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ABSTRACT

The antidepressants trazodone and nefazodone were approved
some 4 and 3 decades ago, respectively. Their action is thought
to be mediated, at least in part, by inhibition of the serotonin trans-
porter [SERT/solute carrier (SLC)-6A4]. Surprisingly, their mode of
action on SERT has not been characterized. Here, we show that,
similar to the chemically related drug vilazodone, trazodone and
nefazodone are allosteric ligands: trazodone and nefazodone
inhibit uptake by and transport-associated currents through
SERT in a mixed-competitive and noncompetitive manner, re-
spectively. Contrary to noribogaine and its congeners, all three
compounds preferentially interact with the Na*-bound out-
ward-facing state of SERT. Nevertheless, they act as pharma-
cochaperones and rescue the folding-deficient variant SERT-
P601A/G602A. The vast majority of disease-associated point
mutations of SLC6 family members impair folding of the encoded

transporter proteins. Our findings indicate that their folding
defect can be remedied by targeting allosteric sites on SLC6
transporters.

SIGNIFICANCE STATEMENT

The serotonin transporter is a member of the solute carrier-
6 family and is the target of numerous antidepressants.
Trazodone and nefazodone have long been used as antide-
pressants. Here, this study shows that their inhibition of
the serotonin transporter digressed from the competitive
mode seen with other antidepressants. Trazodone and nefa-
zodone rescued a folding-deficient variant of the serotonin
transporter. This finding demonstrates that folding defects of
mutated solute carrier-6 family members can also be corrected
by allosteric ligands.

Introduction

The three transporters for the monoamines norepinephrine
[NET/solute carrier (SLC)-6A2], dopamine (DAT/SLC6A3),
and serotonin (SERT/SLC6A4) are closely related. They share a
rich pharmacology, i.e., several hundred compounds are known
to bind to these three transporters with variable selectivity
(Sitte and Freissmuth, 2015). Ligands can act as typical and
atypical inhibitors or as full and partial substrates/releasers
(Bhat et al., 2019). Trazodone, nefazodone, and vilazodone are
inhibitors of the serotonin transporter. However, their antide-
pressant action differs from that of selective serotonin reuptake
inhibitors. Vilazodone has been classified as a SPARI (selective
partial agonist and reuptake inhibitor) because it is an inhibitor
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of the serotonin transporter and it elicits a partial agonistic ac-
tivity at 5-HTa-receptors (Heinrich et al., 2004; Dawson and
Watson, 2009). Trazodone and nefazodone are chlorophenyl-
piperazines, which are classified as serotonin antagonists
and reuptake inhibitors because they inhibit SERT and block
5HTy, and 5HT;s receptors (Cusack et al., 1994; Owens
et al., 1997; Tatsumi et al., 1997). However, trazodone, in
particular, also has appreciable affinity for a-adrenergic re-
ceptors (Krege et al., 2000).

SERT harbors two binding sites: 1) a central binding site,
which is referred to as S1, accommodates the substrate sero-
tonin and the cosubstrate ions, i.e., two sodium ions and one
chloride ion, and 2) in addition, there is a vestibular binding
site (referred to as S2), which is allosterically linked to the
central binding site (Coleman et al., 2016; Zhu et al., 2016).
Typical inhibitors bind to the S1 site of monoamine transporters
and trap them in the outward-facing conformation. Atypical
inhibitors stabilize conformations other than the outward-
facing conformation. This is of interest because there is a

ABBREVIATIONS: Cl, confidence interval; DAT, dopamine transporter; ER, endoplasmic reticulum; FB, fan-shaped body; k., association rate
constant; ke, dissociation rate constant; RRID, research resource identifier; mCPP, meta-chlorophenylpiperazine; NET, norepinephrine trans-
porter; SERT, serotonin transporter; SLC, solute carrier; TRH, tryptophan hydroxylase; UAS, upstream activating sequence; YFP, yellow fluo-

rescent protein.
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growing list of mutations that cause misfolding of SLC6 family
members (Freissmuth et al., 2018) and other solute carriers
(Bhat et al., 2021a) and thus give rise to human diseases. Due
to their different binding mode, atypical inhibitors can act as
pharmacochaperones (Bhat et al., 2019): their binding to
folding intermediates and/or their stabilization of the in-
ward-facing state allows correcting the folding defect and
restoring endoplasmic reticulum (ER) export, cell surface
delivery, and transport activity of mutated solute carriers.
SERT is the most extensively studied solute carrier
(César-Razquin et al., 2015; Schlessinger et al., 2023). This is
also true for ER export and folding of SERT, which have been
examined in great detail (El-Kasaby et al., 2010, 2014; Sucic
et al., 2011; Sucic et al., 2013; Koban et al., 2015; Bhat et al.,
2017, 2020, 2023; Ponleitner et al., 2022). Vilazodone was found
to reside in this S2 binding site of SERT and, accordingly, to
act as an allosteric, noncompetitive inhibitor (Plenge et al.,
2021). Trazodone and nefazodone were approved as antidepres-
sants some 4 and 3 decades ago, respectively. Nevertheless,
surprisingly, their mode of SERT inhibition has never been in-
vestigated. Trazodone, nefazodone, and vilazodone are related
in structure. Here, we surmised that, because of their similar
structures, these three compounds shared a similar mechanism
of action on SERT, which differed from those of typical inhibi-
tors. We show that vilazodone and trazodone are mixed-compet-
itive inhibitors and that nefazodone blocks substrate uptake by
SERT noncompetitively. Importantly, all three compounds and
meta-chlorophenylpiperazine (mCPP; a metabolite of trazodone
and nefazodone) rescued SERT-P601A/G602A, a severely mis-
folded variant (El-Kasaby et al., 2014), in cells and in fly brain,
demonstrating that they can act as pharmacochaperones.

Materials and Methods

Materials. Vilazodone hydrochloride (SML1098), trazodone hydro-
chloride (T6154), and cycloheximide (239763) were purchased from
Sigma Aldrich (St. Louis, MO), and mCPP (meta-chlorophenylpipera-
zine) hydrochloride (B5027) was purchased from APExBIO (Houston,
TX). [*H]5-HT (37.5 Ci/mmol) and [*H]citalopram (80.8 Ci/mmol) were
purchased from PerkinElmer Life Sciences (Waltham, MA). Scintilla-
tion fluid (Rotiszint eco plus) was purchased from Carl Roth GmbH
(Karlsruhe, Germany). Anti-GFP antibody [rabbit, ab290; research re-
source identifier (RRID): AB_2313768] was from Abcam (Cambridge,
UK). An antibody raised against an N-terminal peptide of the G protein
p subunit was used to verify comparable loading of lanes (Hohenegger
et al., 1996). The secondary antibody (Donkey anti-rabbit, IRDye
680RD; RRID: AB_2716687) was obtained from LI-COR Biotechnology
GmbH (Bad Homburg, Germany). Cell culture media and antibiotics
were obtained from Capricorn Scientific GmbH (Ebsdorfergrund,
Germany) and InvivoGen (San Diego, CA), respectively. All other
chemicals were of analytical grade and were obtained from Sigma-
Aldrich.

Cell Culture. HEK293 cells were purchased from the American
Type Culture Collection (CRL-1573, American Type Culture Collec-
tion, Manassas, VA; RRID: CVCL_0045) and authenticated by short
tandem repeats profiling at the cell culture core facility of the Medi-
cal University of Graz, Austria. The cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% heat-inactivated
fetal bovine serum, 60 mg L1 penicillin, 100 mg L streptomycin,
and 5 mg L ! plasmocin. HEK293 cells expressing GFP-tagged SERT,
which were used for patch-clamp experiments, were cultured in a me-
dium supplemented with 150 mg L! of zeocin and 6 mg L~! blastici-
din. The expression of GFP-SERT was induced by 1 mg L' of
tetracycline 24 hours prior to electrophysiology. HEK293 cells stably
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expressing yellow fluorescent protein (YFP)-tagged SERT, which were
used for uptake and immunoblotting experiments, were cultured in
medium supplemented with 50 ug mL ™! of geneticin (G418) to main-
tain selective pressure. All cells were regularly tested for mycoplasma
contamination by 4',6-diamidino-2-phenylindole staining. All antibiot-
ics were purchased from InvivoGen.

Uptake of [PH]5-HT. HEK293 cells stably expressing either YFP-
tagged wild-type human SERT or SERT-P601A/G602A were seeded
on either in poly-D-lysine—coated 48-well (10° cells/well) or 96-well
plates (2 x 10* cells/well) for the determination of Ky and Vyay of
5-HT transport and for uptake inhibition, respectively. Cells were
allowed to adhere for 24 hours. Thereafter, the medium was removed,
and cells were washed twice with Krebs-HEPES buffer (10 mM
HEPES-NaOH, pH 7.4; 120 mM NaCl; 3 mM KCl; 2 mM CacCly;
2 mM MgCly; and 2 mM glucose). The Ky and V., of substrate up-
take was determined by incubating the cells for 1 minute in a final
volume of 0.1 mL containing [*H]5-HT concentrations ranging from
0.2 to 20 pM (specific activity progressively diluted from 40 cpm/fmol
to 400 cpm/pmol) in the absence and presence of cocaine (5 uM; as a
reference compound for competitive inhibition), vilazodone (1, 3, and
10 uM), trazodone (1, 3, and 10 uM), nefazodone (5, 10, 30, and
100 uM), or mCPP (1, 3, and 10 uM). The ICs, of inhibitors was de-
termined in 0.1 mL buffer containing carrier-free 0.1 uM [*H] 5-HT;
inhibitors were either added simultaneously with substrate, or cells
were allowed to preincubate for 15 minutes in the presence of the in-
hibitors. Nonspecific uptake was defined in the presence of 10 pM
paroxetine. Uptake reactions were terminated after 1 minute by
aspiration of the reaction buffer followed by two rapid washes with
ice-cold Krebs-HEPES buffer. Subsequently, cells were lysed with
1% SDS to release the retained radioactivity, which was quantified
by liquid scintillation counting.

Pharmacochaperoning Experiments. HEK293 cells stably
expressing SERT-P601/G602A were seeded in poly-D-lysine—coated
24-well plates (2 x 10° cells/well) or 48-well plates for incubation in
cell culture medium containing vilazodone and of the other com-
pounds (i.e., trazodone, nefazodone, and mCPP), respectively. Control
incubations were done in cell culture medium alone. After 24 hours at
37°C, the medium was aspirated. Cells, which had been preincubated
with vilazodone, were incubated seven times for 10 minutes in the
presence of 2 ml cow milk (ultrahigh-temperature homogenized milk
containing 3.5% fat, 2.3% fatty acid, 4.8% sugar, and 3.3% protein) or
buffer. After these incubations, the cells were washed twice with 2 ml
Krebs-HEPES buffer. Cells, which had been incubated with trazo-
done, nefazodone, or mCCP, were washed five times with 1 ml of
Krebs-HEPES buffer. Thereafter, substrate uptake was performed
as outlined above in the presence of 0.1 yM [*H]5-HT in an incuba-
tion volume of 0.2 mL and of 0.1 mL for vilazodone and for the
other compounds, respectively.

Alternatively, HEK293 cells stably expressing YFP-tagged SERT-
P601/G602A were seeded on six-well plates (1 x 108 cells/dish) and
incubated in the absence and presence of vilazodone, trazodone, nefa-
zodone, or mCPP. After 24 hours, cells were washed thrice with ice-
cold PBS, detached by mechanical scraping, and harvested by centri-
fugation at 1000g for 5 minutes. The cell pellet was lysed in a buffer
containing Tris-HCl, pH 8.0; 150 mM NaCl; 1% dodecyl maltoside;
and 1 mM EDTA and protease inhibitors (Complete, Roche Applied
Science). The detergent-insoluble material was removed by centrifuga-
tion (16,000g for 15 minutes at 4°C). Aliquots of the soluble superna-
tant were used to assess the level of core-glycosylated, ER-resident
SERT-P601/G602A of transporters harboring mature glycans by immu-
noblotting. Lysates were also prepared from cells stably expressing
YFP-tagged SERT.

Membrane Preparation and [*H]Citalopram Binding. Mem-
branes were prepared from HEK293 cells stably expressing GFP-
SERT. The cells were washed twice with PBS, mechanically detached,
and harvested by centrifugation at 2000 rpm for 10 minutes. The pel-
lets were resuspended in buffer containing 20 mM Tris HCl, pH 7.4,
and 2 mM MgCl,, and the suspension was frozen in liquid nitrogen.
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After two freeze-thaw cycles, the suspension was sonicated three times
for 10 seconds on ice with 30-second intervals. Membranes were har-
vested by centrifugation at 40,000g for 15 minutes, and the pelleted
membranes were resuspended in the same buffer and frozen in liquid
nitrogen. The protein concentration was estimated with the Bio-Rad
protein assay dye reagent (Bio-Rad; Hercules, CA). The binding reac-
tion (0.1 mL final volume) was done in the presence of 3—5 nM [*H]cit-
alopram and increasing, logarithmically spaced concentrations of
inhibitors in buffer containing either high concentrations of either
Na* (20 mM Tris.HC], pH 7.4; 2 mM MgCly; and 120 mM NaCl) or of
K" (20 mM Tris HCI, pH 7.4; 2 mM MgCly; 4 mM NaCl; and 120 mM
KCI) and about 2.5 pg or 30 pg of membranes, respectively. Nonspe-
cific binding was measured in the presence of 10 pM paroxetine. After
an incubation for 60 minutes at 22°C, the binding reaction was termi-
nated by filtration over polyethylenimine (0.5%) precoated glass fiber
filters (GF/B), which were washed with ice-cold wash buffer (10 mM
Tris-HCI, pH 7.4; 120 mM NaCl; and 2 mM MgCl,). The radio-
activity trapped on the filters was quantified by liquid scintillation
counting.

Immunoblotting. Aliquots of detergent lysates (30 pg), which had
been prepared as outlined above, were dissolved in Laemmli sample
buffer containing 1% SDS and 20 mM DTT, denatured at 45°C for
30 minutes, and resolved by denaturing polyacrylamide gel electropho-
resis. The resolved proteins were transferred onto nitrocellulose mem-
branes, which were incubated overnight with an antibody against GFP
(rabbit, ab290; diluted 1:5000 in 20 mM Tris.HCIL, pH 7.4; 150 mM
NaCl; and 0.1% Tween20). The immunoreactive bands were visualized
by fluorescence detection using a donkey anti-rabbit secondary anti-
body at 1:5000 dilution (IRDye 680RD, LICOR). The lower part of the
blot was also probed with the antibody recognizing the G protein  sub-
units to verify equal loading.

Whole-Cell Patch-Clamp Recordings. HEK293 cells stably ex-
pressing wild-type GFP-tagged human SERT were seeded at low den-
sity on Petri dishes coated with poly-D-lysine. Twenty hours later,
these cells were subjected to patch-clamp recordings in the whole-
cell configuration using Axon 200B amplifier (RRID: SCR_018866)
equipped with Axon 1550 digitizer (Molecular Devices, LLC, San
José, CA). The cells were continuously maintained in an external so-
lution containing 150 mM NaCl, 3 mM KCl, 2.5 mM CaCl,, 2 mM
MgCly, 20 mM glucose, and 10 mM HEPES (pH adjusted to 7.4 with
NaOH), and the drugs were diluted therein. The internal solution in
the patch pipette contained 150 mM K-MES, 1 mM CaCl,, 0.7 mM
MgCly, 10 mM HEPES, and 10 mM EGTA (pH adjusted to 7.2 with
KOH). Drugs were applied using a perfusion system (Octaflow II;
ALA Scientific Instruments, Inc., Farmingdale, NY), allowing for
complete solution exchange around the cells within 50 milliseconds.
All experiments were conducted at 25°C with precise temperature
control. This was achieved with a temperature control unit (cell mi-
crocontrol inline preheater; Green Leaf Scientific, Dublin, Ireland),
which was linked to a temperature control system (PTC-20; npi elec-
tronic GmbH, Tamm, Germany). For positioning the patch-clamp
pipette and the perfusion system, we used PatchStar micromanipula-
tors (Scientifica Ltd., Uckfield, UK; RRID: SCR_018405). Recordings
were sampled at 10 kHz. Current amplitudes and associated kinetics
were quantified using Clampfit software (Molecular Devices; RRID:
SCR_011323). Passive holding currents were subtracted, and the
traces were filtered using a 100-Hz digital Gaussian low-pass filter.

Drosophila Genetics and Drug Treatment. Previously gener-
ated transgenic upstream activating sequence (UAS) reporter lines
for YFP-tagged human wild-type SERT and SERT-P601A/G602A were
used (Bhat et al., 2020). Tryptophan hydroxylase (TRH)-T2A-Gal4
(Bloomington stock no. 84694; Bloomington Drosophila Stock Center,
Bloomington, IN; RRID: BDSC_84694) was used to drive the expres-
sion of transporters in serotonergic neurons. Three-day-old male
TRH-T2A-Gal4/UAS-YFP-hSERT wild type or TRH-T2A-Gal4/UAS-
YFP-hSERT-PG601,602AA flies were treated with food supple-
mented with 100 pM trazodone, 100 uM vilazodone, 100 uM nefazo-
done, or 100 pl DMSO for 48 hours. Adult fly brain images were

captured by confocal microscopy (Leica SP5). All fly lines were kept
at 25°C, and all crosses were performed at 25°C.

Immunohistochemistry and Imaging. Adult fly brains were
dissected in PBS and fixed in 2% paraformaldehyde in PBS for 1 hour
at room temperature. Brains were then washed three times in 0.1%
Triton X-100 in PBS for 20 minutes on a shaker. Blocking was per-
formed in 10% goat serum for 1 hour at room temperature on a shaker.
Brains were then incubated in primary antibody overnight in PBS con-
taining 3% bovine serum albumin and 0.3% Triton X-100 at 4°C on a
shaker. The rabbit polyclonal IgG directed against GFP (1:1000 dilu-
tion; A-11122, Invitrogen) was used as primary antibodies. After three
washes for 20 minutes with PBS containing 0.1% Triton X-100, the
brains were incubated overnight at 4°C with a secondary antibody
in PBS containing 0.3% Triton X-100 on a shaker. Alexa Fluor 488-
labeled goat anti-rabbit IgG (1:500; Invitrogen, A-11008; RRID:
AB_143165) was used as a secondary antibody. Following incubation
with a secondary antibody, the brains were washed three times with
PBS containing 0.1% Triton X-100 and were mounted using Vecta-
shield (Vector Laboratory, Burlingame, CA). Images were captured
on a Leica SP5II confocal microscope (RRID: SCR_018714) with
20-fold magnification. Z-stack images were scanned at 1.5-pm section
intervals with a resolution of 512 x 512 pixels. Images were proc-
essed with ImagedJ (RRID: SCR_018714).

Statistics. The first part of the study was exploratory in nature:
accordingly, for electrophysiological recordings, uptake, binding, and
cellular pharmacochaperoning studies, the number of independent
experiments (n = 3-5) was chosen to verify the reproducibility of the
data, and there were not any preplanned statistical tests. Error bars
indicate S.D. The appropriate equations for a rectangular hyperbola,
monophasic inhibition, monoexponential decay, and monoexponen-
tial rise were used for nonlinear least-squares curve fitting to calcu-
late the parameter estimates, which are reported as median values
and their 95% confidence intervals (CI). Concentration response
curves obtained from electrophysiological recordings were fitted by
either shared or separate parameters. An F test was used to verify if
a fit with separate parameters gave a statistically significant improve-
ment in the fit. ICs, values, which were obtained in binding and uptake
assays under two paired conditions (i.e., Na*- versus K'-containing
buffer, preincubation with inhibitors versus their simultaneous addition
with substrate), were compared by a paired ¢ test or a Mann-Whitney
rank sum test (if the Shapiro-Wilk test indicated departure from a nor-
mal distribution). Multiple statistical comparisons were done by
(repeated measures) ANOVA, Kruskal-Wallis, or Friedman test fol-
lowed by Tukey’s, Dunn’s, or the Holm-Sidék post hoc test. In this ex-
ploratory part, P values are descriptive rather than hypothesis testing.
In drosophila experiments, which examined the ability of compounds
to restore delivery of SERT-P601A/G602A to the axonal territory, the
number of experiments was based a power calculation (>90% probabil-
ity of finding a statistically significant difference with P < 0.01) based
on the variation previously observed (Bhat et al., 2023). Comparisons
between groups (of differently treated flies) were done by a Kruskal-Wallis
test followed by a two-sided Dunn’s multiple comparison.

Results

Inhibition of Substrate Uptake through SERT by
Vilazodone, Trazodone, and Nefazodone is Insurmount-
able. Vilazodone was reported to be a noncompetitive inhibi-
tor of SERT (Plenge et al., 2021); consistent with this recent
report, we found that increasing concentrations of vilazodone
resulted in a progressive reduction in the V., of serotonin
uptake (Fig. 1A). However, we observed mixed-competitive
inhibition because the Ky, of 5-HT rose with increasing concen-
trations of vilazodone (Table 1). We ascribe this discrepancy to
the highly lipophilic nature of vilazodone (Figs. 2 and 8). In con-
trast and as expected, cocaine resulted in surmountable (.e.,
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Fig. 1. Inhibition by vilazodone (A), trazodone (B), nefazodone (C), and
mCCP (D) of [?H]5-HT uptake by SERT. Substrate uptake by HEK293
cells stably expressing YFP-tagged wild-type SERT was determined as
outlined in Materials and Methods. The data were obtained from three
(A and B) or four (C and D) independent experiments, which were done
in triplicates; the error bars indicate S.D. Cocaine (5 uM) was used as an
internal control for competitive inhibition in each experiment, but the
pertinent data are only shown in (A). Similar, control curves were done
in each set of experiments; the displayed control curve is the average
from all pooled data (n = 11) and is the same in all panels. The lines
were drawn by curve fitting to the equation of a rectangular hyperbola.

competitive) inhibition (red triangles in Fig. 1A; Table 1). Inhi-
bition of substrate uptake by both trazodone (Fig. 1B) and
nefazodone (Fig. 1C) was not competitive, i.e., increasing
concentrations of these compounds resulted in a progressive
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TABLE 1

Effect of vilazodone, trazodone, nefazodone, and mCCP on the kinetics
of 5-HT uptake by wild-type SERT

Shown are the median and the 95% confidence intervals. Parameter
estimates were obtained by fitting the data shown in Fig. 1 to a rectan-
gular hyperbola. The statistical comparison was done by ANOVA fol-
lowed by Tukey’s post hoc comparison against the Ky and the V..
under control conditions; P values are given in parentheses.

Inhibitor Vimax Ky
(uM) (pmol min ! 10 cells) (uM)
Control (n = 11) 0 99.3 (95.0-103.6) 1.4 (1.2-1.8)
Cocaine (n = 9) 5 106.0 (101.1-111.9) 4.9 (4.3-5.5)
(P > 0.9999) (P < 0.0001)
Vilazodone 1 52.3 (44.2-60.2) 3.7 (2.7-6.2)
(n=23) (P < 0.0001) (P = 0.3186)
3 15.3 (11.9-18.7) 5.4 (1.9-7.7)
(P < 0.0001) (P =0.0151)
10 14.7 (11.0-18.4) 6.1 (2.2-10.6)
(P < 0.0001) (P < 0.0001)
Trazodone 1 100.8 (85.7-115.8) 5.2 (3.2-6.8)
(n=3) (P = 0.9833) (P = 0.0083)
3 52.7 (43.5-61.9) 6.4 (3.9-9.8)
(P < 0.0001) (P =0.0011)
10 35.6 (32.0-42.0) 8.0 (5.6-10.5)
(P < 0.0001) (P < 0.0001)
Nefazodone 5 78.4 (71.9-83.6) 1.4 (1.0-1.7)
(n=4) (P = 0.002) (P > 0.9999)
10 54.8 (51.5-59.6) 2.0 (1.4-2.3)
(P < 0.0001) (P > 0.9999)
30 23.6 (21.6-26.9) 1.3 (0.8-1.8)
(P < 0.0001) (P > 0.9999)
100 14.3 (13.2-15.5) 1.9 (1.4-24)
(P < 0.0001) (P = 0.9998)
mCCP 1 99.9 (90.8-108.7) 3.3 (2.1-4.4)
(n =4) (P = 0.9993) (P = 0.1228)
3 109.9 (100.4-117.1) 4.2 (3.1-5.1)
(P = 0.997) (P = 0.2543)
10 107.6 (98.0-117.0) 6.2 (5.3-7.9)
(P > 0.9999) (P < 0.0001)

decline of V. trazodone gave rise to mixed-competitive in-
hibition, with the Ky; of 5-HT shifting to higher values in the
presence of increasing trazodone (Table 1). In contrast, inhibi-
tion by nefazodone was noncompetitive because the Ky, of 5-HT
in the presence of 5, 10, 30, and 100 uM was comparable to
that seen in the absence of any inhibitor (Table 1). The me-
tabolite mCPP is a substrate of SERT (Baumann et al.,
2014). Accordingly, inhibition of substrate uptake by mCPP
was competitive (Fig. 1D): with increasing concentrations of
mCPP, the Ky of substrate was shifted to the right, but
Vmax remained constant (Table 1).

We noted that the inhibitory potency of vilazodone was very
much dependent on the time when it was added to the uptake
assay. This is illustrated by the concentration-response curves
shown in Fig. 2A: the ICs, of vilazodone was shifted by more
than two orders of magnitude to the left if cells were preincu-
bated for 15 minutes with vilazodone, resulting in median ICs,
values of 6.1 nM (95% CI, 5.7-6.6 nM) and 1.0 pM (95% CI,
0.5-1.9 uM; P = 0.00197, ¢ test for paired values) for 15-minute
preincubation and for simultaneous addition, respectively. In
contrast, the inhibitory potency of trazodone (Fig. 2B; IC5x,
1.8 uM; 95% CI, 1.4-2.1 pM and ICsq, 1.6 uM; 95% CI,
1.1-2.4 uM for 15-minute preincubation and for simulta-
neous addition, respectively; P = 0.897, ¢ test for paired data),
of nefazodone (Fig. 2C; ICso, 4.5 uM; 95% CI, 3.0-6.5 uM and
7.5 uM; 95% CI, 6.0-8.4 uM for 15-minute preincubation and
for simultaneous addition, respectively; P = 0.063, ¢ test for
paired data) and of mCPP (Fig. 2C; ICsy, 2.4 uM; 95% CI,
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Fig. 2. Concentration-response curves for inhibition of SERT-mediated
[*H]5-HT uptake by vilazodone, trazodone, and mCCP. HEK293 cells stably
expressing YFP-tagged wild-type SERT were seeded in poly-D-lysine—coated
96-well plates (2 x 10° cellsiwell). After 24 hours, cells were washed twice
with Krebs-HEPES buffer. The uftake reaction was initiated by simulta-
neous addition (open symbols) of ["H]5-HT (final concentration, 0.1 pM) and
the indicated concentrations of vilazodone, trazodone, or mCCP. Alterna-
tively, cells were preincubated for 15 minutes with the indicated concentra-
tions of vilazodone, trazodone, or mCCP, and the uptake reaction was
initiated subsequently by the addition of [PH]5-HT (closed symbols). The val-
ues of specific uptake in the absence of vilazodone, trazodone, and mCCP
were 7.2 + 0.3, 6.0 + 0.4, and 6.2 + 0.6 pmol min~! 107 cells; these were set
to 100% to normalize for interassay variation. Data are means + S.D. from
three independent experiments done in triplicates. The curves were gener-
ated by a fit to the equation describing monophasic inhibition.
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1.3-3.1 uM and ICsq, 1.7 pM; 95% CI, 1.0-2.4 M for 15-minute
preincubation and for simultaneous addition, respectively;
P = 0.256, t test for paired data) did not depend on the in-
cubation time.

Transport-associated inward currents through SERT can be
recorded in the whole-cell patch-clamp configuration if SERT-
expressing cells are challenged with substrate. The current
has two components: 1) a peak current, which reflects the ini-
tial synchronized movement of substrate and cosubstrate
through the membrane electric field, and 2) a steady current,
which reflects the continuous cycling of the transporter in the
forward transport mode (Schicker et al., 2012). Accordingly,
we also used electrophysiological recordings to verify that
SERT is inhibited by trazodone and nefazodone in a manner

that is not competitive: the representative traces in Fig. 3, A
and B show that trazodone caused a pronounced inhibition of
the steady current. The amplitude of the steady current at satu-
rating 5-HT declined progressively in the presence of increasing
trazodone concentrations (Fig. 3C). The same was true for nefa-
zodone (Fig. 3D). We extracted the normalized current ampli-
tudes at a saturating concentration of 5-HT (i.e., 30 uM) from
Fig. 3, C and D and plotted them as a function of the trazodone
(circles in Fig. 3E) and nefazodone concentration (triangles in
Fig. 3E). The ICs, values estimated by the fits were 0.37 uM for
trazodone and 0.88 uM for nefazodone. We also analyzed the
dependence of the substrate Ky; on the concentration of the in-
hibitors. The Ky values were estimated by fitting the satura-
tion curves in Fig. 3, C and D to a rectangular hyperbola. In
Fig. 3F, we plotted the Ky of 5-HT as a function of the trazo-
done and nefazodone concentration. The Ky; value of 5-HT in-
creased with the concentration of trazodone. This was not the
case for nefazodone. This confirms that trazodone is a mixed-
competitive inhibitor of SERT, whereas inhibition by nefazo-
done is noncompetitive.

Binding of Vilazodone and of Trazodone to SERT
Requires the Presence of Sodium. Typical inhibitors such
as citalopram, a selective serotonin reuptake inhibitor, bind to
the outward-facing state. In the transport cycle of SERT, potas-
sium drives the return step from the inward-facing to the
outward-facing conformation (Bhat et al., 2021b). Accordingly,
appreciable binding of typical radiolabeled inhibitors can be de-
tected in the presence of potassium, but the binding affinity of
these inhibitors and of substrates is substantially higher in the
presence of saturating concentrations of sodium than of potas-
sium (Korkhov et al., 2006; Bhat et al., 2023). Atypical inhibi-
tors, which trap SERT in the inward-facing conformation,
however, bind either with comparable affinity in the presence
of sodium and potassium or bind preferentially in the pres-
ence of potassium (Bhat et al., 2023). We therefore examined
the ability of vilazodone and trazodone to inhibit binding of
[*H]citalopram to SERT in the presence of 120 mM Na* versus
120 mM K*. The ibogaine analog compound 9b (Bhat et al.,
2020) was used as internal control (Fig. 4A): as previously
shown (Bhat et al., 2023), compound 9b competed with [*H]
citalopram binding to SERT with comparable affinity in the
presence of 120 mM Na™ (median ICs, 76 nM; 95% CI,
51-105 nM) and 120 mM K* (ICso, 74 nM; 95% CI, 70-79 nM,;
P = 0.736, t test for paired data). In contrast, the inhibition
curve for vilazodone (IC5q, 5.8 nM; 95% CI, 1.8-10.3 nM and
36.7 nM; 95% CI, 15.5-54.1 nM; P = 0.00332, ¢ test for paired
data), for trazodone (ICsq, 472 nM; 95% CI, 335-624 nM and
4380 nM; 95% CI, 4098-4603 nM; P = 0.00000001186, ¢ test for
paired data), and for nefazodone (ICsq, 747 nM; 95% CI,
610-885 nM and 1490-95% CI, 892-1490 nM; P = 0.0276,
t test for paired data) was shifted to the right if the binding re-
action was conducted in the presence of K* (closed and open
symbols in Fig. 4, B-D). We note that the shift was most pro-
nounced for trazodone (median, 9.2-fold; 95% CI, 6.6- to 12.0-
fold), followed by vilazodone (6.0-fold; 95% CI, 4.7- to 7.0-fold)
and nefazodone (2.2-fold; 95% CI, 1.3- to 2.7-fold), with the dif-
ferences being statistically significant (P = 0.008; ANOVA fol-
lowed by all pairwise comparison by the Holm-Sidak test). The
metabolite mCPP is a (partial) substrate of SERT (Baumann
et al., 2014): as expected for a substrate, the affinity of mCPP
for SERT was higher in the presence of Na™ (median ICs,
608 nM; 95% CI, 584626 nM) than in the presence of K"
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Fig. 3. Mixed-competitive and noncompetitive inhibition by trazodone
(TRZ) and nefazodone, respectively, of transport-associated currents
through SERT. (A and B) The electrophysiological protocol is illustrated
above the representative traces: substrate-induced currents were first
evoked by superfusing a HEK293 cell expressing GFP-tagged human
SERT in the whole-cell patch-clamp configuration with 30 pM 5-HT (open
bar), followed by a washout and a subsequent superfusion with 0.3 (red
bar, A) and 3 uM (blue bar, B) trazodone. A second pulse of serotonin at
the indicated concentrations was applied in the continuous presence of
trazodone. The representative traces show the corresponding currents eli-
cited by the first pulse of 5-HT and the second pulse of increasing 5-HT
concentrations in the presence of trazodone. (C and D) The steady current
amplitudes were recorded as in (A) and (B), normalized to the amplitude
of the first pulse (i.e., 30 uM 5-HT) prior to superfusion with trazodone
(C) and nefazodone (NFZ, D) and plotted as a function of the 5-HT con-
centration. For the control curves (0 pM, orange squares), cells were
superfused with buffer. The lines represent the fit to a rectangular hyper-
bola. V.« values differed in a statistically significant manner between
curves generated in the absence (control, 0 pM) and presence of trazodone
or of nefazodone (P < 0.001, F test). (E) The amplitudes of the steady cur-
rent elicited by 30 uM 5-HT were taken from (C) and (D) and plotted as a
function of the trazodone and nefazodone concentration, respectively. The
fitted curves gave ICso values of 0.37 uM (95% CI, 0.19-0.71 uM) and
0.88 UM (95% CI, 0.47-1.65 pM) for trazodone (blue) and nefazodone
(green), respectively. (F) Ky values were extracted from the curves shown
in (C) and (D) and plotted as a function of the trazodone and nefazodone
concentration, respectively. The Ky values in the absence and presence
of 0.06 and 0.3 pM trazodone were 0.44 uM (95% CI, 0.21-0.68 pM),
0.66 uM (0.39-0.93 pM), and 0.94 uM (0.52 to 1.36 puM), respectively.
The Ky values in the absence and presence of 1 and 3 pM nefazodone
were 0.45 pM (0.21-0.70 pM), 0.30 (0.065 to 0.54 uM), and 0.46 puM (0.01 to
1.03), respectively. The lines were obtained by linear regression, yielding
slopes of 1.52 + 0.38 (statistically significant correlation, P = 0.04) and
0.004 + 0.066 (no statistically significant correlation, P = 0.95) for trazo-
done (blue) and nefazodone (green), respectively.

(ICs0, 3916 nM; 95% CI, 2017-6592 nM; P = 0.008, Mann-
Whitney rank sum test) (inset to Fig. 4C).

Insurmountable inhibition of substrate uptake is seen if
the inhibitor traps the transporter in the inward-facing state
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Fig. 4. Inhibition of [®H]citalopram binding to SERT by compound 9b
(A), vilazodone (B), trazodone and mCCP (C), and nefazodone (D) in the
presence of sodium and potassium. The reactions were done in a binding
buffer, which contained either 120 mM Na™ (closed symbols) or 120 mM
K" (open symbols) with membranes (about 2.5 pg and 30 pg, respectively)
and 3 nM [*H]citalopram. Specific binding in the absence of inhibitor was
in the range of 12.5-14.5 pmol mg~' and 0.37-0.45 pmol mg™! for buffer
containing 120 mM Na™ or K*, respectively, and was set to 100% to nor-
malize for interassay variation. Data are means from three (A, B, and D),
five (C), and four (inset to C) independent experiments done in duplicate;
error bars represent S.D. The curves were generated by a fit to the equa-
tion describing monophasic inhibition.

(Bhat et al., 2023). However, this cannot account for the ac-
tion of trazodone (and its congeners) because they bound pref-
erentially to the Na'-promoted, outward-facing state. The
alternative possibility is that insurmountable inhibition arises
from an allosteric action. In this instance, both substrate and
inhibitor can bind simultaneously. Accordingly, we compared
the ability of cocaine (Fig. 5A) and of trazodone (Fig. 5C) to in-
hibit binding of [*H]citalopram to SERT in the presence of se-
rotonin. The data summarized in Fig. 5, A and C were
transformed by plotting the reciprocal of bound radioligand
as a function of inhibitor concentration to yield Dixon plots
(Fig. 5, B and D). Dixon plots allow for differentiating mutually
exclusive from mutually nonexclusive binding if one inhibitor
(i.e., cocaine or trazodone) is examined at a fixed concentration
of the second inhibitor (i.e., serotonin) (Segel, 1975): if the two
inhibitors bind to the same site, the slope of the inhibition
curves is not affected, resulting in a family of parallel lines. As
expected, this was observed for cocaine in the presence of sero-
tonin (Fig. 5B). In contrast, a family of lines of progressively
increasing slope is seen if binding of the two inhibitors is mutu-
ally nonexclusive. This was seen for trazodone (Fig. 5D). Thus,
binding of serotonin and of trazodone to SERT occurred con-
comitantly and to different sites.

Determination by Electrophysiological Recordings
of the Binding Kinetics of Trazodone and Vilazodone.
The experiments summarized in Fig. 4 indicate that trazodone
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Fig. 5. Inhibition of [*H]citalopram binding to SERT by cocaine (A)
and trazodone (C) in the absence and presence of serotonin. The reac-
tions were done in a binding buffer, which contained 120 mM Na*
with membranes (about 3 ug) and 4 nM [*H]citalopram in the absence
(circles) and presence of 1 (triangles) and 10 pM serotonin (squares).
Data are means from three independent experiments done in duplicate;
error bars represent S.D. The curves were generated by a fit to the
equation describing monophasic inhibition. (B) and (D) show the trans-
formation of the data of (A) and (C), respectively, into Dixon plots.

and its congeners (vilazodone and nefazodone) gain access to
their binding site(s) in the Na™-promoted, outward-facing con-
formation. The on and off rate for binding of inhibitors to the
outward-facing state can be assessed by monitoring their
time-dependent effect on the substrate-evoked peak current
through SERT (Hasenhuetl et al., 2015). Accordingly, we first
recorded the substrate-induced current prior to and after
superfusion of HEK293 cells stably expressing GFP-tagged
SERT with trazodone for variable time intervals to obtain the
association rate constant: the amplitude of the peak current
declined as the time interval of trazodone exposure was
increased (Fig. 6A). This approach allowed for assessing
the time course of the trazodone-induced inhibition by
comparing the peak current amplitude evoked by 5-HT
prior to and after application of trazodone as a function of
time. It is evident from Fig. 6B that 1) raising the concen-
tration of trazodone accelerated the onset of inhibition
and that 2) the time course of inhibition was adequately
described by a monoexponential decay. We extracted the
apparent rates and plotted these k,,, values as a function
of trazodone concentration (Fig. 6C): the slope and the
y-intercept allowed for estimating the association rate
constant (k,,) and the dissociation rate constant (k,g),
respectively. A kinetic Kp of 72.5 nM was estimated from
the ratio kqg/k,,. This is in reasonable agreement with the
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Fig. 6. Kinetics of trazodone (TRZ) binding to SERT. (A) The protocol
used to assess the association kinetics of trazodone is illustrated above
the representative traces: substrate-induced currents were evoked by
superfusing a HEK293 cell expressing GFP-tagged human SERT in the
whole-cell patch-clamp configuration with 30 pM 5-HT (black bar) be-
fore and after application of 0.3 uM trazodone for a period of 1, 2, and
4 seconds (red bar). (B) The resulting ratios of 5-HT—induced peak cur-
rent amplitudes before and after the application of trazodone were plot-
ted as a function of the exposure time to the indicated concentrations
of trazodone. Data are means + S.D. from 5-9 independent recordings.
The lines were drawn by fitting the data to a monoexponential func-
tion. Separate fitting to three curves was significantly better than to a
single curve with shared parameters (P = 0.0001, F test). Accordingly,
both the extent of steady current inhibition and the k,p, values de-
pended on the trazodone concentration. (C) The extracted k,p, values
were plotted as a function of trazodone concentration; error bars indi-
cate S.D. The k., (4.3-10° M~1-s7!) and kg values (0.29 seconds™')
were obtained from the y-intercept and the slope of the regression line,
respectively. (D) The inhibition of the peak current amplitude at
steady-state was plotted as a function of the trazodone concentration to
calculate an ICs¢ of 173 nM (95% CI, 145-201 nM). (E) The protocol
used to assess the dissociation kinetics of trazodone is illustrated above
the representative traces: substrate-induced currents were evoked by
superfusing a HEK293 cell expressing GFP-tagged human SERT in the
whole-cell patch-clamp configuration with 30 pM 5-HT (black bars) be-
fore application of 10 pM trazodone (red bar) for a period of 7 seconds
(red bar). The subsequent washout period was varied in length prior to
reapplication of the second 5-HT pulse. The representative traces show
that the peak current recovered over time. (F) The peak current ampli-
tude elicited by the second pulse of 5-HT was compared with the peak
current amplitude of the control 5-HT pulse, and the ratios were plot-
ted as a function of the length of the washout period. A monoexponen-
tial fit yielded a kog of 0.30 seconds™ (95% CI, 0.25-0.36 seconds™1).
Data are means + S.D. from 5-9 independent recordings. k,p,, apparent
rate of association.
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Fig. 7. Kinetics of vilazodone (VLZ) binding to SERT. (A) Vilazodone
dissociation kinetics were determined with the protocol illustrated
above the representative traces: substrate-induced currents were
evoked by superfusing a HEK293 cell expressing GFP-tagged human
SERT in the whole-cell patch-clamp configuration with 30 pM 5-HT
(white bar). After washout, the cell was superfused with 100 nM vila-
zodone (red bar) for 3 seconds followed by 5-HT pulses (white boxes) at
the indicated intervals. The representative traces show the time course
of peak current recovery, which reflects the rate of vilazodone dissocia-
tion. The amplitude of the current did not recover to the amplitude eli-
cited by the initial control pulse: the lost fraction of the current Al is
indicated by the dashed lines. (B) The time course of peak current re-
covery was measured as in (A) after increasing time intervals (1, 3, 5,
and 10 seconds) of exposure to 100 nM vilazodone. The current ampli-
tudes were normalized to ., the amplitude reached at steady state,
and plotted as a function of the length of the washout period: the time
course of peak current recovery depended on the length of exposure to
vilazodone, namely yielding estimates of kg = 0.31 seconds™t (95% CI,
0.20-0.42 seconds '), 0.18 seconds ' (95% CI, 0.14-0.22 seconds '),
0.12 seconds™! (95% CI, 0.10-0.14 seconds™!), and 0.047 seconds™!
(95% CI, 0.041-0.0547 seconds™?) for 1-, 3-, 5-, and 10-second exposure,
respectively. (C) Al was plotted as a function of the exposure time to
100 nM and 150 nM vilazodone to highlight that AI increased with
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IC50 value (0.23 uM) estimated from the steady-state inhi-
bition of the peak current (Fig. 6D).

We independently estimated the dissociation rate constant of
trazodone by measuring recovery of the peak current from inac-
tivation. The protocol required for this approach is illustrated
in Fig. 6E: after the substrate-evoked current was measured,
the cells were superfused for a defined time interval (7 seconds)
with 10 uM trazodone and challenged again with 30 pM 5-HT
after increasing intervals of washout. It is evident from the rep-
resentative traces shown in Fig. 6E that the amplitude of the
peak progressively recovered as the intervening washout phase
was increased. Peak current recovery, which reflects the time-
dependent unbinding of trazodone, was adequately described
by a monoexponential rise. An estimate of 0.3 seconds ! was
extracted for the kg (Fig. 6F), which is in excellent agreement
with the kg estimate obtained from the y-intercept in Fig. 6C.

The approach outlined in Fig. 6 was also used to examine
the kinetics of vilazodone binding to SERT. We first at-
tempted to determine the dissociation rate of vilazodone by
recording the recovery of the peak current from inactivation:
if HEK293 cells stably expressing GFP-tagged SERT were
exposed for 3 seconds to 100 nM vilazodone, the peak current
recovered rapidly (z = 0.19 seconds™}; traces in Fig. 7A, red
squares in Fig. 7B). However, the peak current did not fully
recover (the difference between the current amplitude eli-
cited by the initial pulse of 5-HT and the amplitude reached
after steady state of recovery is illustrated as Al in Fig. 7A).
It is worth pointing out that cells were exposed to trazodone
for 7 seconds in Fig. 6, which allowed for full recovery of the
peak current amplitude. In addition, the time course of recov-
ery was progressively delayed as the incubation time with
100 nM vilazodone was prolonged (Fig. 7B). This was also
true for the loss in peak current amplitude Al, which in-
creased with both incubation time and vilazodone concentra-
tion (Fig. 7C). This suggested that a fraction of SERT was
inhibited by vilazodone in a quasi-irreversible manner. This
is also evident from Fig. 7D: if the steady-state current
through SERT was evoked by superfusing cells with 30 uM
5-HT, the current was completely suppressed by brief (i.e.,
2 seconds) exposure to 10 pM vilazodone. Importantly, the
current did not recover to any appreciable extent, although
SERT were continuously superfused with 5-HT for more
than 30 seconds.

The rate of vilazodone binding was estimated by recording
the decline in peak current amplitude arising from superfusing
cells with 100, 150, and 300 nM vilazodone for increasing time

both the exposure time to and the concentration of vilazodone. (D) Quasi-
irreversible inhibition of SERT by vilazodone: the representative trace il-
lustrates that, in the continuous presence of 30 M 5-HT (black bar),
superfusion with 10 pM vilazodone for 2 seconds (red bar) fully sup-
pressed the substrate-induced steady current, which did not recover over
the next >30 seconds in spite of the removal of vilazodone. (E) Represen-
tative currents elicited by the protocol (illustrated above the traces) em-
ployed to measure the association rate of vilazodone: vilazodone (100 nM)
was applied for variable intervals (red bars) followed immediately by
superfusion with 30 pM 5-HT (black bars). (F) The ratio of 5-HT—induced
peak current elicited by 5-HT before and after vilazodone was plotted as
a function of the time of vilazodone exposure. The lines represent the fit
to a monoexponential decay. (G) The apparent rates of association (kupp)
were extracted from the fit in (F) and plotted as a function of the
vilazodone concentration. The values for ko, = 0.7-10° M~! s7! and
koir = 0.6 seconds™! of vilazodone were determined from the slope and
the y-intercept of the regression line, respectively.
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intervals (Fig. 7, E and F). It is evident that the time course of peak current recovery after exposure to 100 nM vilazodone
inhibition by 300 nM vilazodone (green triangles in Fig. 7F) (Fig. 7, A and B) that vilazodone unbinds rapidly provided
was slower than that resulting from 300 nM trazodone (blue that the exposure time is short. The recovery curve with the
squares in Fig. 6B). The quasi-irreversible component exerted shortest exposure time (1 second, blue squares in Fig. 7B) al-
by vilazodone compounded the analysis and precluded the use lows for estimating kg in the range of 0.3 seconds™!. How-
of higher concentrations. Nevertheless, the initial binding ever, it is obvious from the data shown in Fig. 7B that this
event, which drives the interaction of vilazodone with SERT, k. is an underestimate of the true k.& The k& estimated
is not of high affinity: it is evident from the time course of from the y-intercept in Fig. 7G is 0.6 seconds™?, but there is
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Fig. 8. Vilazodone (A), trazodone (B), nefazodone (C), and mCCP (D) rescue folding-deficient SERT-P601A/G602A. Cell lysates were prepared
from HEK293 cells stably expressing YFP-tagged wild-type SERT (WT) or from HEK293 expressing SERT-P601A/G602A (PG-AA), which had
been incubated with the indicated concentrations of vilazodone (A), trazodone (B), nefazodone (C), and mCCP (D). Aliquots of detergent lysates
(30 pg) were electrophoretically resolved and transferred onto nitrocellulose membranes. The immunoreactivity was detected with antibodies
directed against anti-GFP antibody and G protein f-subunits (Gf) to visualize YFP-tagged SERT and the loading control Gp, respectively. The
blots shown in (A-C) are representative of three (A—C) and five (D) independent experiments. The immunoreactive bands in panels were quan-
tified using imaged to calculate the ratio of mature (M) to ER-resident, core-glycosylated band (C). This ratio [means + S.D.; n = 3in (A-C) andn = 5
in (D)] was plotted as a function of ligand concentration on the right-hand side. The curves were drawn by fitting the equation for a rectangular hy-
perbola to the data points. A statistical comparison of the control value (i.e., the ratio of mature to core glycosylated band in the absence of cellular
preincubation with any compound) to the values obtained in the presence of compounds was done by repeated measures ANOVA followed by the
Holm-Sidak post hoc test: this showed a significant effect (P = 0.01) for vilazodone (A), trazodone (B), nefazodone (C), and m-CPP (D) at concentra-
tions =0.03, 2.5, 1, and 10 uM, respectively.



a large error associated with this estimate. In spite of these
caveats, the Kp calculated from the ratio of kyg/k,, is in the
range of 0.4-0.9 pM and thus in the range of the IC5o, which
was observed if inhibition of substrate was assessed without
preincubation (c¢f. Fig. 2A).

Trazodone and Its Congeners Are Effective Phar-
macochaperones. Taken together, the observations sug-
gested that the binding mode of trazodone, nefazodone, and
vilazodone differed substantially from typical inhibitors. Be-
cause of this atypical binding mode, we explored the conjecture
that these compounds also acted as pharmacochaperones.
Accordingly, we incubated cells expressing YFP-tagged
SERT-P601A/G602A for 24 hours in the presence of increasing
concentrations of these compounds. SERT-P601A/G602A is
a severely misfolded mutant, which is retained in the endoplas-
mic reticulum but is amenable to rescue by noribogaine
(El-Kasaby et al., 2014), its congeners (Bhat et al., 2020), other
atypical inhibitors (Bhat et al., 2023), and partial substrates
(Bhat et al., 2017). As anticipated from its folding deficiency, in
the absence of pharmacochaperones, SERT-P601A/G602A accu-
mulated exclusively as ER-resident core-glycosylated species
(band labeled C in Fig. 8, A-D). Incubation with vilazodone
(Fig. 8A), trazodone (Fig. 8B), nefazodone (Fig. 8C), and mCPP
(Fig. 8D) led to a concentration-dependent appearance of a spe-
cies, which carried mature glycans (band labeled M in Fig. 8,
A-D) and thus migrated with slower mobility. This upper band
comigrated with the predominant band of wild-type SERT (left-
hand lanes in Fig. 8, B-D). We quantified the ratio of upper
and lower band to generate concentration response curves
(right-hand graphs in Fig. 8, A-D). A rectangular hyperbola
was fitted to the data points. The estimated values for the EC5q
of the pharmacochaperoning effect of the compounds is shown
in Table 2 (left-hand column).

SERT is subject to constitutive clathrin-dependent endocyto-
sis (Koban and Freissmuth, 2023). It is conceivable that a frac-
tion of SERT-P601A/G602A escapes from the ER to the cell
surface but is rapidly cleared by endocytosis. In this alterna-
tive scenario, the action of trazodone and its congeners does
not arise from pharmacochaperoning in the ER but from
blockage of SERT internalization at the cell surface. We exam-
ined this scenario by imposing a cycloheximide block to trans-
lation for 2 or 4 hours (Kusek et al., 2015), either after an
incubation for 4 hours in the absence and presence of vila-
zodone, trazodone, or nefazodone (Fig. 9, A and B) or prior to

TABLE 2

EC5¢ values of vilazodone, trazodone, nefazodone, and mCCP in restor-
ing ER export (assessed by immunoblotting) of and 5-HT uptake by
SERT-P601A/G602A

Shown are the median and the 95% confidence intervals. Parameter es-
timates were obtained by fitting the data shown in Fig. 8 (left hand
column) and Fig. 10 (right hand column) to a rectangular hyperbola.

Immunoblotting Substrate Uptake
ECso (M) ECso (M)
Vilazodone 0.057 (0.017-0.097) n.d.
(n =3)
Trazodone 5.8 (2.5-9.2) 3.9 (2.0-5.7)
(n=3) (n=3)
Nefazodone 2.5 (1.3-3.8) 2.4 (1.2-3.7)
(n=3) n=4)
mCCP 24.9 (6.2-43.6) 15.3 (1.9-28.8)
(n =5) (n=3)

N.d., not determined, because of resistance of vilazodone to washout.
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this incubation (Fig. 9, C and D). It is evident that ER export
(i.e., appearance of the mature band) was also observed if the
cycloheximide-induced block was imposed 4 hours prior to the
addition of vilazodone, trazodone, or nefazodone to the cells
(Fig. 9, C and D). Thus, the action of these compounds is ac-
counted for by a pharmacochaperoning effect on the ER resi-
dent SERT-P601A/G602A rather than a hypothetical inhibition
of transporter internalization. We also explored whether these
three compounds affected ER export of wild-type SERT. This
was not the case: incubation of cells in the presence of vilazo-
done, trazodone, or nefazodone did not affect the level of the
mature band (Fig. 9, E and F).

We verified that the preincubation with the compounds did
not only restore ER export but also delivery of functionally ac-
tive SERT-P601A/G602A to the cell surface by measuring cellu-
lar uptake of substrate (Fig. 10). It was not possible to remove
vilazodone by washing cells with buffer. This is illustrated with
the control incubation of HEK293 cells harboring wild-type
SERT (black circles in Fig. 10A). Various regimens were tried,
including acid washes (Bhat et al., 2017) and incubation with
lipid emulsions (Intralipid) (Ok et al., 2018). These were ineffec-
tive (data not shown). The only approach that allowed for par-
tial reversal of the persistent vilazodone-induced inhibition was
repeated washing of cells with milk (red squares in Fig. 10A).
Under these conditions, it was evident that preincubation with
vilazodone partially rescued SERT-P601A/G602A: consistent
with the data shown in Fig. 8A, transport activity was restored
in cells exposed to concentrations of vilazodone in the nM range
(brown triangles in Fig. 10A). However, the full extent of the
pharmacochaperoning action of vilazodone was still masked by
the residual inhibition. Hence, it was not possible to estimate
an ECsx, for vilazodone.

The rapid dissociation kinetics (c¢f. Fig. 6) predicted that
trazodone was readily removed after the preincubation. This
was the case. Preincubation with trazodone rescued the folding
deficiency and restored substrate transport by SERT-P601A/
G602A (Fig. 10B). In fact, the estimated ECsq for promoting
5-HT uptake was comparable to the EC5o estimated for restor-
ing ER export (Table 2). Nefazodone was the most efficacious
pharmacochaperone (Fig. 10C), and the EC5, was again in ex-
cellent agreement to that estimated for restoring ER export
(Table 2). Similarly, and consistent with the data shown in
Fig. 10D, mCPP was a less potent (Table 2) and less efficacious
pharmacochaperone than trazodone (cf. maximum effect E,ax
in Figs. 9B and 10C).

Nefazodone, Trazodone, and Vilazodone Restore Pre-
synaptic Expression of Folding-Deficient hSERT-PG 601
and 602 AA in the Adult Fly Brain. We examined if trazo-
done and its congeners exert pharmacochaperoning effect
in vivo using Drosophila as a model organism. Earlier studies
using humanized flies expressing human SERT and DAT
have shown that the folding-deficient transporters are ame-
nable to pharmacochaperoning (Kasture et al., 2016; Asjad
et al., 2017; Bhat et al., 2020, 2023). The adult fly brain con-
tains 80 serotonergic neurons (Kasture et al., 2018). The
TRH-T2A-Gal4 driver line was used to drive the expression
membrane—bound GFP (mCD8-GFP) in serotonergic neurons
to visualize their somata and their axonal projections: it is
evident that these serotonergic projections are widely distrib-
uted (Fig. 11, C and Cii). We focused on the FB6K-type sero-
tonergic neurons: there are two of these per hemisphere, but
their cell bodies are stacked over each other and thus—at the
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A

Fig. 9. Folding-deficient SERT-P601A/G602A is rescued during (A
and B) and after (C and D) a cycloheximide (CHX) block, but vila-
zodone, trazodone, and nefazodone do not enhance ER export of
wild-type SERT (WT) (E). (A and B) HEK293 cells stably express-
ing YFP-tagged SERT-P601A/G602A (PG-AA) were preincubated
for 4 hours in the absence (control) and presence of vilazodone (10 pM),
trazodone (100 pM), or nefazodone (15 wM). Thereafter (time = 0),
cycloheximide (50 wg/ml) was added to the cells, which were then incu-
bated for a further 2 or 4 hours. YFP-tagged SERT and Gf were visu-
alized by immunoblotting, and the quantification was done as in Fig. 8.
The blot (A) is representative of three independent experiments, the
quantification of which is shown in (B): the lines connect data point
from individual experiments. Two-way repeated measures ANOVA
(factor time and treatment) showed that there was a statistically signif-
icant increase over time (P < 0.05) in the ratio of mature over core-
glycosylated band (M/C ratio) in the presence all three compounds ver-
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sus the corresponding control M/C ratio. (C and D) The cells were first
incubated with cycloheximide for 2 hours followed by another 4 hours
in the absence and presence of vilazodone, trazodone, or nefazodone.
Subsequently, cellular lysates were prepared and the proteins were
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electrophoretically resolved and detected by blotting as described
above. The blot (C) is representative of four independent experiments,
the quantification of which is shown in (D): results from individual
experiments are shown as dots; bars represent the means + S.D.
There was a significant difference (P < 0.05, Friedman-test followed
by Dunn’s post hoc test) between the M/C ratio in the absence and
presence of the compounds. (E and F) Cell lysates were prepared
from HEK293 cells stably expressing YFP-tagged wild-type SERT,
which had been incubated in the absence (control) and presence of
(10 pM), trazodone (100 pM), or nefazodone (15 pM) for 24 hours.
The bar diagram shows the means + S.D from three independent
experiments. Dots indicate the results from these individual
experiments.

resolution shown in the images of Fig. 11—usually coalesce
into a single fluorescent soma (white arrows in Fig. 11) The
FB6K neurons innervate the presynaptic neuropil of the dor-
sal fan-shaped body (FB) (Fig. 11, A, C, and Cii). Similar to
mCD8-GFP, YFP-tagged wild-type SERT was also visualized
in both the FB6K somata and presynaptic FB neuropil and
many other areas of the fly brain (Fig. 11, D’ and D). The dis-
tribution of YFP-tagged wild-type SERT did not change if
flies that expressed YFP-tagged wild-type SERT were admin-
istered trazodone via their food (Fig. 11, E and Eii). In con-
trast, SERT-P601A/G602A only accumulated at the site
of its synthesis in the cell bodies of FB6K-type neurons
(Fig. 11Fii) and was not delivered to the FB neuropil or the
other axonal territories of the fly brain (Fig. 11F). This SERT-
P601A/G602A pattern was also seen in flies, that had been ad-
ministered DMSO (vehicle)-containing food (Fig. 11, G and Gii).
However, SERT-P601A/G602A reached the presynaptic FB
neuropil and the other axonal territories if flies were fed food
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pellets containing trazodone (Fig. 11, H and Hii), vilazodone
(Fig. 11, T and Iii), and nefazodone (Fig. 11, J and Jii). The
fluorescence signal in the dorsal FB neuropil was quantified
by Imaris 9.3 (Bitplane) in >10 flies/condition to verify that
the pharmacochaperoning effect was consistently observed
(Fig. 11B).

Discussion

Folding diseases arise from point mutations, which impair
the ability of a protein to reach its native conformation. With
a few notable exceptions, which are prevalent in certain pop-
ulations (e.g., sickle cell anemia), individual folding diseases
are rare, but collectively they account for a large proportion
of hereditary diseases: based on systematic sampling, a sub-
stantial fraction (about 28%) of the more than 100,000 identi-
fied disease-associated coding variants can be inferred to
affect folding of the encoded protein (Sahni et al., 2015). In
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Fig. 10. Preincubation of HEK293 cells expressing folding-deficient SERT-P601/A-G602A with vilazodone, trazodone, nefazodone, and mCCP
restores [°H]5-HT uptake. HEK293 stably expressing YFP-tagged SERT-P601A/G602A (PG-AA) were preincubated with the indicated concentra-
tions of vilazodone (A), trazodone (B), nefazodone (C), and mCCP (D) for 24 hours. As a control, HEK293 cells expressing stably expressing wild-
type SERT (WT) were also preincubated with vilazodone. Subsequently, the medium was removed; cells preincubated with vilazodone were
washed either with Krebs-HEPES buffer (buffer) or with milk; cells preincubated with trazodone and mCPP were washed with Krebs-HEPES
buffer, and uptake of 0.1 uM [3H]5-HT was subsequently determined as described in Material and Methods. Data are means + S.D. from three
(A—C) and four (D) independent experiments done in triplicate. The curves in (B-D) were drawn by fitting a rectangular hyperbola. A statistical
comparison of the control value (i.e., substrate uptake in the absence of cellular preincubation with any compound) to the values obtained after
preincubation with compounds was done by repeated measures ANOVA followed by the Holm-Siddk post hoc test: this showed a significant effect
(P = 0.04) for trazodone, nefazodone, and m-CPP at concentrations =1, 0.5, and 30 uM, respectively). Similarly, there was a significant difference
(P = 0.03, ¢ test for paired data) in substrate uptake by cells subjected to washes with PBS and with milk following preincubation with

vilazodone.

the past 2 decades, the list of disease-associated coding var-
iants in SLC family members has been rapidly expanding
(Bhat et al., 2021a). In the SLC6 family, the vast majority of
point mutations result in a folding defect (Freissmuth et al.,
2018; Bhat et al., 2021a). Misfolding can be corrected by
chemical and pharmacological chaperones. Pharmacochaper-
ones bind to and stabilize unfolded or partially folded inter-
mediates. They also shift the folding equilibrium to the fully
folded native state and prevent backward reaction while re-
ducing energy barriers during the folding trajectory (Marinko
et al., 2019). The rich pharmacology of the monoamine trans-
porters SERT, DAT, and NET provides a treasure trove in
the search for pharmacochaperones: typical inhibitors (e.g.,
tricyclic antidepressants, selective serotonin reuptake inhibi-
tors, selective noradrenaline reuptake inhibitors, cocaine,
methylphenidate, etc.), which bind to the orthosteric site and
stabilize the outward-facing conformation, are ineffective (Bhat
et al., 2019). All pharmacochaperones that have been identified
up to now are atypical orthosteric ligands. They bind to and sta-
bilize the inward-facing conformation (El-Kasaby et al., 2010,
2014; Beerepoot et al., 2016; Kasture et al., 2016; Asjad et al.,
2017; Bhat et al., 2017, 2020, 2023; Sutton et al., 2022). Here,
we examined the actions of the antidepressants trazodone, ne-
fazodone, and vilazodone. Two independent approaches (i.e.,
substrate uptake assays and electrophysiological recordings)
showed that their action did not conform to competitive inhibi-
tion. Vilazodone was visualized in the allosteric S2 site of SERT
by cryo-electron microscopy (Plenge et al., 2021). In addition, the
experiments summarized in Fig. 5 show that trazodone and

serotonin can bind simultaneously to SERT. Hence, it is rea-
sonable to posit that, based on their structural similarity,
trazodone and nefazodone can also occupy the S2 site and
that this underlies their allosteric action. In intact cells, vila-
zodone stabilizes SERT in the outward-facing conformation
(Li et al., 2022). We also found that, unlike the noribogaine
analog compound 9b (Bhat et al., 2020), trazodone, nefazo-
done, and vilazodone preferred the Na*-bound, outward-fac-
ing conformation. In spite of this conformational preference,
trazodone, nefazodone, and vilazodone are effective pharmaco-
chaperones: they rescue the severely misfolded variant SERT-
P601A/G602A. This conclusion is based on three independent
lines of evidence, i.e., 1) restoration of ER-export and 2) of
substrate translocation in transfected cells and of 3) delivery
to the axonal territory in transgenic flies. Thus, taken to-
gether, the current observations provide formal proof for the
conclusion that pharmacochaperoning of SERT and, by infer-
ence, of other related transporters can be achieved by alloste-
ric ligands.

The folding trajectory of membrane proteins remains elu-
sive (Marinko et al., 2019). Several arguments support the
assumption that, in SERT and other SLC6 transporters, the
folding trajectory moves through the inward-facing conforma-
tion (Freissmuth et al., 2018): 1) the ionic conditions in the
endoplasmic reticulum favor the inward-facing conformation;
2) a mutation, which traps SERT in the inward-facing confor-
mation, acts as second-site suppressors: it restores ER export
and cell surface delivery of several folding-deficient variants
of SERT (Koban et al., 2015); and 3) orthosteric ligands only
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Fig. 11. Nefazodone, trazodone, and vilazodone restore presynaptic expression of folding-deficient hSERT-P601A/G 602A in the adult fly brain.
(A) Schematic rendering of the adult fly brain highlighting the dorsal fan-shaped body (marked with yellow volume) and FB neuropil (dotted cir-
cle). (B) Quantification of the fluorescence signal in the dorsal FB region. Imaris 9.3 (Bitplane) was used to quantify the fluorescence signal in
adult brains of each condition, i.e., flies expressing wild-type hSERT (n = 11), which received trazodone (n = 5), and flies expressing hSERT-
P601A/G602A (hSERT-PG), which received control food (n = 13); food containing DMSO (n = 10); and food containing 100 uM each of trazodone
(n = 12), vilazodone (n = 14), and nefazodone (n = 14) for 2 days. The statistical comparison was done by a Kruskal-Wallis test followed by
Dunn’s multiple comparison (****<0.0001 and ***<0.0002, significantly different from control or untreated flies); the P values for comparison ver-
sus untreated hSERT-P601A/G602A—expressing flies were 0.000001 for wild-type SERT, 1 for DMSO, 0.0006 for nefazodone, 0.0001 for trazodone,
and 0.00004 for vilazodone. (C—J) and (Cii—Jii) display the corresponding, representative enlarged view of FB (dotted circle) and serotonergic cell
bodies (arrows) innervating the FB, respectively. (C and Cii) The expression of membrane-anchored GFP in the distinct FB layers and correspond-
ing serotonergic cell bodies, respectively. (D and Dii) Localization of YFP-tagged human wild-type serotonin transporter (hWSERT-WT) in the FB
neuropil and in cell bodies, respectively. (E and Eii) Localization of YFP-tagged hSERT-WT in the FB neuropil and in cell bodies, respectively, af-
ter treatment of flies for 48 hours with food containing 100 pM trazodone. (F-Iii) Localization of YFP-tagged human mutant SERT-P601A/G602A
(hSERT-PG) in the FB neuropil (F-I) and cell bodies (Fii-Iii), respectively, in untreated male flies [only food (F and Fii); food containing DMSO
(G and Gii)] or flies treated for 48 hours with food containing 100 M each of trazodone (H and Hii), vilazodone (I and Tii), and nefazodone (J and Jii).
Images from the brains of these flies were captured by confocal microscopy and compiled with the ImagedJ software. Scale bars: (A) 50 um, (C-Jii)
20 um. Genotypes: (C and Cii) UAS-mCD8GFP, TRHT2A-GAL4; (D-Eii) UAS-YFP-hSERT-WT/TRHT2A-GAL4; (F-lii) UAS-YFP-hSERT-PG 601,602 AA/
TRHT2A-GALA4.



act as pharmacochaperones if they bind to the inward-facing
conformation (El-Kasaby et al., 2010, 2014; Beerepoot et al.,
2016; Kasture et al., 2016; Asjad et al., 2017; Bhat et al.,
2017, 2020, 2023; Sutton et al., 2022). Here, we observed that
the allosteric inhibitors nefazodone, trazodone, and vilazo-
done bound to the outward-facing state and were, neverthe-
less, effective pharmacochaperones. We therefore concluded
that trapping of the nascent fold in the outward-facing con-
formation is per se not an obstacle to the folding trajectory.
In fact, thermal inactivation shows that the inward- and out-
ward-facing conformation are energetically equivalent stable
folds (Ponleitner et al., 2022).

Electrophysiological recordings afford high temporal reso-
lution: we relied on a protocol that allowed for monitoring
binding events of low-affinity ligands in a label-free manner
in real time (Hasenhuetl et al., 2015) to compare the binding
kinetics of trazodone and vilazodone. The association and dis-
sociation of trazodone were consistent with a simple bimolec-
ular reaction. In contrast, we found that the interaction of
vilazodone with SERT was governed by complex binding ki-
netics: an initial low-affinity binding event was followed by
quasi-irreversible inhibition. Consistent with this observa-
tion, the potency of vilazodone in inhibiting substrate uptake
depended on the incubation time: when added concomitantly
with substrate, vilazodone inhibited substrate uptake with
micromolar affinity, but a 15-minute preincubation enhanced
the potency by about 200-fold. Similarly, the analysis of the
pharmacochaperoning action (i.e., the restoration of sub-
strate uptake by SERT-P601A/G602A) was hampered by the
poor reversibility of vilazodone binding. The basis for the
complex binding kinetics of vilazodone remains enigmatic.
Clearly, a component is the lipophilicity of vilazodone and
the resulting enrichment in the lipid phase: persistent inhibi-
tion by vilazodone was resistant to acid washes but partially
reversible by washes with milk. We note that, in our ex-
periments, vilazodone was a mixed-competitive inhibitor,
whereas Plenge et al. (2021) reported noncompetitive inhi-
bition. This discrepancy may be, in part, due to differences
in preincubation time. In addition, molecular dynamics
simulations indicate that vilazodone can also occupy the S1
site (Zhang et al., 2020). Entry into the S1 site can account
for the mixed-competitive inhibition, which we observed for
vilazodone and trazodone. We also note that vilazodone, nefa-
zodone, and trazodone differed in their preference for the
Na*-bound state: this preference was more pronounced for
trazodone (about ninefold) and vilazodone (about sixfold)
than for nefazodone (about twofold). Thus, in spite of their
common actions (i.e., as inhibitors of uptake and as pharma-
cochaperones), there must be subtle differences in their inter-
action with their binding site(s) in SERT.

The ideal pharmacochaperone ought to fulfill the following
requirements: it must reach concentrations within the cell,
which suffice to restore folding of its target. However, a phar-
macochaperone must not cause persistent blockage of the res-
cued protein. It is difficult to predict the therapeutic potential
of vilazodone because of its peculiar kinetics. In addition, vila-
zodone also has a long half-life (25 hours) (Schwartz et al.,
2011). In contrast, trazodone has a short half-life (about 7
hours) and a volume of distribution of 0.84 L/kg (Nilsen and
Dale, 1992), indicating that intracellular concentrations are in
the same range as those in plasma. A therapeutic threshold
concentration at steady state of 714 pg/L (about 1.9 uM) was

Allostery in and Pharmacochaperoning of SERT 69

defined for trazodone (Mihara et al., 2002). A peak concentra-
tion cpax in the range of 1500 pg/mL (about 4 pM) was
achieved after administration of 100 mg trazodone (Kale and
Agrawal, 2015). The concentration in the brain was estimated
at 2800 pg/L (about 7.5 uM) after once-daily administration of
300 mg trazodone (Oggianu et al., 2022). The maximum ap-
proved doses of trazodone for outpatients and inpatients are
400 and 600 mg/day, respectively. Thus, therapeutic doses of
trazodone reach concentrations where it is predicted to exert
its pharmacochaperoning action. The same is true for nefazo-
done, which reaches peak concentrations of 2054 ng/L (= 4.4
uM) after administration of 200 mg (Barbhaiya et al., 1996)
(the maximum approved dose is 600 mg/day). The half-life and
the volume of distribution of nefazodone are 4 hours and 0.8
L/kg, respectively. Nefazodone elicited its pharmacochaperon-
ing action with an ECsy of 2.5 uM. Thus, it is clear from our
data that nefazodone exerts pharmacochaperoning actions at
the concentrations that can be achieved in patients. In con-
trast, the pharmacochaperoning action of mCPP is of modest
interest. Firstly, it was predictable: partial substrates are
known to act as pharmacochaperones (Bhat et al., 2017, 2019).
Secondly, mCPP was a low-efficacy and low-potency pharma-
cochaperone. Importantly, after administration of trazodone
and nefazodone, plasma levels of mCPP are in the range of 0.3
uM (Greene and Barbhaiya, 1997; Otani et al., 1997) and thus
substantially lower than those required for eliciting a pharma-
cochaperoning effect (ECso, 15-25 uM). Several folding-deficient
mutants of NET and DAT have been identified in people, and
the phenotypic consequence has been linked to the resulting
disease, but the role of folding-deficient variants of SERT is
less well understood (Bhat et al., 2021a). Recently, two muta-
tions of SERT (SERT-N217S and SERT-A500T) have been
identified in treatment-resistant depression. The mutations
have been proposed to cause a folding defect (J. F. Stgier
et al., preprint, DOIL: 10.1101/2023.08.29.23294386). The phar-
macochaperoning action of trazodone and nefazodone may be
of therapeutic interest in these instances. This conjecture can
be readily tested in affected individuals because trazodone and
nefazodone are approved drugs.
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