friedl, P.; Van Delft, F.L.
Readily accessible bicyclononynes for bioorthogonal labeling and three-dimensional imaging of living cells. Angew. Chem. Int. Ed.
2010, 49, 9422–9425. [CrossRef] [PubMed]

25. Sakin, V.; Hanne, J.; Dunder, J.; Anders-Össwein, M.; Laketa, V.; Nikic, I.; Kräusslich, H.-G.; Lemke, E.A.; Müller, B. A Versatile
Tool for Live-Cell Imaging and Super-Resolution Nanoscopy Studies of HIV-1 Env Distribution and Mobility. Cell Chem. Biol.
2017, 24, 635–645.e5. [CrossRef]

26. Serfling, R.; Lorenz, C.; Etzel, M.; Schicht, G.; Coin, I. NAR Breakthrough Article Designer tRNAs for efficient incorporation of
non-canonical amino acids by the pyrrolysine system in mammalian cells. Nucleic Acids Res. 2017, 46, 1–10. [CrossRef] [PubMed]
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