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ABSTRACT: Genetically encoded green fluorescent protein Vibrational Protein
(GFP) and its brighter and redder variants have tremendously ‘
revolutionized modern molecular biology and life science by
enabling direct visualization of gene regulated protein functions on
microscopic and nanoscopic scales. However, the current
fluorescent proteins (FPs) only emit a few colors with an emission < . ;,/ o
width of about 30—50 nm. Here, we engineer novel vibrational
proteins (VPs) that undergo much finer vibrational transitions and
emit rather narrow vibrational spectra (0.1—0.3 nm, roughly 3—10 cm™). In response to an amber stop codon (UAG), a terminal
alkyne bearing an unnatural amino acid (UAA, pEtF) is directly incorporated in place of Tyr64 in the chromophore of pr-Kaede by
genetic code expansion. Essentially, the UAA64 further conjugates into a large 7 system with the contiguous two editable amino acid
residues (His63 and Gly6S), resulting in a programmable Raman resonance shift of the embedded alkyne. In the proof-of-concept
experiment, we constructed a series of novel pEtF-VP mutants and observed fine Raman shifts of the alkynyl group in different
chromophores. The genetically encoded novel VPs, could potentially label tens of proteins in the future.
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B INTRODUCTION

Proteins that can emit fluorescence are nature’s magic gifts.l’2
Over the past decades, hundreds of fluorescent proteins (FPs)
have been genetically engineered to light up a variety of
cutting-edge protein applications.” ® However, developing a
new fluorescent protein through mutagenesis is not always
successful, because in most cases, the modified FPs are weakly

The fluorescence of FPs is attributed to a large 7-
conjugation in the core chromophore 4-(p-hydroxybenzyli-
dene)-S-imidazolinone (HBI). This chromophore structure is
formed through posttranslational modifications involving three
native nonfluorescent amino acids: serine 65, glycine 67 and
tyrosine 66, featuring a crucial phenyl ring.”” The folded
barrel in FP plays a crucial role in creating an enclosed
structure for chromophore maturation, shielding self-catalyzed

fluorescent, or rarely shifting their colors.”® So far, only 3—5
bright FPs are frequently used for labeling and imaging
proteins, and the number more than that are particularly
difficult.”'® In essence, the lighting mechanism of FPs is rooted
in incoherent electronic transition of their chromophores, and
the resulting broad fluorescence spectra (30—50 nm) physi-
cally limit the availability of resolvable colors.'"'” In the most
recent breakthrough, 24-color Manhattan Raman Scattering
(MARS) dyes possessing narrow vibrational Raman bands,
exhibit an impressive advance in supermultiplex protein
imaging.'”'* But, these superior Raman dyes still rely on
traditional immune-staining procedures to target specific
intracellular proteins."”~"” Unnatural amino acid (UAA)
bearing Raman tag can be precisely incorporated into specific
site of desired protein by a spare stop codon and an orthogonal
aminoacyl-tRNA synthetase (aaRS)/tRNA pair.'*"*' The
attempts to construct dual-color or multicolor protein labeling
using novel UAAs are being arduously explored within the
traditional scope of fluorescence, but largely failed.””** The
known barrier of the genetic code expansion technique is that a
single UAA only responses to an amber codon, and the further
color expansion via incorporation of multiple UAAs into
different proteins is largely impossible.”* >
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cyclization and oxidation reaction from bulk water and
molecular oxygen.”® The chromophore fluorescing, corre-
sponding to transient electronic transition, is bright but broad
in color (Figure 1a, ~46 nm in the case of pr-Kaede, full width
at half-maximum, fwhm). In contrast, the molecular vibrating is
significantly finer in color, corresponding to transition between
vibrational bond states.””*® FPs inspired us to develop
genetically encoded VPs, which do not fluoresce but are
engineered to vibrate strongly. To construct a VP, a correct
UAA bearing an alkyne that can conjugate with the imidazoline
ring through the exocyclic C=C bridge is the key to forming a
vibrating chromophore. In all engineered UAAs, we intention-
ally selected p-ethynylphenylalanine (pEtF), which consists of
a phenyl ring and an alkynyl side group with Raman peak at
2105 cm™" in the silent region.”’ When cotransformed with a
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Figure 1. Concept of VP system via genetic code expansion. a. Translation mechanisms of the native photoconvertible FP pr-Kaede. b. Process of

constructing VPs is based on the genetic code expansion system. From |
tyrosine/pEtF, protein translation, chromophores (depicted as stick mo
mature chromophores formed by the His63-Tyr64-Gly65 tripeptide/th
FPs/VPs. The excitations of FPs and VPs are corresponding to electron

eft to right: Chemical structure of tyrosine/pEtF, aminoacylation process of
dels of photoconverted pr-Kaede-WT/pr-Kaede-Y64pEtF), structure of the
e pEtF-incorporated VPs, and schematic excitation and emission spectra of
ic transition and molecular transition, respectively. c. Photographic pictures

taken under room light (top) and irradiation of UV (~36S nm, bottom). d. Absorption spectra of purified FPs (pr-Kaede-WT/EGFP/cpVenus/
mCherry/E2-Crimson, dashed line) and VPs (pr-Kaede/EGFP/cpVenus/mCherry/E2-Crimson-pEtF, solid line) prepared from E. coli.

pULTRA plasmid encoding aaRS/tRNAy, pair, pEtF can be
site-specifically incorporated into a primed conversion capable
(pr-) photoconvertible FP, pr-Kaede,”> but with an amber
mutation at Tyr64. In particular, pEtF is structurally close to
tyrosine and can keep on conjugating with His63 and Gly64
during chromophore maturing (it undergoes photoconversion
from green to red state upon irradiation with ultraviolet or
violet light).” As a result, the side alkynyl group of pEtF can
cyclize with the side chain of His63 and Gly64 to form a larger
7-bond conjugated structure. More importantly, analogous to
the fluorescence wavelength shifting, the vibrational frequency
shifting of pEtF allows further color expansion based on the
incorporation of a single UAA and the contiguous editable
amino acids (Figure 1b, blue dashed area). In this work, we
engineered pr-Kaede-Y64pEtF, E2-Crimson-Y67pEtF and the
other three VPs, which comprise different side chains in the
chromophore. Importantly, we observed fine chromophore-
enhanced Raman bands and frequency shifts of the same
alkynyl group. The VPs can possibly be further reduced in size
and molecular weight, potentially evolving into vibrational
peptides. The proposed work paves the way for multicolor
protein labeling and Raman imaging by narrow-band VPs.

1

B RESULTS AND DISCUSSION

VP Engineering by Genetic Code Expansion. Among
more than 100 UAA derivatives,””*> we purposely select a
phenylalanine analogue, pEtF (Figure 1b), which features a
terminal phenyl alkyne (C=C).”" In response to an encoded
amber codon, pEtF was site-specifically incorporated into the
photoconvertible fluorescent protein derived from a stony
coral, pr-Kaede (chromophore: His63-Tyr64-Gly6S), by
means of an orthogonal Methanococcus jannaschii tyrosyl-
tRNA synthetase/tRNAcys (MjTyrRS/tRNAcy,) pair.*
Specifically, a pET30a plasmid of pr-Kaede, harboring a
TAG mutation at position 64 (pET30a-pr-Kaede-Y64TAG)
was cotransformed with a pULTRA®® plasmid of MjTyrRS/
tRNAcya to express the pr-Kaede-Y64pEtF protein in E. coil.
After remarkable posttranslational modifications and VP
maturing, pEtF64 ingeniously cyclizes with His63 and Gly6S
to form a larger conjugated structure encompassing a terminal
alkyne, an aromatic ring, an imidazolinone, a C,—=Cy double
bond, and an imidazole ring of histidine. Thus, the VP
chromophore-enhanced alkyne possesses a sharp Raman peak
about 0.6 nm (fwhm) in line width within the Raman-silent
region, ~77 times narrower than the fluorescence spectrum of
the corresponding FP. Over a long period, it was thought to be
impossible for site-specific incorporation of a single UAA to
label multiple proteins at a time. Here, by editing the
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Figure 2. The Raman spectra of various pEtF-VPs. a. Chemical structure of chromophores in pEtF-incorporated VPs. Shaded areas represent the 7
conjugation of the newly formed chromophores. b. Raman spectra of purified VPs proteins excited at 671 nm. From bottom to top: EGFP-WT,
pEtF, mCherry-Y67pEtF, EGFP-Y66pEtF, cpVenus-Y66pEtF, E2-Crimson-Y67pEtF and pr-Kaede-Y64pEtF. Characteristic Raman bands (O~ @)
of VPs were identified and assigned. ©: Benzene ring at ~998 cm™'; @: Amide I band at ~1655 cm™; @: Stretch of CS = C6 bridge, imid. C = N,
new-conjugated C,=C; bridge and C = C double bond in the His63 side chain at ~1510 cm™". Imid.: imidazole; Str.: Stretch. c. Zoomed-in spectra

from 2060 to 2140 cm™ in b.

contiguous natural amino acid residues and their conjugation
with the UAA (pEtF64 and blue dashed area in VP
chromophore, Figure 1b), we found that the narrow vibrational
band of the alkyne is programmable, and the resonant
frequency at 2089 cm™" exhibits a significant degree of spectral
shifting, which allows multicolor vibrational labeling and
imaging in the future.

To prove the concept, we first engineered a series of pEtF-
VPs, in which pEtF was introduced into the chromophore of
pr-Kaede, EGFP, cpVenus, mCherry, and E2-Crimson, forming
pr-Kaede-Y64pEtF, EGFP-Y66pEtF, cpVenus-Y66pEtF,
mCherry-Y67pEtF, and E2-Crimson-Y67pEtF, respectively.
These pEtF-VPs were expressed in E. coli at 30 °C. The
highly concentrated VP solutions were obtained through Ni-
NTA affinity chromatography purification, followed by dialysis
and ultrafiltration with yields of soluble proteins in the range of
20—30 mg/mL (1 mg/mL before ultrafiltration). Figure 1c
characterized the fluorescence properties of VPs. In contrast to
their wide-type fluorescent proteins, the pEtF-VPs alternatives
are almost colorless under room light. Moreover, the pEtF-VPs
are not actively fluorescent and exhibit more than 10-fold
reduction of fluorescence in quantum yields as they are
exposed to 365 nm UV excitation. The results from sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis and liquid chromatography-tandem mass
spectrometry (LC-MS/MS) fully confirmed the formation of
the full-length proteins and the maturation of the chromo-
phore in pEtF-VPs. (SDS-PAGE: Supplementary Figure S1;
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LC-MS/MS: Supplementary Figure S2—6). In contrast to the
fluorescent counterparts (FPs-WT), the normalized absorption
spectra of all VPs show a hypsochromic shift of the main
absorption bands to 365 nm in the UV range (Figure 1d). The
phenomenon indicates that the electron donating ability of
pEtF is trivial in the chromophores of VPs.>” Moreover, the
substantially weakened and blue-shifted fluorescence is
advantageous for further Raman spectra measurements.
Raman Spectra Characterization of Various pEtF-VPs.
Even though the absorption bands of pEtF-VPs already present
a hypsochromic shift back to the UV region, the excited
fluorescence in 532 nm Raman is still overwhelming the
vibrational spectra. 785 nm Raman with a longer excitation
wavelength diminishes the fluorescence, but the Raman signal
from pEtF-VDPs is rather scarce. Thus, we constructed a 671 nm
Raman system (Supplementary Figure S7) and measured
Raman spectra of purified VPs, including mCherry-Y67pEtF,
EGFP-Y66pEtF, cpVenus-Y66pEtF, E2-Crimson-Y67pEtF and
pr-Kaede-Y64pEtFE. Figure 2a presents the chemical structures
of their chromophores, and the z-conjugation regions are
intentionally highlighted in different colors. Raman spectra of
pure EGFP-WT, UAA-pEtF, and five VPs are shown in Figure
2b. In Figure 2b, all Raman spectra were normalized by their
carbon—hydrogen (CH3) bands of protein at 2930 cm™’,
assuming that the chemical ratio of C=C to CH3 bonds is
roughly the same for all VPs. The EGFP-WT is strongly
fluorescent, but the 671 nm Raman is well suited to obtain its
finer Raman spectrum (light gray). The characteristic Raman

https://doi.org/10.1021/acs.analchem.4c01569
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band of benzene ring at ~998 cm™' (®) and the amide I band
at ~1655 cm™ (®) due to from the main and side chain
groups on the S-barrel of EGFP-WT are exhibited.”*™** Of
greater significance, the characteristic bands of VP’s
chromophore, encompassing the imidazolinone ring and
conjugated exocyclic C = C band at ~1530 cm™!(®), C,=
N, stretching band at ~1554 cm™ (@), and Cs=Cg band at
~1614 cm™'(®) are also clearly exhibited and assigned.
Particularly in the silent region, the stretching vibration of the
C=C bond in UAA-pEtF displays a distinct sharp Raman peak
at 2105 cm™' (Figure 2b, dark gray, ®), and this terminal
alkyne neither exists in the biological system nor reacts with
endogenous biomolecules. Importantly, the alkyne peak of
pEtF shifts its frequency after incorporation into different
chromophores.

As pEtF is incorporated into the chromophore of mCherry
(Met66-pEtF67-Gly68), the Cs=Cs; bond (1602 cm™’,
indicated by a purple arrow in Figure 2a,b) forms to bridge
the pEtF and imidazolinone during chromophore maturation.
The alkyne band of concern only slightly shifts to 2104 cm™
(®), which is much less than what we expected. We found that
the C;=C band at 1602 cm™' was formed, but the #
conjugation at C;=N}, which peaked at ~1560 cm™'(®), was
very weak. It implies that pEtF is out of chromophore plane,
hindering effective conjugation with the chromophore.”" We
further constructed VP-EGFP-Y66pEtF (Thr6S-pEtF66-
Gly67), in which both C;=N,; and C;=C4 (~1563 and
~1595 ecm™) bonds are more pronounced (indicated by a blue
arrow in Figure 2a,b). Most importantly, the alkyne band
shifted 6 cm™! to the lower wavenumber (2099 cm™'). VP-
cpVenus-Y66pEtF (Gly6S-pEtF66-Gly67, Tyr203) consists of
an extra 7—rn stacking interactions between a Tyr ring of the
chromophore and aromatic amino acids, thereby enhancing
the vibration of the C;=C, band (green arrow in Figure 2a,b),
and the alkyne band further shifted 8 cm™'. To enhance the
hypsochromic shift, we engineered VP-E2-Crimson-Y67pEtF
(Phe66-pEtF67-Gly68, Tyr197) with 7 conjugation extended
to the second C=N bond"* (orange arrow in Figure 2a,b),
and a further 13 cm™ hypsochromic shift of alkyne peak was
observed. Thanks to the available abundant protein clones, we
particularly constructed VP-pr-Kaede-Y64pEtF, in which
His63-pEtF64-Gly6S together engaged in an interaction of j-
elimination reaction, which results in a new double bond
between C, and Cjz of the His63 residue, aligning the
imidazole side chain in conjugation with the rest of the
chromophore.” In this case, a prominent Raman band at 1510
cm™' (@) manifested (red arrow in Figure 2a,b), which can be
assigned to the successful formation of the C,=Cj4 double bond
in the His63 side chain.””** The alkyne peak exhibited a
continuous shift of approximately 16 cm™. To make it clear,
the alkyne bands of the engineered five VPs are shown in
Figure 2c, and their relative Raman shifts are indicated. It
suggests that the vibrational resonance of VPs is programmable
by varying the adjacent amino acid residues. As shown in
Supplementary Figure S8, the Raman band of pr-Kaede-
Y64pEtE presents the strongest signal and shifts most to the
lower wavenumbers. Meanwhile, mCherry-Y67pEtF shifts
least, only 1 cm™' relative to the pure pEtF, and gives the
weakest Raman signal. Both Raman shift and intensity of
alkyne largely increase with the z-conjugation degree of the
chromophore. The only exception happens to cpVenus-
Y66pEtF, which shows distinct two bands. Apparently, one
alkyne peak shifts to 2097 cm™!, and the other one remains
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unshifted, probably due to incomplete chromophore matura-
tion.

To explore other possible Raman bands, we tested a new
UAA bearing a C=N bond, para-cyano-L-phenylalanine
(pCNF, 2234 cm™"), which is shifted 120 cm™ from pEtF at
2105 cm™'. We incorporated pCNF into cpVenus and E2-
Crimson proteins. As shown in Supplementary Figure S9, the
Raman peak shifts from 2234 to 2225 cm™' and 2222 cm ™,
respectively. Although the observed Raman shift is much less
than we expected to be, we believe that the VPs have the
potential to offer broad and sharp Raman shifts for multicolor
imaging in the near future.

B CONCLUSIONS

In this work, we establish a method of genetic engineering of
VPs via genetic code expansion, inheriting both gene targeting
specificity and narrow Raman spectra. Specifically, we
genetically incorporated UAA-pEtF into fluorescent protein
chromophores containing different conjugated amino acid
residues. We carried out the construction, expression,
purification, and Raman spectra analysis of various Raman
vibrational proteins, including EGFP-Y66pEtF, cpVenus-
Y66pEtF, mCherry-Y67pEtF, E2-Crimson-Y67pEtF and pr-
Kaede-Y64pEtF. Our efforts have successfully yielded five VPs,
each exhibiting distinct Raman resonant frequencies. These
results represent a significant advancement toward protein-
specific VPs, potentially overcoming the “color barrier”.
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