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Fluorescence labeling via fluorescent proteins (FPs) or immunofluorescence has been routinely applied
for microscopic imaging of specific proteins. However, due to these over-weight and oversized labels
(e.g. GFP, 238 aa, 27 kDa, ~4 nm in size), the potential physiological malfunctions of the target proteins
are largely underestimated in living cells. Herein, for living cells, we report a small and minimally-invasive
Raman reporter (about 2 aa and <1 kDa), which can be site-specifically introduced into proteins by
genetic codon expansion. After a single unnatural amino acid (UAA) is precisely incorporated into the
target protein, the strained alkyne can rapidly undergo copper-free Diels—Alder cycloaddition reactions
with the tetrazine-functionalized Raman reporter, which features a fine vibrational spectrum in contrast to
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fluorescence. In our experimental results, the UAA-based Raman tag was successfully incorporated into
vimentin, histone 3.3 and huntingtin (Htt74Q) proteins in living Hela cells and further utilized for stimu-
lated Raman imaging. The site-specific bioorthogonal fusion of small Raman tags with intracellular pro-
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Introduction

Microscopic imaging of fluorescent proteins has long been uti-
lized to observe spatial and temporal protein expression at the
genetic level in live cells.'™ Although the brightness and
redder working wavelengths of the fluorescent proteins have
been significantly optimized for decades as labels, their com-
paratively large sizes are problematic.>® Primarily, the over-
weight fluorescent proteins fused at the N- or C-terminus of
the target protein may significantly disturb the normal intra-
cellular expression, localization and physiological functions of
proteins in their native state, especially for those membrane-
anchored ones.””® Immuno-labelling is an alternative way to

“Britton Chance Center and MoE Key Laboratory for Biomedical Photonics,

Wuhan National Laboratory for Optoelectronics-Huazhong University of Science and
Technology, Wuhan, Hubei 430074, China. E-mail: p_wang@hust.edu.cn
bDepartment of Biochemistry and Molecular Biology, School of Basic Medicine,
Tongji Medical College and State Key Laboratory for Diagnosis and Treatment of
Severe Zoonotic Infectious Diseases, Huazhong University of Science and Technology,
China

“College of Chemistry and Molecular Sciences, Key Laboratory of Biomedical
Polymers of the Ministry of Education, Wuhan University, Wuhan, Hubei 430072,
China. E-mail: hezy@whu.edu.cn, yuanquan@whu.edu.cn

dChangping Laboratory, Beijing 102206, China

‘Huaiyin Institute of Technology, Huaian, Jiangsu 223003, China

T Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4an00758a

{These authors contributed equally.

5476 | Analyst, 2024,149, 5476-548]

teins will pave the way for minimally-invasive protein labeling and multi-color imaging in living cells.

target specific proteins. However, the molecular size of anti-
bodies (1300 aa, >150 kDa, 10 nm) is even larger than the typical
fluorescent proteins, and in most cases they are not applicable
to live cells.'”® To reduce the size of fluorescent labels, site-
specific molecular tags have been widely explored."*™* Other
than traditional fluorescent labels and imaging, Raman and
stimulated Raman scattering microscopy (SRS) combined with
alkyne labels emerges as a new bioorthogonal imaging
method.”>™® SRS, as a type of coherent Raman scattering
microscopy, has dramatically improved the molecular imaging
sensitivity of biomolecules, in contrast to the conventional
Raman microscopy.'>*° Meanwhile, the alkyne possesses unique
spectroscopic characteristics in the cellular Raman-silent region
(1800-2800 cm™"), which enables alkynyl groups to setve as suit-
able labels for small biomolecules.*** However, these alkyne
reporters lack genetic specificity to target proteins in living cells.

In order to achieve high genetic specificity of alkynyl group,
we genetically incorporate an UAA into a protein of interest
(POI) by genetic code expansion, and then the strained alkyne
on the UAA can rapidly undergo copper-free Diels-Alder cyclo-
addition reactions with the tetrazine-functionalized Raman
reporter. The combination of bioorthogonal genetic codon
expansion and click chemistry is usually applied to label small
organic fluorophores, dyes and probes into proteins in live
cells.** % Peng Tao et al. reported in 2016 that Mm-pylRS-AF
mutants (Y3064, Y384F) showed high efficiency in combi-
nation with endo-BCNK and 2'-aTCOK, which are commonly
applied for fluorescent labeling of specific proteins in living

This journal is © The Royal Society of Chemistry 2024
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cells.>® Moreover, the strained alkenes bearing cyclooctyne
derivatives can react with tetrazines via the strain-promoted
inverse-electron-demand Diels-Alder cycloaddition (SPIEDAC)
reaction.’™*> Importantly, it can bioorthogonally proceed in
mammalian living cells due to the overwhelmingly rapid reac-
tion rates without the need for metal catalysis.>* In this work,
we propose the Diels-Alder reaction between UAA bearing
cyclooctyne and tetrazine containing an alkynyl reporter.
Specifically, the cyclooctyne-bearing UAA (bicyclo[6.1.0]
nonyne-lysine, BCNK; trans-cyclooct-2-en-1-lysine, TCOK) and
the synthesized tetrazine-bearing compound containing bisar-
ylbutadiyne (BADY) are selected on purpose to allow for non-
toxic metal-free click chemistry, which shows outstanding bio-
compatibility in live cells.***> The strained alkyne, cyclooc-
tyne, exerts high reactivity toward tetrazine, as the latter is a
nitrogen-containing heterocycle and thus extremely electron-
deficient.***” Also, the synthesized Raman reporter containing
bisarylbutadiyne has a conjugated diyne structure (C=C-
C=C), which presents intense Raman signals in SRS
imaging.®® In the subsequent biological experiments, we
implemented bioorthogonal labeling of huntingtin proteins
and histone 3.3 proteins in the nucleus and vimentin proteins
in HeLa cells, respectively. We carried out multiplex SRS
imaging of small UAA targeted proteins in live cells instead of
fluorescence imaging in the conventional way.
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Results

Genetic incorporation of a signal-enhanced Raman tag via the
SPIEDAC reaction

We designed compound 1, N-(4-(1,2,4,5-tetrazine-3-yl)benzyl)-
4-(phenylbuta-1,3-diyn-1-yl) benzamide (*H HMR spectrum in
ESI Fig. 1,1 "*C HMR spectrum in ESI Fig. 2,7 and FT-MS spec-
trum in ESI Fig. 3%), and it consequently serves as an
enhanced Raman tag with a sharp Raman peak at 2215 cm™*
(Fig. 1a and b). By genetic codon expansion with an orthogonal
pyrrolysyl-tRNA synthetase (PylRS)/PyltRNAcy, pair from
Methanosarcina mazei,*>*® we genetically incorporated an un-
natural amino acid (BCNK or TCOK) at the desired site of an
amber stop codon (TAG).*'™** BCNK can undergo the SPIEDAC
reaction in the presence of 1 (Fig. 1a) and result in the major
reaction product 2 (~0.70 kDa) labeled on the target protein
for SRS imaging in living cells (schematic of the SRS system in
ESI Fig. 47). For bioorthogonal labeling, we proceeded to label
vimentin-EGFP-N150TAG with tetrazine-compound 1 site-
specifically inside live cells. For this purpose, we co-transfected
HeLa cells with vimentin-EGFP-N150TAG plasmids and Mm-
PylRS/PyltRNAcya expression plasmids in the presence of
1 mM BNCK for at least 24 h. 5 uM tetrazine-compound 1 was
added for 0.5 h incubation and cells were briefly washed out
right before live-cell imaging (Fig. 1c).
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Fig. 1 Genetic incorporation of Raman tag 1 via genetic codon expansion and the SPIEDAC reaction. (a) Chemical structure of Raman reporter 1;
UAAs: BCNK, TCOK; Raman tags 2 and 3 formed by copper-free SPIEDAC reactions between 1 and BCNK and TCOK, respectively. (b) The spon-
taneous Raman spectra showed a characteristic Raman peak at 2215 cm™ of Raman reporter 1. The red and dark grey curves are Raman spectra of 1
and triacylglycerols (TAGs), respectively. TAG was used as a control, while Raman reporter 1 showed a significantly sharp Raman peak within the
silent region of the spectrum in comparison with TAG. (c) Schematic diagram for site-specific labeling of POIs via bioorthogonal genetic code

expansion and UAA-tetrazine ligation.
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SRS and multiplex SRS imaging of Raman tags 2 and 3 in
HelLa cells

To examine whether the designed amber-UAA-Raman tag
system works, we first used BCNK for incorporation at residue
N150 of EGFP, whose N-terminal is fused with vimentin, a
cytoskeletal protein (Fig. 1c(2) and 2a). Meanwhile, the
mCherry-tagged PylRS/Pyl-tRNAcy, and mutant vimentin-
EGFP plasmids were co-transfected in HeLa cells (Fig. 2a). The
SRS image resonant to all C-H vibrations (mainly lipids and
proteins) and two-photon excited fluorescence (TPEF) image of
mCherry showed that only two cells in the field of view
expressed PylRS (Fig. 2b). Meanwhile, TPEF imaging of
mCherry and EGFP indicated the successful expression of
PyIRS and vimentin in HeLa cells, respectively. In particular,
multiplex SRS with resonant frequency at 2215 cm™" exhibits
the vibrational image of the small Raman tags (2) incorporated
into vimentin proteins in live cells. The image localization of
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mCherry, SRS and GFP verifies the successful expression of
both GFP and UAA labeling systems. To provide solid molecular
identification of Raman reporter 2, multiplex SRS imaging was
performed with Raman shifts covering 2203-2227 cm™*
(Fig. 2d). The SRS spectrum obtained for vimentin (arrow in
Fig. 2b) is consistent with the characteristic Raman peak of 1
(Fig. 2¢), suggesting that Raman tag 2 was successfully incorpor-
ated into the amber mutant vimentin-EGFP.

We then tested the bioorthogonal Raman labeling of hun-
tingtin and histone 3.3 proteins (Fig. 3a and c). Huntington’s
disease is one of the most common neurodegenerative dis-
orders with abnormal accumulation of pathological proteins
in the nucleus or cytoplasm. We constructed plasmids for tran-
sient co-transfection of Htt74Q in cells (Fig. 3a). Fig. 3b shows
that only two cells had expressed PylRS and gone through the
whole UAA labeling process. The SRS image shows small
Raman tag 2 and the aggregation of the huntingtin proteins
(GFPs) colocalized clearly. The SRS spectra of huntingtin pro-
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Fig. 2 SRS and multiplex SRS imaging of Raman tag 2 in living Hela cells. (a) Structure of (1) 4 x U6-PylT/FLAG-MmPyIRS-AF-IRES2-mCherry and
(2) 4 x U6-PylT/vimentin-EGFP-N150TAG plasmids for transient co-transfection in Hela cells. (b) SRS imaging of cellular lipids and proteins and
TPEF imaging of MmPylRS-AF-mCherry and vimentin-EGFP fusion proteins, respectively. (c) Multiplex SRS spectra of Raman reporter 1 and vimentin
proteins (magenta arrow in (b)) after background subtraction. (d) Multiplex SRS image stacks, which show the Raman reporters in vimentin-EGFP in

Hela cells. Scale bar: 15 ym.
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Fig. 3 Genetic incorporation of Raman tag 2 into huntingtin and histone 3.3 proteins in living Hela cells. (a) Structure of 4 x U6-PylT/
Htt74Q-EGFP-N150TAG plasmids. (b) TPEF and SRS images of huntingtin proteins. (c) Structure of the 4 x U6-PylT/EGFP-N150TAG-histone 3.3
plasmid. (d) TPEF and SRS imaging of histone 3.3 proteins in the nucleus. Scale bar: 15 pm.
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Fig. 4 Genetic incorporation of Raman reporters into specific proteins without GFPs in living HeLa cells. (a) The plasmid: 4 x U6-PylT/TAG-Htt74Q
(EGFP free), for direct incorporation of an amber codon at the N-terminal of Htt74Q. (b) Multiplex SRS imaging of huntingtin and TPEF imaging of
mCherry, indicating the expression of the PylRS/PyltRNACUA pair. (c) Multiplex SRS spectra obtained at the indicated location in (b) (arrow) after
background subtraction (white dashed circle). SRS spectrum of 1 is shown as a reference. (d) Multiplex SRS imaging of huntingtin and TPEF imaging
of mCherry, indicating the expression of the PylRS/PyltRNACUA pair. Here, we used another UAA (TCOK) for incorporation of Raman reporters. (e)
SRS spectra obtained at the indicated locations in (d) (arrow). (f) The plasmid: 4 x U6-PylT/vimentin-N116TAG, for direct incorporation of an amber
codon at position 116 (N116) in vimentin. (g) Multiplex SRS imaging of vimentin and TPEF imaging of mCherry, indicating the expression of the
PylRS/PyltRNACUA pair. (h) SRS spectra obtained at the indicated locations (arrows) in (g). Scale bar: 15 pm.
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teins are shown in ESI Fig. 5.1 For a separate proof, we transfer
the Raman tag to histone 3.3 proteins via the UAA system
(Fig. 3c). In Fig. 3d and ESI Fig. 6,1 the SRS observation of
histone 3.3-EGFP in the nucleus was consistent with the pub-
lished research studies.®***3

Incorporation of Raman tag 2 into specific proteins in the
absence of GFP

In the above experiments, UAA was simply inserted into
N150TAG of EGFP that targets the protein. Next, we aimed to
exclude the EGFP structure and introduce Raman tag 2 into
the POI directly. Specifically, we co-transfected the newly
designed plasmid containing TAG-Htt74Q, in which an amber
codon was directly inserted at the N-terminal of Htt74Q (Fig. 4a).
In addition, another appropriate UAA, TCOK, was attempted to
substitute BCNK for bioorthogonal labeling and the SPIEDAC
reaction. The fluorescence images of mCherry show the
expression of PylRS/tRNAcy, in both systems (Fig. 4b and d).
Multiplex SRS spectra and images of C=C identified the distri-
butions of huntingtin proteins. For vimentin proteins, we
inserted an amber codon at N116 of vimentin (Fig. 4f) for genetic
incorporation of the Raman reporter.”® The SRS image and SRS
spectra showed clear distributions of vimentin in cells (Fig. 4g
and h). In summary, we constructed an amber-UAA-Raman tag
system, which successfully achieved the site-specific incorpor-
ation of a small and minimally-invasive Raman tag into specific
proteins for multiplex SRS imaging in living cells.

Conclusions

We designed a small amber-UAA Raman tag system for living
cells, utilizing the genetic codon expansion technology and the
Diels-Alder reaction between the cyclooctyne bearing UAA and
the tetrazine group in a Raman reporter. With precise incor-
poration of small Raman tags into the target proteins and the
strong CMV promoter, we achieved stimulated Raman scattering
imaging of vimentin, histone 3.3 and huntingtin Htt74Q pro-
teins within living cells. Although the utilized SRS imaging
modality already shows the best sensitivity to our Raman tag,
we have not been able to perform vibrational imaging of the
low-concentration proteins expressed by the normal native pro-
moter. An UAA based Raman tag is advantageous in labeling
the size and availability of colors, but Raman scattering from a
Raman tag is typically more than a thousand times weaker than
the fluorescence of a fluorescent protein. Thus, imaging sensi-
tivity is the major challenge for UAA based Raman tags in the
future. On the other hand, our method with quadruplet codons
would possibly allow super-multiplex Raman imaging of more
proteins and their interactions simultaneously in living cells.
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