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ABSTRACT: Over the past years, fluorescent proteins (e.g., green fluorescent proteins) have been widely utilized to visualize
recombinant protein expression and localization in live cells. Although powerful, fluorescent protein tags are limited by their
relatively large sizes and potential perturbation to protein function. Alternatively, site-specific labeling of proteins with small-
molecule organic fluorophores using bioorthogonal chemistry may provide a more precise and less perturbing method. This
approach involves site-specific incorporation of unnatural amino acids (UAAs) into proteins via genetic code expansion, followed
by bioorthogonal chemical labeling with small organic fluorophores in living cells. While this approach has been used to label
extracellular proteins for live cell imaging studies, site-specific bioorthogonal labeling and fluorescence imaging of intracellular
proteins in live cells is still challenging. Herein, we systematically evaluate site-specific incorporation of diastereomerically pure
bioorthogonal UAAs bearing stained alkynes or alkenes into intracellular proteins for inverse-electron-demand Diels—Alder
cycloaddition reactions with tetrazine-functionalized fluorophores for live cell labeling and imaging in mammalian cells. Our
studies show that site-specific incorporation of axial diastereomer of trans-cyclooct-2-ene-lysine robustly affords highly efficient
and specific bioorthogonal labeling with monosubstituted tetrazine fluorophores in live mammalian cells, which enabled us to
image the intracellular localization and real-time dynamic trafficking of IFITM3, a small membrane-associated protein with only
137 amino acids, for the first time. Our optimized UAA incorporation and bioorthogonal labeling conditions also enabled
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efficient site-specific fluorescence labeling of other intracellular proteins for live cell imaging studies in mammalian cells.

B INTRODUCTION

The discovery and use of fluorescent proteins have illuminated
and transformed biology.' ™ Fusion of fluorescent proteins to a
protein of interest through classic genetic engineering allows for
quantitative analysis and monitoring of protein expression,
localization, and dynamic behaviors at the molecular level in
real time inside living cells and even whole organisms. This
technique thus serves as the most popular and powerful
strategy for protein tagging in biology.” Nevertheless,
fluorescent protein tags are not without limitations.”~” The
biggest concern about fluorescent proteins is their relatively
large sizes (i.e,, ~27 kDa), which may significantly perturb the
expression, cellular localization, activity, or function of the
protein they are attached to, especially when the protein of
interest is small and membrane-anchored. Because of their large
sizes, fluorescent proteins are normally only fused to the N- or
C-terminus of a protein of interest. By contrast, organic
fluorophores are much smaller (ie, ~0.5 kDa) and may,
therefore, only minimally influence the cellular behavior and
function of tagged protein. Therefore, organic fluorophores can
even be attached on the internal sequence of a protein, without
having to limit to N- or C-terminus. In addition, organic
fluorophores may have better photophysical properties in
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photostability, photoswitchability, and color availability, which
are often required for multiplexing, super-resolution, and single-
molecule fluorescence imaging.”~

To overcome the limitations of fluorescent protein tags and
harness the advantages of organic fluorophores, several
methods have been developed to directly attach a small-
molecule organic fluorophore onto a protein of interest in live
cells.””'°""> Some of these methods utilize small peptide or
protein tags, such as ]5‘].AsH—tag,l4_l7 SNAP—tag,ls’[9 HaloTag,Zo
TMP-tag,”">> LplA-tag,*® Sortase-tag,”*>* PYP-tag,’® and
dithiol-tag,”” that are first genetically fused to the proteins of
interest and then specifically modified with functionalized
organic fluorophores via self-labeling or enzyme-mediated
labeling under physiological conditions.

Alternatively, advances in bioorthogonal chemistry”®~ have
enabled a metabolic labeling and chemical tagging strategy for
imaging proteins in live cells.””' This two-step approach
involves incorporation of a unique bioorthogonal chemical
functionality, such as azide, strained alkyne, or alkene, into the
target protein and a subsequent bioorthogonal reaction, such as

Received: August 20, 2016
Published: October 21, 2016

DOI: 10.1021/jacs.6b08733
J. Am. Chem. Soc. 2016, 138, 14423—-14433


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b08733

Journal of the American Chemical Society

/w
OH
H;

Genetic code expansion

nucleus

Cell

g nucleus
S

‘ | Tetrazine ligation

g nucleus
S
"
_N

Dye

N-=N
(;‘ v Dye

In-gel fluorescence
Live cell imaging

Figure 1. Scheme for site-specific fluorescence labeling and imaging of intracellular proteins of interest (POI) in live cells using unnatural amino acid
incorporation via genetic code expansion and bioorthogonal tetrazine ligation reaction.

strain-promoted alkyne—azide cycloaddition32’33 or inverse-

electron-demand Diels—Alder cycloaddition (IEDAC).** This
allows for specific attachment of various functionalized organic
fluorophores onto the chemically tagged protein in live cells. In
order to specifically install the bioorthogonal chemical
functionality into a protein of interest, several approaches
have emerged, including HaloTag technology,‘)’5 lipoic acid
ligase-mediated ligation,”*** and genetic code expansion.”~*!
Among them, the genetic incorporation of bioorthogonal
unnatural amino acid (UAA) via genetic code expansion
technology that utilizes orthogonal aminoacyl-tRNA synthe-
tase/tRNA pairs and alterative codons (e.g, UAG amber stop
codon) has several unique advantages. First, the structure of the
target protein is minimally altered with only one amino acid
change and no additional tag required, which therefore ensures
minimal perturbation to protein localization and function.
Second, the UAA and, therefore, the organic fluorophore can,
in principle, be incorporated into the target protein at any
position  site-specifically. Furthermore, this strategy is highly
modular, providing a general system to introduce various
fluorophores with desired photophysical properties into the
target protein for different imaging applications. Among the
different bioorthogonal reactions,”* the IEDAC between
strained alkynes or alkenes with tetrazines, or “tetrazine
1igation”,44’45 has emerged as the reaction of choice for labeling
proteins in live cells, due to fast second-order rate constants (in
the range of 10°~10° M~ s™') and compatibility with live
cells 344647

Although the strategy of combining site-specific incorpo-
ration of UAAs with bioorthogonal reactions for protein
labeling and imaging in live cells is advantageous (Figure 1),
there are many challenges and requirements associated.”** For
instance, the UAA should be stable for prolonged incubation
time in cell culture medium under physiological temperature
and should be highly efficiently incorporated into proteins of
interest in mammalian cells. In addition, the organic
fluorophores should be carefully selected, as their cellular
properties, such as membrane permeability, intracellular
distribution, and retention, can affect protein labeling efficiency
and specificity. Furthermore, the bioorthogonal UAA position
should be readily accessible to fluorophores for eflicient
labeling. As such, although cellular labeling of UAA-containing
green fluorescent protein (GFP) has been realized in bacteria
using this strategy,’’ ™" its prior uses for protein labeling and
imaging in live mammalian cells have largely been limited to
cell surface proteins.”****~>” Nonetheless, advances made by
the Chin laboratory have enabled efficient site-specific live cell
labeling and fluorescence imaging of a nuclear protein Jun>*
and cytosolic proteins such as actin.”®

As part of ongoing studies in our laboratory to understand
the mechanisms of action and regulation of interferon (IFN)-
inducible transmembrane protein 3 (IFITM3),””~ a relatively
small vesicle-associated membrane protein with only 137 amino
acids (i.e, ~1S5 kDa) that is involved in host restriction of
influenza virus and many other pathogenic viruses,””****~%°
our laboratory has been interested in imaging its localization
and trafficking in live mammalian cells. However, it has not
been possible to image IFITM3 in live cells, as N- or C-terminal
fusions with fluorescent proteins (e.g, GFP or mCherry)
showed disrupted IFITM3 cellular localization and antiviral
activity (unpublished data). This is perhaps not surprising
because the sizes of fluorescent proteins are nearly twice that of
IFITM3. Nevertheless, this experimental limitation has
precluded us from live cell imaging experiments to directly
visualize whether IFITM3 is recruited to virus-containing
vesicles and shuttles pathogens into lysosomes for degradation.
To overcome this technical limitation, herein, we report the
systematic comparison of IEDAC reactions between strained
alkynes or alkenes and tetrazine fluorophores for site-specific
fluorescence labeling and imaging of IFITM3 in live
mammalian cells (Figure 1). After systematic evaluation of
different lysine derivatives bearing a strained alkyne or alkene
and a series of tetrazine fluorophores, we found that site-
specific incorporation of the axial diastereomer of trans-
cyclooct-2-ene-lysine (2’-aTCOK) into IFITM3 via the genetic
code expansion technology robustly afforded eflicient and
specific bioorthogonal labeling with monosubstituted tetrazine
fluorophores in live mammalian cells (Figure 1). Our optimized
conditions enabled site-specific fluorophore labeling and live
cell imaging of IFITM3 for the first time and are providing new
opportunities for its mechanistic studies in live cells. More
broadly, we also demonstrate that the systematic investigation
and optimized conditions are general and can be used for site-
specific fluorescence labeling and imaging of other intracellular
proteins in live cells.

B RESULTS AND DISCUSSION

Selection and Synthesis of Bioorthogonal UAAs and
Fluorophores. We first sought to establish a systematic and
unbiased investigation of different bioorthogonal UAAs and
fluorophores to examine bioorthogonal reactions in the context
of live cells and optimize conditions for live cell labeling and
imaging of individual proteins of interest. We focused on
bioorthogonal IEDAC reactions because of their fast reaction
rates (up to 10° M~! s71)°**” and excellent biocompatibility. In
this regard, we chose UAAs bearing strained alkyne or alkene
functionalities (Figure 2A), including 1,3-disubstituted cyclo-
propene-lysine (CpK),°® bicyclo[6.1.0]nonyne-lysine
(BCNK),**** trans-cyclooct-4-ene-lysine (4'-TCOK),”"** and
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Figure 2. Structures of (A) unnatural amino acids and (B) tetrazine
fluorophores 1—11 used in this study.

2'-aTCOK,>>”®7" all of which can be site-specifically
incorporated into proteins expressed in mammalian cells
using variants of the pyrrolysyl-tRNA synthetase (PylRS)/Pyl-
tRNAcy, pair and react with tetrazines chemoselectively.
Diastereomeric mixtures of BCNK, 4’-TCOK, and 2’-TCOK
have previously been used for live cell imaging of cell surface
proteins.”***>”" However, pure diastereomers of these UAAs
have not been directly compared for labeling and imaging of
intracellular proteins in live cells. Furthermore, CpK has not
been reported for site-specific labeling of individual proteins in
live cells. Recently, it has been shown that the two
diastereomers of 2'-TCOK, that is, axial and equatorial
diastereomers, can be separated by simple flash chromatog-
raphy’®”" and that the axial diastereomer, that is, 2’-aTCOK
(Figure 2A), is more stable than the classical 4-TCOK>"** and
reacts faster with tetrazines than the equatorial isomer, that is,
2/-eTCOK.”””" Therefore, we prepared CpK, diastereomeri-
cally pure BCNK, and TCOKs (i.e., endo-BCNK, exo-BCNK,
2'-aTCOK, 4'-aTCOK, and 4'-eTCOK, Figure 2A) for a
systematic comparison on site-specific protein labeling in live
cells.

With regard to reactive fluorophores, we generated a series of
cell-membrane-permeable tetrazine-conjugated ﬂuoro;)hores
derived from fluorescein,”> BODIPY,”>’* rhodamine,”” and
silicon—rhodamine (SiR)*"”* with varying fluorescence colors
ranging from green to orange and red (Figure 2B). Generally,
these tetrazine fluorophores were readily prepared by coupling
the core fluorophores with methyl-disubstituted or monosub-
stituted tetrazine moieties’® (Me-Tz and H-Tz, respectively)
through amide bonds. A unique BODIPY-based tetrazine
fluorophore Me-Tz-BODIPY-m § was also prepared (Figure
2B), as it exhibits dramatic fluorescence increase upon
cycloaddition reaction with strained alkenes.”* In addition, we
also prepared tetrazine derivatives of azetidine—silicon—rhod-
amines (Aze-SiR) that were recently reported to have improved
brightness and photostability for fluorescence imaging (Figure
2B).”” Notably, all of these tetrazine fluorophores, including the

newly synthesized tetrazine-Aze-SiR fluorophores (Figure SI in
Supporting Information (SI)), exhibit substantial fluorescence
increases upon cycloaddition with strained alkynes or alkenes
or after attachment onto proteins, facilitating protein imaging in
live cells after brief washout of excess fluorophores.

Incorporation of UAAs into IFITM3 via Genetic Code
Expansion. We first examined the incorporation efficiency of
various UAAs (Figure 2A) into the GFP model protein
containing an amber codon at residue Y39 in the presence of a
PyIRS/Pyl-tRNA(y, expression plasmid that contains a single
copy of wild-type or mutant PylRS from Methanosarcina mazei
(Mm) or Methanosarcina barkeri (Mb) under an EFla
constitutive promoter and four copies of Pyl-tRNAy, (Figure
S2 in SI).”® Among the seven UAAs tested, BocK and CpK can
be efficiently recognized by both wild-type Mm-PylRS and a
previously reported Mm-PylRS double mutant (Mm-PyIRS-AF;
Y306A, Y384F) (Figure S3A,B in SI),>>””" while BCNK, 2'-
aTCOK, and 4'-TCOK can only be incorporated into GFP-
Y39TAG by the Mm-PylRS-AF mutant or other Mb-PyIRS
mutants (i.e, Mb-BCNKRS and Mb-TCOKRS)>* that have
larger substrate binding pockets than wild-type (Figure S3 in
SI).”” Interestingly, the Mm-PylRS-AF mutant can robustly
incorporate endo-BCNK, exo-BCNK, and 2’-aTCOK (Figure
S3C,D in SI) but is incapable of recognizing 4'-aTCOK and 4’-
eTCOK (Figure S3E,F in SI), whose incorporation into GFP-
Y39TAG specifically requires the presence of Mb-TCOKRS
(Figure S3EF in SI). Therefore, throughout our subsequent
studies, wild-type Mm-PylRS was used for incorporating BocK
and CpK, while Mm-PyIRS-AF mutant was chosen for endo-
BCNK, exo-BCNK, and 2'-aTCOK. For the incorporation of
4-aTCOK and 4'-eTCOK, Mb-TCOKRS was specifically
utilized.

We then focused our investigation on IFITM3 for
bioorthogonal labeling and imaging in live cells, as this protein
has been refractory but intriguing for live cell imaging. We
selected several amino acid positions on IFITM3 that are
predicted to face the cytoplasm and mutated these amino acid
codons into the amber codon TAG for UAA incorporation
(data not shown). To evaluate IFITM3-TAG mutants in
mammalian cells for intracellular labeling, we co-transfected
HEK293T cells with HA-tagged IFITM3-TAG constructs and
PylRS/Pyl-tRNA(y, expression plasmids (Figure S2 in SI) in
the presence of corresponding UAA. To our delight, the
F8TAG mutant of HA-IFITM3 afforded optimal full-length
protein expression dependent on the presence of UAAs and
corresponding optimal PylRS, as judged by Western blot
analysis (Figure S4 in SI). We also examined HA-IFITM3-
F8TAG expression with different UAA concentrations in the
culture medium (Figure SS in SI). Appropriate amounts of
UAAs are critical, as removal of excess UAAs may be necessary
to minimize background fluorescence labeling in live cells.
Notably, we found that 50 uM of UAA is sufficient for eflicient
incorporation of CpK, exo-BCNK, and 2’-aTCOK, whereas the
incorporation of 4'-aTCOK and 4'-eTCOK is largely
concentration-dependent, requiring much higher UAA concen-
trations (e.g, up to 1 mM; Figure SS in SI). Similarly, the
concentration independence for 2’-aTCOK incorporation was
also observed in the expression of GFP-Y39TAG (Figure S6A,B
in SI). By contrast, the incorporation efficiency of 4-aTCOK
and 4’-eTCOK into GFP-Y39TAG again largely relies on the
concentration of the UAAs (Figure S6C,D in SI), suggesting
that this phenomenon is not protein-specific. With these
results, we chose to use 50 uM for the incorporation of CpK,
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Figure 3. Comparative evaluation of UAAs and tetrazine fluorophores for fluorescence labeling of IFITM3 in live cells using in-gel fluorescence
analysis. HeLa cells expressing HA-IFITM3-FSUAA were labeled with (A,B) green tetrazine fluorophores 1—5 (4, = 488 nm, 4, = 510 nm), (C,D)
orange tetrazine fluorophores 6 and 7 (1., = 557 nm, A,,, = 576 nm), or (E,F) red tetrazine fluorophores 8—11 (4., = 645 nm, 4., = 661 nm) and
lysed for in-gel fluorescence analysis (top panel) and Coomassie Blue staining (CB, bottom pannel) after a brief wash; S0 uM concentrations of
CpK, exo-BCNK, and 2’-aTCOK were used, while 4-eTCOK was supplemented into the media at 1 mM concentration. (B,D,F) Bar graphs
showing the fluorescence labeling efficiency of HA-IFITM3-F8UAA with tetrazine fluorophores. Fluorescence intensity of every IFITM3 band was
quantified and normalized to the most intense band of the corresponding gel, the intensity of which was set to 1. Data from three independent
replicates were quantified and averaged for plotting the graphs. Data are mean + SEM, n = 3. Representative gels are shown in (A,C,E).

endo-BCNK, exo-BCNK, and 2'-aTCOK, whereas we applied 1
mM of 4’-aTCOK and 4’-eTCOK for their incorporation
throughout our subsequent studies.

Bioorthogonal Labeling of IFITM3 in Live Cells. We
then proceeded to test whether HA-IFITM3-F8UAA can be
site-specifically labeled by tetrazine fluorophores inside live
cells. For this purpose, we expressed HA-IFITM3-F8TAG in
the presence of different UAAs (i.e, CpK, exo-BCNK, endo-
BCNK, 2-aTCOK, 4’-aTCOK, and 4'-eTCOK) for 16 h,
depleted the UAAs with complete growth media for 6 h, and
then labeled the intact cells with 250—500 nM tetrazine
fluorophores 1—11 for 0.5 h. After brief washout of excess
fluorophores, the cells were lysed with detergents containing
excess amount of bicyclo[6.1.0]non-4-yn-9-ylmethanol (BCN)
to minimize postlysis labeling. Analysis of cell lysates by in-gel
fluorescence scanning indicated that HA-IFITM3-F8UAA was
specifically labeled by different tetrazine fluorophores to varying
levels, as judged by the fluorescent bands at around 15 kDa
(Figure 3 and Figures S7 and S8 in SI). A side-by-side
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comparison of BCNK and 4'-TCOK pure diastereomers
suggested that exo-BCNK and 4-eTCOK are generally
superior to their corresponding diastereomeric counterparts
(ie, endo-BCNK and 4'-aTCOK) in fluorescence labeling
efficiency for all tetrazine fluorophores tested (Figure S7),
probably due to distinct reaction rates and/or intracellular
stability of the diastereomers. We therefore focused our
comparative investigation on CpK, exo-BCNK, 2’-aTCOK,
and 4'-eTCOK (Figure 3 and Figure S8 in SI). Notably, we
only observed low nonspecific fluorescence labeling on the
whole proteome level (Figure S8), indicating minimal UAA
incorporation into endogenous amber codons compared to
HA-IFITM3-F8TAG and limited cross-reactivity of tetrazine
fluorophores with other abundant cellular proteins given the
low fluorophore concentration and short labeling time used.
We quantified the fluorescence intensity of every HA-IFITM3
band in the fluorescence gels and normalized the intensity of
every band relative to that of the most intense band in each gel.
We then plotted these relative fluorescence intensities from
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three independent replicates into a bar graph to quantitatively
compare the labeling efficiency of various UAA and fluorophore
combinations and explore the structure—reactivity relationship
(Figure 3B,D,F). We observed varying labeling efficiency of
HA-IFITM3 with different UAAs tested. Generally, exo-BCNK,
2-aTCOK, and 4'-eTCOK offer comparable fluorescence
labeling, while all of these three are superior to CpK in
absolute labeling efficiency for all tetrazine fluorophores
examined (Figure 3B,D,F). This is in agreement with reaction
rate constants previously reported (reactivities of exo-BCNK,
2'-aTCOK, and 4'-eTCOK with tetrazines much higher than
that of CpK).* It is worth noting that monosubstituted
tetrazines (H-Tz) are generally superior to methyl-disubstituted
tetrazines (Me-Tz) in terms of HA-IFITM3 labeling efficiency,
which is in accordance with the higher reactivity of H-Tz versus
Me-Tz toward strained alkynes and alkenes (Figure 3B,D,F).”°
The only exception is Me-Tz-BODIPY-m § that provided much
stronger fluorescence labeling of HA-IFITM3 than Me-Tz-
BODIPY-FL 3, even to a comparable level with H-Tz-
BODIPY-FL 4 (Figure 3B). We reasoned that the very
hydrophobic Me-Tz-BODIPY-m S preferably distributes into
intracellular membrane and therefore might be in close
proximity to IFITM3, which could enhance the reaction rate
between Me-Tz-BODIPY-m 5 and the UAA on HA-IFITM3.
This phenomenon has also been noted in a recent report in
which the authors demonstrated that azides situated on protein
transmembrane surfaces react much faster with hydrophobic
dibenzocyclooctyne labeling reagents than those on exposed
protein surfaces.”’ The unusual reactivity of Me-Tz-BODIPY-m
S might also be attributed to the twisted orientation of the
pendant phenyl ring as noted previously.”* Interestingly,
tetrazine derivatives of Aze-SiR (10 and 11) showed similar
or slightly higher fluorescence labeling of HA-IFITM3
compared to their counterparts of SiR (8 and 9, Figure 3C
and Figure SSC in SI). We also quantified the fluorescence
intensity of every HA-IFITM3 band in the fluorescence gels
relative to the intensity of corresponding anti-HA band in the

Western blots (Figure S8B,D,F in SI) and found that exo-
BCNK generally exhibits relative fluorescence labeling
efficiency higher than that of 2’-aTCOK and 4'-eTCOK,
which may be attributed to the higher reactivity of exo-BCNK™
and the low expression level of HA-IFITM3-F8TAG in the
presence of exo-BCNK.

In addition to IFITM3, we also evaluated the generality of
our site-specific bioorthogonal labeling conditions with other
intracellular proteins. We chose two benchmark proteins,
mCherry-Nucleus and mCherry-Rab5, that have defined
intracellular localizations in nuclei and early endosome,
respectively, and genetically introduced a TAG codon into
the mCherry tag. A similar comparative evaluation on
fluorescence labeling of these two benchmark proteins by in-
gel fluorescence profiling was conducted to characterize the
optimal conditions for specific and efficient labeling (Figures
$9—S11 and S12—S14 in SI). From the bar graphs plotted for
labeling mCherry-Nucleus and mCherry-Rab$ (Figures S9—
S11 and S12—S14 in SI), we noted that (i) monosubstituted
tetrazine fluorophores always offered stronger fluorescence
labeling than methyl-disubstituted tetrazine counterparts for
both proteins; (ii) 2’-aTCOK generally provided more intense
absolute fluorescence labeling than CpK, exo-BCNK, and 4'-
eTOCK; and (iii) exo-BCNK again displayed generally higher
relative fluorescence labeling when taken anti-mCherry West-
ern blotting signals into consideration, which is in agreement
with what we noted in IFITM3 labeling (Figure S8B,D,F in SI).

Together, our comparative investigation of different UAA
and fluorophore combinations for live cell labeling of HA-
IFITM3, mCherry-Nucleus, and mCherry-Rab$ indicates that
our optimal two-step labeling conditions can yield efficient and
specific protein labeling for potential live cell imaging studies.
In addition, our results suggest that the reaction rate of UAA
with tetrazine and the intracellular distribution of tetrazine
fluorophores (determined by their hydrophobicity) might be

key determinants for efficient protein labeling in live cells.
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Figure S. Live cell bioorthogonal fluorescence imaging of HA-IFITM3-F8UAA with tetrazine fluorophores. HeLa cells expressing HA-IFITM3-
F8UAA and GFP- or mCherry-LAMP1 were labeled with H-Tz-BODIPY-FL, H-Tz-rhodamine, or H-Tz-SiR (500 nM, 0.5 h) under physiological
conditions, briefly washed, and directly analyzed with confocal microscopy. (A) HA-IFITM3-F8UAA was expressed in the presence of BocK (50
uM). (B) HA-IFITM3-FS8UAA was expressed in the presence of 2’-aTCOK (50 uM). Hoechst (blue) was used to stain nuclei. Scale bars = 10 ym.
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Bioorthogonal Fluorescence Imaging of IFITM3 in
Live Cells. Our systematic evaluation of PylRSs, UAAs, and
fluorophores on HA-IFITM3 as well as mCherry-Nucleus and
mCherry-Rab5 provided us the optimal conditions for protein
labeling in live cells. Generally, 2’-aTCOK is most efficiently
incorporated into all proteins we examined in terms of higher
protein expression level compared to exo-BCNK and lower
required concentration compared to 4’-eTCOK (i.e,, SO uM vs
1 mM). Moreover, 2’-aTCOK robustly provided brighter, or at
least comparable, site-specific fluorescence labeling of proteins
versus other UAAs for almost all tetrazine fluorophores tested.
Therefore, we chose to use 2’-aTCOK in our subsequent
studies for protein labeling and imaging in live cells. To validate
the labeling conditions and further confirm the labeling
efficiency and specificity, we performed immunofluorescence
microscopy of HA-tagged IFITM3 in parallel with tetrazine
fluorophore labeling. Briefly, HeLa cells expressing HA-
IFITM3-F8UAA were labeled with tetrazine fluorophores and
briefly washed before fixation, permeabilization, and staining
with fluorophore-conjugated anti-HA antibodies for confocal
fluorescence imaging (Figure 4). When HA-IFITM3-F8TAG
was expressed in the presence of 2’-aTCOK, fluorescence
puncta that are characteristic to IFITM3-containing vesicles
were observed inside cells in the tetrazine fluorophore channels
(ie, H-Tz-Ac-fluorescein, H-Tz-BODIPY-FL, Me-Tz-BODI-
PY-m, H-Tz-rhodamine, H-Tz-SiR, and H-Tz-Aze-SiR; Figure
4B and Figure S1S in SI). In addition, tetrazine fluorophore
signals were only observed in anti-HA fluorescence-positive
cells and importantly overlapped with anti-HA fluorescence
signals (Figure 4B and Figure S15 in SI). By contrast, when
HA-IFITM3-F8TAG was expressed in the presence of BocK, a
nonreactive lysine analogue, no fluorescence signals were
observed in the tetrazine fluorophore channels for all tetrazine
fluorophores tested (Figure 4A and Figure S1S in SI).
Together, these immunofluorescence results further confirm
the bioorthogonal labeling efliciency and specificity and thus
validate our optimized conditions for IFITM3 labeling.

We then moved on to examine live cell imaging of IFITM3
using this method. HeLa cells were transfected and labeled with
tetrazine fluorophores as described above. After washing out
excess dyes, cells were directly analyzed with confocal
fluorescence microscopy. As shown in Figure SB and Figures
S16 and S17 in SI, clear intracellular fluorescent puncta were
observed in tetrazine fluorophore channels (e.g, H-Tz-
BODIPY-FL, Me-Tz-BODIPY-m, H-Tz-rhodamine, H-Tz-SiR,
and H-Tz-Aze-SiR) when IFITM3-F8TAG was expressed in
the presence of 2’-aTCOK. These intracellular puncta, similar
to those observed in immunofluorescence staining (Figure 4B
and Figure S15 in SI), are characteristic to the morphology of
IFITM3-positive vesicles and largely colocalized with LAMP1, a
lysosome marker typically used for IFITM3 immunofluor-
escence colocalization studies,” which is also consistent with
the localization of endogenous IFITM3 probed by immuno-
fluorescence imaging with an antibody against IFITM3 (Figure
S18 in SI). When IFITM3-F8TAG was expressed in the
presence of BocK, we did not observe any nonspecific
fluorescence signals inside cells in the tetrazine fluorophore
channels (Figure SA), further validating the specificity of our
bioorthogonal IFITM3 imaging in live cells.

It is worth noting that among all tetrazine fluorophores we
examined, including H-Tz-Ac-fluorescein, H-Tz-BODIPY-FL,
Me-Tz-BODIPY-m, H-Tz-rhodamine, H-Tz-SiR, and H-Tz-
Aze-SiR, H-Tz-Ac-fluorescein was not so efficient in live cell
imaging and required stronger laser intensity than H-Tz-
BODIPY-FL and Me-Tz-BODIPY-m (Figure S17B in SI).
Meanwhile, a higher fluorescence background was observed
inside the cells for H-Tz-Ac-fluorescein, resulting in low signal-
to-background contrast (Figure S17B in SI). Interestingly, H-
Tz-Ac-fluorescein only provided fluorescence signals slightly
weaker than those for H-Tz-BODIPY-FL and Me-Tz-BODIPY-
m in our fixed cell imaging experiments (Figure S17A in SI).
This discrepancy, in line with a previous report,” may reflect
the difference between live cell imaging and fixed cell imaging,
as in fixed cell imaging experiments large excess tetrazine
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Figure 6. Live cell bioorthogonal fluorescence imaging of HA-IFITM3-F8UAA localization with H-Tz-BODIPY-FL. HeLa cells were transfected
with (A) HA-IFITM3-F8TAG or (B) HA-IFITM3-F8TAG-Y20F and mCherry-tagged endocytic markers in the presence of 2’-aTCOK (50 uM),
labeled with H-Tz-BODIPY-FL (250 nM, 0.5 h) under physiological conditions, briefly washed, and directly analyzed with confocal microscopy.
Rab$, Rab7, LAMPI, and CellMask were used as early endosome, later endosome, lysosome, and plasma membrane markers, respectively. For
plasma membrane staining, cells were transfected only with IFITM3 plasmids, labeled, and stained with CellMask before imaging. Hoechst (blue)
was used to stain nuclei. Pearson’s correlation coefficients were shown in the merged images to evaluate the colocalization of IFITM3 (green) with
markers (red). Ten to twenty cells were used to calculate Pearson’s correlation coefficients for each sample. Scale bars = 10 ym.

fluorophores that contribute to significant intracellular
fluorescence background can be easily washed out from fixed
and permeabilized cells. Due to the high labeling efficiency of
2'-aTCOK and fluorogenicity of SiR,%**%% no-wash imaging of
FITM3 can also be achieved using this combination (Figure
S19 in SI). Taken together, these results suggest that live cell
imaging of IFITM3 can be optimally achieved through site-
specific incorporation of 2’-aTCOK and its bioorthogonal
reactions with tetrazine fluorophores.

Fluorescence Imaging of IFITM3 Localization and
Trafficking in Live Cells. With the optimal conditions for live
cell IFITM3 imaging, we sought to interrogate the localization
of IFITM3 in live cells by fluorescence imaging. To this end, we
focused on using H-Tz-BODIPY-FL, as this fluorophore is
readily synthesized, observable with microscope eyepieces, and
highly fluorogenic upon reaction with 4'-TCO.”> Endocytic
vesicle markers including early endosome marker Rab$, late
endosome marker Rab7, and lysosome marker LAMP1 were
used for two-color imaging experiments to assess the steady-
state distribution of IFITM3 in live cells. As shown in Figure
6A, IFTIM3 only partially colocalizes with Rab$5 and Rab7, with
Pearson’s correlation coeflicients of 0.24 and 0.55, respectively.
By contrast, IFITM3 largely colocalizes with lysosome marker
LAMP], in line with our immunofluorescence studies on the
localization of overexpressed and endogenous IFITM3 (Figure
S18 in SI). We also examined the localization of an inactive
IFITM3-Y20F mutant, which was suggested to be enriched in

the plasma membrane due to loss of endocytic sorting signal by
immunofluorescence analysis of fixed cells.”*** Indeed, our live
cell imaging experiments demonstrate that IFITM3-Y20F is
partially redistributed to the plasma membrane and no longer
colocalizes with RabS, Rab7, or LAMP1 (Figure 6B). Further
imaging experiments with a selective plasma membrane stain
CellMask also confirmed the redistribution of IFITM3-Y20F
onto plasma membrane compared to wild-type IFITM3 (Figure
6 and Figure S20 in SI).

To explore the trafficking of IFITM3 in live cells, we
proceeded to evaluate the dynamics of IFITM3 with
exogenously added fluorescent cargoes that are internalized
into endocytic vesicles. Our initial live cell imaging experiments
indicated that IFITM3 partially colocalizes with exogenous
endocytic cargoes such as dextran and EGF (Figure S21 in SI).
For live cell trafficking experiments, IFITM3-F8aTCOK was
labeled with green fluorophore H-Tz-BODIPY-FL, while
dextran particles as exogenous endocytosis cargoes were labeled
with pHrodo Red, a pH-sensitive red fluorophore. The uptake
and trafficking of dextran and IFITM3-containing vesicles were
recorded by time-lapse confocal fluorescence microscopy. Our
results show that red dextran particles were internalized into
cells and then fused with BODIPY-labeled green IFITM3-
residing puncta to yield yellow vesicular structures, demonstrat-
ing that IFITM3 traffics to the same location as exogenously
acquired cargoes after their internalization in the endocytic
pathway (Figure 7 and Video S1 in SI). Moreover, our time-
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Figure 7. Time-lapse imaging of the fusion process of IFITM-
containing vesicles with dextran particles. IFITM3-F8aTCOK was
labeled with H-Tz-BODIPY-FL and dextran particles were labeled
with pHrodo Red. Images were acquired every 30 s. The time points
shown on the figure are relative to the first image in the series. Scale
bars = 1 um.

lapse imaging suggests that this fusion process may be
completed within several minutes (Figure 7). Together, these
results demonstrate that our imaging method can be used to
directly monitor the localization and real-time dynamic
trafficking of IFITM3 in live cells and affords new opportunities
to monitor dynamic interactions of this important pathogen
restriction factor during virus or bacterial infections.
Bioorthogonal Fluorescence Imaging of Other Intra-
cellular Proteins in Live Cells. In addition to IFITM3, we
also evaluated the generality of our site-specific bioorthogonal
live cell imaging conditions with other intracellular proteins.
We chose several proteins that have defined intracellular
localizations and genetically fused each protein with a mCherry
tag bearing a TAG codon to confirm protein expression and
colocalization with the mCherry signal by fluorescence
microscopy. 2-aTCOK in combination with H-Tz-SiR was

used for live cell imaging studies, as this combination is very
robust for labeling all benchmark proteins we examined and H-
Tz-SiR is compatible with mCherry for multiplexing
fluorescence imaging. As shown in Figure 8, a variety of
benchmark proteins can be clearly labeled with H-Tz-SiR in live
cells when expressed in the presence of 2'-aTCOK, including
mCherry-Nucleus, cytoskeleton proteins mCherry-Actin,
mCherry-Vimentin, and intracellular membrane proteins
mCherry-GalT (Golgi marker), mCherry-Sec61 (ER marker),
and mCherry-Rab$ (early endosome marker). Moreover, for all
proteins, H-Tz-SiR signals are perfectly overlapped with
mCherry signals by confocal fluorescence microscopy.
Furthermore, no background H-Tz-SiR fluorescence is
observed in mCherry-negative cells or when the mCherry-
tagged protein is expressed in the presence of BocK (Figure 8
and Figures S22 and S23 in SI). We also investigated exo-
BCNK and H-Tz-Aze-SiR in live cell imaging of mCherry-
Nucleus and mCherry-Actin (Figures S24 and S25 in SI) and
found that exo-BCNK is also capable of imaging these two
proteins in live cells, albeit with generally weaker intracellular
fluorescence signals and lower signal-to-noise ratios compared
to 2'-aTCOK (Figures S24 and S25 in SI). In addition, H-Tz-
Aze-SiR can also be used for the live cell imaging of these two
proteins (Figures $24 and S25 in SI). Finally, we found another
PylRS/Pyl-tRNA(y, expression plasmid®® that contains one
copy of Pyl-tRNAcy, and a CMV promoter for PylRS
expression (Figure S2D in SI) can also be used for imaging
IFITM3 and mCherry-Nucleus in live cells (Figure S26 in SI).
Taken together, these results confirm the excellent specificity of
this bioorthogonal imaging method in live cells and suggest our
optimized labeling conditions can be generalized to other
intracellular proteins, including soluble and membrane proteins.

B CONCLUSIONS

In summary, we present a systematic evaluation of
bioorthogonal reactions between site-specifically incorporated
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mCherry
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Figure 8. Live cell bioorthogonal fluorescence imaging of benchmark intracellular proteins. HEK293T cells were transfected with mCherry-tagged
constructs containing amber codons as indicated in the presence of 2’-aTCOK (50 yM), labeled with H-Tz-SiR (500 nM, 0.5 h) under physiological
conditions, briefly washed, and directly analyzed with confocal microscopy. Hoechst (blue) was used to stain nuclei. Scale bars = 10 ym.
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UAAs and exogenously added fluorescent probes for
fluorescence labeling and imaging of intracellular proteins in
live cells. The diastereomerically pure bioorthogonal UAAs
bearing a strained alkyne or alkene including CpK, exo-BCNK,
endo-BCNK, 2’-aTCOK, 4'-aTCOK, and 4'-eTCOK are
introduced into target proteins via the genetic code expansion
technology, and the exogenous fluorescent probes are tailor-
designed to contain tetrazine moieties with distinct chemical
and photophysical properties. The Diels—Alder cycloaddition
reaction of alkyne or alkene with tetrazine results in
fluorescence labeling of the target protein in live cells, thus
allowing for live cell imaging of the protein. We applied the
systematic investigation to IFITM3, an important IFN effector
in mammals, and other intracellular proteins like chimeric
mCherry-Nucleus and mCherry-RabS for optimizing their
imaging conditions. Using this bioorthogonal imaging method
and our optimal imaging conditions, we were able to directly
visualize the localization and dynamic trafficking of IFITM3 in
live mammalian cells for the first time and, moreover, achieve
live cell imaging of other intracellular proteins.

The systematic evaluation of various diastereomerically pure
UAA and tetrazine fluorophore combinations for fluorescence
labeling of IFITM3, mCherry-Nucleus, and mCherry-Rab$ by
in-gel fluorescence analysis has provided important insights into
successful labeling and imaging of intracellular proteins in live
cells. The reaction rate between bioorthogonal UAA and
fluorophore is the most critical factor determining the labeling
efficiency and specificity. In this regard, we found mono-
substituted tetrazine should be generally better than methyl-
disubstituted tetrazine because its reaction rate is faster than the
latter. Other unsymmetrical diaryltetrazines reported previ-
ously’® may have higher reactivities toward dienophiles than
monosubstituted tetrazines and may warrant investigation, as
well. However, an additional aryl ring on tetrazine may affect
the chemical and physical properties of the core fluorophore.
The intracellular stability of UAA also determines the labeling
efficiency and specificity. It has been recently reported that 2’-
aTCOK is more stable than classical 4’-TCOK,”" which is
subjected to isomerization to the unreactive cis-isomer.””**
Indeed, our imaging studies suggest that 2'-aTCOK is relatively
stable even after being incorporated into proteins for over 20 h
and its intracellular stability seems to be organelle-independent,
as we have successfully imaged intracellular proteins in different
organelles including the nucleus, ER, Golgi, and endosome
using 2'-aTCOK. By contrast, BCNK is well-known to be
covalently modified by cysteine and other intracellular thiols,*”
likely leading to decreased BCNK-dependent protein ex-
pression as we observed. A potential concern about using 2'-
aTCOK for imaging purposes is that the bicyclic reaction
adducts of 2'-aTCOK with tetrazines may undergo elimination
under certain conditions to release the free lysine, a lysine
decaging reaction recently used to release prodrug or control
protein activity.”””" Nevertheless, our labeling and imaging
results as well as studies from others’" suggest that the ligation
product is still relatively stable and dominant, perhaps due to
conjugation of the bulky fluorophores. Interestingly, due to the
higher reactivity of exo-BCNK with tetrazines than 2'-
aTCOK,"™*° the relative fluorescence labeling efficiency of
exo-BCNK after normalization with protein expression level is
generally higher than that of 2’-aTCOK. Therefore, when low
protein expression level is desired, exo-BCNK may be used,
although the overall fluorescence signal might be dimmer under
fluorescence microscopy (Figures S24 and S25 in SI).
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Nevertheless, 2-aTCOK seems to be the first choice to test,
due to the robustness, strong overall fluorescence signal, and
high signal-to-noise ratio it provides (Figures $S24 and S25 in
SI).

The chemical properties of fluorophores, such as membrane
permeability, retention, and distribution, also significantly affect
the labeling results. An “ideal” fluorophore for intracellular
imaging should readily cross the cell membrane of live cells,
distribute evenly inside the cells, react specifically with the
chemically tagged protein but not with others, and be easily
washed away or highly fluorogenic. Although such an ideal
fluorophore does not exist yet, H-Tz-SiR seems to be very
robust in labeling many intracellular proteins as demonstrated
in our studies. The most suitable fluorophore for an individual
protein varies case by case and should be carefully optimized.
For example, hydrophobic BODIPY fluorophores, such as H-
Tz-BODIPY-FL and Me-Tz-BODIPY-m, are not suitable for
labeling soluble proteins but may be harnessed for labeling
membrane proteins. Another crucial aspect affecting labeling
efficiency is the UAA position that should be readily accessible
on the protein surface and not affect the protein expression. For
optimal labeling efficiency, multiple UAA sites should be tested
(Figure S27 in SI).

Our systematic evaluation serves as an unbiased platform to
optimize imaging conditions for individual proteins. With the
optimal imaging conditions in hand, we have demonstrated the
live cell imaging of IFITM3, which has not been possible due to
its small size. Our imaging studies on IFITM3 have started to
provide valuable information about IFITM3 localization and
trafficking in live cells. Further efforts will be focused on time-
lapse imaging of IFITM3 dynamic trafficking in cells infected
with fluorescently labeled virus particles to determine whether
IFITM3 contributes to alter virus trafficking pathway and/or
accelerate the degradation of virus-containing vesicles by
lysosomes. Additionally, bioorthogonal labeling of IFITM3
with H-Tz-SiR is providing a unique opportunity to examine
whether this protein directly interacts with virus particles by
single-molecule and super-resolution imaging.’”**”> These
imaging studies should enable more precise studies of
IFITM3 antiviral mechanism in the future.

Generalization of our bioorthogonal imaging conditions to
several benchmark intracellular proteins is also notable, as
previous studies have been largely limited to cell surface
proteins. Our studies thus significantly expand the scope of site-
specific bioorthogonal imaging of intracellular proteins in live
cells.
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