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Fluorescent PyrAte-(S)-citalopram conjugates
enable imaging of the serotonin transporter in
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Fluorescent labeling techniques have enabled the visualization of various biomolecules, cellular structures, and
their associated physiological processes. At the same time, there remains a demand for developing novel
fluorescent compounds possessing unique chemical properties for biological imaging. A recently developed
class of fluorophores, termed PyrAtes, displays optimal brightness and large Stokes shifts that are ideal for
fluorescence microscopy. Herein, we report the development of PyrAte-based fluorescently labeled ligands
that bind to the serotonin transporter (SERT), a membrane transport protein important for neurotransmitter
homeostasis, which hitherto has not been visualized in its native environment using fluorescent small
molecules. The design of a PyrAte fluorophore attached to (S)-citalopram, a selective serotonin reuptake
inhibitor, resulted in the synthesis of two fluorescent drug conjugates varying in linker length: PYR-C6-CIT and
PYR-C3-CIT. Docking and molecular dynamics experiments are performed to estimate their binding affinities
to SERT. Our in vitro experiments confirm both compounds are effectively binding to SERT overexpressed in
human embryonic kidney 293 cells, with the shorter conjugate displaying improved SERT affinity and

membrane staining properties. Furthermore, ex vivo imaging of endogenous SERT was demonstrated in acute
Received 13th October 2024

Accepted 28th February 2025 mouse brain slices using two-photon microscopy. The large Stokes shift of the PyrAte fluorophore enables

simultaneous detection of its own fluorescence signal at 500 nm along with that of a yellow fluorescent
DOI: 10.1039/d4sc06949n f : A . . N~
protein-based serotonergic marker. Our findings provide novel tools for unprecedented SERT visualization and

rsc.li/chemical-science establish the utility of PyrAtes for the selective staining of membrane proteins in live cells and tissue.

their associated biological processes. Advancements in
microscopy, along with the aid of fluorescent labeling tools,
have enabled the visualization of the expression and functional
dynamics of ion channels, receptors, and transporters with

Introduction

Fluorescence microscopy has become one of the most impor-
tant and widely used techniques to investigate proteins and
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remarkable spatial and temporal resolution.' Traditionally,
this has been done either through the use of fluorescent stains
and fluorescently-labeled antibodies for fixed samples, or by
genetically encoded fluorescent protein fusions for both live-cell
and in vivo imaging.">* Other techniques include the use of
protein tags which are covalently modified by reactive fluores-
cent probes, which allow simultaneous imaging of live biolog-
ical samples and generation of fluorescent protein conjugates in
situ (e.g., HaloTag, SNAP-Tag).”® A similar approach is
employed by fluorescently-labeled ligands or fluorophore-drug
conjugates.>'*'* These are functionalized, high-affinity protein-
binding ligands chemically modified with a small-molecule
fluorophore, which enable the observation of target proteins
in their native state.

Fluorescent small-molecule dyes can possess certain advan-
tages over fluorescent proteins in terms of enhanced bright-
ness, photostability, and the ability to fine-tune their
photophysical and chemical properties using organic
synthesis.*'> However, most available fluorescent ligands make
use of the same core structures (e.g, rhodamines or
cyanines),>>* which can limit their applications according to
the spectral profiles, cell permeability, signal intensity, and
synthetic routes that these chemical scaffolds would allow.
Therefore, there is a need to continually develop novel fluores-
cent chemical structures to further expand the capacity of small-
molecule dyes for biological imaging.

To address and fill this gap, we tapped into a recently re-
ported family of fluorophores called PyrAtes to generate a class
of novel fluorescent drug conjugates. The PyrAte fluorophores
offer several advantages over other classes of compounds that
are based on traditional fluorophores. The facile and highly
modular synthesis of PyrAtes has been previously highlighted,
enabling the fast buildup of a fluorophore library with a wide
spectrum of emission at different wavelengths. The physico-
chemical properties relevant to their experimental use in
organic solvents and aqueous buffers have also been reported.**
With their large Stokes shifts (typically >135 nm), PyrAtes offer
versatility, allowing for combinations of various wavelengths of
excitation and emission which could overcome some technical
difficulties often encountered in microscopy. Large Stokes
shifts also diminish the possibility of signal cross-talk and self-
absorption, resulting in improved images with enhanced signal-
to-background ratios.™®

The serotonin transporter (SERT) is a transmembrane
protein belonging to the solute carrier 6 (SLC6) family of
proteins which also includes the dopamine transporter (DAT)
and the norepinephrine transporter (NET). These neurotrans-
mitter transporters (NTTs) are expressed in the central nervous
system where their primary role is to participate in the clearance
of monoamine neurotransmitter substrates (e.g., serotonin, 5-
HT, dopamine, DA, and norepinephrine, NE) from the synaptic
cleft.*>*® Physiologically, this process is important in the regu-
lation of neuromodulatory effects (e.g., attention, motivation,
learning) and neurotransmitter homeostasis. Dysregulation of
these functions is related to common mental illnesses such as
anxiety, depression, and attention-deficit hyperactivity disorder.
Therefore, SERT, DAT, and NET are the therapeutic targets of
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several drugs which alleviate symptoms of these disorders,
including the most widely prescribed, selective antidepres-
sants.*** Moreover, these NTTs are the targets of commonly
abused psychoactive substances such as cocaine and
amphetamines.”

A recently published review provides an excellent overview of
different fluorescent ligands that have been used to image the
expression and function of monoamine NTTs.>* The use of
a fluorescently-labeled drug conjugate to visualize NTTs is best
exemplified by the rhodamine-based cocaine analogue JHC 01-
64 in imaging DAT both in cellular models and primary cultures
of neurons.”” Since the cocaine analogue exhibits non-
selective affinity towards NTTs, it has also been used to inves-
tigate SERT oligomerization in live cells.”® Despite the fact that
SERT is among the most widely studied NTTs,*® there remains
a noticeable gap in the development of SERT-specific fluo-
rophore-drug conjugates. For imaging SERT, quantum dot-
based fluorescent ligands and antibodies have been used
successfully in neuronal cells, although their method of appli-
cation differs from organic fluorophores due to their larger size
and the additional steps required in generating their conjugates
in situ.’>** Meanwhile, the selective serotonin reuptake inhibi-
tors (SSRI), (rac)-citalopram and its (S)-enantiomer have been
chemically tagged with rhodamine, resulting in the fluorescent
compounds ZP 455 and VK2-83.%>* These compounds have only
been used, however, in the imaging of SERT overexpressed in
human embryonic kidney (HEK293) cells. The utility of small-
molecule fluorescent drug conjugates in imaging endoge-
nously expressed SERT in neurons or tissue has so far not yet
been described. For this reason, we chose to target SERT for our
first report of a PyrAte-based fluorophore-drug conjugate.

The design, synthesis, and pharmacological characterization
of PyrAte-based (S)-citalopram conjugates are herein described
towards the live visualization of SERT. We demonstrate through
computational and experimental methods the improvements in
the design of fluorescent PyrAte conjugates. Using confocal
microscopy, we show that PyrAte-(S)-citalopram conjugates
specifically stain SERT-expressing HEK293 cells up to 60
minutes of continuous imaging and compound incubation.
Finally, endogenously expressed SERT is visualized in acute
mouse brain slices using two-photon microscopy. This work
shows for the first time the successful use of novel PyrAte flu-
orophores in protein-targeted imaging, and more specifically
that of native SERT in living brain tissue.

Results and discussion

The fluorescent PyrAte-C6-(S)-citalopram conjugate (PYR-C6-
CIT) exhibits SERT activity and labels SERT expression in
HEK293 cells

In designing fluorescent drug conjugates, it is crucial to identify
the optimal attachment point of the fluorophore to the parent
drug where maximum ligand-target affinity can be retained. The
inherent molecular simplicity of the particular pharmacophore
bears the risk of dramatic activity loss by even subtle pertur-
bation of its original structural features. In the case of cit-
alopram, an affinity resin devised for the purification of SERT

© 2025 The Author(s). Published by the Royal Society of Chemistry
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from blood platelets made use of the reduction of the nitrile
group to an amine to form a conjugation site.** The binding
pose of (S)-citalopram at SERT also supports the idea that this
nitrile moiety is amenable to covalent attachment to other
larger moieties.**® Strgmgaard and co-workers also demon-
strated modifications on the N,N-dimethylamine are highly
tolerated, while the group of Newman proved otherwise.*>***” In
an analysis of rhodamine-based fluorescently labeled (S)-cit-
alopram probes, they demonstrated that functionalization on
the nitrile moiety of (S)-citalopram afforded 3-fold to 60-fold
higher affinity to SERT compared to the respective amine-
modified ligand. Inspired by this precedent, we designed the
first PyrAte-Cé6-(S)-citalopram conjugate (PYR-C6-CIT, Fig. 1).
Following the established protocol for the multicomponent
synthesis of PyrAtes," benzylic carboxamide 1, azide 2, and 2-Cl-
4-I-pyridine form the non-fluorescent iodo-Pyrate 3a. Suzuki-
Miyaura cross-coupling on the chromophore core followed by
carboxylic ester hydrolysis and amide coupling with the reduced
(S)-citalopram 5 delivers the desired probe PYR-C6-CIT.

HEK293 cells stably expressing mCherry-SERT were used to
demonstrate the binding of PYR-C6-CIT to SERT. The red
signals seen in Fig. 2A show that mCherry-SERT is localized
predominantly in the membrane of these cells. Addition of
20 nM of PYR-C6-CIT increased the green signal co-localized at
the membrane after 30 minutes of incubation (Fig. 2B), also
shown as a vast difference in fluorescence signal in the histo-
gram, indicating the high level of staining at the plasma
membrane versus intracellular. This membrane staining was no
longer observed when cells were pre-incubated with another
SSRI, 30 uM paroxetine, 10 minutes prior to addition of PYR-C6-
CIT (Fig. 2C and D). This confirms that the compound binds
specifically to membrane-expressed SERT.

Interestingly, increasing the concentration to 100 nM resul-
ted in signals localized in intracellular structures which were
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identified as mitochondrial staining (Fig. S1 and S27). Such
internalization became visible between 20 to 30 minutes after
addition of the compound. This suggests that at higher
concentrations and longer incubation times, PYR-C6-CIT is able
to cross the cellular membrane and accumulate in intracellular
organelles. It has been shown previously that the naked PyrAte
dye enriches intracellularly in the mitochondria in a similar
manner. This behavior can be attributed to the permanent
positive charge of the pyridinium group along with the lip-
ophilicity of the PyrAte molecule, which is presumably even
enhanced by the addition of a six-carbon aliphatic chain linked
to (S)-citalopram. Such phenomenon is not unique to the PyrAte
fluorophores; it is also observed for rhodamine dyes and APP+,
a fluorescent substrate of DAT and SERT also bearing a pyr-
idinium functional group.***' Taken together, we have identi-
fied that a lower concentration (20 nM) and shorter incubation
time (30 min) are the optimal conditions for the purpose of
imaging plasma-membrane expressed SERT using PYR-C6-CIT.

The observed binding of PYR-C6-CIT at SERT is supported by
data from uptake inhibition assays (Fig. 2E and Table S17). It can
be noted that PYR-C6-CIT retains the inhibitory activity of the
parent drug (S)-citalopram. The measured ICs, value of 0.83 +
0.11 pM (mean =+ SD from N = 4, performed in triplicates) for
PYR-C6-CIT, however, corresponds to a decrease of the
compound's affinity by around 20-fold compared to (S)-cit-
alopram. It is also noted how the selectivity to SERT vs. DAT is
greatly affected by the PyrAtes. (S)-Citalopram, as an SSRI,
exhibits greater than 1000-fold selectivity to SERT relative to DAT.
In comparison, PYR-C6-CIT shows only 2.5-fold selectivity. When
it comes to NET, PYR-C6-CIT also shows a reduction of selectivity
compared to (S)-citalopram, going from around 300-fold down to
15-fold. This is unsurprising, as fluorophore-drug conjugates
tend to lose some of their parent ligand's selectivity and affinity
to their protein target.>?***3>3% TFor example, AC1-146,
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o
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Fig.1 Synthesis of the first PyrAte-C6-(S)-citalopram conjugate PYR-C6-CIT. Equiv. = equivalents, Tf,O = trifluoromethanesulfonic anhydride,
THF = tetrahydrofuran, dppf = 1,1'-bis(diphenylphosphino)ferrocene, HOBt = hydroxybenzotriazole, EDCI = 1-ethyl-3-(3-dimethylamino-

propyl)carbodiimide. See ESIT for details.
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Fig. 2 PyrAte-C6-(S)-citalopram (PYR-C6-CIT) is active in SERT as demonstrated in microscopy, radiotracer uptake inhibition, and electro-
physiology experiments. SERT -specific membrane staining is displayed in confocal images: mCherry-SERT-expressing HEK293 cells imaged (A)
prior to, and (B) after 30 min incubation with 20 nM PYR-C6-CIT; (C) after 10 min incubation with paroxetine; and (D) after 30 min incubation with
20 nM PYR-C6-CIT in the presence of paroxetine. Histograms show the pixel intensity profiles across the highlighted regions, showing co-
localization of PyrAte and mCherry signals in (B), which is absent in other conditions (A, C and D), indicating SERT-specific membrane staining.
PyrAte was imaged in the green channel (Ex. 405 nm, Em. 525/50 nm) and mCherry in the red channel (Ex. 561 nm, Em. 595/50 nm) using
a confocal microscope. Representative images of at least three different experiments are shown. Scale bar = 20 um. The observed binding is
supported by inhibitory activity (E) at SERT (ICso = 0.83 uM, Hill coefficient ny = —3.1), along with accompanying activity in DAT (ICsg = 2.05 uM,
np = —15), NET (ICs9 = 12.6 uM, ny = —1.3), and OCT3 (ICsq = 2.10 uM, nyy = —2.3). Data points display mean and SEM from N = 3-4, performed
in triplicates. This was furthermore confirmed with electrophysiology: representative traces show (F) 5-HT-evoked currents measured in SERT-
expressing HEK293 cells which are reduced (G) in the presence of 1 uM PYR-C6-CIT. (H) The calculated ratios of 5-HT-mediated currents before
and after application of PYR-C6-CIT show a reduction to an average of 47% (N = 6). Data include individual points, mean, SEM, and **P < 0.01 as

determined using two-tailed paired t-test.

a fluorescent ligand based on the selective NET inhibitor nisox-
etine, has its NET affinity reduced by around 28-fold, and its
selectivity towards SERT reduced to only about 18-fold compared
to native nisoxetine.”” However, this reduction in selectivity is to
a much greater extent compared to the rhodamine-based fluo-
rescent (S)-citalopram analogue, VK2-83, which did not show any
significant activity in DAT at 10 uM.*® This can be explained by
the observed intrinsic affinity of the PyrAte fluorophore itself
towards SERT, DAT, NET, which might have also contributed to
differences in Hill coefficients (1) observed. The unconjugated
PyrAte-C6-methylester (PYR-C6-ME) exhibited ICs, values of 11.2
+0.4,6.38 & 0.5 uM, and 8.75 + 2.14 uM at SERT, DAT, and NET,
respectively (Table S1, mean + SD from N = 3-4, performed in
triplicates). Despite its affinity towards SERT, however, PYR-C6-
ME did not stain the membrane of mCherrySERT-expressing

6006 | Chem. Sci., 2025, 16, 6003-6013

cells. Instead, it displayed rapid internalization (Fig. S1t). This
suggests that the (S)-citalopram moiety of PYR-C6-CIT is the
predominant driver of binding to SERT. On the other hand, since
the PyrAte fluorophore bears a permanent positive charge in its
pyridinium ring, it is possible that it could behave similarly to
other cationic dyes (e.g., ASP") that are substrates or inhibitors of
other proteins such as the organic cation transporters (OCT).****
Indeed, PYR-C6-ME displayed an affinity towards the organic
cation transporter 3 (OCT3) with an ICs, value = 2.37 £ 0.46 pM,
which is likewise observed in its conjugate with (S)-citalopram
(Fig. 2E and Table S1t). This is in contrast to (S)-citalopram,
which does not display affinity towards OCT3 on its own.*® A
more extensive investigation of the pharmacology of naked
PyrAte dyes could further improve our understanding of possible
off-target effects.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To further confirm that the observed uptake inhibition is
facilitated by the direct and inhibitory binding of the conjugate
to the transporter, PYR-C6-CIT was also tested in membrane
binding and electrophysiology experiments. Both PYR-C6-CIT
and PYR-C6-ME also exhibited competitive binding with imip-
ramine in SERT-containing membrane fractions with K; = 0.11
+ 0.07 and 0.73 £ 0.25 uM, respectively (Fig. S3;F numbers
represent mean + SD of three experiments performed in
duplicates). PYR-C6-CIT was able to inhibit 5-HT-mediated
currents in SERT-expressing HEK293 cells by around 50% at 1
UM concentration, which further confirms the activity observed
in the uptake inhibition assay (Fig. 2F-H).

Optimizing the linker length: PyrAte-C3-(S)-citalopram (PYR-
C3-CIT) improves on PYR-C6-CIT - both in SERT binding
affinity and lipophilicity

Aside from the fluorophore itself, the spacer or linker intro-
duced between the fluorophore and the parent ligand can affect
the physical and biological properties of the resulting conjugate
as well as determine its practical utility.>*” The ideal size of the
linker depends on the nature of the fluorophore and how it can
possibly interact within the binding site of the target protein.*”
Along these lines, we sought to determine the optimal length of
the carbon chain that links the PyrAte fluorophore moiety to the
(S)-citalopram molecule. We hypothesized that a shorter carbon
chain would reduce the overall lipophilicity of the resulting
fluorescent conjugate, and therefore result in improved
membrane staining. In order to test this hypothesis, we per-
formed molecular docking, all-atom classical molecular
dynamics (MD) simulations, free energy calculations, and

A color

linker
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quantum chemical lipophilicity studies. As an initial explora-
tion, we docked different PyrAte-(S)-citalopram ligands with
variable linker lengths (C1 to C8, with the number indicating
the amount of aliphatic carbon atoms in the spacer) into the
binding site of (S)-citalopram in the crystallographic structure
of the human SERT (hSERT, PDB id. 5I73) (Fig. 3A).** In all
cases, the (S)-citalopram scaffold occupies the orthosteric (S)-
citalopram binding site (also called Si-site), while the PyrAte
fluorophore moiety resides in the allosteric binding site (the S2-
site).****>* However, we discovered some differences with the
chain lengths. In the shorter linkers, with one up to three
carbon atoms (C1 to C3, Fig. 3B), the pyrrolidine and phenyl
moieties of the PyrAte scaffold are projected towards the (S)-
citalopram part, whereas for larger linkers (C4 to C8, Fig. 3C)
the PyrAte scaffold is rotated, pointing the diethylaniline moiety
towards (S)-citalopram. For a clearer visual comprehension of
the ligands' binding to hSERT, we present exemplary binding
poses of C3 and of C6 superimposed with the two (S)-citalopram
molecules in the orthosteric and allosteric binding sites of the
crystallographic hSERT structure in Fig. 3D and E, respectively.
Based on the observed binding poses and synthetic accessibility
of the simulated derivatives, we selected the C3-derivative for
chemical synthesis and more elaborate computational analysis.
The synthesis of the 2nd generation PyrAte-C3-(S)-citalopram
(PYR-C3-CIT) conjugate follows the same principles as the
initial probe. Readily available materials undergo the multi-
component reaction developed by us, with the exception of
deploying the shorter methyl 4-azidobutanoate in place of azide
2 in Fig. 1. The photophysical properties of PYR-C6-CIT and
PYR-C3-CIT are summarized in Table S5.F
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Fig. 3 Varying the carbon spacer length results in a PyrAte-(S)-citalopram conjugate with improved activity at SERT and better selectivity with
respect to DAT and NET. (A-E) Poses of PyrAte-(S)-citalopram ligands with variable linkers C1 to C8 (indicates the number of aliphatic carbon
atoms in the spacer, color scheme shown in (A)) inside SERT (PDB. 5173)%*¢ obtained by docking and MD minimization. Linkers C1 to C3 are shown
in (B), while C3 is shown again in (D) overlayed with the human SERT structure including two (S)-citalopram molecules in the orthosteric and
allosteric binding sites. Linkers C4 to C8 are shown in (C), while C6 is shown again in (E) overlayed with SERT. (F) Structure of the second-
generation PyrAte-C3-(S)-citalopram conjugate, PYR-C3-CIT. (G) Inhibitory activity of PYR-C3-CIT at SERT (ICso = 0.40 uM, ny = —3.0) is
enhanced with better selectivity vs. DAT (ICsq = 3.57 uM, niy = —1.3), NET (IC59 = 10.9 uM, nyy = —1.0), and OCT3 (IC5g = 3.32 uM, ny = —2.1) in
comparison to PYR-C6-CIT. Data points in the graph display mean and SEM from N = 3-4, performed in triplicates.
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To investigate whether PYR-C3-CIT provides a similar in sil-
ico binding affinity to hSERT, we performed 100 ns all-atom MD
simulations of the two ligands in hSERT using the NAMD
code.”>** Additionally, we analyzed the hydrogen bonds that are
involved in the binding of the ligands and estimated the
binding free energies using the Molecular Mechanics/Poisson
Boltzmann Surface Area (MM/PBSA) method as implemented
in Amber.** The MD simulations evidence an overall stable
binding for PYR-C3-CIT and PYR-C6-CIT along the 100 ns
trajectory (Fig. S7A and Bf). The hydrogen bond analysis
(Fig. S7C, D and Table S27) reveals a comparable binding of
PYR-C3-CIT and PYR-C6-CIT in terms of hydrogen bonds. Both
PYR-C3-CIT and PYR-C6-CIT build their main hydrogen bond
through the interaction of their linker-amide with T497 at an
occupancy of around 50-60%. Although the conformation of
the PyrAte scaffold is drastically different in the allosteric
binding site of hSERT for PYR-C3-CIT and PYR-C6-CIT, we
cannot disclose a major difference in hydrogen bond occupancy
between the two poses. Moreover, the MM/PBSA results (Table
S37) indicate an equally favorable binding for PYR-C3-CIT and
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0 5 10 15
Overlay — Distance (microns)
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PYR-C6-CIT. All results evidence comparable binding strengths
of PYR-C3-CIT and PYR-C6-CIT, making PYR-C3-CIT a viable
alternative to PYR-C6-CIT.

To test whether the decrease in linker length leads to
reduction in lipophilicity, the octanol/water partition coeffi-
cients (log P) were calculated quantum chemically for PYR-C3-
CIT, PYR-C6-CIT, and also for comparison, for the unconju-
gated PYR-C6-ME. The calculations were performed with
density functional theory at the B3LYP-D3BJ/def2-TZVP@SMD
(water/n-octanol) level using the Gaussian 16 suite (Table
S41).%° The results nicely show a reduction of lipophilicity in
terms of log P from 10.6 for PYR-C6-CIT to 8.4 for PYR-C3-CIT.
Without the (S)-citalopram conjugate, the naked PYR-C6-ME
dye has a log P value of 7.8.

Importantly, experiments confirm that the change in the
carbon linker length of PYR-C3-CIT resulted in improved
imaging properties. As can be seen in Fig. 4, 20 nM of PYR-C3-
CIT allowed a longer incubation period of 60 min with appar-
ently enhanced co-localization of PyrAte and mCherrySERT
signals and no internalization. Certainly, this is an
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Fig. 4 PyrAte-C3-(S)-citalopram (PYR-C3-CIT) exhibits SERT-specific membrane staining at a longer incubation period: mCherry-SERT-
expressing HEK293 cells imaged (A) prior to, and (B) after 60 min incubation with 20 nM PYR-C3-CIT; (C) after 10 min incubation with paroxetine;
and (D) after 60 min incubation with 20 nM PYR-C3-CIT in the presence of paroxetine. Histograms show the pixel intensity profiles across the
highlighted regions, showing co-localization of PyrAte and mCherry signals in B, which is absent in other conditions (A, C and D), indicating
SERT-specific membrane staining. A small degree of intracellular staining is observed in (D), which suggests SERT-independent internalization of
compound. PyrAte was imaged in the green channel (Ex. 405 nm, Em. 525/50 nm) and mCherry in the red channel (Ex. 561 nm, Em. 595/50 nm)
using a confocal microscope. Representative images of at least three different experiments are shown. Scale bar = 20 um.
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improvement from the 30 minute incubation used for PYR-C6-
CIT. Similar to what was previously observed with PYR-C6-CIT,
the membrane staining is absent when co-incubated with
paroxetine, confirming SERT-specific binding. A small degree of
internalization was observed after 60 minutes in the presence of
paroxetine, consistent with PyrAte-conjugate internalization by
the cells being independent of the transporter. The improve-
ment on SERT binding affinity is also seen from results of SERT
uptake inhibition assays (Fig. 3G and Table S1t). The
compound exhibited an ICs, value of 0.40 + 0.05 pM (mean +
SD), which corresponds to a 10-fold difference compared to (S)-
citalopram. The selectivity to SERT vs. DAT, NET, and OCT3 is
also improved, showing around 10-fold selectivity against DAT,
as opposed to the 2.5-fold selectivity observed with PYR-C6-CIT;
27-fold selectivity against NET compared to 15-fold; and lastly
8.2-fold selectivity against OCT3 instead of 2.5-fold. These
results are in line with the previous knowledge that the differ-
ence in chain linker characteristics can greatly affect the
binding properties of fluorescent drug conjugates.>'**”* These
also correlate well with the results of our computational
experiments. The length of the linker influences the binding
pose of PyrAte-(S)-citalopram conjugates in hSERT in silico,
which translates to improvements in SERT inhibition potency
and selectivity for PYR-C3-CIT. Moreover, the reduced logP
calculated for PYR-C3-CIT supports the longer incubation
period that is allowed for observing SERT-specific membrane
staining without any significant internalization. A decrease in
internalization also enhances the apparent signal at the
membrane relative to background, which overall results in
improved imaging of membrane-expressed SERT. Intracellular
accumulation of fluorescent probes has been previously re-
ported to mask the detection of specific binding at the
membrane.** In another study, a class of fluorescent cocaine
analogues made use of various lengths of polyethylene glycol
(PEG) linkers to overcome the lipophilicity of Janelia Fluor dyes
and prevent cellular entry, which permitted their use in imaging
live dopaminergic neurons.®

PYR-C6-CIT labels SERT in acute mouse brain slices; PYR-C3-
CIT co-localizes with yellow fluorescent protein (eYFP)-
expressing serotonergic projections

To demonstrate the capability of PYR-C6-CIT to label endoge-
nously expressed SERT, we used two-photon microscopy to
observe different regions of the mouse brain where we expect
SERT to be expressed.** We examined the dorsal raphe (DR), the
nucleus where diverse groups of mostly serotonergic neurons
are concentrated, and the origin of serotonergic projections to
the forebrain.®>*® We also examined the substantia nigra retic-
ulata (SNr), a region in the midbrain where serotonergic
projections co-enervate alongside dopaminergic neurons.®”
Lastly, we examined the dorsal striatum (DS), an area that
receives mostly dopaminergic but also serotonergic inputs. As
seen in Fig. 5 and S4,7 PYR-C6-CIT effectively stains all three
areas examined: DR, SNr, and DS, as evidenced by bright,
punctate signals. These are likely specific to SERT, since pre-
incubation of the mouse brain slices with escitalopram

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 PyrAte-C6-(S)-citalopram (PYR-C6-CIT) exhibits SERT-specific
staining in acute mouse brain slices at 500 nM concentration. Coronal
mouse brain slices were prepared to observe staining in specific
regions, namely the (A) dorsal striatum (DS), (B) substantia nigra
reticulata (SNr), and (C) dorsal raphe (DR). Fluorescence staining by
PYR-C6-CIT of SERT expression in axonal projections is shown as
inverted images (non-inverted images in Fig. S47). In the presence of
escitalopram, the staining is significantly reduced as seen in integrated
density analysis. PyrAte was imaged at 810 nm (Ex.) and 525/50 nm
(Em.) using a two-photon microscope. Representative images were
collected from 3-4 adult male C57/BL-6 mice. Scale bar = 50 pm.
Data presented include individual values, mean, SEM, and *P < 0.05,
**P < 0.01, as determined using Welch's unequal variances t-test.

(unconjugated (S)-citalopram) resulted in the reduction of these
signals (Fig. 5).

PYR-C3-CIT also shows improved imaging properties in
acute mouse brain slices. A lower laser power was needed to
obtain images with similar signal-to-noise ratios seen using
PYR-C6-CIT (Fig. S51). To confirm the spatial distribution of
SERT staining, we used transgenic Pet1-eYFP mice (Pet1-Cre/
flox-ChR2-eYFP, see ESI}) expressing eYFP to visualize seroto-
nergic neurons and axonal projections. Generation of this
reporter line enables the Petl-specific visualization of the
serotonergic system.®*”° The overlap in PYR-C3-CIT and eYFP
signals in brain slices obtained from Petl-eYFP mice (Fig. 6)
confirms the localization of the compound in serotonergic
regions in the DS and SNr. This is further confirmed when the
signals were reduced upon co-incubation with paroxetine,
which is also reflected in the reduction in pixel values and
Pearson's correlation coefficients seen in the fluorescence
intensity graphs. These signals arising from both PYR-C6-CIT
and PYR-C3-CIT, however, were not completely abolished when
SERT was blocked by either inhibitor: escitalopram or parox-
etine. As is the case for most fluorescent stains, non-specific
background staining remains to some extent, which could be
arising from both off-target effects of the dye and
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Fig. 6 PyrAte-C3-(S)-citalopram (PYR-C3-CIT) co-localizes with
eYFP-expressing serotonergic projections in the DS (A) and SNr (C),
with Pearson's correlation coefficients, r = 0.70 and r = 0.72,
respectively. In the presence of paroxetine, the amount of staining and
overlap are reduced as seen in both the DS (B) and SNr (D), with
Pearson's correlation coefficients, r = 0.43 and r = 0.58, respectively.
Insets in solid squares show magnified images of areas within dashed
squares. PyrAte was imaged at 810 nm (Ex.), eYFP was imaged at
965 nm (Ex.), and both detected at 525/50 nm (Em.). Representative
images were collected from coronal brain slices of 3—-4 adult Petl-
Cre/ChR2-eYFP mice. Scale bar = 5 pm.

autofluorescence in the tissues. OCT3 is widely distributed and
plays a significant role in the clearance of monoamine neuro-
transmitters in the brain.”* Interestingly, the decrease in fluo-
rescent signals in the presence of SERT inhibitors is least
pronounced in the SNr, part of a dopaminergic region in the
midbrain, which could reflect the weakness of the compounds
in terms of SERT/DAT selectivity. The combined results from
PYR-C6-CIT and PYR-C3-CIT nevertheless show the extensive
distribution of SERT in the mouse brain. It has been previously
established using immunohistochemistry, autoradiography,
and voltammetry studies that SERT is distributed in the DR, the
SNr, and the caudate putamen (which includes the DS) at
varying densities.®»*”">7* The punctate staining pattern
observed with the PyrAtes also reflects the distribution of SERT
into axonal terminals and serotonergic boutons. This is
consistent with SERT functionality, as it is also seen in other
fluorescence imaging studies that describe SERT expression in
the brain.”*”>7>7¢

It is also worth noting that this is the first instance we have
shown that the PyrAte fluorophores are compatible with a two-
photon imaging system. The PyrAte fluorophore emits in the
green region of light at around 500 nm which is typically
detected using a 525/50 nm bandpass filter in most imaging
applications. Due to its large Stokes shift, its wavelengths of
excitation lie within the blue region. Using two-photon excita-
tion microscopy, the PyrAte was found to be excitable at 810 nm
which corresponds to twice the excitation wavelength normally
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used in single-photon microscopy (405 nm). Another green-
emitting fluorophore, eYFP, is not excited at this wavelength;
its maximum two-photon excitation is found at 960 nm.”” This
enabled us to simultaneously detect both PyrAte and eYFP
signals in a single emission channel using two different exci-
tation lasers, with no apparent signal cross-over (Fig. S67). Such
lack of overlap in spectral profiles is particularly useful in
obtaining multi-channel images in combination with other
fluorophores. In recent years, two-photon microscopy has been
applied in the detection of serotonergic activity in living brain
tissues and also in vivo using genetically encoded sensors based
on fluorescent protein fusions of 5-HT receptors.”** For
example, GRAB; yt is a selective fluorescent sensor for 5-HT
based on the 5-HT, receptor and cpGFP which has been shown
to detect changes in extracellular 5-HT concentrations in the
prefrontal cortex of mice in response to a psychostimulant,
methylenedioxymethamphetamine (MDMA).*® A recently re-
ported fluorescent probe based on a SERT substrate demon-
strates a SERT-dependent intracellular accumulation and
labeling of serotonergic neuronal cell bodies and axonal
projections in the mouse brain that is orthogonal to the fluo-
rescent sensing function of GRABs.r.*” Since SERT plays an
important role in regulating 5-HT concentrations, we envision
a possibility of co-imaging 5-HT concentration fluxes along with
SERT expression and activity ex vivo. Our images demonstrate
the capacity for live imaging of axonal SERT expression in their
native state, ie., without the need for creating genetically
modified constructs and without fixation or permeabilization,
which can be both expensive and time-consuming. This enables
a clearer visualization of SERT with temporal control, and the
possibility of real-time monitoring of changes in response to
different treatment conditions.

In summary, we have developed PYR-C6-CIT and PYR-C3-
CIT, two fluorescent (S)-citalopram analogues based on a novel
family of fluorophores, a first-time use of fluorescent drug
conjugates in labeling endogenously expressed SERT in acute
mouse brain slices. An interesting caveat is presented by the
intrinsic pharmacological profile of the PyrAte fluorophore,
which can possibly interact with the allosteric binding site at
SERT, but may also confer off-target binding affinities on its
fluorophore-drug conjugates. Both SERT-targeting fluorescent
probes previously reported based on citalopram and (S)-cit-
alopram, ZP 455 and VK2-48, display the extraordinary selec-
tivity towards SERT versus DAT that is expected of SSRIs.**** In
this regard, both compounds should be better suited for
selectively imaging SERT in live neurons or brain tissues where
a heterogeneous population of NTTs is expressed. However, it
has been reported that despite its remarkable selectivity, ZP 455
was not optimal for imaging live neurons.>*** To our knowledge,
VK2-48 has only been successfully used in cultured cell models,
and not for endogenous SERT.** The enhanced optical proper-
ties provided by the PyrAte fluorophore could compensate for
the decrease in affinity of its conjugates towards SERT, therefore
enabling the SERT-specific imaging demonstrated by PYR-C6-
CIT and PYR-C3-CIT. Such display of SERT visualization in both
live cultured cells and brain tissues shows great promise in
advancing the practical utility of fluorophore-drug conjugates.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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However, the loss of selectivity and resulting off-target effects
can complicate their practical use. In order to effectively isolate
SERT-specific signals, non-specific staining could be reduced by
co-application with other pharmacological blockers (e.g., DAT,
NET, and OCT3 inhibitors).

This study also provides insights into the effective design of
PyrAte fluorophores so that their chemical properties can be
improved, especially in the context of biological applications.
We have shown that changing the linker length results in
a reduction of lipophilicity, along with consequent improve-
ments in affinity, selectivity, and membrane staining proper-
ties. This could be further improved by adding hydrophilic
groups such as charged sulfonate or carboxylate groups into the
core structure of PyrAtes. Several classical fluorophores, such as
rhodamines and cyanines are made water-soluble by their
sulfonated analogues.”” Hydrophilic fluorophores are more
desirable not only due to their ease of handling in biological
buffers (i.e., lessening the need for organic co-solvents), but also
because lipophilic fluorophores can cause undesirable non-
specific staining which severely limits their application in
complex biological systems. For example, the Oregon Green-
based cocaine analogue MFZ 9-18 is more hydrophilic
compared to the rhodamine-based JHC 1-64.%° The latter has
been used to image expressed DAT and NET in live neuronal
and non-neuronal cells,***”#*% while the former was success-
fully utilized in imaging dopaminergic axons in brain tissue
slices from rhesus macaques.*® Although PYR-C3-CIT already
improves on PYR-C6-CIT, non-specific staining in tissue still
remains. In the design of fluorescent conjugates, the linker
itself could also be changed from an aliphatic chain to a more
polar chain, e.g., PEG or peptide-containing linker, to further
improve labeling properties.>®****% Such strategies can be
employed in designing the next generation of fluorescent drug
conjugates. Taken together, our results present significant
forward steps both in the use of fluorescent drug conjugates in
imaging endogenously expressed SERT, and in the development
of PyrAte fluorophores towards imaging specific protein targets
in live samples.

Conclusions

We report for the first time the use of a PyrAte-based fluo-
rophore-drug conjugate in imaging endogenous SERT ex vivo in
living mouse brain tissues using two-photon microscopy. These
compounds were synthesized by modifying a SSRI, (S)-cit-
alopram, with a PyrAte fluorophore. We show through compu-
tational and experimental methods that a change in linker
length leads to improvements in affinity, selectivity, and
imaging properties. The use of a PyrAte fluorophore also
enables the simultaneous detection of both SERT-specific and
YFP signals in a two-photon imaging system. Although both
conjugates displayed weaker selectivity compared to their
parent ligand, our results show unprecedented SERT-specific
staining, which can be further improved by changing the
physicochemical properties of either the fluorophore or the
linker. Such approaches can potentially lead to enhanced SERT
selectivity and more specific staining in the future.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

Data availability

The data supporting this article have been included as part of
the ESLt

Author contributions

OJVB, IS, NKS designed and performed experiments, and co-
wrote the manuscript. XW, SAM, ML, MR, SR, YX, NK, KJ per-
formed experiments. XW, PASM and MN designed experiments,
analyzed results, and contributed to the manuscript. KS and DS
co-supervised experiments and contributed to the manuscript.
LG, NM, and HHS conceived and supervised the work, and
contributed to the writing of the manuscript. All authors have
given approval to the final version of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This research was funded in part by the Austrian Science Fund
(FWF) [10.55776/W1232 to N. M., L. G., H. H. S.; P35405 to N. M.;
10.55776/P35589 to H. H. S.], ERC CoG VINCAT (682002
to N. M.), Christian Doppler Forschungsgemeinschaft (CD
EnODD), NIH (MH122470, MH108186 to D. S.), NIDA (R0107418
to D. S.), and the JPB Foundation (to D. S.). We would like to
acknowledge Mr E. Lopes (University of Vienna) for his contri-
butions to preliminary experiments. We would like to thank M.
S. Ansorge (Columbia University) for kindly providing Pet1-eYFP
mice. We thank M. Holy and M. Molin (Medical University of
Vienna), as well as M. Sonders and V. Morales (Columbia
University) for sharing their technical expertise. M. L. is
a recipient of uni:docs fellowship from University of Vienna. P.
A. S.-M. would like to thank the MedBioNode cluster (Medical
University of Graz) for computation time. We thank the
University of Vienna for generous support of our programs.

Notes and references

1 C. J. Daly and J. C. McGrath, Pharmacol. Ther., 2003, 100,
101-118.

2 C. P. Toseland, J. Chem. Biol., 2013, 6, 85-95.

3 A. M. Hussey and ]J. J. Chambers, ACS Chem. Neurosci., 2015,
6, 189-198.

4 E. A. Specht, E. Braselmann and A. E. Palmer, Annu. Rev.
Physiol., 2017, 79, 93-117.

5 C.Iliopoulos-Tsoutsouvas, R. N. Kulkarni, A. Makriyannis and
S. P. Nikas, Expert Opin. Drug Discovery, 2018, 13, 933-947.

6 A. Keppler, S. Gendreizig, T. Gronemeyer, H. Pick, H. Vogel
and K. Johnsson, Nat. Biotechnol., 2003, 21, 86-89.

7 A. Keppler, H. Pick, C. Arrivoli, H. Vogel and K. Johnsson,
Proc. Natl. Acad. Sci. U. S. A., 2004, 101, 9955-9959.

8 G. V Los, L. P. Encell, M. G. McDougall, D. D. Hartzell,
N. Karassina, C. Zimprich, M. G. Wood, R. Learish,
R. F. Ohana, M. Urh, D. Simpson, J. Mendez,

Chem. Sci., 2025, 16, 6003-6013 | 6011


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc06949h

Open Access Article. Published on 03 March 2025. Downloaded on 4/3/2026 12:57:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

K. Zimmerman, P. Otto, G. Vidugiris, J. Zhu, A. Darzins,
D. H. Klaubert, R. F. Bulleit and K. V Wood, ACS Chem. Biol.,
2008, 3, 373-382.

9 A. F. L. Schneider and C. P. R. Hackenberger, Curr. Opin.
Biotechnol., 2017, 48, 61-68.

10 A. ]J. Vernall, S. J. Hill and B. Kellam, Br. J. Pharmacol., 2014,
171, 1073-1084.

11 Y. Zhang, S. Li, H. Zhang and H. Xu, Bioconjugate Chem.,
2021, 32, 4-24.

12 J. B. Grimm and L. D. Lavis, Nat. Methods, 2022, 19, 149-158.

13 L. D. Lavis and R. T. Raines, ACS Chem. Biol., 2014, 9, 855—
866.

14 1. Saridakis, M. Riomet, O. J. V. Belleza, G. Coussanes,
N. K. Singer, N. Kastner, Y. Xiao, E. Smith, V. Tona, A. de
la Torre, E. F. Lopes, P. A. Sanchez-Murcia, L. Gonzalez,
H. H. Sitte and N. Maulide, Angew. Chem., Int. Ed., 2024,
63, €202318127.

15 X. Liu, Z. Xu and J. M. Cole, J. Phys. Chem. C, 2013, 117,
16584-16595.

16 A. Gandioso, R. Bresoli-Obach, A. Nin-Hill, M. Bosch, M. Palau,
A. Galindo, S. Contreras, A. Rovira, C. Rovira, S. Nonell and
V. Marchan, J. Org. Chem., 2018, 83, 1185-1195.

17 H. Chen, L. Liu, K. Qian, H. Liu, Z. Wang, F. Gao, C. Qu,
W. Dai, D. Lin, K. Chen, H. Liu and Z. Cheng, Sci. Adv.,
2022, 8, eabo3289.

18 Y. Yue, T. Zhao, Z. Xu, W. Chi, X. Chai, J. Ai, J. Zhang, F. Huo,
R. M. Strongin and C. Yin, Adv. Sci., 2023, 10, 1-11.

19 A. S. Kristensen, J. Andersen, T. N. Jorgensen, L. Sorensen,
J. Eriksen, C. J. Loland, K. Stromgaard and U. Gether,
Pharmacol. Rev., 2011, 63, 585-640.

20 S. Aggarwal and O. V. Mortensen, Curr. Protoc. Pharmacol.,
2017, 79, 12.16.1-12.16.17.

21 M. Tatsumi, K. Groshan, R. D. Blakely and E. Richelson, Eur.
J. Pharmacol., 1997, 340, 249-258.

22 E. Richelson, J. Clin. Psychiatry, 2003, 64, 5-12.

23 H. H. Sitte and M. Freissmuth, Trends Pharmacol. Sci., 2015,
36, 41-50.

24 G. A. Camacho-Hernandez, K. Jahan and A. H. Newman,
Basic Clin. Pharmacol. Toxicol., 2023, 133, 473-484.

25 J. H. Cha, M. F. Zou, E. M. Adkins, S. G. F. Rasmussen,
C. J. Loland, B. Schoenenberger, U. Gether and
A. H. Newman, J. Med. Chem., 2005, 48, 7513-7516.

26 J. Eriksen, S. G. F. Rasmussen, T. N. Rasmussen,
C. B. Vaegter, H. C. Joo, M. F. Zou, A. H. Newman and
U. Gether, J. Neurosci., 2009, 29, 6794-6808.

27 J. Eriksen, W. E. Bjorn-Yoshimoto, T. N. Jergensen,
A. H. Newman and U. Gether, J. Biol. Chem., 2010, 285,
27289-27301.

28 A. Anderluh, E. Klotzsch, A. W. A. F. Reismann,
M. Brameshuber, O. Kudlacek, A. H. Newman, H. H. Sitte
and G. J. Schutz, J. Biol. Chem., 2014, 289, 4387-4394.

29 A. César-Razquin, B. Snijder, T. Frappier-Brinton, R. Isserlin,
G. Gyimesi, X. Bai, R. A. Reithmeier, D. Hepworth,
M. A. Hediger, A. M. Edwards and G. Superti-Furga, Cell,
2015, 162, 478-487.

6012 | Chem. Sci, 2025, 16, 6003-6013

View Article Online

Edge Article

30 J. C. Chang, I. D. Tomlinson, M. R. Warnement, A. Ustione,
A. M. D. Carneiro, D. W. Piston, R. D. Blakely and
S. J. Rosenthal, J. Neurosci., 2012, 32, 8919-8929.

31 D. M. Bailey, M. A. Catron, O. Kovtun, R. L. Macdonald,
Q. Zhang and S. J. Rosenthal, ACS Chem. Neurosci., 2018, 9,
2534-2541.

32 P. Zhang, T. N. Jorgensen, C. ]J. Loland and A. H. Newman,
Bioorg. Med. Chem. Lett., 2013, 23, 323-326.

33 V. Kumar, T. Rahbek-Clemmensen, C. B. Billesbglle,
T. N. Jorgensen, U. Gether and A. H. Newman, ACS Med.
Chem. Lett., 2014, 5, 696-699.

34 E. A. L. Biessen, A. S. Horn and G. T. Robillard, Biochemistry,
1990, 29, 3349-3354.

35 H. Koldsg, K. Severinsen, T. T. Tran, L. Celik, H. H. Jensen,
O. Wiborg, B. Schigtt and S. Sinning, J. Am. Chem. Soc.,
2010, 132, 1311-1322.

36 J. A. Coleman, E. M. Green and E. Gouaux, Nature, 2016, 532,
334-339.

37 J. N. N. Eildal, J. Andersen, A. S. Kristensen, A. M. Jgrgensen,
B. Bang-Andersen, M. Jorgensen and K. Stremgaard, J. Med.
Chem., 2008, 51, 3045-3048.

38 C. Cottet-Rousselle, X. Ronot, X. Leverve and J. F. Mayol,
Cytometry, Part A, 2011, 79, 405-425.

39 E. Solis, I. Zdravkovic, I. D. Tomlinson, S. Y. Noskov,
S. J. Rosenthal and L. J. De Felice, J. Biol. Chem., 2012, 287,
8852-8863.

40 R.]J. Karpowicz, M. Dunn, D. Sulzer and D. Sames, ACS Chem.
Neurosci., 2013, 4, 858-869.

41 J. N. Wilson, L. K. Ladefoged, W. M. Babinchak and
B. Schiett, ACS Chem. Neurosci., 2014, 5, 296-304.

42 G. A. Camacho-Hernandez, A. Casiraghi, D. Rudin,
D. Luethi, T. C. Ku, D. A. Guthrie, V. Straniero, E. Valoti,
G. J. Schiitz, H. H. Sitte and A. H. Newman, RSC Med.
Chem., 2021, 12, 1174-1186.

43 J. J. Salomon, S. Endter, G. Tachon, F. Falson, S. T. Buckley
and C. Ehrhardt, Eur. J. Pharm. Biopharm., 2012, 81, 351-359.

44 V. Massmann, B. Edemir, E. Schlatter, R. Al-Monajjed,
S. Harrach, P. Klassen, S. K. Holle, A. Sindic,
M. Dobrivojevic, H. Pavenstiddt and G. Ciarimboli, Pflueg.
Arch. Eur. J. Physiol., 2014, 466, 517-527.

45 L. Gebauer, O. Jensen, J. Brockmoller and C. Diicker, J. Med.
Chem., 2022, 65, 12403-12416.

46 T. J. F. Angenoorth, S. Stankovic, M. Niello, M. Holy,
S. D. Brandt, H. H. Sitte and J. Maier, Int. J. Mol. Sci., 2021,
22, 1-16.

47 J. G. Baker, R. Middleton, L. Adams, L. T. May, S. ]J. Briddon,
B. Kellam and S. J. Hill, Br. J. Pharmacol., 2010, 159, 772-786.

48 F. Chen, M. B. Larsen, H. A. Neubauer, C. Sanchez, P. Plenge
and O. Wiborg, J. Neurochem., 2005, 92, 21-28.

49 R. Zhu, D. Sinwel, P. S. Hasenhuetl, K. Saha, V. Kumar,
P. Zhang, C. Rankl, M. Holy, S. Sucic, O. Kudlacek,
A. Karner, W. Sandtner, T. Stockner, H. J. Gruber,
M. Freissmuth, A. Hauck Newman, H. H. Sitte and
P. Hinterdorfer, Angew. Chem., Int. Ed., 2016, 55, 1719-1722.

50 P. Plenge, A. M. Abramyan, G. Serensen, A. Mork, P. Weikop,
U. Gether, B. Bang-Andersen, L. Shi and C. J. Loland, Nat.
Commun., 2020, 11, 1-12.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc06949h

Open Access Article. Published on 03 March 2025. Downloaded on 4/3/2026 12:57:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

51 M. Niello, R. Gradisch, C. J. Loland, T. Stockner and
H. H. Sitte, Trends Pharmacol. Sci., 2020, 41, 446-463.

52 J. C. Phillips, R. Braun, W. Wang, ]. Gumbart,
E. Tajkhorshid, E. Villa, C. Chipot, R. D. Skeel, L. Kalé and
K. Schulten, J. Comput. Chem., 2005, 26, 1781-1802.

53 J. C. Phillips, D. J. Hardy, J. D. C. Maia, J. E. Stone,
J. V. Ribeiro, R. C. Bernardi, R. Buch, G. Fiorin, J. Hénin,
W. Jiang, R. McGreevy, M. C. R. Melo, B. K. Radak,
R. D. Skeel, A. Singharoy, Y. Wang, B. Roux, A. Aksimentiev,
Z. Luthey-Schulten, L. V. Kalé, K. Schulten, C. Chipot and
E. Tajkhorshid, J. Chem. Phys., 2020, 153, 044130.

54 W. Humphrey, A. Dalke and K. Schulten, J. Mol Graph.,
1996, 14, 33-38.

55 A. D. Becke, J. Chem. Phys., 1993, 98, 5648-5652.

56 F. Weigend and R. Ahlrichs, Phys. Chem. Chem. Phys., 2005,
7, 3297-3305.

57 F. Weigend, Phys. Chem. Chem. Phys., 2006, 8, 1057-1065.

58 A.V.Marenich, C. J. Cramer and D. G. Truhlar, J. Phys. Chem.
B, 2009, 113, 6378-6396.

59 S. Grimme, S. Ehrlich and L. Goerigk, J. Comput. Chem.,
2011, 32, 1456-1465.

60 A. Shrivastava, H. Ding, S. Kothandaraman, S. H. Wang,
L. Gong, M. Williams, K. Milum, S. Zhang and
M. F. Tweedle, Mol. Imaging Biol., 2014, 16, 661-669.

61 R. H. Rose, S. J. Briddon and S. J. Hill, Br. J. Pharmacol., 2012,
165, 1789-1800.

62 L. A. Stoddart, A. J. Vernall, M. Bouzo-Lorenzo, R. Bosma,
A. J. Kooistra, C. De Graaf, H. F. Vischer, R. Leurs,
S.]. Briddon, B. Kellam and S. J. Hill, Sci. Rep., 2018, 8, 1-19.

63 D. A. Guthrie, C. Klein Herenbrink, M. D. Lycas, T. Ku,
A. Bonifazi, B. T. Devree, S. Mathiasen, ]J. A. Javitch,
J. B. Grimm, L. Lavis, U. Gether and A. H. Newman, ACS
Chem. Neurosci., 2020, 11, 3288-3300.

64 K.].Lin, T. C. Yen, S. P. Wey, J. J. Hwang, X. X. Ye, K. Y. Tzen,
Y. K. Fu and J. C. Chen, J. Nucl. Med., 2004, 45, 673-681.

65 R. Andrade and S. Haj-Dahmane, ACS Chem. Neurosci., 2013,
4, 22-25.

66 M. Luo, J. Zhou and Z. Liu, Learn. Mem., 2015, 22, 452-460.

67 C. E. John, E. A. Budygin, Y. Mateo and S. R. Jones, J.
Neurochem., 2006, 96, 267-282.

68 M. M. Scott, C. J. Wylie, J. K. Lerch, R. A. Murphy, K. Lobur,
S. Herlitze, W. Jiang, R. A. Conlon, B. W. Strowbridge and
E. S. Deneris, Proc. Natl Acad. Sci. U. S. A., 2005, 102,
16472-16477.

69 B. Pelosi, S. Migliarini, G. Pacini, M. Pratelli and
M. Pasqualetti, PLoS One, 2014, 9, 24-29.
70 A. Henke, Y. Kovalyova, M. Dunn, D. Dreier,

N. G. Gubernator, I. Dincheva, C. Hwu, P. §ebej,
M. S. Ansorge, D. Sulzer and D. Sames, ACS Chem.
Neurosci., 2018, 9, 925-934.

71 H. Koepsell, Handb. Exp. Pharmacol., 2021, 266, 1-39.

72 C. Sur, H. Betz and P. Schloss, Neuroscience, 1996, 73, 217—
231.

73 F. C. Zhou, J. H. Tao-Cheng, L. Segu, T. Patel and Y. Wang,
Brain Res., 1998, 805, 241-254.

74 F. C. Zhou, Y. Sari and J. K. Zhang, Dev. Brain Res., 2000, 119,
33-45.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

75 A. Belmer, K. Beecher, A. Jacques, O. L. Patkar, F. Sicherre
and S. E. Bartlett, Front. Cell. Neurosci., 2019, 13, 1-13.

76 H.-L. Wang, S. Zhang, ]J. Qi, H. Wang, R. Cachope,
C. A. Megjias-Aponte, J. A. Gomez, G. E. Mateo-Semidey,
G. M. J. Beaudoin, C. A. Paladini, ]J. F. Cheer and
M. Morales, Cell Rep., 2019, 26, 1128-1142.

77 G. A. Blab, P. H. M. Lommerse, L. Cognet, G. S. Harms and
T. Schmidt, Chem. Phys. Lett., 2001, 350, 71-77.

78 E. K. Unger, J. P. Keller, M. Altermatt, R. Liang, A. Matsuli,
C. Dong, O. J. Hon, Z. Yao, J. Sun, S. Banala,
M. E. Flanigan, D. A. Jaffe, S. Hartanto, J. Carlen,
G. O. Mizuno, P. M. Borden, A. V. Shivange, L. P. Cameron,
S. Sinning, S. M. Underhill, D. E. Olson, S. G. Amara,
D. Temple Lang, G. Rudnick, J. S. Marvin, L. D. Lavis,
H. A. Lester, V. A. Alvarez, A. ]. Fisher, J. A. Prescher,
T. L. Kash, V. Yarov-Yarovoy, V. Gradinaru, L. L. Looger
and L. Tian, Cell, 2020, 183, 1986-2002.

79 C. Dong, C. Ly, L. E. Dunlap, M. V. Vargas, ]J. Sun,
I. W. Hwang, A. Azinfar, W. C. Oh, W. C. Wetsel,
D. E. Olson and L. Tian, Cell, 2021, 184, 2779-2792.

80 J. Wan, W. Peng, X. Li, T. Qian, K. Song, J. Zeng, F. Deng,
S. Hao, J. Feng, P. Zhang, Y. Zhang, ]J. Zou, S. Pan, M. Shin,
B. J. Venton, ]. J. Zhu, M. Jing, M. Xu and Y. Li, Nat.
Neurosci., 2021, 24, 746-752.

81 M. Kubitschke, M. Miiller, L. Wallhorn, M. Pulin, M. Mittag,
S. Pollok, T. Ziebarth, S. Bremshey, J. Gerdey, K. C. Claussen,
K. Renken, ]J. Grof3, P. Gneifde, N. Meyer, J. S. Wiegert,
A. Reiner, M. Fuhrmann and O. A. Masseck, Nat. Commun.,
2022, 13, 7525.

82 W. L. Lee, X. Westergaard, C. Hwu, ]J. Hwu, T. Fiala,
C. Lacefield, U. Boltaev, A. M. Mendieta, L. Lin,
M. S. Sonders, K. R. Brown, K. He, W. B. Asher,
J. A. Javitch, D. Sulzer and D. Sames, J. Am. Chem. Soc.,
2024, 146, 9564-9574.

83 F. H. Hansen, T. Skjorringe, S. Yasmeen, N. V. Arends,
M. A. Sahai, K. Erreger, T. F. Andreassen, M. Holy,
P. J. Hamilton, V. Neergheen, M. Karlsborg, A. H. Newman,
S. Pope, S. J. R. Heales, L. Friberg, I. Law, L. H. Pinborg,
H. H. Sitte, C. Loland, L. Shi, H. Weinstein, A. Galli,
L. E. Hjermind, L. B. Mgller and U. Gether, J. Clin. Invest.,
2014, 124, 3107-3120.

84 A.Vuorenpii, T. N. Jorgensen, A. H. Newman, K. L. Madsen,
M. Scheinin and U. Gether, J. Biol. Chem., 2016, 291, 5634-
5651.

85 S. Ma, M. H. Cheng, D. A. Guthrie, A. H. Newman, I. Bahar
and A. Sorkin, Sci. Rep., 2017, 7, 1-13.

86 P. F. Kramer, S. G. Brill-Weil, A. C. Cummins, R. Zhang,
G. A Camacho-Hernandez,  A. H. Newman,
M. A. G. Eldridge, B. B. Averbeck and Z. M. Khaliq, Neuron,
2022, 110, 2949-2960.

87 L. A. Ho, E. Thomas, R. A. McLaughlin, G. R. Flematti and
R. O. Fuller, Bioorg. Med. Chem. Lett., 2016, 26, 4879-4883.

88 A. Pagoto, F. Garello, G. M. Marini, M. Tripepi, F. Arena,
P. Bardini, R. Stefania, S. Lanzardo, G. Valbusa,
F. Porpiglia, M. Manfredi, S. Aime and E. Terreno, Mol
Imaging Biol., 2020, 22, 85-93.

Chem. Sci., 2025, 16, 6003-6013 | 6013


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc06949h

	Fluorescent PyrAte-(S)-citalopram conjugates enable imaging of the serotonin transporter in living tissueElectronic supplementary information (ESI)...
	Fluorescent PyrAte-(S)-citalopram conjugates enable imaging of the serotonin transporter in living tissueElectronic supplementary information (ESI)...
	Fluorescent PyrAte-(S)-citalopram conjugates enable imaging of the serotonin transporter in living tissueElectronic supplementary information (ESI)...
	Fluorescent PyrAte-(S)-citalopram conjugates enable imaging of the serotonin transporter in living tissueElectronic supplementary information (ESI)...
	Fluorescent PyrAte-(S)-citalopram conjugates enable imaging of the serotonin transporter in living tissueElectronic supplementary information (ESI)...
	Fluorescent PyrAte-(S)-citalopram conjugates enable imaging of the serotonin transporter in living tissueElectronic supplementary information (ESI)...

	Fluorescent PyrAte-(S)-citalopram conjugates enable imaging of the serotonin transporter in living tissueElectronic supplementary information (ESI)...
	Fluorescent PyrAte-(S)-citalopram conjugates enable imaging of the serotonin transporter in living tissueElectronic supplementary information (ESI)...
	Fluorescent PyrAte-(S)-citalopram conjugates enable imaging of the serotonin transporter in living tissueElectronic supplementary information (ESI)...
	Fluorescent PyrAte-(S)-citalopram conjugates enable imaging of the serotonin transporter in living tissueElectronic supplementary information (ESI)...
	Fluorescent PyrAte-(S)-citalopram conjugates enable imaging of the serotonin transporter in living tissueElectronic supplementary information (ESI)...


