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ABSTRACT: Raman has been implemented to image biological systems for decades.
However, Raman microscopy along with Raman probes is restricted to image metabolites
or a few intracellular organelles so far and lacks genetic specificity for imaging proteins of
interest, which significantly hinders their application. Here, we report the Raman spectra-
based protein imaging method, which incorporates a small phenyl ring enhanced Raman
tag (total of ∼0.55 kDa) with a single unnatural amino acid (UAA) to genetically label
specific proteins. We further demonstrate hyperspectral stimulated Raman scattering
(SRS) imaging of the Histone3.3 protein in the nucleus, Sec61β protein in the
endoplasmic reticulum of HeLa cells, and Huntingtin protein Htt74Q in mutant
huntingtin-induced cells. Genetic encoding of a small, stable, sensitive, and narrow-band
Raman tag took one key step forward to enable SRS or Raman imaging of specific
proteins and could further facilitate quantitative Raman spectra-based supermultiplexing
microscopy in the future.

To visualize specific proteins in single cells, genetic encoding
of green fluorescent protein (GFP) has been extensively used
as a labeling technique that tremendously revolutionized our
understanding of molecular and genetic mechanisms under-
lying biology.1 Because of its excellent performance in both
genetic specificity and fluorescent brightness, GFP labeling has
been applied not only in mammalian cells but also in countless
model organisms. However, GFP is a large protein composed
of 238 amino acid residues (∼27 kDa), and either its spatial
size or molecular weight may be much greater than the protein
of interest, which results in unknown perturbations to native
functions of the proteins at different levels in living cells.2−4 In
addition, the spectral width of fluorescence is too broad (tens
of nanometers) to be applied for multicolor labeling at a time,5

which has been a major hurdle for fluorescence-based imaging
techniques.
In the most recent endeavor, the single unnatural amino acid

(UAA), an analogue of pyrrolysine6,7 (the 22nd genetically
encoded amino acid) or other types of UAAs bearing strained
alkyne or alkene functionalities, was successfully incorporated
into a specific protein by an encoded amber codon in
mRNA.8−12 All of these tagging strategies successfully reduced
the potential risks of functional and structural perturbations to
proteins. However, they inevitably relied on fluorescent
ligands,2,13 immunofluorescence,14 various dyes, and other
fluorescent chemicals15−17 as reporters to provide contrasts

during imaging. In a recent advance, Wei Min and his
colleagues successfully developed a powerful supermultiplex
vibrational imaging technology by synthesized Manhattan
Raman scattering (MARS) and carbon rainbow (Carbow) dyes
with great photostability.18−20 However, the main drawback of
Raman21,22 is that it lacks genetic specificity to identify and
image distinct proteins of interest. To fill this gap, we
developed a methodology for Raman tag-based protein
imaging by combining advanced genetic code expansion with
hyperspectral stimulated Raman scattering (SRS) microscopy.
UAA Carried Raman Tag for SRS Imaging of a Specif ic

Protein. For better understanding, the concept of the amber-
UAA-Raman tag system is graphically summarized in Figure
1a. To specifically incorporate a Raman tag into the protein, we
purposely selected a pyrrolysine analogue, Nε-[(2-
propynyloxy)carbonyl]-L-lysine (UAA 1, Figure 1b), which
specifically bears an alkyne (CC) and has been genetically
encoded in Escherichia coli,23 yeast,24 mammalian cells,25 and
even animals.26,27 With an expressed orthogonal Methanosarci-
na bakeri (Mb) pyrrolysine tRNA synthase (PylRS, encoded by
PylS)/tRNACUA (encoded by PylT) pair, the UAA 1 carried by
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the tRNACUA could be directly introduced into the target
protein by recognition of the amber codon (UAG) encoded in
mRNA of the target protein.28−30

The alkyne neither exists in the natural biological system nor
reacts with endogenous biomolecules.31 As shown in Figure
1b, the stretching vibration of the CC bond displays a very
sharp Raman peak at 2135 cm−1 (dark yellow), which lies in
the silent region of the Raman spectrum. In contrast to the
combinational Raman bands observed for glyceryl trioleate
(TO, an analogue of lipids) and bovine serum albumin (BSA,
an analogue of protein) in the crowded C−H region, alkyne
provides excellent chemical specificity with a clear spectral
background for both identification and imaging.18,32,33 In
Figure 1b, we also show the SRS spectrum of UAA 1 (red
dots), which is consistent with the spectrum measured by
spontaneous Raman (dark yellow). Figure 1c schematically
illustrates the hyperspectral SRS setup, which was employed to
perform molecular imaging of Raman tags in our study (see
more details of the setup in the Methods section).
Incorporation of UAA 1 into Histone3.3-EGFP Protein via

Genetic Code Expansion. To introduce UAA 1 into a specific
site in the protein of interest, we cotransfected HeLa cells with
two plasmids, which expressed the orthogonal PylRS/tRNACUA
pair (Figure 2a(a), Note S2) and the Histone3.3-EGFP
(Figure 2a(b)), respectively.23,29 Because the eukaryotic cells
lack the PylT gene,7 we constructed eight copies of PylT, and
each was driven by a U6 (RNA polymerase III) promoter.34,35

The PylS gene was expressed under the chicken β-actin
promoter for efficient and continuous expression of PylRS in
cells, and mCherry (transcripted from an internal entry site
(IRES2)) was used as a reporter to confirm the expression of
PylRS (Figure S1(1)). In the second plasmid, we expressed
Histone3.3 protein fused to EGFP, in which the codon N150
was replaced with an amber codon (Histone3.3-EGFP-
(N150TAG)) by site-directed mutagenesis (Figure
S1(2)).34,36,37 Here, the Histone3.3-EGFP was expressed
under the cytomegalovirus (CMV) promoter. The fluores-
cence, Western blotting, and control experiments for genetic
incorporation of UAA 1 in HeLa cells are illustrated in Figure
S2.
To prove our concept, we implemented a multiplex SRS

microscope to image Histone3.3 protein, which was genetically
targeted by UAA 1 and carried an alkyne. Figure 2b shows the
two-photon excited fluorescence (TPEF) images of mCherry,
which indicated the expression of PylRS in HeLa cells, and the
incorporation of UAA 1 was confirmed by EGFP in the
nucleus. We further performed multiplex SRS imaging of the
transfected cell with Raman shift covering 2079−2191 cm−1

(Figure 2d, total of 9 SRS images). For each SRS image, we
averaged 200 times with a dwell time of 40 μs for each pixel.
Although the vibrational signal of alkyne was very weak, we
obtained a clear SRS image of the Histone3.3 protein in the
nucleus when the Raman shift was set at 2135 cm−1. When we
tuned the Raman shift to off-resonance of the alkyne, the

Figure 1. Incorporation of a Raman tag via genetic code expansion and hyperspectral SRS microscopy. (a) Schematic representation of the amber-
UAA-Raman tag system for genetically targeted protein imaging. AA: amino acid; RE: release factor. (b) Chemical structure of UAA 1, spontaneous
Raman spectra of UAA 1, TO and BSA, and SRS spectrum of UAA 1 for comparison. (c) Schematic representation of the hyperspectral SRS
microscope for vibrational imaging of a genetically encoded Raman tag. PMT: photomultiplier tube; F: optical filters; DM: dichroic mirror; GM:
galvanometer; PS: pulse shaper; PBS: polarization beam splitter; HWP: half-wave plate; TD: time delay; PD: photodiode; AOM: acousto-optic
modulator.
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image contrast of the nucleus decreased rapidly, as shown.
Figure 2c illustrates the SRS spectrum acquired in the location
of the nucleus (black line with dots), in which the Raman band
was consistent with the SRS spectrum of UAA 1 (dark yellow).
The repeated experiments are shown in Figure S3. Thus, we
demonstrated that the amber-UAA-Raman tag system is
capable of introducing a single-molecule Raman tag, like
UAA 1, to the desired site of the protein of interest for narrow-
band molecular imaging.
Small Phenyl Ring Enhanced Raman Tag for Sensitive Protein

Imaging. The brightness of the labels or sensitivity of the
instruments is crucial for microscopic imaging. Thus the SRS
signal from a single alkyne is probably too weak for any
potential application. To significantly enhance the Raman
signal, we designed and synthesized N-(3-azidopropyl)-4-
(phenylbuta-1,3-diyn-1-yl)benzamide (2, Note S1) and then
linked 1 with 2 through copper-catalyzed azide−alkyne
cycloaddition (CuAAC, click chemistry, Figure 3a) in HeLa
cells.25 Despite that the newly linked Raman tag (3, ∼0.55
kDa, about two amino acids long) only increased about 2 times
in size compared to 1, the SRS signal increased more than 2
orders of magnitude.20,38 As shown in Figure 3g, we measured
SRS spectra of 1, 5-ethynyl-2′-deoxyuridine (EdU), and 2

under the same experimental conditions. The Raman peak of 2
was shifted to 2225 cm−1, and the RIE value (relative Raman
intensity versus EdU) of 2 was as high as 29 due to phenyl ring
enhancement,38 which increased the SRS signal more than 2
orders of magnitude in comparison to 1 (29/0.23, ∼125
times). Meanwhile, the bandwidth (full width at half-
maximum, fwhm) of 2 remained as narrow as 17.7 cm−1,
which exhibits great advantage over fluorescent labels.
To test this improvement in specific protein imaging, we

introduced enhanced Raman tag 2 into the UAA system by
click chemistry and performed hyperspectral SRS imaging of
the Histone3.3-EGFP protein with 3. The complete hyper-
spectral SRS image stack (total of 50 SRS images covering a
Raman range of 2180−2280 cm−1) is presented in Video S1.
As revealed by the TPEF images of mCherry and EGFP
(Figure 3b), the SRS imaging detected a strong Raman signal
at 2225 cm−1 from 3 in the nucleus of transfected cells (see the
multiplex SRS image stack in Figure S4 and one of the
repeated experiments in Figure S5). Figure 3c presents the raw
SRS spectra collected in the locations of the nucleus,
cytoplasm, and background (indicated by colored arrows in
Figure 3b), while the SRS spectrum of 2 served as the internal
reference (dark yellow). In the location of the nucleus, a strong

Figure 2. Genetic incorporation of UAA 1 in HeLa cells and SRS imaging of 1 incorporated into Histone3.3-EGFP protein. (a) Vectors used in
transient transfection: a) 4×PylT/FLAG-PylS-IRES2-mCherry; b) 4×PylT/Histone3.3-EGFP(N150TAG). (b) TPEF images of mCherry and
EGFP indicating the positions that expressed PylRS and Histone3.3-EGFP proteins, respectively. (c) SRS spectrum obtained in the location of the
nucleus. SRS spectrum of 1 is shown as a reference. (d) Multiplex SRS image stack of 1 incorporated in Histone3.3-EGFP in the nucleus of a
transfected cell.
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Raman peak at 2225 cm−1 was observed, which was shifted
about 90 cm−1 from the Raman peak of alkyne (2135 cm−1).
At the cytoplasm, the SRS spectrum was featureless and similar
to the background. After background subtraction (Figure 3d),
the SRS spectrum in the location of the nucleus was consistent
with the spectrum of 2, suggesting that the Raman tag 2 had
been successfully introduced into the Histone3.3-EGFP
protein in the nucleus.
To prove that the method is applicable to any specific

protein, we performed SRS imaging of Sec61β protein in the
endoplasmic reticulum (ER)39 in HeLa cells and the Htt74Q
protein in mutant huntingtin-induced cells40 (Figure S1(4,5)).
Figure 3e exhibits the corresponding mCherry and EGFP
images indicating transfected cells and a target protein, the SRS
image of Sec61β protein in ER, and the SRS image showing all
cells by exciting intrinsic CH3 vibrations. We clearly observed
that the ER target protein was distributed outside of the cell
nucleus (see multiplex SRS images and spectra in Figure S6).
In Figure 3f, we also conducted experiments to image the
Htt74Q protein in mutant huntingtin-induced cells by SRS
imaging (Figure S7). All repeated experiments are shown in
Figure S8. From these observations, we confirmed that the
amber-UAA-Raman tag system was capable of genetically
introducing a small and strong Raman tag to a specific protein
for SRS imaging.
Direct and Sensitive SRS Imaging of Histone3.3 and Htt74Q

Proteins. To completely remove the influence of EGFP, which
was initially applied as a reference for co-localization assays, we
directly replaced codon K64 in Histone3.3 with an amber

codon TAG by site-directed mutagenesis.35 Figure 4a shows
the plasmid (same as in previous experiments) for expressing
the PylRS/tRNACUA pair (Figure 4a(a)) and the newly
designed plasmid Histone3.3(K64TAG)-3×HA (Figures
4a(b) and S1(3)). The fluorescence and Western blotting
experiments shown in Figure S9 indicate that EGFP was
removed from the system and Histone3.3 protein was
efficiently expressed. After click chemistry to introduce 2, we
performed hyperspectral SRS imaging and observed a clear
spatial distribution of Histone3.3 protein in the nucleus, which
was confirmed by the corresponding mCherry and CH3
vibrational images (Figure 4b). Moreover, the SRS image at
2225 cm−1 indicates that only one cell successfully expressed
Histone3.3 protein. Figure 4c shows the raw SRS spectra
acquired at pinpointed locations in the nucleus and cytoplasm,
which displayed great spectral specificity of the UAA carried
Raman tag (see the multiplex SRS in Figure S10, hyperspectral
SRS image stack in Video S2, and repeated experiments in
Figure S11). Furthermore, we conducted experiments to
specifically image the Htt74Q protein that was highly
expressed in HeLa cells due to Huntington’s disease. Figure
4d,e exhibits the SRS image and spectrum of the aggregated
Htt74Q protein in a HeLa cell (see the multiplex SRS image in
Figure S12 and repeated experiments in Figure S13). In this
case, a single amber codon TAG was inserted at the beginning
of the Htt74Q gene (Figure S1(6)) to ensure minimal
influence on protein expression and function.
We demonstrated that site-specific incorporation of UAA via

the genetic code expansion technology can effectively

Figure 3. Genetic incorporation of enhanced Raman tag 2 by click chemistry. (a) Click chemistry to link 1 with azide-ended Raman tag 2. (b)
Fluorescence and hyperspectral SRS imaging of target Histone3.3-EGFP protein. TPEF images of mCherry and EGFP indicate the transfection of
HeLa cell, and the SRS image at 2225 cm−1 presents localization of the Histone3.3 protein in the nucleus after click chemistry. (c) Raw SRS spectra
in the locations indicated by arrows in panel b. (d) SRS spectra after background subtraction. (e) Fluorescence and hyperspectral SRS imaging of
targeted EGFP-Sec61β protein. The SRS image of 3 presents detection of the Sec61β protein in the ER after click chemistry, and the SRS image of
CH3 shows all cells in the field of view. (f) Fluorescence and hyperspectral SRS imaging of Htt74Q-EGFP protein in a Huntington diseased cell.
(g) SRS spectra of 20 mM EdU, 100 mM 1, and 20 mM 2. The inset shows the zoomed-in spectra of 1 and EdU.
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introduce a sensitive Raman tag as small as 0.5 kDa to specific
proteins for molecular SRS imaging. To prove our concept, we
genetically incorporated an alkyne and further a small phenyl
ring enhanced Raman tag to Histone3.3, Sec61β, and Htt74Q
proteins with molecular precision in HeLa cells and performed
hyperspectral SRS imaging of the target protein. For future
applications, it is straightforward to achieve live cell imaging of
other intracellular proteins by copper-free click chemistry.12,41

On the basis of the excellent property of Raman tags,
supermultiplex Raman imaging of multiple proteins can be
further realized by applying powerful quadruplet codons,42

unnatural codons,43 and other advanced genetic approaches to
expand new blank codons.
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