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Rational Design of Pyrido[3,2-b]indolizine as a Tunable Fluorescent
Scaffold for Fluorogenic Bioimaging

Sihyeong Yi, Dahham Kim, Wansang Cho, Jung Ho Lee, Ji Hoon Kwon, Jonghoon Kim,*
and Seung Bum Park™

Cite This: JACS Au 2024, 4, 2896-2906 I: I Read Online

ACCESS | Ll Metrics & More ’ Article Recommendations | @ Supporting Information

Novel fluorescent scaffolds are highly demanding for a wide range of -Tunable Emission *Visible Absorption
applications in biomedical investigation. To meet this demand, the pyrido[3,2- (Blue to Red) ]! (>400 nm)
blindolizine scaffold was designed as a versatile organic fluorophore. With the aid of LD Staining PPI Monitoring
computational modeling, fluorophores offering tunable emission colors (blue to red) | N ;
were constructed. Notably, constructed fluorophores absorb lights in the visible range NZ N \ R? N 3
(>400 nm) despite their small sizes (<300 g/mol). Among the fluorophores was =

discovered a highly fluorogenic fluorophore with a unique turn-on property, I, and it OFF  ON

was developed into a washing-free bioprobe for visualizing cellular lipid droplets in (<300 g/mol) *Neutral Charge
living cells. Furthermore, motivated by the core’s compact size and structural analogy

to indole, unprecedented tryptophan-analogous fluorogenic unnatural amino acids were constructed and incorporated into
fluorogenic peptide probes for monitoring peptide—protein interactions.

fluorescence, rational design, photophysical properties, lipid droplet probe, fluorogenic unnatural amino acid

systems. In this study, we established three design criteria to
ensure the effectiveness and applicability of the new organic
fluorophore with high biocompatibility (Figure la). The
primary criterion is the creation of a neutral scaffold rather
than a charged one. Charged molecules, especially those with
negative or point charges, can render the fluorophore
impermeable to cells, whereas positively charged fluorophores
may predominantly localize within mitochondria.”® Moreover,
charged molecules have the potential to disrupt or bias the
native biological environment upon administration.”’ Second,
we focused on developing organic fluorophores capable of
absorbing visible light (>400 nm) rather than ultraviolet light
(UV, <400 nm). UV light, having higher energy than visible
light, can damage living systems, making UV-absorbing
fluorophores less suitable for biological applications. Finally,
while maintaining a sufficiently conjugated 7-system for visible
light absorption, we aimed to develop a smaller organic
fluorophore since large fluorophores often disrupt the native
functions of biomolecules.”* >

Although conjugated 7-systems enable the absorption of UV
and visible light, only a small fraction of organic molecules
exhibit fluorescence, and simple 7-system conjugation does not
guarantee the formation of an organic fluorophore. Therefore,

Since Herschel’s discovery of quinine sulfate’s fluorescence’
and its subsequent explanation by Stokes,” organic fluoro-
phores have garnered significant interest across various
research fields. The versatility of fluorophores has been
demonstrated in a wide range of applications, including
bioprobes,3’4 chemosensors,” chemodosimeters,® and organic
light-emitting diodes.”® Particularly in biological research,
fluorescent probes have become indispensable, serving
functions ranging from the selective visualization of specific
organelles’ to the real-time monitoring of biological events."’
This broad applicability has led to a high demand for novel
fluorescent core skeletons suitable for specific purposes,
designed specifically for the detailed understanding of
biological processes.''~'* Environment-sensing fluorogenicity
is one of the unique fluorescence properties of organic
fluorophores, enabling the detection of diverse environmental
changes, including hydrophobicity, viscosity, pH, and specific
ion concentration, through alterations in brightness or colors.*
These detectable changes play a crucial role in defining the
overall utility of organic fluorophores. Fluorescent sensors for
viscosity or hydrophobicity have been employed to monitor
target engaﬁgernent of drug molecules,"” lgrotein—protein
interactions, © and hydrophobic organelles.” Despite these
advancements, the utility of organic fluorophores is largely
limited to existing core structures and their analogs, as
designing new organic fluorophores with desired photophysical
properties remains quite challenging.

To address these unmet needs, we aimed to generate a novel
and biocompatible fluorophore for visualizing biological
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Figure 1. (a) Effects of charge, absorption wavelength, and
fluorophore size on bioapplicability. (b) Characteristics of 7-azaindole
and indolizine, and the rational design of pyrido[3,2-b]indolizine.
Estimated maximum absorption wavelengths of 7-azaindole, indoli-
zine, and pyrido[3,2-bJindolizine obtained by TD-DFT calculations of
the corresponding first excited-state structures.

it is critical to establish a strategy that provides a novel scaffold
with the designed fluorescence properties. Our approach
focused on addressing the unpredictability of new organic
fluorophore development by integrating two fluorophore
scaffolds into one comprehensive, fully conjugated 7z-system
rather than merely extending the z-conjugation. As a result,
pyrido[3,2-b]indolizine was designed as a novel fluorophore
scaffold by superimposing the common pyrrole motif of 7-
azaindole and indolizine (Figure 1b). Of note, isomeric
pyrido[2,3-b]indolizine derivatives were reported by Voskres-
sensky et al., which provided further insights into the structural
diversity of indolizine-based fluorophore.”® 7-Azaindole,
notable for its high biocompatibility, is recognized as a weakly
fluorescent bioisostere of indole,”” >' whereas indolizine has
been used in a well-defined fluorophore, Seoul-Fluor, and
extensively studied in the structure—photophysical property
relationship.”>*° Time-dependent density-functional theory
(TD-DFT) calculations suggested that pyrido[3,2-bJindolizine
would absorb light nearly in the visible range (396 nm), longer
than its original components, 7-azaindole (263 nm) or
indolizine (334 nm), despite its compact size.

The established design strategy allowed pyrido[3,2-b]-
indolizine to serve as a new core scaffold, facilitating the
creation of small, rigid, and neutral organic fluorophores with
predictable photophysical properties and high biocompati-
bility, successfully meeting our three criteria. All synthesized
fluorophores in this study absorb visible light (>400 nm) even
though their sizes are small (mostly less than 300 g/mol). With
the aid of computational calculations, optimal substituent
positions were selected, enabling the fine-tuning of fluores-
cence colors, covering a wide visible range from blue to red.

Among these fluorophores, we discovered a highly
fluorogenic (>100 folds) probe (1) sensing hydrophobicity
via a noncanonical turn-on mechanism. Computational
modeling identified the origin of its turn-on property arising
from efficient dark-state quenching through the rotation and
pyramidalization of the nitro group. This effective fluoroge-
nicity led to its application in the bioimaging of lipid droplets
(LDs) without washing steps.

Furthermore, encouraged by the compact size and structural
similarity of pyrido[3,2-b]indolizine to the indole ring with its
fluorogenic property, we synthetically incorporated our
pyrido[3,2-b]indolizine scaffold into new fluorogenic unnatural
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amino acids, mimicking tryptophan. We also demonstrated
their substantial potential in developing fluorogenic peptide-
based probes to monitor peptide—protein interactions, while
preserving the integrity of their innate functions and structures.
The predictable photophysical property, neutral charge, small
size, and structural resemblance to indole make pyrido[3,2-
blindolizine a biocompatible and versatile organic fluorophore
with huge potential in the field of bioimaging and chemical
biology.

We initiated the rational design of pyrido[3,2-b]indolizine by
conducting quantum mechanical calculations to control its
emission wavelength (Figure 2a). These calculations revealed
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Figure 2. Structural and computational studies of the pyrido[3,2-
blindolizine core skeleton. (a) HOMO and LUMO coefficients for
the core skeleton. (b) Calculated oscillator strengths (f) of the SO—S1
transition with the ethoxycarbonyl group incorporated at various
positions. (c) Chemical structure of the pyrido[3,2-b]indolizine
scaffold. The red circle indicates the position with the highest HOMO
coefficient, while the blue circle indicates the highest LUMO
coeflicient.

that the CS position is optimal for selectively perturbing the
energy level of the highest occupied molecular orbital
(HOMO) with a minimal impact on the energy level of the
lowest unoccupied molecular orbital (LUMO), as evidenced
by the large HOMO coefficient and small LUMO coefficient
calculated by TD-DFT. Similarly, we selected the C4, C6, C7,
and C9 positions with significant LUMO coefficients, rather
than HOMO coefficients, as potential positions for various R?
substituents. To confirm the most effective position, we
calculated oscillator strengths (f), correlating with molar
absorptivity (e),”> for the most probable S;—S, transitions
with pyridoindolizine analogs containing the ethoxycarbonyl
moiety, one of the electron-withdrawing groups (EWGs) also
serving as a versatile functional handle, at each position (Figure
2b). Among them, the C7 position was predicted to exhibit the
largest f value; hence, it was chosen as the preferential LUMO
controlling site. These considerations led to our final
fluorophore design, a pyrido[3,2-b]indolizine core skeleton
with R' and R? substituents at the CS and C7 positions,
respectively (Figure 2c).

The newly designed S,7-disubstituted pyrido[3,2-b]-
indolizine scaffold underwent retrosynthetic analysis. As
illustrated in Scheme 1, the envisioned retrosynthetic pathway
involved aldol condensation/cyclization, followed by oxidative
aromatization. The precursors for aldol condensation were
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Scheme 1. Retrosynthetic Analysis of the Pyrido[3,2-
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derived from N-alkylation and subsequent acetal deprotection
of 2-diethoxy-methyl-7-azaindole, which was synthesized from
3-iodo-2-aminopyridine through Sonogashira coupling with
the appropriate terminal acetylene, followed by base-promoted
S-endo-dig cyclization. Employing this efficient five-step
synthetic pathway, we prepared a series (1—15) of 5,7
disubstituted pyrido[3,2-b]indolizines incorporating various
substituents at the R' and R* positions.

Compounds 1—S§, each bearing an ethoxycarbonyl group at the
R’ position, were investigated to determine the electronic
effect of the R! substituents on their photophysical properties.
We initially hypothesized that an electron-donating group
(EDG) at R!, positioned at the most HOMO-relevant C$
carbon, would increase the HOMO energy while minimally
affecting the LUMO energy, resulting in a red shift of the
emission wavelength. Table 1 shows a gradual red shift of
emission wavelengths from 503 to 568 nm as R' varied from
the nitro group in 1 to the ethyl group in S.

On the contrary, the R? substituents were attached to the
most LUMO-relevant C7 carbon; hence, an EDG at the R?
position exerts the opposite effect to an EDG at R'. With

Table 1. Photophysical Properties of Synthesized
Pyrido[3,2-b]indolizines”

cpd  R! R? [jrafis] SO )Y im-l]‘ [aml? @
1 NO, CO,Et 448 16 600 503 0.41
2 CN CO,Et 438 8550 527 0.60
3 Ac CO,Et 449 8250 539 0.46
4  Br CO,Et 464 7800 563 0.09
5 Et CO,Et 470 6200 568 0.08
6 CN NH, 407 13 100 455 0.79
7 CN  NHBoc 410 6550 479 0.80
8 CN COH 419 6000 489 0.54
9 Ac CO,H 426 11 650 499 0.72
10 NO, Ac 453 25000 525 0.51
11 H Ac 445 8600 537 0.41
12 OAc Ac 464 6200 562 0.07
13 Br Ac 465 8200 568 0.13
14 Br CHO 464 8750 559 0.24
1S5 H NO, 487 13 450 631 0.03

All experimental data were obtained in dimethylsulfoxide (DMSO).
®The largest absorption maxima are shown. “Molar absorptlon
coefficient (&) at the maximum absorption wavelength. “Excited at
the maximum absorption wavelength. “Absolute fluorescence
quantum yield. “Photophysical properties of 15 were obtained in
dichloromethane (DCM).
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nitrile fixed as the R' substituent (compounds 2, 6—8), a
gradual blue shift of emission wavelengths was observed
ranging from 527 nm for the ethoxycarbonyl group (2) to 455
nm for the amino group (6) at R% Among these compounds, 8
showed exceptional water solubility, probably due to its
carboxylic acid moiety. Likewise, hydrolysis of the ethox-
ycarbonyl moiety in 3 yielded a highly water-soluble
fluorophore 9, demonstrating notable brightness even in
water (¢ = 11750 M~ ecm™, ®; = 0.49 in H,0, Figure S1).

Interestingly, a direct comparison of each corresponding pair
(1 vs 10 and 4 vs 13) revealed that the acetyl group (10 and
13), instead of the ethoxycarbonyl group (1 and 4) at the R?
position, led to slightly red-shifted emissions with improved
absolute brightness. Furthermore, we observed enhanced
absolute brightness with a marginal change in the emission
wavelength when the acetyl group (13) was changed to a
formyl group (14). The introduction of a strong EWG (nitro
group, 15) at the R* position was found to further shift the
emission toward the red color. 15 exhibited red-light emission
(631 nm) with low brightness owing to strong solvatochrom-
ism in polar solvents (Figure S2). Collectively, we observed an
excellent correlation between the computational predictions
and the experimental observations of photophysical properties,
highlighting the predictable nature of the pyrido[3,2-b]-
indolizine scaffold (Figure S3). The normalized emission
spectra of the representative pyrido[3,2-b]indolizine analogs 7
(blue), 1 (green), 11 (yellow), 13 (orange), and 15 (red) span
the visible color range from blue to red (Figures 3a and S4).
These colors are visible to the naked eyes (Figure 3b), and the
synthesized fluorophores’ colors are well distributed in the CIE
chromaticity diagram (Figure 3c).
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Figure 3. (a) Normalized emission spectra of representative
compounds 7 (blue), 1 (green), 11 (yellow), 13 (orange), and 15
(red). (b) Fluorescence images of 7, 1, 11, 13, and 15 excited with
365 nm UV light from beneath. (c) Chromaticity coordinates of
selected compounds in CIE chromaticity diagram (indicated by
individually numbered spots). All spectral data were acquired in
DMSO with the exception of 15 (in DCM).

Among the synthesized fluorophores, compound 1, bearing
nitro (R') and ethoxycarbonyl (R?) groups, exhibited
distinctive solvent-dependent turn-on behavior in a lipophilic
environment, displaying over a 100-fold increase in the
fluorescence intensity in diethyl ether compared to water
(Figure 4a). Initially, we assumed that the general
solvatochromic effect was responsible for this turn-on behavior.
However, 1 showed neither a bathochromic nor a
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Figure 4. (a) Effect of solvent polarity on the fluorescence intensity and the quantum yield of 1. (b) Molecular orbital distributions, calculated
emission wavelengths, and oscillator strengths (f) for the Sy—S, transition of 1 and 3, and their Twisted-1 and Twisted-3 conformers with twisted
R' groups obtained by TD-DFT calculations (B3LYP/6-31G(d)) of the corresponding optimized first excited-state structures. (c) Colocalization of
1 with the LD-staining BODIPY 558/568 C,, probe in HepG2 cells. Scale bar: 15 ym.

hypsochromic shift in the emission wavelength; instead, only a
change in the fluorescence intensity was observed. Interest-
ingly, its structurally similar analog 3 did not exhibit this turn-
on behavior (Figure SS), suggesting that the unique property
of 1 is not caused by traditional solvatochromism.

To further investigate this phenomenon, quantum mechan-
ical calculations were performed considering the vibrational
modes of 1 and 3 (Figure S6). Surprisingly, calculations
precisely reproduced the 3-peaked spectra of 1, indicating that
the observed multiple-peaked emission resulted from the
vibrational modes of 1. However, changes in solvent condition
did not affect the calculated photophysical properties, implying
that vibrational mode could not fully account for the solvent-
dependent turn-on behavior of 1 (Figure S7). Thus, the
fluorescence quenching of 1 in polar solvents is unlikely to be
caused by intramolecular photoinduced electron transfer
(PET), a common origin of fluorescence quenching,‘m given
that pyrido|3,2-bJindolizine lacks a distinct PET donor or an
acceptor.

We explored various theories to elucidate the unique turn-on
behavior observed in 1. In 2016, Escudero et al. reported the
“dark-state quenching” mechanism as one of the origins of
fluorescence quenching.‘}’7 In this mechanism, bright S; (z —
7*) and dark S, (n — 7*) conically intersect according to the
geometric changes in the fluorophore, inducing fast non-
radiative relaxation of the excited state, resulting in
fluorescence quenching. Larsen et al. reported a related
example that the rotation and pyramidalization of the nitro
group in 2-diethylamino-7-nitrofluorene (de-ANF) resulted in
internal conversion (IC) between the ground and excited
states.”® The general energy level of an excited S, state can be
stabilized in a polar solvent, facilitating IC between S, and S,
leading to fluorescence quenching.

Based on these reports, we hypothesized that the unique
solvent-dependent turn-on behavior of 1 arises from the
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rotation and pyramidalization of the nitro group. To verify this
effect, a computational analysis of 1 bearing a nitro group with
a 90°twisted dihedral angle (Twisted-1) was performed
(Figure S8). The Sy—S,; transition in the most stable conformer
of 1 showed a 504 nm emission with an oscillator strength (f)
of 0.3465. In contrast, Twisted-1 exhibited a 1007 nm
emission with an f value of 0.0011 for its S,—S, transition,
indicating that the major Sy—S; transition is nonradiative.
Moreover, pyramidalization of the nitro group was observed in
the optimized excited-state structure of Twisted-1. The
molecular orbital (MO) diagram also supports this hypothesis;
both the MO distributions of S, and S; states of 1 were
dispersed throughout the structure, whereas the S, state of
Twisted-1 was localized around the nitro group (Figure 4b).
These findings suggest that the pyramidalization of the nitro
group in Twisted-1 stabilizes the localized MO and creates a
new S, resulting in dark-state quenching. The newly stabilized
orbital making the transition nonradiative resembles the
general dark-state transition observed in several tetrazine-
substituted dyes.’”*

In contrast, compound 3 did not display this effect (Figures
4b and S9); energy-minimized structures of both 3 and
Twisted-3 showed reasonable oscillator strength values (f) for
the S,—S, transitions, indicating that acetyl group rotation did
not significantly affect the probability of this transition, and the
So—S, transition of Twisted-3 is radiative. These findings
suggest that the unique solvent-dependent turn-on behavior of
1 originates from the rotation and pyramidalization of its nitro
group, facilitated by polar solvents. This outstanding environ-
mental sensitivity paves the way for developing 1 as a selective
probe to visualize hydrophobic cellular organelles.

To validate this hypothesis, we selected a lipid droplet (LD)
as a potential target organelle for probe 1 due to the
hydrophobic nature of LDs.*' Real-time monitoring of LDs in
live cells is an emerging interest in the biological and

https://doi.org/10.1021/jacsau.4c00135
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pharmacological research communities.”” Dynamic changes in
the size and quantity of LD are closely related to metabolic
syndromes, such as diabetes*® and cardiovascular diseases,* as
well as neurodegenerative diseases, including Alzheimer’s and
Huntington’s diseases.*® Prior to the practical application, we
validated the photostability and cytotoxicity of 1, ensuring its
suitability for bioimaging (Figure S10). We then assessed the
effectiveness of 1 as a selective LD probe in HepG2 human
hepatocellular carcinoma cells. Both 1 and the well-known LD-
staining probe BODIPY 558/568 C;, successfully visualized
cellular LDs without any mutual interference in the
fluorescence signals (Figure 4c).

Importantly, probe 1 enabled selective fluorescence imaging
of cellular lipid droplets (LDs) without requiring washing
steps, an advantage that is valuable in cell or tissue imaging,
and especially in high-throughput screening. This approach
enhances imaging efficiency and reduces perturbation on cells
prior to imaging. Additionally, eliminating washing steps
proves beneficial for in vivo tissue imaging, where such
procedures may be impractical, finally leading to clearer
imaging results. Further testing in HeLa human cervical cancer
cells with 1 in the absence or presence of Nile Red, another
widely studied LD probe, demonstrated that the fluorescence
signal of 1 aligns well with that of Nile Red (Figure S11).
Additionally, the signal from 1 did not colocalize with that of
LysoTracker, MitoTracker, and ERTracker in HeLa cells,
confirming the LD selectivity of 1 (Figure S12). On the other
hand, 3 shows a dispersed fluorescence signal throughout the
cell (Figure S13). These data indicate that 1 is a selective LD
turn-on probe in live cells without the need for washing steps.

Proteins play fundamental roles in both biological functions
and the structural compositions of all living organisms.
Typically, they do not function independently but are involved
in a series of interactions with other biomacromolecules,
includin§ })rotein—protein or protein—peptide interactions
(PPIs),***" protein—RNA interactions (PRIs),* and pro-
tein—DNA interactions (PDIs).49 These interactions contrib-
ute to a complex biological network called the protein
interactome, which is essential in numerous biological
processes. Understanding changes in these interactions during
disease states can establish a solid foundation for identifying
relevant genes and proteins, thus offering a new strategy for
therapeutic development. Proteolysis-targeting chimeras
(PROTACG:S) for targeted protein degradationso and associated
bifunctional molecules®" represent an innovative approach to
artificially induce protein proximity and enhance biomacro-
molecule interactions. These strategies aim the specific
degradation of disease-relevant target proteins, showing
considerable promise for regulating interactions in disease
therapeutics. As the opposite strategy, we recently reported
targeted protein upregulation via the specific inhibition of the
target protein and its E3 ligase interaction using small
molecules.”” Considering the pivotal role of interactomes
and their regulation in biomedical research fields, visualizing
these interactions is indispensable for gaining detailed insights.

Fluorescent unnatural amino acids (fUAAs) have emerged
as effective tools for labeling target proteins. f{UAAs can be
introduced into biologically relevant peptide sequences or full-
length proteins via solid-phase peptide synthesis or genetic
encoding in living systems, respectively.°3 While monitoring
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target proteins in live cells or organisms by directly fusing
fluorescent proteins is a well-estabilshed strategy for studying
PPI, the genetic fusion of fluorescent proteins might disrupt
the innate functions and dynamics of target proteins, owing to
the comparatively large size of fluorescent proteins. In contrast,
the site-specific incorporation of fUAA into target proteins or
peptides allows minimal disruptions to their inherent functions
and structures. The versatility of f{UAAs makes them invaluable
for various applications, including biomolecular assays,”*>®
synthetic biology,”®"” and optical bioimaging,”® ultimately
enabling the direct visualization of target proteins within
cellular systems. Beyond fluorescence labeling, f{UAAs with
environment-sensing fluorogenicity, namely fluorogenic un-
natural amino acids (FUAAs), further enable background-free
visualization of biomolecular interactions, especially for
protein—ligand binding or PPIs. Despite several applications
of fluorogenic cores (e.g, BODIPY and NBD) and their
analogs in FUAAs,””*’ the development of small and
biocompatible fluorogenic unnatural amino acids remains in
high demand but still presents significant challenges.

To address unmet needs, we synthesized new fluorogenic
unnatural amino acids using the pyrido[3,2-b]indolizine
scaffold. Since the improvement of the fluorescence character-
istics of FUAAs has been pursued by mimicking the natural
fluorescent amino acids such as tryptophan, phenylalanine, and
tyrosine, the structural similarity between pyrido[3,2-b]-
indolizine and the indole ring provides an attractive platform
to synthesize unnatural analogs of tryptophan. Our approach
combines the inherent biological relevance of tryptophan with
the distinctive photophysical properties of pyrido[3,2-b]-
indolizine to provide new FUAAs, leading to the creation of
two distinct types of FUAAs in this study (Figure Sa). We first
incorporated an amino acid framework at the C5 position of
pyrido[3,2-b]indolizine (17) to preserve the connectivity of
the tryptophan. Second, we attached the amino acid framework
at the C3 position of 1 (20), which causes minimal impacts on
the fluorescence property of pyrido[3,2-b]indolizine (Figure
2a). FUAAs (17 and 20) were synthesized from S-bromo-7-
acetyl pyridoindolizine (13) and 3-bromo-S-nitro-7-ethoxycar-
bonyl pyridoindolizine (18), respectively, by employing the
Negishi coupling method.®’ As shown in Figure 5b, 17
demonstrated clear solvatochromism, while 20 exhibited
photophysical properties similar to the original compound 1,
mainly featuring a unique solvent-dependent turn-on behavior
(>300 fold, water to ether). These results highlight the
fluorogenic potential of pyrido[3,2-b]indolizine-based FUAAs
for developing peptide-based probes. It is worth mentioning
that 17 displays outstanding photophysical properties with the
reddest emission (563 nm), compared with existing
tryptophan-analogous FUAAs”*~** (Figure 5c).

To conceptually validate the utility of the designed FUAAs
17 and 20 for PPI probes, the PPI between the 95 kDa
postsynaptic density protein (PSD-9S) and its protein binder,
Stargazin, was selected as a representative system (Figure
6a).>>7% PSD-95 organizes signaling proteins into complexes
via interactions between its PSD-95/Disc-large/Zona occluden
(PDZ) domains and the C-terminal motifs of target proteins.65
Stargazin, functioning as an auxiliary subunit of AMPAR,
possesses a C-terminal motif, NTANRRTTPV, known for its
binding affinity to three PDZ domains of PSD-9S. Inspired by
previous research by Sainlos et al,® we designed and
synthesized three peptide probes: 21, 22, and 23 (Figure
6b). The synthesis of 21 involved the modification of the lysine
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Figure S. Fluorogenic unnatural amino acids 17 and 20. (a) Syntheses
of 17 and 20 from 13 and 18, respectively, by the Negishi coupling
and the subsequent deprotection sequence. (b) Solvent effects on the
emission spectra of 17 and 20 (20 uM). (c) Comparison of
photophysical propertles of 17 with existing tryptophan-analogous
fluorescent amino acids.®”

residue in the unnatural NTANKRTTPV peptide with the
NHS ester analog of 1. Probes 22 and 23 were synthesized
through Fmoc-based solid-phase peptide synthesis, introducing
17 or 20 at the first Arg position in the NTANRRTTPV
sequence of Stargazin.

Among three peptide probes, 23 displayed notable turn-on
properties (5.0 fold) upon interaction with the recombinant
protein containing the third PDZ domain of PSD-95 (Figure
6¢). 21 and 22 showed marginal turn-on ratios (2.9 and 1.4
fold, respectively) and low absolute brightness. The binding
affinity of each peptide to its counterpart was measured by
isothermal titration calorimetry (ITC) (Figure S14a—d). The
low turn-on property of 21, despite its strong enough binding
(Kp = 2.30 uM), could be attributed to the long lysine chain
detaching the fluorophore from the PPI interface. The low
binding affinity of 22 correlated with its marginal turn-on
property. In contrast, despite the substantial turn-on property
of fluorogenic amino acid 20, 23 showed a lower turn-on fold
due to the relatlvely polar environment of the Stargazin—PSD-
95 PPI interface.®® In fact, the low solubility of 23 impeded the
ITC experiment. These observations led us to synthesize a
more soluble peptide probe 24 by incorporating three polar
amino acid residues, NRR, at the N-terminus of 23 (Figure
6d).

The fluorescence of 24 exhibited a 5.9-fold increase in the
presence of its protein counterpart (Figure 6e). The
subsequent competition assay using the native Stargazin
peptide (Ac-NTANRRTTPV—OH, Ctrl) confirmed the
selectivity of 24 as a fluorogenic peptide probe for exploring
interactions with PSD-95 (Figure 6f). The requirement for
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excess control peptide was due to the stronger binding affinity
of 24 (Kp = 1.16 uM), compared to the Ctrl peptide (Kp, = 7—
15 uM, Figure S14c).*® This proof-of-concept experiment
demonstrates the potential of compact pyrido[3,2-b]indolizine-
based FUAAs in developing fluorogenic peptide-based probes
while preserving the integrity of their innate functions and
structures.

In conclusion, we rationally designed and developed pyrido-
[3,2-b]indolizine as a novel organic fluorophore. The
synthesized fluorophores are neutral and small, with molecular
weights mostly below 300 g/mol. Notably, they absorb light in
the visible region (>400 nm) with tunable emission wave-
lengths covering a wide blue-to-red color range, thereby
demonstrating the predictable photophysical properties of the
pyrido[3,2-b]indolizine fluorophore. We also revealed the
exceptional solvent-dependent turn-on behavior of compound
1, explained its dark-state quenching by computational
modeling, and developed it as a selective turn-on lipid droplet
probe. Furthermore, given the compact size of pyrido[3,2-
blindolizine and its structural similarity to the indole ring, we
synthesized fluorogenic unnatural amino acids 17 and 20,
effectively mimicking natural fluorescent amino acids such as
tryptophan. Finally, we developed a peptide-based fluorogenic
probe 24 with minimal interference to the functions and
structures of its inherent peptide, indicating our fluorogenic
amino acids’ practical utility in monitoring PPIs. Overall, our
research contributes to new insights into the design of novel
fluorescent core skeletons and provides versatile fluorescent
tools that hold promise for advancing the investigation of
complex biological processes.

All synthetic procedures are provided in the Supporting
Information.

All quantum mechanical calculations were performed in
Gaussian09W. The ground state structures of pyrido[3,2-
blindolizine, 7-azaindole, and indolizine were optimized using
density functional theory (DFT) at the B3LYP/6-31G(d)
level. The oscillator strength values and absorption wave-
lengths were calculated through time-dependent density
functional theory (TD-DFT) with the optimized structures
of the ground state. Atomic coefficients in the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the core structure were
calculated through TD-DFT at the B3LYP/6-31G*(d,p)
level. The oscillator strength values of pyrido[3,2-b]indolizines
with an ethoxycarbonyl moiety on each carbon position (C4,
C6, C7, C9) were obtained through TD-DFT at the B3LYP/6-
31G*(d) level. The estimated emission wavelength of each
compound was calculated via optimization of the S, state
through TD-DFT at the B3LYP/6-31G level. The estimated
absorption and emission spectra of 1 and 3 considering
vibrational modes were obtained with frequency calculations of
1 and 3 through TD-DFT at the B3LYP/6-31G(d) level.

HepG2 human hepatocarcinoma cells were cultured in
DMEM, supplemented with 10% (v/v) FBS and 1% (v/v)
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Figure 6. Development of fluorogenic peptide probes 21—24. (a) Schematic biology of PSD-9S and Stargazin interaction. Reproduced with
permission from [69]. Copyright [2024] [Elsevier] (b) Structures of synthesized peptides 21—23. (c) Selective turn-on properties of fluorogenic
probe peptides 21—23 (1 uM) engaged with third PDZ domain of PSD-95 (32 uM). Dissociation constants (Kp,) were determined by isothermal
titration calorimetry (ITC) experiments. (d) Chemical structure of the probe peptide 24. (e) Selective turn-on property of the probe peptide 24 (1
M) engaged with third PDZ domain of PSD-95 (32 uM). (f) Fluorescence decreases of the probe peptide 24 (1 M) engaged with third PDZ
domain of PSD-95 by competition with the soluble control peptide (Ctrl). Fluorescence intensities were measured with 1 M of each peptide in
PBS buffer (DMSO 5%v/v). Graph lines in (c) and (e) indicate different concentration of proteins from 0 uM to 32 yM in the power of 2
sequence. Graph lines in (f) indicate different concentration of competing peptide (NTANRRTTPV) from 0 to 200 uM with 4 uM of protein.

antibiotic-antimycotic solution. HeLa human cervical cancer
cells were cultured in RPMI 1640, supplemented with 10% (v/
v) FBS and 1% (v/v) antibiotic-antimycotic solution. Cells
were cultured in a 100 mm culture dish and maintained in a 37
°C, 5% CO, incubator with a humidified atmosphere.

For the costaining of lipid droplets using BODIPY 558/568
C,, with 1, HepG2 cells were seeded in Nunc Lab-Tek II
chambered coverglass and maintained for 1 day. Then, cells
were incubated with 2 yM BODIPY 558/568 C,, for 16 h.
After incubation, media were aspirated and refilled with 10 uM
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1-containing media or an equivalent volume of DMSO-
containing media for 20 min, followed by subsequent
fluorescence imaging without additional washing steps or
media exchange. Fluorescence of BODIPY 558/568 C,, was
visualized using a TRITC/TRITC filter set (Ao,: 542/27 nm;
Aemt $97/45 nm). Fluorescence of probe 1 was visualized using
a FITC/FITC filter set (A.: 475/28 nm; A.,: 525/48 nm). For
the costaining experiment of lipid droplets using Nile Red in
the presence of 1, HeLa cells were seeded in Nunc Lab-Tek II
chambered coverglasses and maintained for 1 day. Then, cells
were incubated with 3 uM Nile Red for 20 min at 37 °C. After
incubation, media was aspirated and refilled with 10 yuM 1-
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containing media or an equivalent volume of DMSO-
containing media for 20 min, followed by subsequent
fluorescence imaging without additional washing step or
media exchange. Nile Red’s fluorescence was visualized using
a YFP/mCherry filter set. Fluorescence of 1 was visualized
using a CFP/CFP filter set. CFP (A 438/24 nm; A,,: 475/24
nm), YFP (A, 513/17 nm), mCherry (4.,,: 625/45 nm). For
the costaining of cellular organelles using ER-tracker Red (for
endoplasmic reticulum (ER) staining), LysoTracker Deep Red
(for lysosome staining), MitoTracker Deep Red FM (for
mitochondria staining), respectively, in the presence of 1,
HeLa cells were seeded in Nunc Lab-Tek II chambered
coverglass and maintained for 1 day. Then, cells were
incubated with 1 uM ER-tracker Red for 45 min, 75 nM
LysoTracker Deep Red for 45 min, 200 nM MitoTracker Deep
Red FM for 20 min, respectively. After incubation at 37 °C,
media was aspirated and refilled with 10 yM 1-containing
media or an equivalent volume of DMSO-containing media for
20 min, followed by subsequent fluorescence imaging without
additional washing steps or media exchange. ER-tracker Red
fluorescence was visualized using a TRITC/TRITC filter set
(Aeet S42/27 nm; Ayy: 597/4S nm). The fluorescence of
LysoTracker Deep Red and MitoTracker Deep Red FM were
visualized using a CyS/CyS filter set (A: 632/22 nm, A,
679/34 nm). The fluorescence of 1 was visualized using a
FITC/FITC filter set (1. 475/28 nm; A,: 525/48 nm). For
the comparison experiment between 1 and 3 (Figrue S13),
HepG2 cells were seeded in a 4-well confocal dish (SPL, Korea
214350) and maintained for 1 day. Then, cells were incubated
with 3 yM Nile Red or an equivalent volume of DMSO-
containing media for 20 min at 37 °C. After incubation, media
were aspirated and refilled with 10 uM 1- or 3-containing
media or an equivalent volume of DMSO-containing media for
20 min, followed by subsequent fluorescence imaging without
additional washing steps or media exchange. Only for this
experiment, imaging was performed with a Zeiss 980 confocal
laser scanning microscope.

1 (2 uM) and BODIPY 558/568 C,, (2 uM) in diethyl ether
were exposed to 365 nm UV light under a Black-Ray B-100AP
High Intensity UV Lamp (P/N 95—-0127—-01 M, 100 W, 365
nm, Upland, CA, USA) with a light intensity of 757 mW/ cm?.
Fluorescence emission spectra were measured using a Cary
Eclipse (Varian, USA) after 0, 30, 60, 120, 180, 240, and 300
min of light exposure.

We prepared all peptides (Ctrl, 21, 22, 23, and 24) via Fmoc-
based solid-phase peptide synthesis using Fmoc-Val-Wang
resin (100 mg, 0.38 mmol/g). First, Fmoc-Val-Wang resin was
deprotected using 2 mL of 20% (v/v) piperidine in N,N-
dimethylformamide (DMF). N-a-Fmoc—protected amino
acids (0.228 mmol, 6 equiv) were conjugated to the resin
using benzotriazol-1-yloxytripyrrolidinophosphonium hexa-
fluorophosphate (PyPOB; 0.228 mmol, 6 equiv) and N,N-
diisopropylethylamine (DIPEA; 0.228 mmol, 6 equiv) in 2 mL
of DMF and deprotected using 2 mL of 20% piperidine in
DME. Subsequently, the coupling of amino acids and Fmoc
deprotection steps were repeated sequentially until the last
amino acid using a microwave peptide synthesizer (CEM,
Matthews, NC, USA) with the irradiation set at 5 W for 5 min.
For the acetylation of the peptide, a solution of acetic
anhydride (1.9 mmol, 50 equiv) and DIPEA (1.9 mmol, SO
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equiv) in 2 mL of DMF was added to the resin-bound peptide,
and the same irradiation set for the coupling of the amino acids
in the microwave peptide synthesizer was conducted. The
peptides were cleaved from the resin with 2 mL of the solution
of trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/water
(v/v, 95:2.5:2.5) for 2 h. After the cleavage, peptides were
precipitated from diethyl ether and collected by filtration.
Finally, the peptides were purified with HPLC (LC-6 AD
Pump and SPD-10A detector, Shimadzu, Japan) with a YMC-
Pack ODS-A C;5 (AA12505—2520WT, 250 X 20.0 mm LD. S-
S pm, 12 nm) column at a flow rate of 8.0 mL/min of eluent
solutions with the gradient of 10% B/A to 100% B (Solution
A: water with 0.1% (v/v) TFA and Solution B: acetonitrile
(ACN) with 0.1% (v/v) TEA).

The third PDZ domain of PSD-95 was cloned into the
pETM33-Nspl vector (Addgene) using Ncol and EcoRI
restriction sites. The third PDZ domain of PSD-95 (residues
302 to 402) was PCR-amplified using the primers $’- CAC
TAG TAG CAA TTC CAT GGA CGG TCT AGG GGA
GGA AGA TAT TCC CC and §'- AGC TTG TCG ACG
GAG CTC GAA TTC CTA GGC CTC GAA TCG GCT
ATA. The PCR-amplified insert was digested with either Ncol/
EcoRI and ligated into a Ncol/EcoRI-digested pETM33-Nspl
vector.

E. coli Rosett(DE3) cells were transformed with the third PDZ
domain of PSD-95 protein expression plasmids. Cells were
amplified in 0.6 L of an LB broth first at 37 °C for S h,
followed by 16 h at 18 °C. Cells were harvested by
centrifugation, and the pellet was resuspended in PBS
containing protease inhibitor cocktail (Roche). Cells were
lysed by ultrasonication (ULH-700S) at 40% power with a
30% duty cycle for 25 min on ice. Then, the lysate was cleared
by centrifugation (11000 g, 1 h, 4 °C). After centrifugation,
the soluble supernatant was filtered and incubated with Ni-
NTA beads for 1 h on ice, followed by the elution with lysis
buffer containing 250 mM imidazole. Finally, buffer exchange
to PBS or MES (20 mM MES, 20 mM NaCl, pH 6.0) buffer
was proceeded using a PD-10 column and an Amicon Ultra 3k
device. The purity of the protein was confirmed by Coomassie
staining and western blot after SDS-PAGE. Protein concen-
trations were measured using the BCA assay (Pierce) with BSA
as the reference standard or by determining the absorption at
280 nm.

The PDZ domain of PSD-95 and peptides used for ITC
measurements were dissolved in an assay buffer composed of
pH 6.0, 10 mM MES, 20 mM NaCl, and 5% (v/v) DMSO.
The PDZ domain (50 uM, 200 uL) was loaded into the
sample cell, and the peptide solution (500 uM, 40 uL) was
drawn into the syringe. A total of 20 injections were
programmed with the first injection volume set at 0.4 uL
(0.8 s duration) and the remaining at 2 4L (in 19 injections of
4 s each). The spacing between injections was 120 s. The
reference power was 5 pcal/s with an initial delay of 70 s.
Experiments were conducted at 25 °C with a stirring speed of
750 rpm. The raw data were collected and analyzed by Origin
software (MicroCal). The binding constants were determined
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by nonlinear least-squares fitting using one set of binding sites
model.

Recombinant PDZ domain of PSD-95 was prepared as 160 M
in PBS buffer. Each fluorescent probe peptide (21, 22, 23, and
24) was diluted from 2 mM DMSO stock solution. The
control peptide (Ctrl) was diluted from 4 mM DMSO stock
solution. For protein titration assay, fluorescent probe peptide
(1 uM) and PDZ domain (0 to 32 uM) were diluted in PBS
buffer with 5% (v/v) DMSO. Each solution was transferred to
Corning 96-well half area black/clear flat bottom (SO uL per
well). The fluorescence spectrum of each well was measured
using a SpectraMax IDS microplate reader at room temper-
ature (RT) (450 nm excitation: 21, 23, and 24, 440 nm
excitation: 22). For control peptide competition assay, 24 (1
uM), PDZ domain (4 M), and control peptide (0 to 200
uM) were diluted in PBS buffer with 5% (v/v) DMSO. Each
solution was transferred to Corning 96-well half area black/
clear flat bottom (S0 uL per well). The fluorescence spectrum
of each well was measured using a SpectraMax IDS microplate
reader at RT (450 nm excitation).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00135.
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