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Genetic incorporation of novel noncanonical amino acids (ncAAs) that are specialized for the photo-click
reaction allows the precisely orthogonal and site-specific functionalization of proteins in living cells
under photo-control. However, the development of a ring-strain in situ loadable dipolarophile (RILD) as
a genetically encodable reporter for photo-click bioconjugation with spatiotemporal controllability is
quite rare. Herein, we report the design and synthesis of a photo-switchable dibenzolb.f][1,4.5]t
hiadiazepine-based alanine (DBTDA) ncAA, together with the directed evolution of a pyrrolysyl-tRNA
synthetase/tRNAcya pair (PylRS/tRNAcya), to encode the DBTDA into recombinant proteins as a RILD in
living E. coli cells. The fast-responsive photo-isomerization of the DBTDA residue can be utilized as
a converter of photon energy into ring-strain energy to oscillate the conformational changes of the
parent proteins. Due to the photo-activation of RILD, the photo-switching of the DBTDA residue on
sfGFP and OmpC is capable of promoting the photo-click ligation with diarylsydnone (DASyd) derived
probes with high efficiency and selectivity. We demonstrate that the genetic code expansion (GCE) with
DBTDA benefits the studies on the distribution of decorated OmpC-DBTD on specific E. coli cells under
a spatiotemporal resolved photo-stimulation. The GCE for encoding DBTDA enables further functional
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Introduction

With many advances over the last two decades, click chemistry*
has been increasingly exploited in the development of thera-
peutic agents,” the functionalization of materials,® and labelling
biomacromolecules in living systems.* Taking into account its
unique spatiotemporal controllability,” photo-click chemistry®
has had a wide impact on a broad range of interdisciplinary
research because of its utilization of photon energy” as well as
the advantages of non-invasive manipulation.® To fulfill the
stringent requirements for the purpose of bioorthogonal liga-
tion, great efforts have been made to improve the photo-click
strategy,” including the photo-induced 1,3-dipolar cycloaddi-
tion of tetrazole-alkene/alkyne systems,'® photo-click chemistry
between diarylsydnone (DASyd) and alkenes/alkynes,** light-
triggered Diels-Alder reactions,”” and photo-mediated strain
promoted  azide-alkyne cycloaddition (photo-SPAAC)."
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diversity of artificial proteins in living systems.

However, the diversity of bioorthogonal reporters dedicated to
photo-click chemistry is quite limited (Scheme 1a).** This
predicament has been addressed by the development of ring-
strain in situ loadable dipolarophiles (RILDs)" to revive the
concept of photo-activation (Scheme 1b).

Recently, our group reported a study regarding the photo-
isomerization of a cyclic azobenzene, dibenzo[bf]-[1,4,5]thia-
diazepine (DBTD), and its ability to serve as a dipolarophile in
cycloaddition with the nitrile imine generated from the
photolysis of DASyd (Scheme 1c).** In fact, DBTD containing
a cyclic azobenzene motif could swiftly respond to a program-
mable photo-stimulation sequence, transforming photon
energy into ring-strain energy to accelerate the cycloaddition
rate in situ (ky, up to 1.6 + 0.16 x 10° M~ ' s ). The excellent
photo-switching and anti-fatigue performances of DBTD
demonstrate a next-generation RILD reporter that is ultra-
durable during complex photo-operations. However, its incor-
poration into proteins has been restricted within chemical
approaches previously.

Genetic code expansion (GCE) with noncanonical amino
acids (ncAAs, Scheme 1a) has emerged as an extremely powerful
tool to incorporate artificial functionalities into engineered
proteins in living systems.'” Harbouring the unique chemical or
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physical features of exogenous ncAAs at specific residues, the
encoded proteins have been exploited for mapping protein-
protein interactions (proximity dependent photo-cross-
linking),"”® probing and tuning protein structures' and the
construction of artificial conjugates on demand.* In particular,
it is of great interest to utilize GCE to encode RILDs (Scheme 1c)
because its exceptional biocompatibility and the photo-
chemical energy transduction can enhance the chemo-
selectivity of the photo-click chemistry.'® Therefore, the spatio-
temporal resolving power of photo-control could be elevated to
establish the precise decoration of key residues on proteins of
interest (POI) in 3D space to gain high-order functionalization.”
Inheriting the characteristics of a T-type (another thermal
stimulus) photo-switch,?* the genetically encoded DBTD
residue itself is also well-suited for regulating the micro-
environment on a designated site of proteins with fast photo-
response.?

Adding DBTD onto desired residues via amber codon
suppression could equip the parent proteins with both photo-
switch and photo-clickable features (Scheme 1c). To adapt to
the hydrophobic pocket of the Methanosarcina aminoacyl-tRNA
synthetase’? with one molecule of adenosine monophosphate
(AMP), we designed a compact DBTD-alanine ncAA (DBTDA,
Scheme 1c) that is amenable to producing DBTDA tRNA for
genetic incorporation. However, there are still two challenges to
overcome before realizing spatiotemporally photo-click ligation
for visualizing or manipulating biological processes with
superior resolution. First, the structure of DBTDA in the
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thermostable cis-configuration resembles a unique “bowl”
shaped structure (Scheme 1c), which requires a diversified
codon library to evolve the tRNA synthetase to recognize this
“exotic” substrate. Second, optimization of the structure of
DASyd probes is also essential to achieve high photo-reactivity
and chemoselectivity toward DBTD. Through rational design
of the codon library in combination with directed evolution
toward the Methanosarcina tRNA synthetase in the E. coli
system, we were able to express superfolder green fluorescent
proteins (sfGFPs) with the DBTDA incorporated on three indi-
vidual sites. By encoding the DBTDA into the extracellular
domain of the outer membrane porin C protein (OmpC), we also
evaluated the efficiency and selectivity of the DASyd-DBTD
photo-click reaction on living E. coli cells by employing a tri-
functional DASyd conjugate. Thus, the distribution of over-
expressed OmpC on E. coli cells of interest could be captured
invitro in 3D space by implementing a designated illumination,
which offers a protocol for exploring their dynamic processes in
living systems. The successful incorporation of DBTDA also
provides a chemical transducer for photochemical energy
conversion® on key loci of proteins, which could be further
exploited in the patterning of proteins in biomaterials* and the
enrichment of protein molecular machines® for synthetic
biology,*® as well as protein photo-pharmaceuticals for preci-
sion medicine.”” The xolographic fabrication of artificial protein
copolymers?® can also be envisioned because DASyd and DBTDA
can be photo-activated separately.

Results and discussion
Genetic encoding of DBTDA and identification

In order to obtain a sufficient amount of DBTDA for the directed
evolution of the aminoacyl-tRNA synthetase, Smiles rearrange-
ment* of diacetyl-thiodiphenylhydrazine (S3, Scheme 2) was
considered to be a key step to produce the seven-membered
cyclic key intermediate, 2-bromo-5,6-diacetyl-5,6-dihydrodi-
benzo[bf][1,4,5]thiadiazepine (S4, diacetyl 2H-DBTD-Br) in
gram scale, which is the precursor for DBTD-Br. After the
consecutive deprotection and oxidation of $4 in air, we were
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Scheme 2 Synthetic route for L-alanine derived DBTDA ncAA.
Pd(dba), = bis(dibenzylideneacetone)palladium(0). RT. = room
temperature. R. = rearrangement. SPhos = 2-dicyclohexylphosphino-
2',6’-dimethoxybiphenyl.
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able to afford DBTD-Br, and subsequently utilized Negishi
coupling® with a N-Boc-B-iodo-r-alanine-OMe derived organo-
zinc reagent to harvest the desired N-Boc-.-DBTD-Ala-OMe,
followed by hydrolysis of the ester and deprotection of N-Boc
to furnish the DBTDA ncAA (Scheme 2).

To genetically encode the DBTDA, we chose the pyrrolysyl-
tRNA synthetase/tRNA(PylRS/tRNA) pair from Methanosarcina
species® as the evolving target because of its high efficiency®” in
nonsense codon suppression, flexibility of substrates and full
orthogonality in both prokaryotes and eukaryotes (Fig. 1a). It
has been proven to be an extraordinary GCE system, and a wide
array of ncAAs, e.g., p-benzoyl-i-phenyl-alanine (pBpa)** and
photo-switchable and clickable azobenzene-alanines (Scheme
1a),* have been incorporated in both E. coli and mammalian
cells via MmPyIRS mutants. However, PylRS variants capable of
encoding a seven-membered cyclic azobenzene framework have
yet to be developed because of its wide-bodied and bowl-shaped
morphology in the cis-form. Therefore, we have adopted
a rationally designed library from pBpaRS mutations* to evolve
the MmPyIRS. The goal of these mutations is to create an
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Fig. 1 Genetic incorporation of DBTDA into proteins via amber stop-
codon suppression. (a) Schematic illustration of the genetic incorpo-
ration of DBTDA into designated proteins in living cells. (b) The
mutation sites for the construction of the MmPyIRS library and the
consensus mutant identified as MmDBTDRS after evolution. (c) SDS-
PAGE analysis of three purified sfGFPs, sfGFP-K3DBTD, sfGFP-
N149DBTD and sfGFP-Q204DBTD, in comparison with the wild-type
as a control. (d) Deconvoluted mass spectra for LC-MS analysis of the
purified sfGFP-K3DBTD, sfGFP-N149DBTD and sfGFP-Q204DBTD,
with sfGFP-Q204BocK shown as the reference. (e) LC-MS/MS analysis
of sfGFP-Q204DBTD. The de novo sequenced peptide region
covering the key 204 residue is displayed and related peptide frag-
ments identified, with the b and y ion peaks marked in the mass-to-
charge ratio (m/z). 204U = 204DBTDA was confirmed to demonstrate
the incorporation into sfGFP.
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appropriate breadthwise space for the rigid and nonplanar
macrocyclic DBTD that is orthogonal to other encodable ncAAs.
Structural analyses of the MmPyIRS binding pocket (PDB code:
2ZIM)* for DBTDA clarified the constitution of the library,
which includes a series of key residues subjected to either NNK
(N=A, T, Gor C; K =T or G) site saturation or degenerate-
restricted mutagenesis (Tables S1 and S2 ESIf). To our
delight, after two rounds of iterative selection of this library
with both positive and negative cycles, a distinctive MmPyIRS
mutant carrying five-residue mutations (Fig. 1b) was obtained
in the best consensus, and was named MmDBTDRS, exhibiting
the effective incorporation of DBTDA into sfGFP (Fig. 1b). In
order to verify the incorporation efficiency and fidelity of
MmDBTDRS, we chose three characteristic sites on sfGFP to
introduce DBTDA for evaluating its intact expression level.
These sites include the N149 and Q204 residues on the outside
of the B-barrel, which are in proximity to the sfGFP chromo-
phore and exposed to the solvent,*® and the K3 site on the N-
terminus flexible loop.*” The expression levels of sfGFP-
K3DBTD, sfGFP-N149DBTD and sfGFP-Q204DBTD were found
to be 2.7, 2.9 and 3.0 mg L', respectively, after purification.
SDS-PAGE and deconvoluted LC-MS analysis (Fig. 1c) also
confirmed the correct molecular weights, in agreement with
theoretical predictions (Fig. 1d and S4-S9, ESI}). Furthermore,
sfGFP-Q204DBTD was digested by trypsin for LC-MS/MS
fingerprinting analysis, which confirmed the fidelity and site-
specificity of the MmDBTDRS/tRNA pair, with the successful
incorporation of DBTDA into the designated TAG-codon posi-
tion (Fig. 1e and S1, ESIt). To enhance the incorporation effi-
ciency of DBTDA in E. coli, we optimized the concentrations of
DBTDA, as well as the pH of the culture medium, during the
expression process (Fig. S2, ESIt). Under the optimized condi-
tions (2 mM DBTDA, pH = 8.5), the purified sftGFP-Q204DBTD
could be harvested with a yield of 5.7 mg L™"

To understand the binding features of DBTDA involved in
the protein-substrate interactions for the evolved MmDBTDRS
synthetase, we utilized CHARMM-based molecular docking
based on the crystal structures of both MmOmeRS (PDB code:
3QTC)* and cis-DBTD (CCDC code: 1905279).*** All of the five
residue mutations to the MmPylIRS (Fig. 1b) and the putative
conformation of L-DBTDA were applied to the active pocket with
semi-flexible settings. Therefore, an optimal docking confor-
mation for the MmDBTDRS-DBTDA complex was converged
(Fig. 2a) with a binding free energy of —44.2 kcal mol . Indeed,
DBTDA in the favourable “bowl” shaped energy pose was fitted
into the expected binding pocket as the ligand for amino-
acylation toward APM. The replacement of W348 and N346
residues with G and A, respectively, reserve a breadthwise space
to accommodate the protruding cyclic azobenzene moiety on
the DBTDA. The docking simulation also revealed that the
DBTDA embeds into a bent binding pocket surrounded by
hydrophobic residues, including L305, A346, V401 and 1322
(Fig. 2c). As reported previously,®® T302 is located in the
substrate-gating site of MmDBTDRS to form a hydrogen bond
(2.9 A, Fig. 2b) with the a-carboxyl acceptor on the amino acid
backbone, stabilizing the polar subunit of DBTDA for acylation.
Intriguingly, a lone pair(lp)-m interaction takes place on top of

Chem. Sci., 2022, 13, 3571-3581 | 3573
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Fig. 2 Molecular docking of DBTDA to the active site of MmDBTDRS.
(@) The docking model of DBTDA (cyan) in the MmDBTDRS (gray)
complex with side chains of active residues shown in stick form, and
viewed from the back. (b) The interactions between DBTDA and amino
acid residues in the binding pocket of MmDBTDRS in a magnified front
view. T302 (hydrogen bonding, green dotted lines), M344 (sulfur—
oxygen interaction, yellow dotted lines), A346 (CH—-mt interaction, pink
dotted lines), G348 (nitrogen—hydrogen bonding, lime dotted lines),
G419 (amide—-m stacking, magenta dotted lines), T417 (lone pair—m
interaction, green dotted lines) and DBTDA (cyan) are highlighted. (c)
The hydrophobic interactions between DBTDA (cyan) and L305, L309,
1322, A346, V401 and 1405 residues (gray).

the distal phenyl of DBTDA toward the lone pair electrons of the
oxygen atom on the T417 residue (2.9 A), which might play an
important role in keeping the distal phenyl in the right dihedral
angle instead of adopting a -7 interaction (Fig. 2b). Compared
with another plausible docking posture in which the azo group
of DBTDA is flipped and facing outward to the V401 residue in
the active pocket (Fig. S3 ESIT), the binding free energy of the
displayed posture is advantageous, —44.2 vs. —33.3 kcal mol™"
(for the latter posture, Fig. S3, ESIT).

Photo-induced ring-strain energy loading of DBTD on
proteins

The photo-isomerization performance of a molecular machine
might be sensitive to its immediate chemical environment,
including the photo-stationary state (PSS) and photo-switching
kinetics. These are important factors that have to be consid-
ered when GCE is utilized to generate protein mutants for the
photo-regulation of functions.*® To assess the impact of the
protein micro-environment on the photo-switching efficiency of
DBTD residues, the UV-Vis spectral changes of the two mutants
(Q204 and N149) after the DBTD residues were equilibrated to
PSS were investigated, using wild-type sfGFP (wt-sfGFP) and free
DBTDA as controls (Fig. 3a). Under continuous 405 nm laser
photo-stimulation to switch the DBTD residue, the wt-sfGFP did
not exhibit any significant absorbance variation in the 250-
430 nm region, but a fluorescence peak (510 nm, shown in the
Aabsorbance spectra, Fig. 3c) could be observed because the
presence of a 405 nm laser also excites the fluorophore of sftGFP
simultaneously (Fig. 3b and c). In contrast, free DBTDA showed
characteristic ® — m* transition changes at both 285 and
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Fig. 3 Photo-switching performance of DBTD residues on the outer
surface of sfGFP. (a) Schematic to illustrate the photon-energy
transduction of the DBTD residue, and the sites to encode DBTDA. (b)
Comeparisons of the UV-Vis spectra of both the encoded sfGFP (19.1
uM) and DBTDA (50 uM, 0.1% MeOH) before and after continuous
photo-stimulation with a 405 nm laser in PBS (pH = 7.4), 298 K. (c)
Variation of the spectra between the PSS and the thermodynamically
stable state is shown by displaying the Aabsorbance of the encoded
proteins and free DBTDA small molecule. (d) Time-dependent
absorbance evolution at three characteristic wavelengths for sfGFP-
Q204DBTD. Purple blocks represent the 405 nm laser irradiation
pulses. The zoomed-in temporal interval shows the photo-switching
kinetics. Laser power density = 250 mW cm™2

328 nm, accompanied by a weak n — m* transition which
moved to 450-550 nm under laser irradiation. Intriguingly,
mutations of the native amino acid (either Q204 or N149) for
DBTDA on sfGFP had an almost identical effect on the absor-
bance spectral changes around 285 nm (7 — 7*) after photo-
stimulation, in which the PSS was estimated to be higher than
12% for sfGFP-Q204-trans-DBTD (Fig. S10, ESIt). But varying
degrees of effects from 310 to 550 nm were observed, predom-
inantly on the emission intensity around 510 nm (Fig. 3c).
Notably, the Q204DBTD mutant had the most significant effect
on the excitation spectral changes from 310-470 nm and there
was a sharp suppression of the emission intensity (red line,
Fig. 3c), in which the Q204 residue was reported to have
a synergistically structural integration with the chromophore of
sfGFP.* Therefore, sftGFP-Q204DBTD was chosen to study the
dynamic response of the photo-switchable DBTD in the protein
environment under a programmable photo-stimulation
sequence (Fig. 3d). Under an intermittent photo-stimulus, the
absorbance signal responded precisely with the input showing
no observable decay, outputting a nearly square-signal pattern

© 2022 The Author(s). Published by the Royal Society of Chemistry
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at three different wavelengths with distinct phases (for wt-stGFP
as the control, see Fig. S11, ESIt). The ground-state of sSfGFP-cis-
DBTD approaches the PSS with a half-life of 70 ms (kpss, Fig. 3d)
under continuous photo-stimulation, and the energy-loaded
“metastable” sfGFP-trans-DBTD relaxed back to the ground-
state with a half-life of 98 ms (kelax, Fig. 3d) in the dark (lower
panel of Fig. 3d and S12, ESIt). Compared with free DBTD
(kpss = 5.7 87, kretax = 3.8 s~ 1), the outer-surface environment
at the Q204 position of sfGFP did not hinder the fast photo-
response of the DBTD residue to transduce the photon energy
into the ring-strain energy, which would accelerate the photo-
click ligation for residue-specific labelling.

Selective protein functionalization via photo-click chemistry

With the benefits of the DASyd-DBTD photo-click reaction with
excellent reactivity and selectivity,'® we attempted to evaluate
the site-specificity of this type of photo-labelling toward the
DBTDA encoded sfGFP. Our initial study on the photo-labelling
of purified sftGFP-DBTD with DASyd 1a under irradiation with
311 nm light (capable of the photolysis of 1a, 10.8 mW cm2) for
2 min suggested an efficient photo-conjugation, giving the
resultant proteins with yields in the order of N149 (85%) > K3
(71%) > Q204 (52%), detected by deconvoluted LC-MS (Fig. S13-
S15 ESIt). To visualize this covalent modification via in-gel
(SDS-PAGE) fluorescence analysis, we utilized 1b-Cy3 (Fig. 4a),
a sulfo-Cy3 modified DASyd probe, for in vitro protein conju-
gation on the N149DBTD site to demonstrate the temporal
control (Fig. 4b). The SDS-PAGE imaging analysis showed that
a Cy3 fluorescence band correlated to sfGFP size was observed
for the sample even within 15 s irradiation time via a 405 nm
LED, and the labelling yield can be controlled in a time-
dependent manner. Under optimized conditions, three sfGFP-
DBTD mutants after photo-labelling by 3 min irradiation were
also subjected to profiling by deconvoluted LC-MS, displaying
almost quantitative efficiencies (Fig. 4c and S16-518, ESIT) with
site-specificity (for LC-MS/MS analysis, Fig. S19, ESIt). After
subsequent purification to remove small molecules, the molar
extinction coefficient (&) ratio of the fluorophore of sfGFP (485
nm) and the characteristic absorption of the Cy3 (552 nm) can
be measured to determine the yield of the labelled protein via
UV-Vis spectral analysis, which resulted in 94 + 1.7% yield
(Fig. S20 ESIt), consistent with the result from the deconvoluted
MS analysis. Through tracking the fluorescent bands in SDS-
PAGE, we further analysed the bio-stability of the purified
sfGFP-2b-Cy3 under biologically relevant conditions, e.g., in
PBS or in a plasma mimicking environment with 5 mM GSH or
even after further 405 nm LED irradiation. The purified sfGFP-
2b-Cy3 was quite stable, without any degradation in PBS (98%
retained), and 75% of the intact protein retained in the presence
of GSH at 37 °C within 24 hours (Fig. S21 ESI}). Under further
405 nm light exposure for 5 min, 89% and 81% sfGFP-2b-Cy3
was conserved in PBS and 5 mM GSH, respectively (Fig. S21
ESIt). Even though there was slight protein degradation, the
fluorescence of Cy3 remained tagged to the degraded compo-
nents without being released as free Cy3, indicating that the
covalent linkage built by the photo-click reaction is not
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work flow for the site-specific photo-labelling of sSfGFP-DBTD with the
1b-Cy3 probe. (b) SDS-PAGE imaging analysis for the modification of
purified sfGFP-N149DBTD with various irradiation times. Final protein
concentration =5 pM and 1b-Cy3 = 50 uM in PBS (pH = 7.4), a 405 nm
LED array (13.4 mW cm™2), 0-120 s. (c) Deconvoluted mass spectra of
sfGFP-N149DBTD (purple), sfGFP-K3DBTD (green) and sfGFP-
Q204DBTD (orange) after the photo-click reaction with 1b-Cy3. The
final protein concentration = 5 uM and 1b-Cy3 = 250 uM in PBS (pH =
7.4), a 405 nm LED array, 3 min. (d) SDS-PAGE imaging analysis of the
labelling of the sfGFP-N149DBTD protein in E. coli cell lysate vs.
a group of control conditions. sSfGFP-N149DBTD was over-expressed
with 2 mM DBTDA in LB culture medium at pH = 8.5. After cell
disruption via sonication and centrifugation, 10 pL of the supernatant
was diluted with 5 pL of 250 pM 1b-Cy3 in PBS (pH = 7.4) before
irradiation with the 405 nm LED array for 3 min.

damaged along with the degradation (Fig. S21 ESI}). These
results validated that this photo-click chemistry is an effective
tool for photo-controllable ligation toward DBTD-bearing
proteins. To expand this photo-chemistry in a live-cell
mimicking environment, we treated E. coli cell lysates over-
expressing sfGFP-N149DBTD with the 1b-Cy3 probe, and
implemented the ligation under the optimized conditions, fol-
lowed by resolving via SDS-PAGE (Fig. 4d). Gratifyingly, only cell
lysate containing the DBTD reporter on sfGFP exhibited an
exclusive and strong fluorescent band after 405 nm illumina-
tion, which also matched the size of sfGFP. In contrast, there
was rarely any fluorescent band detected in lanes for the
samples either without DBTD on the proteins or under control
conditions. Coomassie blue staining confirmed the fluores-
cence signal overlapping with the over-expressed sfGFP band
(Fig. 4d). The photo-labelling experiments in cell lysate revealed
the excellent selectivity of the DASyd-DBTD photo-click chem-
istry, capable of targeting the DBTD residues on a specific site in
a complex of proteins.

Since sfGFP-DBTD could be over-expressed in the living
BL21(DE3) strain, we also attempted to evaluate intracellular
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bioorthogonal conjugation by utilizing a live-cell permeable
probe, DASyd-Fl (photolysis under 373 nm LED, 38.5 mW cm ™ ?)
toward DBTDA residues under the excitation of both 373 nm
and 405 nm LED (Fig. S22 ESIt). After the photo-click procedure
inside living cells, SDS-PAGE analysis of the cell lysate revealed
the successful labelling of the sftGFP-DBTD as a fluorescence
band with the right size was detected. However, there were other
stronger bands detected in the gel at the same time, which were
likely attributed to the undesired binding of the DASyd-Fl dye to
native proteins or to lipid phase components in the living E. coli
cells. Therefore, the decent bioorthogonality of the DASyd-
DBTD photo-click system with the anionic 1b-Cy3 probe is
more suitable for us to study the dynamics of proteins in
a single living cell when a spatiotemporal irradiation of
submicron resolution could be exerted.

Spatiotemporally controlled and selective fluorescence
labelling of the DBTDA encoded proteins on E. coli cells

OmpC, known as a member of the outer membrane proteins
(OMPs) family in Gram-negative bacteria, serves as a passive
diffusion porin for transporting small molecules in the homo-
trimer form,** and its expression level is regulated by external
osmolarity.”” As a pharmacological target against antibiotic
resistance,” whether OmpC participates in the transport of
other essential small molecules to support bacterial survival, as
well as its dynamic distribution on cells, is yet to be discovered.
Encouraged by the specific labelling of DBTD-bearing sfGFP,
we were able to exploit the advantages of the DASyd-DBTD
photo-click chemistry in the functionalization of OmpC-
Y232DBTD* on living E. coli cells under photo-control with high
precision (Fig. 5a). The Y232 mutation site was chosen accord-
ing to previous studies*” in which its location on one of the eight
external loops of OmpC was pointed out. Live BL21(DE3) cells
over-expressing either intact OmpC-Y232DBTD (2 mM DBTDA)
or truncated OmpC (without DBTDA) via transformation with
both pET-OmpC-Y232TAG and pEvol-MmDBTDRS were sub-
jected to photo-click ligation with the 1b-Cy3 conjugate via
exposure to the 405 nm LED for 5 min in PBS. The decorated
cells were subsequently lysed, and the lysates were resolved by
an in-gel fluorescence assay to investigate the selectivity of the
photo-conjugation (Fig. S23 ESIf). To our delight, we could
observe a prominent Cy3 fluorescence band of the correct
OmpC size only in the lane where the prerequisites for the
photo-click reaction were met, rather than those lanes under
control conditions, indicating that the excellent chemo-
selectivity of the photo-click chemistry is broadly applicable.
For the purpose of immunofluorescence labelling, we also
constructed a biotinylated DASyd probe, 1b-Cy3-Biotin (Fig. 5b),
which integrates three functionalities and displays photo-
reactivity akin to 1b-Cy3. Therefore, multi-colored fluores-
cence Western blot (WB) imaging was performed to verify the
chemical selectivity of the photo-click chemistry by staining the
lysate PVDF membrane with the NeutrAvidin™-OG-488 probe
for recognizing the photo-ligated biotin motif on OmpC
(Fig. 5c). Encouragingly, the exclusive and overlapped bands
shown in both the Cy3 channel and OG-488 channel reflected
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that the photo-conjugation was specifically targeted to the
desired OmpC-Y232DBTD in the context of living cells.

After immobilization in agarose gels for the purpose of
imaging, only intact BL21(DE3) cells over-expressing OmpC-
Y232DBTD showed strong Cy3 fluorescence on the outer
membrane,*® which was clarified by laser scanning confocal
microscopic imaging (59% of the total cells were strongly
labelled, Fig. 5d). Cells expressing truncated OmpC cannot be
photo-labelled. Intriguingly, although most of the photo-
labelled bacterial cells showed a uniform outer membrane
fluorescence morphology, individual cells exhibited unique
distributions of OmpC in either bipolar or multi-spotted shapes
on the surface of cells (white arrows, Fig. 5d), which suggests
the potential aggregation of the intact OmpC. Notably, inclu-
sion bodies could be imaged when truncated OmpC was accu-
mulated inside the E. coli cells either with very poor amber stop
codon suppression efficiency (Fig. 5d upper row, blue arrows) or
in the absence of DBTDA (Fig. 5d lower row, blue arrows).*®

To demonstrate the spatial resolving power of the DASyd-
DBTD photo-click chemistry, we projected a localized illumi-
nation in a rectangular shape (307 um X 176 pm) via an
embedded digital micromirror device (DMD) in the microscopic
system to the cells over-expressing OmpC-Y232DBTD after
treatment with 1b-Cy3-Biotin (Fig. 5e). The resulting images
indicated that most of the E. coli cells inside the exposed area
emitted the Cy3 fluorescence signal, whereas cells outside the
area scarcely showed any signals. A few cells outside the stim-
ulated area but close to the boundary were also photo-labelled,
but the fluorescence intensity was relatively weak (Fig. 5e, green
arrows). These results suggested that the genetically encoded
DBTDA could potentially be utilized to unravel the functional-
ities of OmpC on single cells by more sophisticated irradiation
in regions of interest (ROI). Thus, we projected a grid-patterned
photo-stimulation via the DMD (405 nm LED, minimal grid line
width = 0.44 pm) onto a cluster of E. coli cells over-expressing
OmpC-Y232DBTD after treatment with 5 pM 1b-Cy3-Biotin
(Fig. 5f) to preliminarily assess the spatial resolution. Encour-
agingly, the fluorescently labeled cells were mainly located
within the grid lines of the stimulation pattern, although there
was some offset labelling, presumably caused by either light
scattering (the focal plane of the 100x objective is very thin) or
diffusion of the photo-generated NI intermediate. Due to the
varying expression level of GCE in encoding the DBTDA,*” about
40% of the total cells on the grid lines were strongly photo-
labelled (Fig. 5f). We also found “U-shaped” subcellular fluo-
rescence signals (Fig. 5f, yellow arrows) corresponding to half-
segments of the bacterial outer membrane, which suggest
that the spatial resolution of this photo-stimulation, together
with the photo-click system, could be higher than the size of an
E. coli cell (length < 3 pm, width = 1 um).*

To better characterize the distribution of OmpC on E. coli cell
via photo-click chemistry in 3D space, we projected the same
grid-patterned photo-stimulation (via the DMD, 405 nm LED)
onto clusters of cells over-expressing OmpC-Y232DBTD after
treatment with 5 uM 1b-Cy3-Biotin (Fig. 6a, for other groups of
imaging results as replications, see S24 and S25, ESIt). After
washing, an 18-slice fluorescence tomogram covering the region

© 2022 The Author(s). Published by the Royal Society of Chemistry
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trAvidin™ Oregon Green™ 488 conjugate as the antibody. (d) Fluorescence confocal microscopic imaging showing specific labelling of OmpC
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contrast (DIC) channel (upper row). The E. coli cells containing the inclusion bodies are denoted by blue arrows in the DIC and merged channels
(lower row). (e) Spatial control of the fluorescence labelling of OmpC-Y232TAG on the outer membrane surface of E. coli cells within
a designated irradiation block of 405 nm LED, projected through an embedded DMD in the fluorescence microscope. Conditions: 5 uM 1b-Cy3-
Biotin in PBS (pH = 7.4), 298 K, 405 nm LED, 5 s. The E. coli cells labelled outside the irradiation area are denoted by green arrows; image
acquisition: excitation = 543 nm, emission = 615 nm. (f) Spatial control under a patterned irradiation of 405 nm LED projected through an
embedded DMD for 30 s. The E. coli cells displaying partial membrane fluorescence labelling are denoted by yellow arrows. Scale bar = 10 or 20
or 30 um.

of the photo-stimulated cells was acquired with a Z-stepping of
0.20 um and reconstructed into a 3D Z-stacking model (Fig. 6b).
The volumetric rendering allowed us to understand in more
detail the distribution of OmpC on the outer membrane. As
a result, the pattern of Cy3 fluorescence on E. coli cells was
mostly overlapped with the photo-stimulation pattern in 3D
space (Fig. 6b and c). Although, the scattering of light (multi-
layer structure of bacterial clusters) and diffusion of the NI
intermediate resulted in some diffused fluorescence labelling at
the edges of the stimulated area, depending on the Z-axial
position and expression level of OmpC-DBTD of individual
cells (Fig. 6d, f and S24, ESIY). It is noteworthy that subcellular
segments on specific E. coli cells could be precisely

© 2022 The Author(s). Published by the Royal Society of Chemistry

distinguished at the edge of the photo-illumination lines, which
were highlighted in the magnified 3D scene (yellow arrows,
Fig. 6¢). Furthermore, the cross-section slices in both the
transverse and longitudinal direction also supported that the
labelled OmpC is localized on the outer membrane because the
typical hollow ring-shape of the Cy3 signal could be observed
(Fig. 6d). In fact, Z-sliced images picked from the tomogram
revealed that some of the Cy3 fluorescence signals distributed
granularly on the outer membrane, presumably due to aggre-
gation of the over-expressed OmpC (Fig. 6d and f), especially for
few filamented cells (Fig. S25, ESIT).* We also noticed that some
of E. coli cells displayed enriched OmpC at both poles of the rod
shape (white arrows, Fig. 6d and S24d, ESIT). In particular, some
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of them even appeared in pairs with a pole-to-pole spliced form.
Therefore, it is possible that the pole distribution of OmpC
might be related to the division of the bacterial cell (enlarged
image in Fig. S24e, ESIT).*° Nevertheless, it is evident that there
was some off-site and diffused Cy3 labelling shown in the
imprinted fluorescence pattern (Fig. 6d and f). In addition, the
spatial resolution of this photo-click approach on E. coli cells
was assessed by the full width at half maximum (FWHM) of the
imprinted Cy3 signal peak across the photo-stimulation line,
which was determined to be as low as 1.1 um on average
(Fig. 6e). Considering that readily available LEDs were used as
the light sources and DMD & epi-fluorescence microscopy were
utilized as the photo-stimulation and imaging platform,
respectively, the spatial resolution of 1.1 microns is decent.
Subsequently, we further employed an excitation pattern of
a dot array via the DMD to evaluate the spatial-resolution of the
photo-click labelling on OmpC at the single-cell level. The dot
array was programmed to contain single-pixel excitations (the
irradiation spot is roughly 135 nm per pixel on the specimen,
Fig. S26, ESIt) to possibly demonstrate the finest resolution of
the current photo-stimulation system. Surprisingly, the photo-

3578 | Chem. Sci,, 2022, 13, 3571-3581

stimulation of single-pixel dots could selectively label indi-
vidual cells (Fig. S26, ESIT) in designated clusters of E. coli cells,
albeit with some background labelling. Further study using
laser (even femtosecond laser) scanning technology for stimu-
lation and imaging is underway for a higher spatial resolution.

To be able to further track the dynamics of the photo-
labelled OmpC on living cells, we also compared the survival
of the BL21 strain before and after the photo-click reaction. The
colony counting suggested that the photo-labelling of the over-
expressed OmpC-DBTD protein on the outer membrane would
cause a significantly weakened viability (10% survival rate,
Fig. S27 ESIt). Meanwhile, applying the photo-stimulation (405
nm) alone would not lead to a bactericidal effect (78% survival
rate, slight phototoxicity). As a result, the introduction of larger-
sized dye conjugates on the outer membrane domain (Y232) of
OmpC might alter the porin nature of OmpC into an accumu-
lated hybrid conjugate that is possibly interfering with essential
cellular processes.*® These data collectively suggested that the
genetic incorporation of DBTDA in combination with the
DASyd-DBTD photo-click chemistry enables spatiotemporal
OmpC decoration on living cell membranes, offering the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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potential of triggering protein-mediated bactericidal activity
selectively under photo-control. However, the incorporation
sites of DBTDA can be expanded and screened to diversify the
photo-functionalization of target proteins in living systems.

Conclusions

We have developed a novel ncAA bearing DBTD motif as
a photo-switchable RILD reporter, and also evolved an
MmDBTDRS/tRNAcy,a pair to allow its GCE incorporation into
recombinant proteins site-specifically in E. coli systems. The
incorporation efficiency of DBTDA into proteins was optimized
and the binding model of DBTDA to the evolved synthetase was
clarified by molecular docking to shed light on the design of
synthase evolution for the incorporation of DBTDA derivatives.
The successful incorporation of DBTDA facilitates the explora-
tion of the photo-transducing performance of the DBTD residue
on proteins, and also the photo-click conjugation between
DBTD-encoded proteins and fluorescent DASyd probes in living
cells with an excellent reaction rate, chemoselectivity and site-
specificity. Moreover, an outer membrane porin C protein on
E. coli cells was chosen to unravel its features and distribution
characteristics via photo-click labelling in harmony with the
genetically encoded DBTDA on its extracellular domain. By
employing the DBTD as a RILD reporter together with the
photo-generated nitrile imine, the spatial decoration of OmpC
is now approaching the single-cell level. Encoding the DBTD
reporter with both fast photo-response and photo-click features
on proteins in a site-specific manner holds great potential for
developing high-order manipulation of functionalized proteins
via photon energy transduction in widespread application
scenarios.
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