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SUMMARY
The serotonin transporter (SERT) removes synaptic serotonin and is the target of anti-depressant drugs.
SERT adopts three conformations: outward-open, occluded, and inward-open. All known inhibitors target
the outward-open state except ibogaine, which has unusual anti-depressant and substance-withdrawal ef-
fects, and stabilizes the inward-open conformation. Unfortunately, ibogaine’s promiscuity and cardiotoxicity
limit the understanding of inward-open state ligands.We docked over 200million small molecules against the
inward-open state of the SERT. Thirty-six top-ranking compounds were synthesized, and thirteen inhibited;
further structure-based optimization led to the selection of two potent (low nanomolar) inhibitors. These sta-
bilized an outward-closed state of the SERT with little activity against common off-targets. A cryo-EM struc-
ture of one of these bound to the SERT confirmed the predicted geometry. In mouse behavioral assays, both
compounds had anxiolytic- and anti-depressant-like activity, with potencies up to 200-fold better than fluox-
etine (Prozac), and one substantially reversed morphine withdrawal effects.
INTRODUCTION

The serotonin transporter (SERT, SLC6A4) is the target of

many drugs, including antidepressants and psychostimulants.

Competitive inhibitors selective for SERT are widely used thera-

peutically to treat clinical depression. Examples include fluoxe-

tine, citalopram, and paroxetine (PRX) (Prozac, Celexa, and

Paxil).1 Cocaine, which also blocks the closely related trans-

porters for norepinephrine and dopamine (NET and DAT), is a

less selective competitive inhibitor for SERT.2 In addition, ibo-

gaine, and its metabolite noribogaine, are alkaloids that

non-competitively inhibit SERT and DAT3,4 but are much less

selective, with an affinity for many receptors and channels.5
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SERT catalyzes the re-uptake of serotonin (5-HT,

5-hydroxytryptamine) in a process that decreases the synaptic

5-HT concentration and recycles the neurotransmitter into the

neuronal cytoplasm. In this process, which requires Na+ and

Cl�, SERT cycles through distinct conformations. In the pres-

ence of extracellular Na+, SERT is predominantly in an out-

ward-open conformation. The binding of extracellular 5-HT and

Cl� allows conversion to an inward-open conformation before

releasing bound Na+ and 5-HT into the cell. Structures of SERT

in these conformations obtained by X-ray crystallography and

by cryogenic electron microscopy (cryo-EM)6–8 align well with

structures of other members of the neurotransmitter: sodium

symporter (NSS) or solute carrier 6 (SLC6) gene family of
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transporters from both prokaryotes and animals9–12 indicating a

common conformational mechanism within the family.

In SERT and other NSS transporters, the observed conforma-

tions are related by conformational changes that open and close

cytoplasmic and extracellular pathways to the central substrate

site. Although conformational changes that open and close the

pathways are coordinated, they are not strictly coupled, allowing

multiple conformations of one pathway when the other pathway

is closed.10,13 Structural and functional studies show that Na+ in-

teracts with these transporters to close the cytoplasmic pathway

and open the extracellular pathway, defining the outward-facing

conformation.14–20 Addition of substrate (and Cl�, in the case of

mammalian NSS transporters) closes the extracellular pathway

and allows the cytoplasmic pathway to open,14,20–24 leading to

the inward-open conformation.

In addition to Na+, cocaine and antidepressants stabilize

SERT in an outward-open conformation, whereas ibogaine and

noribogaine stabilize an inward-open conformation.3,7,17,25 The

opposing influence of these ligands on conformation mimics

two functional states of SERT. The outward-facing SERT confor-

mation with Na+ but not 5-HT is like the conformation that

cocaine stabilizes. SERT binds 5-HT, transports, and releases

it (along with Na+) into the cytoplasm from an inward-open

conformation—like the one stabilized by ibogaine. The return

of SERT to an outward-facing state ismuch slower than the influx

step26making the inward-open conformation predominant when

SERT is actively transporting 5-HT.

Ibogaine has unique behavioral properties, including reducing

opiate withdrawal symptoms27–30 and mitigating depression.5,31

Given the opposite conformational responses of SERT to ibogaine

and antidepressants,3,7,17,25 it is tempting to speculate that this

conformational effect, as opposed to simply inhibiting 5-HT trans-

port, contributes to ibogaines unusual behavioral effects. This

would be consistent with known effects of conformation on the

transporter, such as thePKG (cGMP-dependent protein kinase)-

dependent phosphorylation of SERT Thr276.23 Phosphorylation

is enhancedby theopeningof the cytoplasmicpathway,whichun-

winds the regionofTM5containingThr276, exposing it to the cyto-

plasm.7Agents that stabilize inward- oroutward-facingSERTcon-

formations increase or decrease phosphorylation, respectively,

and transport of 5-HT also stimulates phosphorylation.23

Thus, stabilizing a particular conformation may affect cellular

signaling. Intriguingly, a mutation leading to dysfunctional Thr276

phosphorylation is associated with psychiatric disorders.32,33

Confounding exploration of these ideas is ibogaine’s profound

target promiscuity,5 which clouds even SERT’s role in ibogaine’s

behavioral effects. Accordingly, we sought compounds with ef-

fects on SERT akin to ibogaine’s but acting with greater target

selectivity. We used the cryo-EM structure of SERT complexed

with ibogaine in an inward-open conformation7 (PDB: 6DZZ) to

computationally dock a library of over 200 million make-on-de-

mand molecules.34–37 Large library docking has revealed new li-

gands with high affinity and selectivity for several target fam-

ilies,34,37–63 though rarely transporters. From the docking

against SERT, a diverse set of high-ranking compounds,

physically complementing the inward-open state of SERT and

topologically unrelated to previously known inhibitors, were

prioritized for synthesis and biochemical testing. From an
original set of actives, a cycle of structure-based design and

testing led to two selective and potent compounds with anti-

depressant-like and anxiolytic-like properties that also act to

reverse morphine withdrawal symptoms in mice, inhibit SERT,

and close its extracellular pathway. A cryo-EM structure of one

of these in complex with the transporter largely supports the

docking-predicted geometry.

RESULTS

Retrospective control calculations
The recent determination of the cryo-EM structure of the SERT-

ibogaine complex in an inward-open state7 afforded an opportu-

nity to seek conformationally selective inhibitors. We targeted

the extracellular-closed, inward-open state of the orthosteric

site defined by residues such as Tyr95, Phe335, and Phe341.

We further modeled two Na+ ions and one Cl� ion that contribute

to transport6,64 and for which sites are precedented in other

transporter structures,9,11,65 though not explicitly seen in the

ibogaine-SERT complex (STAR Methods). We undertook retro-

spective control calculations against this site, seeking to confirm

that we could preferentially dock ibogaine, noribogaine, 5-HT,

cocaine, methylenedioxymethamphetamine (MDMA), and

known selective serotonin re-uptake inhibitors (SSRIs)66 in favor-

able geometries with high complementarity versus a set of

property-matched decoys.67 We further investigated whether

ibogaine and noribogaine would dock preferentially to the in-

ward-open versus the other SERT conformations. Results of

these retrospective calculations supported an ability to capture

known conformationally selective compounds in sensible geom-

etries relative to property-matched decoys and to other states of

the transporter.

Ultra-large-library docking versus the inward-open
conformation of SERT
With the retrospective results in hand, we turned to docking a

library of >200 million diverse, make-on-demand molecules

from the lead-like68 subset of ZINC.69 These molecules, with

molecular weights <350 amu, cLogP values < 3.5, among other

restrictions, have favorable physical properties that allow for

further optimization. Each library molecule was sampled for

physical complementarity to the inward-open state of SERT by

DOCK3.7.6,7 An average of 4,358 orientations was sampled,

and for each orientation, about 187 conformations—over

1.57 3 1011 ligand configurations in total were sampled in

121,018 core h (or 5 days over 1,000 cores). High-ranking mole-

cules were filtered for interactions with Tyr95, Asp98, Tyr176,

Ile172, Asn177, Phe335, and Phe335, those adopting strained

conformations70 were deprioritized, as were molecules that to-

pologically resembled �28,000 annotated aminergic ligands

acting at 5-HT, dopamine, and adrenergic receptors as well as

known inhibitors of SERT, DAT, or NET with Extended-connec-

tivity fingerprints (ECFP4)-based Tanimoto coefficients (Tcs) %

0.35, based on molecules annotated in ChEMBL20.71 Of the re-

maining molecules, the top-ranking 300,000 were clustered for

similarity to one another. The best scoring members of 5,000

of the resulting clusters (top 0.002% of the docked library)

were visually inspected for engagement with critical residues in
Cell 186, 2160–2175, May 11, 2023 2161



Figure 1. Docking-derived inhibitors of serotonin transporter

(A) Inhibition of [3H]5-HT transport by docking-derived molecules, tested at 30 mM (Table S1).

(B) Radio-ligand displacement of the top five docking hits (representative curves; summary data in Table S2).

(C) 2D Chemical structures of the top five docking hits and their docked poses. Interactions are depicted as black dashed lines, ligand carbons in cyan, and

protein carbons in gray. Oxygens for both protein and ligand are red, nitrogen blue, and sulfur yellow.

(legend continued on next page)
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the orthosteric pocket of the inward-open state of SERT, and for

any new interactions in the binding pocket, using Chimera.72

These included salt bridge formation with Asp98, stacking with

Phe335 and polar interactions with Asn177. Molecules with un-

satisfied hydrogen bond donors and strained molecules were

deprioritized. Ultimately, 49 molecules were selected for de

novo synthesis and testing, out of which 36 were successfully

synthesized (a 73.4% fulfillment rate). These 36 molecules are

topologically both dissimilar to one another and dissimilar to

known SERT inhibitors and complement the relatively unex-

plored inward-open state preferentially to the other two states

seen to be adopted by SERT.

We first tested these 36 new compounds for SERT inhibition,

beginning with the compounds at 30 mM (Figure 1A). Those

molecules that inhibited R50% of [3H]5-HT transport by SERT

were considered active. Of the 36 tested, 13 molecules were

active, a hit rate of 36% (hit rate = number-inhibited/number-

tested) (Figure 1A; Table S1). This relatively high hit rate is note-

worthy as this docking campaign is among the first of which we

are aware against a transporter.

To verify that the inhibition of transport represented interaction

with SERT, we tested the five most potent actives (ZINC00

0305339642 or ‘9642, ZINC000623756919 or ‘6919, ZINC00089

7222313 or ‘2313, ZINC000417864931 or ‘4931 and ZINC000

411862305 or ‘2305) for their ability to displace the cocaine analog

2b-carbomethoxy-3b-(4-iodophenyl)tropane (b-CIT, RTI-55), a

high-affinity SERT inhibitor. In concentration response, these five

inhibitors were well-behaved, displacing [125I]b-CIT with affinities

between 29 nM and 1.6 mM (Figures 1B and chemical structures

in 1C; Table S2). Docked poses of the five hits show unique

interactions in SERT’s orthosteric site (Figure 1C).

Structure-guided optimization
We sought to improve the affinity of the fivemost active hits, rep-

resenting 4 different chemotypes. Using the Smallworld (http://

sw.docking.org) and Arthor (http://arthor.docking.org) search

engines (NextMove Software, Cambridge, UK),69 substructure

and similarity searches were conducted among >20 billion

make-on-demand Enamine REAL molecules, seeking analogs

that well-complemented the SERT site. In a second approach,

analogs that tested the particular modeled interactions, such

as the salt bridge with Asp98, and the p-p stacking with

Phe341 and Ph335, were bespoke synthesized—these were un-

available among the make-on-demand sets. Between 15 and 23

analogs were synthesized and tested for each scaffold

(Table S2). Encouragingly, the overall affinities of the analogs

increased by 2- to 700-fold over the parent molecules, and

four of the five scaffolds saw an improvement in affinity. Most

promising were analogs of ZINC000897222313 (‘2313), which

itself had a Ki of 0.92 mM, with ZINC000006658090 (‘8090) and

ZINC000443438219 (‘8219, (R)-enantiomer) having Ki values of

14 and 3 nM, respectively (Figure 1D). In the docked poses of

the parent lead and its optimized analogs ‘2313, ‘8090, and

‘8219, modifications to the piperazine ring led to better stacking
(D) Chemical structures of the parent compound, ‘2313, and its optimized analo

(E–G) The variable group in the analogs versus the parent is colored in magenta.

Dashed circles represent modeled improved stacking of F335 with ring substitut
with Phe335 and Tyr176 (Figures 1D–1G). Consistent with the

specificity of these interactions, the (S)-enantiomer of ‘8219,

ZINC000443438221 (‘8221), which differs only in the stereo-

chemistry of a piperazine methyl, had a Ki of 170 nM, something

reflected in the poorer docking pose adopted by ‘8221, which

does not make a favorable hydrogen bond to the recognition

Asp98, owing to packing flaws introduced by the methyl

stereochemistry.

‘8090 and ‘8219 are not substrates

Both ‘8090 and ‘8219 decreased the Vmax for 5-HT influx with

minimal effect on KM, indicating non-competitive inhibition (Fig-

ure 2A), like ibogaine, an observation suggesting that they do not

interfere with 5-HT binding from the external medium and are not

substrates. To test this directly, we exploited an assay to

measure SERT’s ability to exchange accumulated [3H]5-HT

with extracellular compounds. Extracellular unlabeled 5-HT, as

a substrate, stimulated robust efflux of previously accumulated

intracellular [3H]5-HT as previously described73,74 (Figure 2B).

However, neither ‘8090 nor ‘8219 significantly increased efflux

when added at saturating concentrations, further supporting

the conclusion that they are not SERT substrates.

The effects of sodium and chloride ions on binding

The compounds differ from ibogaine in their unique ionic require-

ments and effects on conformation. Ibogainebinding toSERTwas

inhibited by Na+ and independent of Cl�.25 By contrast, binding of

‘8219, measured by displacement of [125I]b-CIT, was enhanced

over 120-fold by Na+ and over 9-fold by Cl� (Figure 2C). For

‘8090, these effects were smaller, with a 10-fold enhancement

for Na+ and a statistically insignificant effect of Cl� (Figure S1).

We also observed a decrease in affinity for both compounds in

whole-cell transport measurements versus binding inmembranes

(Figure S1A). We note that we have not observed such a decrease

with other SERT inhibitors (see Data S1).

Effect on SERT conformation

Because Na+ and Cl� influence the conformation of SERT and

related transporters,20,23 we tested the effect of ‘8090 and

‘8219 on SERT conformation, seeking to understand if the new

inhibitors stabilized the inward-open conformation, as targeted

and akin to ibogaine, the outward-open conformation akin to

cocaine and SSRIs, or an intermediate state. We used SERTmu-

tants, depleted in reactive endogenous cysteine residues, and

containing introduced cysteine residues in either cytoplasmic

or extracellular pathways, as previously used to determine the

conformational effects of ibogaine on SERT3 (Figure S2). As ex-

pected, cocaine and ibogaine have opposing effects on the

accessibility of this residue (Figure 3A).3 Cocaine, by stabilizing

SERT in an outward-open conformation, decreased Cys277

reactivity, versus control (no addition, dashed line), because

the cytoplasmic pathway is closed in this conformation.17

Conversely, ibogaine, by stabilizing SERT in an inward-open

conformation, dramatically increased Cys277 reactivity.

To our surprise, neither ‘8219 nor ‘8090, increased Cys277

reactivity and ‘8090 actually decreased reactivity slightly, though

not nearly as much as cocaine (Figure 3A). In general, the effect
gs ‘8090 (Ki or Inhibition constant 14 nM) and ‘8219 (Ki 3 nM).

Comparing the docked poses of (E) the parent ‘2313, (F) ‘8090, and (G) ‘8219.

ions in going from parent to the optimized analogs.
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Figure 2. Molecular interactions of SERT with ‘8219 and ‘8090

(A) Kinetics of inhibition by 0.15 mM ‘8219 and 0.7 mM ‘8090 (representative experiment). 5-HT transport into HeLa cells transfected with rSERT was non-

competitively inhibited by both compounds. There was a small but statistically insignificant increase in KMwith ‘8219 (0.69 ± 0.25 mM [SEM], n = 6) and a decrease

with ‘8090 (0.47 ± 0.05 mM, n = 5) compared with uninhibited control (0.59 ± 0.18 mM, n = 8). p values for paired t tests were 0.99 and 0.18, respectively. Vmax was

significantly decreased for both compounds from 1.7 ± 0.25 pmol/m/well for control (n = 8) to 1.1 ± 0.2 pmol/m/well (n = 6) for ‘8219 and 0.69 ± 0.1 pmol/m/well

(n = 5) for ‘8090. p values for paired t tests were 0.018 and 0.011, respectively.

(B) Efflux of accumulated [3H]5-HT induced by extracellular unlabeled 20 mM 5-HT, 10 mM ‘8219, or 10 mM ‘8090. 5-HT induced marked efflux of radiolabel, 8.3 ±

1.1 fmol/m (SEM) (n = 6), relative to control (no addition) 0.63 ± 0.39 fmol/m (p = 73 10�4 in two-sample t test, n = 6). ‘8219 slightly increased efflux (1.8 ± 0.6 fmol/

m [SEM] but the increase was not significant [p = 0.18, n = 6]) and ‘8090 barely increased efflux (0.12 ± 0.09 fmol/m [SEM] [p = 0.25, n = 5]).

(C) Na+ and Cl� increased ‘8219 affinity in equilibrium displacement of [125I]b-CIT (representative experiment). Membranes from cells expressing SERT were

incubated with 0.1 nM [125I]b-CIT and the indicated concentrations of ‘8219 in PBS/CM (phosphate-buffered saline containing 0.1 mM CaCl2 and 1 mM MgCl2)

control, blue line and circles), PBS/CM in which Na+ was replaced with NMDG+ (N-methyl-d-glucamine, black line and circles) or Cl� was replaced with ise-

thionate (red line and circles). The presence of Cl� increased ‘8219 inhibitory potency over 4-fold, from a Ki of 21 ± 3 nM to 4.8 ± 1.0 nM (SEM) (n = 4, p = 0.001).

Na+ increased ‘8219 inhibitory potency 131-fold, from a Ki of 527 ± 143 to 4.0 ± 0.4 nM (SEM) (n = 4, p = 0.004).
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of ‘8090 on the cytoplasmic pathway was similar to those of

commonly used anti-depressant compounds, and ‘8219

seemed not to affect the cytoplasmic pathway at all. However,

these measurements were made in the presence of Na+, which

biases the conformation toward open-out by stabilizing the

cytoplasmic pathway in a closed state.18 In the absence of Na+

(Figure 3B), ‘8219 increased Cys277 reactivity, versus control,

indicating a more open cytoplasmic pathway in the absence of

Na+ (‘8090 had no influence on the pathway). Because ibogaine,

but not ‘8219 was able to overcome the effect of Na+, we

conclude that ‘8219 had a weaker influence but, like ibogaine,

also stabilized the open state of the cytoplasmic pathway.

To complement these studies, wemeasured the effect of ‘8219

and ‘8090 on the reactivity of a cysteine replacing Tyr107 in the

extracellular pathway. Cys107 in this SERT mutant reacts in the

opposite way to Cys277 in the presence of cocaine and

ibogaine—cocaine renders it more accessible and ibogaine de-

creases its accessibility.3 Both ‘8090 and ‘8219 decreased

Cys107 reactivityas ibogainedoes,andunlikeSSRIs (Figure3C).25

Cryo-EM structure of a SERT/‘8090 co-complex
To test the docked model, we sought experimental structures of

our optimized analogs in complex with SERT. Our attempts to

obtain structures of SERT in the presence of K+, which stabilizes

the inward-open state used in our docking campaigns, were un-

successful. We were able to determine a 3.0 Å structure of nano-

disc-reconstituted75 SERT bound to Fab15B87 and compound

‘8090 in the presence of Na+ (PDB: 7TXT, EMBD: EMD-26160,

Figures 4A and S3). The resulting map yielded well-defined

and contiguous TM densities that allowed for unambiguous
2164 Cell 186, 2160–2175, May 11, 2023
modeling of SERT regions important for ligand binding (Fig-

ure S3). A non-proteinaceous density overlapping with the or-

thosteric site, and with a local resolution of �2.7 Å, allowed for

confident modeling of ‘8090 (Figures 4A and S3).

Although Na+ dramatically increased the affinity of ‘8219 and

related compounds (Figures 2, 3, and S1), our accessibility assays

indicated that ‘8219 biases SERT toward an outward-closed state

(Figures 3B and 3C). Taken together, our accessibility data likely

reflect anequilibriumbetweenopenandclosedstatesof the extra-

cellularpathway inducedby ‘8090, similar to that reported for 5-HT

bound SERT in Na+.8 However, exhaustive processing converged

on just a single structure of ‘8090-boundSERT inanoutward-open

conformation (1.43 Å all-atom root-mean-square deviation

[RMSD] relative to PRX-bound SERT in an outward-open confor-

mation, PDB: 6VRH,7 with extracellular gating residues (Arg104

and Glu493; Tyr176 and Phe335) oriented to accommodate an

extracellular solvent pathway reaching into the orthosteric site.

The experimental maps for ‘8090 broadly support its docked

binding pose, which occupies the SERT orthosteric site with

key interacting residues Asp98, Tyr95, and Phe341, akin to the

docking prediction (Figure 4). To compare like-to-like structures,

‘8090 was re-docked to the outward-open conformation (PDB:

6DZY), where it achieved a docking score of �40.2 kcal/mol,

very similar to its score of �40.9 kcal/mol against the inward-

open conformation. In the outward-open conformation, the

docked and cryo-EM determined ligand superposed even

more closely, with an RMSD value of 1.17 Å (Figures 4D and

S3; Table S3). In both the docked binding poses and cryo-EM

fitted ligand, the compound ‘8090 stacks with Phe341 and forms

a salt bridge with Asp98.
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C Figure 3. Influence of ‘8219, ‘8090, cocaine,
and ibogaine on SERT conformation

(A) Effects on Cys277 reactivity in the cytoplasmic

pathway.RatesofCys277modification inmembranes

from HeLa cells expressing SERT-S277C by MTSEA

(2-Aminoethyl methanethiosulfonate hydrobromide)

were measured by the decrease in b-CIT binding ac-

tivity after treatment with MTSEA in the presence of

the indicated compounds (cocaine, 10 mM, n = 7;

ibogaine, 10 mM, n = 10; ‘8219, 0.05 mM, n = 3; ‘8090,

0.15 mM, n = 4; imipramine, 0.6 mM, n = 3; fluoxetine,

0.13 mM,n = 3; citalopram, 0.03 mM,n = 3; paroxetine,

0.02 mM, n = 3). The reference compounds cocaine

and ibogaine are shown at the top, and several clini-

cally usedantidepressants are shownat the bottomof

the plot. Between them are ‘8219 and ‘8090. The

control ratewas75± 15s�1M�1 (n=18) anderror bars

represent SEM.

(B) Effects on Cys277 reactivity in the absence of Na+

(replaced by NMDG). Rates were measured as above

for control (n = 6), ‘8219 (2 mM,n= 6), and ‘8090 (2 mM,

n=5). Thecontrol ratewas26±5s�1M�1 and theerror

bars represent SEM. ‘8219 significantly (p = 0.04)

increased the rate relative to control.

(C) Effects on Cys107 reactivity in the extracellular pathway. Rates of Cys107modification in HeLa cells expressing SERT-Y107Cweremeasured by the decrease in

residual transport activity after treatment with MTSET in the presence of the indicated compounds, each present at a saturating concentration (103 KD). Rates were

measured as above for control (n = 8), cocaine (n = 3), ibogaine (n = 4), ‘8219 (n = 7), and ‘8090 (n = 4). The control rate was 122 ± 14 s�1M�1. *p < 0.05 (paired t test).
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Both ‘8090 and ‘8219 are selective versusNET,DAT, and
~300 G-protein coupled receptor (GPCR) targets
To compare inhibitory activity at neurotransmitter transporters,

we tested compounds ‘8090 and ‘8219 in cell-based functional

assays. Against DAT and NET, ‘8090 had Ki values of 6.6 and

10 mM, respectively, while ‘8219 had Ki values of 7 and 3.5 mM,

respectively (Figures S4A–S4C). Both ‘8090 and ‘8219 were

also tested for off-target agonist activity at >300 human GPCRs

in the Tango assay76 at a concentration of 10 mM, and little activ-

ity was seen against any target except for the 5-HT1A receptor. In

concentration-response Gi (G protein, inhibitory) activity assays,

‘8090 had weak Gi agonist activity at 5-HT1A, with about 6% ac-

tivity of reference agonist 5-HT (Figures S4D–S4F).

Mouse behavioral effects of ‘8090 and ‘8219
Dysregulation of SERT is linked to major depressive disorder and

SERT is the therapeutic target formanyantidepressants, including

ibogaine, which is also reported to reduce substance-withdrawal

effects. With their favorable potency and apparently high selec-

tivity, we were interested to test the new inhibitors for drug-like

behavioral effects. Before doing so, it was important to investigate

their exposure in the CNS on systemic dosing. Administering

‘8219 and ‘8090 at 10 mg/kg intraperitoneal (i.p.) led to brain

Cmax values of 3,530 and 12,000 ng/g with half-lives of 147 and

44.3 min, respectively (Data S1), relatively favorable exposure

levels consistent with their small (<300 atomic mass units) and

cationic nature, something for which they were explicitly selected

in the docking and optimization.

‘8219 and ‘8090 have anti-depressive-like activities in
genetically modified and stressed mice
The new inhibitors were tested for anti-depressive activities with

wild-type (WT) and VMAT2 heterozygous (HET) mice, genetically
predisposed to depressive-like behavior, and with inbred

C57BL/6J mice exposed to learned helplessness (LH) protocols

to induce depressive-like behaviors. The basis for using the

VMAT2 HET mice lies in a report that chronic inhibition of

VMAT with reserpine in human hypertensive patients produced

depression without anxiety77; thereby, providing a basis for the

monoamine hypothesis of depression.78,79 The adult male and

female VMAT2 HET mice are reported to be hypoactive in the

open field (OF), display anhedonia-like behavior with sucrose so-

lutions, and show increased immobility in the forced swim and

tail suspension (TS) tests that are alleviated with tricyclic antide-

pressants, SSRIs, selective norepinephrine transporter inhibi-

tors, and the atypical anti-depressant bupropion.80

Tail suspension in VMAT2-HET mice

Responses to a single administration of different doses of ‘8090

or ‘8219were examined 30 min, 1, 7, or 12 days post-injection in

VMAT2 mice (Figure 5), with 20 mg/kg fluoxetine (Flx) and

30 mg/kg ibogaine (Ibo) as controls. Immobility times in

vehicle-treated VMAT2 HETs were prolonged significantly

comparedwithWT controls at all time points. Importantly, immo-

bility times of the vehicle controls in both genotypes were stable

over time—indicating no habituation in this test. Nevertheless,

following acute administration, WT immobility times increased

with Flx versus vehicle and with Ibo versus 1 mg/kg ‘8090 and

0.5 mg/kg ‘8219 (Figure 5A). Relative to vehicle, depressive-

like responses in VMAT2 HETs were reduced with Flx, Ibo, 1

and 2 mg/kg ‘8090, and 0.1 and 0.5 mg/kg ‘8219 (Figure 5B),

and 0.5 mg/kg ‘8219 was more efficacious than the same dose

of ‘8090. Notably, 0.1 mg/kg of ‘8219 was roughly equal in effi-

cacy to 20 mg/kg of Flx—a 200-fold difference in potency.

24 h post-injection, in WTs 1 mg/kg ‘8090 significantly

decreased immobility compared with 0.5 mg/kg (Figure 5C). In

mutants, anti-depressant-like effects were maintained with
Cell 186, 2160–2175, May 11, 2023 2165



Figure 4. Structural fidelity between the docked and cryo-EM poses of ‘8090
(A) Cryo-EM density maps of ‘8090 bound to SERT in the outward-open state (PDB: 7TXT, EMBD: EMD-26160).

(B) Comparison of ‘8090’s pose in cryo-EM structure (cyan) and the predicted docked pose in the inward-open state of SERT (orange).

(C) Comparison of ibogaine’s pose in cryo-EM determined inward-open state structure (green, PDB: 6DZZ) and outward-open state of the structure of SERT

(magenta, PDB: 6DZY).

(D) Ligand cryo-EM determined pose (cyan) overlaid with the docked pose (yellow) in the outward-open active site of SERT.

(E) 2D outline of protein-ligand interactions between ‘8090 and SERT.
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Figure 5. Anti-depressive-like effects of compounds ‘8090 and ‘8219 in the tail suspension test with Vmat2 mice

(A and B) Acute effects of ‘8090 (0.5, 1, and 2 mg/kg) and ‘8219 (0.1, 0.5, and 1 mg/kg) 30 min after injection in wild-type (WT) and VMAT2 heterozygous (HET)

mice. Controls were given the vehicle (Veh), 20 mg/kg fluoxetine (Flx), or 30 mg/kg ibogaine (Ibo).

(C and D) Persistent effects of ‘8090 and ‘8219 1 day post-injection in WT and VMAT2 HET mice. n = 8–10 mice/genotype/treatment. All primary statistics are

found in Table S9.
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2 mg/kg ‘8090, 0.5 mg/kg ‘8219, and Flx (Figure 5D), and Ibo ef-

fects were lost. By 7 and 12 days post-administration, the anti-

depressant-like effects were lost.

Depressive-like behavior in the LH model: Sucrose

preference

In the LHmodel, the compoundswere dosed daily over 14 days in

C57BL/6Jmales; subsequently, the administrationwas continued

throughout LH training and over the first 13 days of testing, fol-

lowedby treatmentwithdrawal (Figure6A). Just prior to LH testing,

mice given 2 or 5mg/kg ‘8090 showed a significant preference for

sucrosecomparedwithvehicle (Figure6B).Hence, theanhedonia-

like behavior of the vehicle group was ameliorated by ‘8090. Su-

crose preference was maintained with 2 mg/kg ‘8090 on days 0,

3, and 7, with preference appearing in the 5 mg/kg group on day

7. By contrast, ‘8219 did not show significant efficacy. The

reduced sucrose preference in the vehicle and ‘8219 groups was

not due to decreased drinking since fluid consumptionwas similar

among groups across days (Data S1).

In a separate cohort, animals were treated with the vehicle and

10 mg/kg Flx as outlined (Figure 6A, top). On day �2, the Flx-

treated mice showed an enhanced preference for sucrose over

that of the vehicle controls (Table S4). No group differences in
fluid intake were found. Hence, controls showed anhedonia-

like responses before testing. On day 0, one-half of the vehicle

group remained on this treatment, whereas the remainder were

given 40mg/kg Ibo daily through test day 13 (Figure 6A, bottom).

The Flx group continued with their treatment through day 13,

then all groups were treatment withdrawn. Overall, the vehicle

group showed a reduced sucrose preference compared with

Ibo and Flx mice. Total fluid consumption was similar across

days (Data S1). Thus, both Ibo and Flx increased overall sucrose

preference at testing.

LH: Tail suspension

Anti-depressive-like responses were assessed also by tail sus-

pension (Figure 6A, bottom). Immobility remained high in

vehicle controls throughout treatment (days 1–8) and on day

15 of treatment withdrawal (Figure 6C). Immobility times were

reduced with both ‘8090 and ‘8219 on days 0, 1, and 3. The

5 mg/kg ‘8219 remained efficacious to day 8 and over the first

2 days of treatment withdrawal (days 14 and 15). Since drugs

that increase motor activity can confound these results, loco-

motion was examined, and no effects were observed (Data

S1). Thus, both ‘8090 and ‘8219 exert anti-depressant activities

in tail suspension.
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The vehicle, Ibo, and Flx groups were tested also in tail sus-

pension (Data S1). On the first 2 days of testing, immobility times

were high in the vehicle controls relative to Ibo and Flx mice, and

for Flx, this effect was maintained through day 3. By day 8,

significant group differences were lost, but upon treatment

withdrawal, immobility was enhanced in the Ibo and Flx groups.

No locomotor differences were found (Data S1). In summary,

both ‘8090 and ‘8219 maintain anti-depressive-like actions

throughout testing, and the effects of ‘8219 persist in early with-

drawal. Ibo and Flx anti-depressant-like activities are transient,

and upon withdrawal, immobility is increased.

LH: Shock escape

Assessment of shock-escape performance revealed the

numbers of escapes in vehicle controls relative to the compound

treatments remained low during LH training (days�9 and�2), at

testing with compounds (days 4 and 10), and upon treatment

withdrawal (days 18 and 23) (Figures 6A and S5A). On days 10

and 23, shock-escape performance increased over vehicle

with 5 mg/kg ‘8090 and ‘8219. On day 23 performance was

higher also in the 1 mg/kg ‘8090 group than in controls. Escape

latencies showed a similar picture (Figure S5B). Here, 5 mg/kg

‘8219 was efficacious on day 4 during treatment and during

treatment withdrawal on day 23. As a control, sensitivity to

foot-shock was evaluated during treatment day 13 and treat-

ment withdrawal day 23 (Figure 6A, bottom). On day 13 inten-

sity-dependent responses were evident, whereby on day 22 all

mice were more responsive to the 0.3 mAmp foot-shock.

Together, our results indicate that the new inhibitors promote

shock-escape performance.

For the vehicle and Flx mice, no differences were noted in the

numbers and latencies to escape during conditioning days �9

and �2 (Table S5). Nevertheless, at testing the numbers of es-

capes were depressed in the vehicle controls (Figure S6A) and

the escape latencies were prolonged relative to the Flx and

Ibo mice (Figure S6B). With respect to sensitivity to foot-

shock, no treatment effects were observed (Figure S6C). Collec-

tively, ‘8090 and ‘8219, as well as Ibo and Flx do not affect

reactivity to foot-shock, whereas they improve shock-escape

performance.

LH: Anxiety and working memory

In the elevated zero maze (EZM), LH mice given 2 or 5 mg/kg

‘8090 or 5 mg/kg ‘8219 spent more time and entered the open

areas more readily than vehicle-treated mice displaying an anxi-

olytic drug-like effect (Data S1). Although motor activities were

similar among animals receiving the compounds, locomotion in

the maze was increased with 5 mg/kg ‘8090 versus vehicle

(Data S1). This difference probably exerted no effect on their

anxiety-like responses since the open area times and latencies
Figure 6. The learned helplessness experimental design with sucrose

(A) Top: sub-chronic administrationwith the vehicle, 2 or 5mg/kg ‘8090, or 5mg/k

learned helplessness (LH) training. Bottom: continued daily injections during the fir

Abbreviations: Treat, treatment; Habit, habituation to the LH apparatus; LH, LH

water pairing; IFS, intermittent foot-shock; FR, overnight food restriction; Strobe,

with water and the bedding was changed 2 days later; TS, tail suspension; EZM

shock sensitivity.

(B) Sucrose preference in LH mice. N = 10 mice/treatment.

(C) Tail suspension in LH mice. N = 10 mice/treatment. All primary statistics are
to enter the arms were virtually identical among the ‘8090 and

‘8219 groups (Data S1).

Flx increased open area time compared with Ibo and vehicle

controls, whereby no significant differences were found for the

latency to enter the open areas. However, locomotor activity

was decreased by Ibo (Data S1). Since alterations in locomotion

can confound time spent in and latency to enter the open areas,

we controlled these differences with analysis of covariance

(ANCOVA). Here, only the percent time in the open areas was

enhanced in the Flx-treated mice relative to the vehicle controls.

In summary, both ‘8090 and ‘8219, and Flx showed anxiolytic ac-

tions in the EZM.

We also assessed ‘8219 and ‘8090 (10 mg/kg/day for 10 days)

in the elevated plus-maze test of anxiety. Compared with

vehicle, both inhibitors increased the percentage of entries into

and the time spent exploring the open arms (Data S1). Impor-

tantly, neither total entries into all arms nor total distance traveled

over the 5 min test period differed between the groups, indi-

cating that these inhibitors did not alter motor performance

and/or exploratory behavior. As expected, compared with

vehicle, mice that received a control SSRI, PRX (10 mg/kg),

also spent more time exploring the open arms (Data S1). Thus

‘8219 and ‘8090 exert anxiolytic-like effects comparable to PRX.

In patients and animal models, depression can impair working

memory.81 In the 8-arm radial maze, the numbers of sponta-

neous novel arm selections were similar among groups before

re-visiting an arm for the first time (Figure S7A). Nevertheless,

the 2 mg/kg ‘8090 or 5 mg/kg ‘8219 groups recognized this error

more readily than vehicle controls since they entered more arms

before making a second repeated entry (Figure S7C). Impor-

tantly, this enhanced working memory cannot be attributed to

increased exploration since all groups traveled similar distances

within the maze (Figure S7E).

For mice treated with the vehicle, Ibo, or Flx, Ibo suppressed

locomotion (Figure S7F). Hence, ANCOVA was applied to the

first and second entries to repeat. Here, the Flx mice entered

more arms before repeating a first entry compared with Ibo

and vehicle mice (Figure S7B). However, the converse was

true for the repeated second entry for the vehicle- versus the

Flx-treated animals (Figure S7D). Thus, Flx is most efficacious

in improving working memory early in testing, whereas ‘8090

and ‘8219 are most efficacious later.

The new SERT inhibitors reduce opioid withdrawal
symptoms
Given ibogaine’s use to treat opioid withdrawal,27–30 we investi-

gated the ‘8219 effect on opioid withdrawal. We treated mice for

4 days with escalating doses of morphine (10–75 mg/kg). On the
preference and tail suspension using C57BL/6J mice

g ‘8219 for 2 weeks followed immediately by chronic daily treatment throughout

st 13 days of LH testing, followed by the withdrawal of treatment during testing.

training; SE, shock escape testing; W-W, water-water pairing; S-W, sucrose-

strobe light during the dark cycle; Spray, the mouse and bedding were sprayed

, elevated zero maze; RAM, radial 8-arm maze; OF, open field; and FSS, foot-

in Table S6.
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Figure 7. The new SERT inhibitor ‘8219 re-

duces opioid withdrawal symptoms

(A) Effect of systemic ‘8219 (10 mg/kg; N = 9) on

naloxone-precipitated morphine (M) withdrawal.

(B) Effect of systemic paroxetine (PRX; 10 mg/kg;

N = 9) onwithdrawal. Data are presented asmeans ±

SEM with unpaired Student’s t tests comparing the

effects of ‘8219 and paroxetine to saline and 20%

ethanol, respectively.
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fifth day, the mice received a single dose of morphine (20 mg/kg)

followed either by vehicle, ‘8219 (10 mg/kg), or PRX (10 mg/kg),

and finally followed by naloxone-precipitated withdrawal (10mg/

kg). As expected, PRX significantly reduced naloxone-precipi-

tated jumps and rearings82,83 (Figure 7). By contrast, ‘8219 not
2170 Cell 186, 2160–2175, May 11, 2023
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only reduced jumps but also decreased

forepaw and wet-dog shakes. We

conclude that ‘8219 is as good if not better

than PRX at mitigating opioid withdrawal

symptoms and likely better than ibogaine,

whose SERT activity is clouded by broad

polypharmacology.

DISCUSSION

From large-library docking against the

inward-open conformation of SERT

emerged chemotypes with new pharma-

cology. In this still rare campaign against a

transporter, the docking hit rate was high

at 36%, as was the potency of the initial

top-ranking molecules, many of which had

sub-mM to even mid-nM Ki values. All of

these compounds represent new chemo-

types, topologically unrelated to known

SERT inhibitors in the The International

Union of Basic and Clinical Pharmacology

(IUPHAR)84,85 or (Chemical database of

bioactive molecules) ChEMBL71 databases.

The compounds were also selective for

SERT (FigureS4),with littlemeaningful activ-

ity against well-known off-targets such as

NET, DAT, and the serotonergic GPCRs,

in contrast to the broad promiscuity of

ibogaine.5Thisstudy thussupports theplau-

sibility of targeting transporters for struc-

ture-based discovery. Several other obser-

vations merit emphasis. First, the new

chemotypes appear to exert unique influ-

ences on transporter conformation, closing

the extracellular pathway and not opening

the intracellular pathway except (for ‘8219)

in the absence of Na+. How much this re-

flects the targeting of the inward-open state,

against which the molecules were selected,

and how much this reflects simply the un-

usual chemotypes, is unclear, but it do
presentopportunities fornew functionaloutcomes.Second, stru

ture-basedoptimization improvedpotency,with thebestmolecu

inhibiting SERTwith Ki value of 3 nM. Third, the cryo-EM structu

of the SERT-‘8090 complex, while captured in the outward-op

conformation, perhaps reflecting the conformational influence
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Na+, broadly confirms the docked-predicted pose, with the inhib-

itor’s binding pose overlapping closely with the transporter’s cen-

tral 5-HT site8 and making predicted interactions, including with

Asp98, Phe341, Phe335, and Y176 in both the inward- and out-

ward-open conformations. Finally, the compounds were selected

for favorable physical properties and have high brain exposure.

This contributes to their potent activity in mouse anxiolytic and

especially anti-depressant assays. In the latter, the new

inhibitors were as much as 200-fold more potent than Flx, and

this activity may reflect both their unprecedented chemotypes

and the transporter states that they stabilize.

Limitations of the study
Certain caveats should be mentioned. The large-scale docking

was launched against the inward-open state conformation of

SERT, seeking compounds that phenocopied ibogaine on SERT,

but with higher target selectivity. Such compounds would allow

testing the hypothesis that the uniqueconformational effect of ibo-

gaine might be responsible for its reported ability to ameliorate

opiate withdrawal27–30 and depression.5,31 Our most potent li-

gands were not purely selective for this conformation, instead

seeming to selectively stabilize a state in which the extracellular

pathway isclosed—asmodeled—but the inwardpathway ishardly

changed.Moreover, the ligandsdifferedmarkedly from ibogaine in

their response to Na+ and Cl� (Figures 2C and S1). Although the

docking-predicted structure interacts with the same residues

and certainly the same overall site as that observed in the out-

ward-open cryo-EM structure, the superposition is only approxi-

mate, with an RMSD of 2.11 Å in ligand atoms (this improves to

1.17 Å when comparing the cryo-EM structure with docking to

the outward-open conformation, Figure 4D). We do note that

even ibogaine, which strongly stabilizes inward-open/outward-

closed states, binds not only the inward-open state but also the

outward-open and occluded states, reflecting overall similarities

of the orthosteric sites in all three conformations.7 Despite these

differential effects onSERTconformation, ‘8219 and ‘8090pheno-

copy ibogaine’s reportedeffectsonopioidwithdrawalanddepres-

sion, and these effects are distinguishable from those of SSRIs,

which inhibit SERT in a different conformation.

These cautions should not obscure the major observations

from this study. Large-library docking against the inward-open

conformationofSERTdiscovered13newcompounds represent-

ing 12 chemotypes that bound to the transporter with low mM to

mid-nM concentrations. The docked structures templated opti-

mization to the low nM range. As observed against other flexible

targets,35,37,50 the new chemotypes conferred new in vitro activ-

ities that likely contributed to the unusually high efficacy of the

new SERT inhibitors in animal models of depressive-like re-

sponses. Indeed, the selectivity of thenewSERT inhibitors versus

off-targets like NET, DAT, and serotonergic GPCRs, and for a

particular SERT conformational state, may make them useful as

tool molecules to probe transporter function and therapeutic

translation. Accordingly, we are making them openly available

via the Millipore-Sigma probe collection. Finally, this study sup-

ports the pragmatism of structure-based campaigns against

transporters and suggests that even for those as intensely stud-

ied asSERT, newstructures can template the discovery of potent

new chemotypes, conferring new pharmacology.
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Shoichet (bshoichet@gmail.com)

Materials availability
The following plasmids used in this study have been deposited to Addgene: SERT WT, www.addgene.com/190743; SERT

C109A_Y107C, www.addgene.com/190174; SERT X5C_S277C www.addgene.com/190177

Data and code availability
All data reported in this paper will be shared by the corresponding authors upon request. The cryoEM structure of 8090 in complex

with SERT has been deposited in the PDB (7TXT). The docking program used in this study is available without cost for academic
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research (https://dock.compbio.ucsf.edu/DOCK3.7). A web-based version of this method is available to all for all uses via https://

blaster.docking.org/. The molecular database screened in this study is openly available to all at https://zinc20.docking.org/.

This paper does not report original code. Any additional information required to reanalyze the data reported in this work is available

from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HeLa cells were obtained from ATCC and cultured under their recommended conditions. The cells used have not been otherwise

authenticated.

Animals
Animal experiments were conducted under protocols approved by the UCSF and Duke University Institutional Animal Care and Use

Committees in accordance with the NIH Guide for the Care and Use of Laboratory Animals. Adult (2–3 mos) male C56BL/6J mice

were purchased from the Jackson Laboratory (strain #000664) and used in the plus maze and opioid withdrawal studies at UCSF,

while all other behavioral experiments were conducted at Duke. Adult (4–6 mos) male and female wild-type (WT) and vesicular mono-

amine transporter 2 (VMAT2) heterozygous (HET) micewere used in the tail suspension studies. All mice were housed 3–4 in cages, in

a humidity and temperature-controlled room, on a 12:12 h light/dark cycle (UCSF) or on a 12:12 h light/dark cycle (lights on 0600 h;

Duke) with food and water provided ad libitum, unless noted otherwise.

METHOD DETAILS

Molecular Docking
Serotonin transporter bound to ibogaine in an inward-open conformation7 (PDB ID: 6DZZ) was used for docking a library of >200

million ‘‘lead-like ’’ molecules from the ZINC20 database (http://zinc20.docking.org) using DOCK3.7.95 Forty five matching spheres

or local hot-spots generated from the cryo-EM pose of ibogaine were used in the binding site for superimposing pre-generated flex-

ible ligands and the poses were scored by summing the van der waals interaction energies, receptor-ligand electrostatics and ligand

desolvation energies.96,97 The receptor atoms were protonated with Reduce98 and partial charges calculated using united-atom

AMBER force field.99 AMBER force field was also used for pre-generation of energy grids using QNIFFT100,101 for Poisson–Boltz-

mann-based electrostatic potentials, CHEMGRID102 for van der Waals potential, and SOLVMAP96 for ligand desolvation.

The docking setup was optimized for its ability to enrich knows SERT binders including ibogaine, noribogaine, 5-hyroxytryptamine

(5-HT), cocaine and known selective serotonin reuptake inhibitors (SSRIs),66 in favorable geometries with high complementarity

versus a set of property matched decoys.67 About 50 decoys were generated for each ligand that had similar chemical properties

to known ligands but were topologically dissimilar. The best optimized docking setup was evaluated using enrichment of ligands

over decoys using log-adjusted area under the curve (logAUC values). The best docking setup was able to enrich the cryo-EM

pose of ibogaine as well as dock other known ligands in the right conformation. All docked ligands were protonated with Marvin

(version 15.11.23.0, ChemAxon, 2015;. https://www.chemaxon.com) at pH 7.4, rendered into 3D with Corina (v.3.6.0026, Molecular

Networks GmbH; https://www.mn-am.com/products/corina), and conformationally sampled using Omega (v.2.5.1.4, OpenEye Sci-

entific Software;https://www.eyesopen.com/omega). Before launching a screen of >200 million make-on demand lead like mole-

cules, an ‘extrema set’ of 61,687 molecules was docked in the optimized system to ensure that the molecules with correct physical

properties were enriched.

Overall, in the prospective screen, each library molecule was sampled in about 4358 orientations, on average about 187 confor-

mations were sampled over 5 days on 1000 cores. The top-ranking 300,000 molecules were filtered for novelty using ECFP4-based

Tanimoto coefficient (Tc <0.35) against known inhibitors of SERT, DAT or NET and �28,000 annotated aminergic ligands acting at

serotonin, dopamine and adrenergic receptors in ChEMBL.71 The remainingmolecules were further clustered by an ECFP4-based Tc

of 0.5. From the top 5,000 novel chemotypes, strained molecules with >2 kcal mol�1 internal strains were filtered out and the rest

were visually inspected for the best docked poses with favorable interactions with the SERT active site, including salt bridge forma-

tion with Asp98, pi-pi stacking with Phe335 or Phe341 and polar interactions with Asn177. Ultimately, 49molecules were selected for

de novo synthesis and testing, out of which 36 were successfully synthesized and tested.

Hit to lead optimization
Using 5 primary docking hits ‘9642, ‘6919, ‘2313, ‘4931 and ‘2305 as queries in SmallWorld (https://sw.docking.org/) and Arthor

(http://arthor.docking.org) search engines (NextMove Software, Cambridge UK),69 substructure and similarity searches were

conducted among >20 billion make-on-demand Enamine REAL molecules. The resulting analogs were further filtered based on

Tc > 0.4 and docked to the SERT inward open active site. The docked poses were visually inspected for compatibility with the

site, including salt bridge formation with Asp98, pi-pi stacking with Phe335 or Phe341 and polar interactions with Asn177 and

prioritized analogs were synthesized and experimentally tested.
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Make-on-demand synthesis and Compound Handling
49 molecules from the large scale prospective docking were delivered within 5 weeks with a 73.4% fulfillment rate after a single

synthesis attempt. These make-on demand molecules were derived from the Enamine REAL database (https://enamine.net/

compound-collections/real-compounds). Portions of each compound (1 to 2 mg) were dissolved in DMSO at a concentration of

10 mM and stored as stock solutions at -20� C. The rest of the dry powder was also stored at -20� C for additional rounds of testing.

Freeze-thaw cycles were minimized.

Transport and efflux measurements for Screening and Characterization
5-HT transport into RBL cells or SERT-transfected HeLa cells was measured as described previously.103 Briefly, cells growing in 48-

or 96-well plates were washed once with 100 ml (200 ml for 48-well plates) of PBS/CM (phosphate-buffered saline containing 0.1 mM

CaCl2 and 1 mM MgCl2). 5-HT uptake assays were initiated by the addition of [3H]5-HT (20 nM final concentration) and unlabeled

5-HT to the indicated total concentration (for determination of KM and Vmax). The assays were terminated after 10 min by three rapid

washes with ice-cold PBS. The cells were then solubilized in 30 ml (150 ml for 48-well plates) of 0.01 M NaOH for 30 min. For 96-well

assays, 120 ml of Optifluor (Perkin-Elmer) was added and accumulated [3H]5-HT was determined by liquid scintillation spectrometry

in a PerkinElmer Microbeta plate counter. For 48-well assays, the NaOH-lysed cells were transferred to scintillation vials with 3 ml of

Optifluor and counted by liquid scintillation spectrometry. For efflux experiments (in 48-well plates, incubations with 20 nM [3H]5-HT

were extended to 15 min, followed by 2 washes with PBS/CM, and further incubation in 200 ml PBS/CM with or without the indicated

inhibitor. Incubationswere terminated as above at 5min intervals up to 20min and counted. Time courseswere fitted by linear regres-

sion of the time courses.

Binding measurements
Binding of the high-affinity cocaine analog [125I]b-CIT was measured in crude membrane preparations from SERT-transfected HeLa

cells as described previously.103 For membrane binding assays, frozen membranes from cells expressing SERT mutants were

thawed on ice, applied to Multiscreen-FB 96-well filtration plates (Millipore, approximately 100 mg per well), and washed five times

by filtration with 100 ml of binding buffer (10 mM HEPES buffer, pH 7.4, containing 150 mM NaCl, Na-isethionate, or NMDG-Cl as

indicated). b-CIT binding was then initiated by the addition of 100 ml of binding buffer containing 0.1 nM [125I]b-CIT and the indicated

concentration of individual test compounds. Binding was allowed to proceed for 1.5 h at 20�C with gentle rocking. The reaction was

stopped by filtration and three washes with 100 ml of ice-cold PBS buffer. 50 ml of Optifluor was added to each filter and the plates

were counted with a PerkinElmer Microbeta plate counter.

Accessibility measurements
Conformational changes were measured using the accessibility of cysteine residues placed in the cytoplasmic (S277C) and extra-

cellular (Y107C) permeation pathways as described.3 For measuring extracellular pathway accessibility, intact cells expressing

SERT C109A-Y107C growing in 96-well plates were incubated for 15 min with 0.01-10 mM MTSET in the presence or absence of

test compounds and then washed with PBS/CM. Transport rates were then measured to determine the reactivity of Y107C under

the experimental conditions tested. For cytoplasmic pathway accessibility, membranes prepared from cells expressing SERT

S277C-X5C were applied to Multiscreen-FB 96-well filtration plates, washed as in the binding assays, and then incubated for

15 min with 0.01-1 mM MTSEA in the presence or absence of test compounds. and then washed with PBS/CM. Binding of the

high affinity cocaine analog b-CIT was measured on the filters as described above. Modification of Cys277 inactivates b-CIT binding

by preventing closure of the cytoplasmic pathway and opening of the extracellular pathway.87 For measurements with both transport

and binding, the concentration of MTSEA or MTSET leading to half-maximal inactivation were used to calculate the rate constant for

inactivation and expressed either as that rate constant or the rate relative to the control rate in the absence of test compound. All test

compounds and other inhibitors were added at 10x the KI measured for inhibition of binding or transport, depending on the assay. In

some cases, particularly in the assayswith intact cells, incomplete washout of inhibitors prevented accurate assessment of the sensi-

tivity toMTS reagents. In those cases, the inhibitor concentrationwas lowered until the residual activity after washingwas sufficient to

make accurate measurements. In no case was inhibitor concentration decreased lower than the IC50 for transport inhibition.

Dissociation measurements
Dissociation rates for ‘8090 and ‘8219 were determined under whole-cell patch clamp by first inhibiting SERT with a saturating con-

centration of the inhibitor and then washing the inhibitor away while testing for recovery of SERT currents by frequent application of

5-HT. HEK293 monoclonal cells stably expressing GFP-hSERT were incubated for 2h with 75nM and 50nM of ‘8090 and ‘8219

respectively in an external solution (140mM NaCl, 3mMKCl, 2.5mM CaCl2, 2.0mM MgCl2, 10mM HEPES pH 7.4, 20mM glucose).

Patch-clamp pipettes were back-filled with an internal solution (133 mM K-MES, 1.0mM CaCl2, 0.7mM MgCl2, 10mM EGTA,

10mM HEPES pH 7.2).Patched cells were constantly perfused for 37.5min with an inhibitor-free external solution. A 1s pulse of

10mM 5-HT was applied to the cell every 15s during this perfusion. The amplitude of 5-HT induced steady-state current104 was

recorded and plotted vs. time.
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Neurotransmitter Transporter Assays for Determining Selectivity
DAT, NET, and SERT activities were determined using the neurotransmitter transporter update assay kit from Molecular Devices

(Category R8174). Briefly, HEK293 cells stably expressing human DAT, NET, or SERT were plated in Poly-L-Lys (PLL) coated

384-well black clear bottom plates in DMEM supplemented with 1% dialyzed FBS (dFBS), at a density of 15,000 cells in 40 ml per

well. After overnight recovery, the cells were removed of medium, received 25 ml per well drug solutions prepared in assay buffer

(1x HBSS, 20 mM HEPES, pH 7.40, supplemented with 1 mg/ml BSA) for 30 min at 37�C, followed by 25 ml per well of dye solution

for an additional 30 min incubation at 37�C. Cocaine, Nisoxetine, and fluoxetine served as positive controls for DAT, NET, and SERT,

respectively. Fluorescence intensity was measured on the FlexStation II with excitation at 440 nm and emission at 520 nm. Relative

fluorescence units (RLU) were exported and analyzed in Prism 9.0.

GPCRome screening assays
Off-target agonist activity at human GPCRome was carried out using the PRESTO-Tango assays as described before76 with mod-

ifications. In detail, HTLA cells were plated in PLL coated white clear-bottom 384-well plates in DMEM supplemented with 1% dFBS,

at a density of 10,000 cells in 40 ml per well. After recovery for about 6-hour, the cells were transfected with 20 ng DNA per well for

overnight incubation, followed by addition of 10 ml of selected test compounds, prepared in DMEMsupplementedwith 1%dFBS. The

cells were incubated with drug overnight (usually 16–20 hours). Medium and drugs were then removed and 20 ml per well of BrightGlo

reagents diluted in assay buffer were added. Plates were incubated for 20min at room temperature in the dark and luminescencewas

counted. In each plate, the dopamine receptor D2 was included as an assay control and was stimulated with 100 nM of the agonist

quinpirole. Each receptor had 4 replicate wells of basal (withmedium) and 4 replicate wells of sample (10 mMfinal in this case). Results

were expressed in as fold change over average basal.

GPCR b-Arrestin Tango Assays
HTLA cells were transfectedwith target receptor construct in DMEMsupplemented with 10%FBS for overnight, plated in PLL coated

white clear-bottom 384-well plates in DMEM supplemental at a density of 10,000 cells in 40 ml per well. After recovery for about

6-hours, compound in serial dilutions, prepared in DMEM supplemented with 1% dFBS, were added to cells, 10 ml per well in 5x

of the final designed. The plate was incubated overnight, usually 16 – 20-hours and luminescence counts were determined as above.

Results were analyzed and processed in Prism 9.0.

GloSensor cAMP Assays
HEK293 T cells were co-transfected with the target receptor construct and GloSensor cAMP reporter (Promega) in DMEM supple-

mented with 10% FBS for overnight incubation. Transfected cells were plated in PLL coated white clear-bottom 384-well plates in

DMEMsupplemented with 1%dFBS at a density of 15,000 to 20,000 cells in 40 ml per well. After recovery of aminimumof 6-hours (up

to 24-hours), cells were used for GloSensor cAMP assays. Briefly, cells were removed of medium and received 25 ml per well com-

pound solutions, prepared in assay buffer (1x HBSS, 20 mM HEPES, pH 7.40, supplemented with 1 mg/ml BSA) supplemented with

4 mM luciferin. For Gs agonist activity, the plates were counted for luminescence after 20 min incubation at room temperature in the

dark. For Gi agonist activity, 10 ml of isoproterenol (ISO at a final of 100 nM, used to activate endogenous ß2-receptors to activate Gs

and then adenylyl cyclase activity) was added at 15 min after compound and the plate was counted after 20 min as above. Results

were analyzed in Prism 9.0.

Expression and purification of SERT and Fab15B8
The DN72/DC13 N- and C-terminally truncated human wild-type SERT amino acid sequence7 was codon optimized and synthesized

(Twist Bioscience). The SERT gene (Slc6a4) fragment was cloned into a pcDNA3.4-zeocin-TetO vector with a C-terminal human

rhinovirus 3C cleavage site, followed by a human protein C tag (EDQVDPRLIDGK), and a 10 x polyhistidine tag. Expi293F cells at

3.0 x 106 cells/ml were transfected with 1 mg DNA per ml culture using the Expi293 Expifectamine kit (Life Technologies) according

to the manufacturer’s recommendations. The following day, expression was induced with 1 mg/ml doxycycline hyclate (Sigma

Aldrich), and Expifectamine Enhancer Solutions I and II (Life Technologies) were added. After 48 h cells were harvested by centrifu-

gation at 4,000 x g, and stored at -80�C until further use. On the day of purification, cells were thawed and dounce homogenized into

ice cold solubilization buffer comprised of 100 mM NaCl, 20 mM HEPES pH 7.50, 1% (w/v) DDM, 0.1% (w/v) CHS, EDTA-free pro-

tease inhibitor (Thermo Fisher), and 30 mMcompound ‘8090. Cells were solubilized for 60min at 4�C and centrifuged at 14,000 x g for

30min at 4C. The supernatant was supplementedwith 2mMCaCl2 and loaded over homemade anti-protein C affinity resin. The resin

was washed with 25 C.V. of buffer comprised of 100 mM NaCl, 20 mM HEPES pH 7.50, 0.1% (w/v) DDM 0.01% (w/v) CHS, 1 mM

CaCl2, and 10 mM ‘8090. SERT was eluted with 100 mM NaCl, 20 mM HEPES pH 7.50, 0.1% (w/v) DDM 0.01% (w/v) CHS, 1 mM

EDTA, 0.2 mg/ml protein C peptide (Genscript), and 30 mM ‘8090.

Fab15B8 heavy and light chain amino acid sequences were obtained from the literature7 and codon optimized genes were de-

signed with an N-terminal H7 signal sequence and a C-terminal polyhistidine tag. The genes were synthesized and cloned into

the commercially available pTWIST-CMV expression vector (Twist Bioscience). Expi293F cells at 3.0 x 106 cells/ml were transfected

with 1 mg total DNA per ml culture of heavy chain and Light chain DNA in a 2:1 mass ratio, using the Expi293 Expifectamine kit (Life

Technologies). The following day, Expifectamine Enhancer Solutions I and II (Life Technologies) were added. At approximately 120 h,
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culture was harvested by centrifugation at 4,000 x g and the supernatant containing Fab15B8was loaded over a Ni-NTA column. The

column was extensively washed with 20 mM HEPES pH 7.50, 100 mM NaCl, 30 mM imidazole. Fab15B8 was eluted with 20 mM

HEPES pH 7.50, 100 mMNaCl, 250 mM imidazole, concentrated on a 10k MWCO spin filter (Amicon), and aliquots were flash frozen

in liquid N2 and stored at -80�C until use.

Nanodisc-SERT reconstitution
Approximately 150 mg of purified SERT was reconstituted into lipidic nanodiscs bymixing with purifiedMSPNW11 and a lipid mixture

containing 2:3 weight ratio of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC, Avanti) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-

pho-(10-rac-glycerol) (POPG, Avanti). A SERT:MSPNW11:lipid molar ratio of 1:20:800 was used in buffer comprising 20 mM HEPES

pH 7.50, 100 mMNaCl, 1 mM EDTA, 30 mM ‘8090. MSPNW11 was purified as described previously.105 Samples were incubated un-

der slow rotation for 1 h at 4�C. Detergent was removed by addition of 200 mg/ml SM-2 BioBeads (BioRad) followed by incubation

under slow rotation for 16 h at 4�C. The reconstituted sample was separated from BioBeads and 2 mM CaCl2 was added before

loading over an anti-protein C affinity resin. The resin was washed with 100 mM NaCl, 20 mM HEPES (pH 7.50), 1 mM CaCl2 and

10 mM ‘8090. Nanodisc-SERT was eluted with 100 mM NaCl, 20 mM HEPES pH 7.50, 0.5 mM EDTA, 0.2 mg/ml protein C peptide

(Genscript), and 30 mM ‘8090. The nanodisc-SERT sample was concentrated using a 50k MWCO spin filter (Amicon).

Cryo-EM sample preparation and data collection
Nanodisc reconstituted SERT was mixed with 1.25 fold molar excess purified Fab15B8 and incubated 30 min on ice. The complex

was purified by size exclusion chromatography (SEC) on a Superdex S200 Increase 10/300 GL column (GE Healthcare) into buffer

comprised of 100mMNaCl, 20mMHEPES pH 7.50, and 10 mM ‘8090. Peak fractions containing themonomeric SERT complex were

supplementedwith ‘8090 to 30 mMand concentrated to�10 mMwith a 50kMWCOspin filter (Amicon). Monodispersity of the final EM

sample was assessed by analytical fluorescence SEC using � 5 mg protein and the chromatography buffer and column. Tryptophan

fluorescence was recorded with an FP-1520 Intelligent Fluorescence Detector (Jasco) using lex = 280 nm and lem = 350 nm.

The 2.5 ml sample was applied to glow discharged UltrAuFoil (R 1.2/1.3) 300mesh grids (Qauntifoil). Grids were plunge vitrified into

liquid ethane using a Vitrobot Mark IV (Thermo Fisher) with 5 s wait time, 3-5 s blot time, and 0 blot force. The blotting chamber was

maintained at 100% humidity and 22�C. Vitrified grids were clipped with Autogrid sample carrier assemblies (Thermo Fisher) imme-

diately prior to imaging.

Movies of ‘8090-boundMSPNW11-SERT-Fab15B8 embedded in ice were recorded using a Titan Krios Gi3 (Thermo Fisher) equip-

ped with a BioQuantum Energy Filter (Gatan) and a K3 Direct Electron Detector (Gatan). Data were collected using Serial EM88

running a 3 x 3 image shift script at 0� stage tilt. A 105,000 x nominal magnification with 100 mmobjective aperture was used in super-

resolutionmodewith a physical pixel size of 0.81 Å pixel-1. Movies were recorded using dose fractionated illumination conditions with

a total exposure of 50.0 e- Å-2 delivered over 60 frames yielding 0.833 e- Å-2 frame-1.

Data processing
Rawmovies were imported into cryoSPARC v3.2.0 (Structura Biotechnology), patch motion corrected with 0.5 Fourier cropping, and

contrast transfer functions were calculated for the resulting micrographs using Patch CTF Estimation. Particles were template picked

using an ab initio model that was generated during data collection in cryoSPARC Live (Structura Biotechnology). A total of 3,313,742

particles were extracted with a 360 pixel box that was binned to 96 pixels, and sorted by two rounds of 3D classification by heter-

ogenous refinement, using initial model templates low pass filtered to 20 Å. Particles were unbinned and subjected to an additional

round of sorting by heterogenous refinement, using two initial models of SERT. Finally non-uniform refinement was performed, before

particles were exported using the pyem v0.5.90 An inclusion mask covering SERTwas generated with the Segger tool in Chimera and

the mask.py tool in pyem v0.5. Particles and mask were imported into Relion v3.0 and subjected to 3D classification without image

alignment. A series of classifications were performed varying the number of classes and the T factor. The resulting 187,696 particles

were brought back into cryoSPARC and non-uniform refinement followed by local refinement using a mask covering SERT and the

variable chains of Fab15B8.

A Directional Fourier shell correlation (dFSC) was calculated using half maps and the final output mask from the local refinement.91

Local resolution estimation were calculated in cryoSPARC. Euler angle distribution was visualized with the star2bild.py script. Model

building and refinement were carried out using PDB 6VRHas startingmodel, whichwas fit into the 3.0 Å SERTmap usingChimeraX.92

A rough model was generated using ISOLDE extension93 which was further refined by iterations of real space refinement in Phenix94

and manual refinement in Coot.106 The ‘8090model and rotamer library were generated with PRODRG server,107 and docked using

Coot. Final map-model validations were carried out using Molprobity and EMRinger in Phenix.

Behavioral Studies
The learned helplessness, sucrose preference, tail suspension, shock escape, sensitivity to foot-shock, open field, and elevated zero

maze apparati and procedures have been described.108 The equipment and procedures for the elevated plus maze109 and opioid

withdrawal assay110 have been described. The elevated 8-arm radial maze apparatus has been reported.111 The mouse was placed

into the center zone and given 5 min of free access to the maze. The numbers of arm entries before the first re-entry (i.e., entries to

repeat), the numbers of entries before a second repeat, and the total distance traveled are presented.
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Drugs and Compounds
All new ligands were synthesized by Enamine (Kyiv, Ukrane) to >95% analytic purity. At UCSF ‘8219 was re-suspended in 20%

cyclodextran and ‘8090 in NaCl 0.9% for the plusmaze and opioid withdrawal assays. Paroxetine hydrochloride andmorphine sulfate

pentahydrate (Millipore Sigma, St. Louis, MO) were used in the respective plus maze and withdrawal studies where 20% ethanol and

saline served as vehicles, respectively. In the Duke behavioral studies, the vehicle consisted of N,N-dimethylacetamide (final volume

0.5%;Millipore Sigma) brought to volume with 5%2-hydroxypropoyl-b-cyclodextrin (Millipore Sigma) in water (Mediatech Inc., Man-

assas, VA). As controls, fluoxetine hydrochloride (Flx; Millipore Sigma) and ibogaine (Ibo; NIDA Drug Supply Program, Bethesda, MD)

were used. In all experiments, personnel were blinded to the particular treatment and genotype of themice. All drugs and compounds

were administered i.p. at in volumes of either 100 mL (UCSF) or 5 mL/Kg (Duke).

Elevated Plus-Maze Assay
The plus-maze apparatus consisted of two open arms and two closed arms (with 15 cm high, opaque walls) of the same dimensions

(35 x 9 cm), elevated to a height of 50 cm. Mice received 100 mL of each compound (10 mg/kg; i.p.) or vehicle (saline for ‘8219; 20%

cyclodextran for ‘8090) once a day for 10 consecutive days. After the last injection (on the 10th day), mice were placed in a Plexiglas

cylinder for 30 min before being placed into the center area of the plus-maze, facing a closed arm. A camera placed� 2 m above the

maze recorded the amount and the number of times each mouse entered each arm, over a period of 5 min. The total distance trav-

elled in the apparatus was also recorded. A single injection of paroxetine (10 mg/kg. i.p.) was used as positive control. Animals

receiving paroxetine were also first habituated for 30 min in a Plexiglas cylinder before entering the plus-maze.

Learned helplessness paradigm and shock escape testing
The learned helplessness (LH) apparatus has been described.80 C57BL/6J males were housed individually for the entire experiment

on a 12:12 light-dark cycle (lights on 0500 h) and were trained/tested in LH between 0900 and 1530 h. Onemouse cohort was treated

with vehicle, 2 or 5 mg/kg ‘8090, or 5 mg/kg ‘8219 once a day for 14 days prior to LH training (Figure 6). Chronic administration

continued daily during LH training for 21 days and for the first 13 days of LH testing. Subsequently, treatment was withdrawn and

the behavioral responses were followed over 10 additional days to determine the duration of the compound/drug effects. A second

cohort received vehicle and 10 mg/kg Flx and were treated as described above. Beginning on day 0 the vehicle-treated mice were

divided into one group that continued with vehicle, while the other group was given 40 mg/kg Ibo daily over the first 13 days of LH

testing and then withdrawn.

For LH training, mice were habituated to the apparatus for 60 min over 2 consecutive days (Figure 6, top). During training and

testing, all mice were returned to their home-cage with food and water. Next, mice received 360 0.15 mA foot-shocks for 2 s

(10 s variable inter-trial interval) on days -19 to -11, -8 to -3, and on -1. On days -14 and -11, mice received foot-shock for the first

30 min, it was stopped for 10 min, and was resumed for the final 20 min. On days -12 and -8, after LH training mice returned to their

home-cages without food. On day -10micewere exposed to a Pulse Ultra Bright LEDStrobe Light (Roxant, Bellevue,WA) throughout

the dark cycle. On day -9 the bedding, food, and mouse were sprayed with �8 mL of water and the bedding was not changed for

2 days. On days -9 and -2, mice were tested for shock escape (0.15 mA foot-shock) over 10 trials (inter-trial interval 30-90 s) and

the numbers and latencies to escape were determined by MedAssociates software (St. Albans, VT). On days -7 and -6, two-bottle

water-water (W-W) training was performed. This was followed on days -5 to -2 with sucrose-water (S-W) pairings.

LH testing began on day 0 and continued through day 23 (Figure 6A, bottom). Mice were tested in tail suspension on days 0, 1, 3, 8,

14, 15, 17, and 21. Sucrose-water pairing occurred on days 0, 1, 3, 7, 11, 14, 15, 17, and 21. Shock escape testing was conducted on

days 4, 10, 18, and 23. Zero maze testing for anxiety was performed on day 6. On day 9 working memory was evaluated in the 8-arm

radial maze. Locomotion was examined on day 12 in the open field. Finally, sensitivity to foot-shock was analyzed on treatment day

13 and treatment-withdrawal on day 22.

Tail suspension
This test was conducted between 1000 and 1500 hwith both the VMAT2 and the LHmodels using theMedAssociates (St. Albans, VT)

mouse tail suspension apparatus.80 Here, the body weight of the mouse was used as a control for the force of struggle activity. In the

genetic model, adult (2-4 mos of age) male and female WT and VMAT2 HET mice were given (i.p.) a single administration of vehicle,

20 mg/kg Flx, 30 mg/kg Ibo, or different doses of ‘8090 or ‘8219. Thirty min after injection mice were tested for 6 min and at 1, 7, and

12 days post-injection. In the LHmodel, immobility in tail suspension was assessed at 30 min (day 0) and on days 1, 3, and 8 of treat-

ment and on days 14, 15, 17, and 21 during treatment withdrawal (Figure 6A, bottom).

Sucrose preference
This test was conducted in the home-cagewith two bottles (Animal Care Systems, Centennial, CO).Water bottles were removed from

the home-cage 2.5 h prior to the dark cycle. Mice in the LH study were provided with water-water (W-W) pairings on days -7 and -6

1.5 h after the beginning of the dark cycle with continual access until 0830 h (Figure 6A). Subsequently, on training days -5 to -2 and on

testing days 0, 1, 3, 7, 11, 14, 15, 17, and 21, mice were presented with 0.6% sucrose-water (S-W) pairings. The position of the

sucrose bottle was alternated over dayswith the total volume consumed recorded. Sucrose preferencewas calculated as the volume
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of sucrose consumedminus that of water, divided by the total volume. Positive values represented a preference for sucrose, negative

scores a preference for water, and scores near ‘‘0’’ indicating no preference.

Open field motor activity
In LHmice locomotion was examined in an open field (21 x 21 x 30 cm;Omnitech Electronics, Columbus, OH) illuminated at 180 lux.80

Animalswere placed into the open field for 30min for baseline activities, were removed, injectedwith vehicle, ‘8090, ‘8219, Ibo, or Flx,

and returned immediately to the open field for 30min (Figure 6A, bottom). Locomotion (distance traveled) wasmonitored using Fusion

Integra software (Omnitech) as cumulative activity.

Sensitivity to foot-shock
This test and apparatus have been described.112 Animals were given vehicle, ‘8090, ‘8219, Ibo, or Flx and tested 30 min later during

the treatment and treatment-withdrawal phases of LH testing (Figure 6A, bottom). Reactivity to foot-shock was evaluated with 0, 0.1,

0.2, and 0.3 mAmp on test days 13 and 22.

Elevated zero maze
The apparatus and procedure are published.80 Mice were injected with vehicle, ‘8090, ‘8219, Ibo, or Flx and tested 30min later in the

zero maze over 5 min on LH test day 6 (Figure 6A, bottom). Percent open area time, latency to enter the open areas, and locomotor

activities were recorded.

Elevated radial arm maze
The radial maze was made of wood and painted black, it was elevated 45.5 cm from the floor, and each arm was 22 cm long with a

central area 11 cm in diameter. From the central zone, the walls of each arm were 7 cm high for 8 cm and the remainder was 2.5 cm

high. This test was conducted from 1000–1500 h on day 9 of LH testing (Figure 6A, bottom). Mice were administered vehicle, ‘8090,

‘8219, Ibo, or Flx and tested 30 min later when placed into the center zone with 5 min of free-access. The numbers of arm entries

before the first re-entry (i.e., entries to repeat), numbers of entries before a second repeat, and the total distance traveled are

presented

Opioid Withdrawal Assay
The opioid withdrawal assay was conducted as described.110 Briefly, mice received escalating morphine doses over 4 days (10, 15,

20, 30, 50, 60, 70 and 75 mg/kg; twice daily). On day 5, mice received 20 mg/kg morphine followed 2 h later by 10 mg/kg ‘8219 or

paroxetine, or their vehicles (saline or 20% ethanol, respectively). Thirty min later, all mice received 10 mg/kg naloxone and were

filmed over the next 20 min. For withdrawal, we scored over these 20 min the number of naloxone-precipitated jumps, forepaw

shakes, wet dog shakes and rearings, as well as the time spent grooming/forepaw licking.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented asmeans ± standard errors of themean. UCSF statistical analyses were performedwith Prism (GraphPad, San

Diego, CA) using unpaired Student’s t-test to compare the effects of the compounds and paroxetine with their vehicle control

presented in Figure 7 and Data S1. At Duke, the data were analyzed by IBM SPSS Statistics 28 programs (IBM, Chicago, IL), the sta-

tistical analysis presented in Figures 5, 6, S3, S4, and S5, Tables S4–S6, and Data S1. Table S6 provides all the primary statistics for

the behavioral studies conducted at Duke, the post-hoc p-values are provided in each panel of the Figures 5, 6, S3, S4, and S5 and

Data S1 for the behavioral studies, and the Ns (numbers of mice behaviorally tested) are given in Table S6 (Duke) and in the Fig-

ure Legends. In the course of performing statistical analyses in the SPSS programs, all statistical outputs from Duke contain Levine’s

Test for Equality of Error Variances as a test for homogeneity of variance. Since no sex effects were detected in VMAT2mice, sex was

collapsed in statistical analyses. Student’s t-test, one- or two-way ANOVA, repeated measures ANOVA (RMANOVA), or analysis of

covariance (ANCOVA) were followed by Bonferroni corrected pair-wise comparisons. A p<0.05 was considered significant. The

numbers of animals in each group represent the number of replicates for a given study. The graphic results are presented using

GraphPad Prism 9.4.1. Statistical analysis in Figures 2 and 3 and Data S1 was performed using Origin (Originlab) where uncertainties

and statistical significance of differences were calculated, using 2-sample t-tests and, where possible, paired-sample t-tests. All

reported resolutions in cryo-EM studies are based upon the 0.143 Fourier Shell Correlation criterion (Figure 4; Data S1).
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Figure S1. Inhibition of transport and binding by ‘8090 and ‘8219 and kinetics of dissociation, related to Figure 2 and STAR Methods

(A) Percentage of remaining [125I]b-CIT binding (squares) or [3H]5-HT transport (circles) as a function of ‘8219 (red symbols) or ‘8090 (black symbols) concentration

(individual experiments). [3H]5-HT was added simultaneously with inhibitors (solid lines, filled circles) or after a 30min pre-incubation (dashed lines, open circles).

For ‘8219, KI values were 0.11 ± 0.02 and 0.17 ± 0.09 mM (SD) for 0 and 30 min pre-incubation, respectively. For ‘8090, corresponding KI values were 0.27 ± 0.06

and 0.19 ± 0.04 mM, respectively (single experiments). Compared with the KI values for binding (Table S2), the transport KI values were significantly higher (p =

0.0014 for ‘8219 and 0.0046 for ‘8090, two-sample t test).

(B) Time course for recovery of 5-HT-induced currents. HEK-293 cells expressing hSERT were pre-incubated for 60 m with 50 nM ‘8219 or 75 nM ‘8090 patched,

and superfused with inhibitor-free buffer. At intervals of 15 s, the cell was exposed to a brief pulse of 5-HT, and the increase in inward current amplitude was

measured. The compounds dissociated at rates of 2.27 ± 0.20 3 10�3 and 1.82 ± 0.09 3 10�3 s�1 for ‘8219 and ‘8090, respectively (not significantly different).

Using KD values of 5 nM for ‘8219 and 15 nM for ‘8090, we calculated that kon rates would be 0.045 and 0.012 M�1 s�1 for ‘8219 and ‘8090, respectively. At

concentrations giving half-maximal inhibition, the half-time for equilibration of binding should be less than 7 min for both compounds. This time is much shorter

than the 30min pre-incubation with inhibitor, which did not lead to ameasurable difference in IC50 values relative to adding substrate and inhibitor simultaneously

in the transport experiments.

(C) Dependence of ‘8090 binding on Na+ andCl�. Na+ increased ‘8090 affinity in equilibrium displacement of [125I]b-CIT (representative experiments). Membranes

from cells expressing SERTwere incubated with 0.1 nM [125I]b-CIT and the indicated concentrations of ‘8090 in PBS/CM (control, black line and circles), PBS/CM

in which Na+ was replaced with NMDG+ (blue line and circles) or Cl� was replaced with isethionate (red line and circles). The presence of Cl� increased ‘8090

inhibitory potency less than 2-fold (not significant), from a KI of 29 ± 6 nM (n = 4) to 19 ± 0.2 nM (n = 2) in these experiments. Na+ increased ‘8090 inhibitory potency

15-fold, from a KI of 297 ± 102 nM (n = 3) to 19 ± 0.2 nM (n = 2).
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Figure S2. Representation of SERT in two conformations with reactive cysteines shown, related to Figure 3

The outward-open conformation is shown with Cys107 exposed in the extracellular pathway, residue 277 buried, and citalopram at the central substrate site

(PDB: 5I73). The inward-open conformation is shown with Cys277 exposed in the cytoplasmic pathway, residue 107 buried, and ibogaine in the central substrate

site (PDB: 6DZZ).
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Figure S3. Cryo-EM analysis of ‘8090 bound SERT, related to Figure 4

(A) Size exclusion chromatogram showing purification of nanodisc-reconstituted SERT in complex with Fab15B8 and compound ‘8090 in the presence of Na+.

The final concentrated sample was analyzed by tryptophan fluorescence size exclusion chromatography (SEC) and SDS-PAGE prior to vitrification.

(B) Representative good motion-corrected micrograph showing monodisperse nanodisc-SERT-Fab15B8 particles.

(C) Select 2D class averages generated from the fully processed dataset showing distinct views of nanodisc-SERT-Fab15B8.

(D) The empirically determined image processing workflow for nanodisc-SERT-Fab15B8. Processing was achieved by combining tools in cryoSPARC v3.2.0 and

Relion v3.0, enabled by the pyem v0.5 script package. Particle numbers for each step are provided and resolutions are FSC = 0.143 cut-off values reported in

cryoSPARC.

(E) Directional Fourier shell correlation (dFSC) curves from the final nanodisc-SERT-Fab15B8 reconstruction. Map-model FSC curves calculated in Phenix.

(F) Euler angle distribution from the final reconstruction visualized as two orthogonal views using the star2bild.py script.

(G) Local resolution estimation calculated in cryoSPARC, shown in the same orthogonal views as f. A detailed view of the SERT substrate binding site is

also shown.
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Figure S4. Comprehensive activity profiling against NET, DAT, and SERT and GPCRome, related to Figure 1 and STAR Methods

(A–C) Measurement of inhibitory activity of ‘8090 and ‘8219 at SERT (A), NET (B), and DAT (C) using a cell-based functional assay.

(D and E) Tango b-arrestin 2 recruitment assay testing the activity of ‘8219 (D) and ‘8090 (E) on >300 GPCRs to assess off-target activity. Both compounds were

tested at 10 mM with dopamine D2 receptor (DRD2) as control.

(F) Confirmation of primary screen hit for ‘8090 as concentration dose-response curve.
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(legend on next page)
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Figure S5. The numbers of escapes, latency to escape, and sensitivity to foot-shock in learned helplessness C57BL/6Jmice treated with the

vehicle, ‘8090, or ‘8219, related to Figure 6

(A) The numbers of escapes from foot-shock during learned helplessness training (days �9 and �2) and testing. Mice were continued with chronic treatments

(days 4 and 10) with the vehicle (Veh), 2 or 5 mg/kg ‘8090, or 5 mg/kg ‘8219. 30 min after injection, mice were tested over 10 trials for shock escape. Treatments

were withdrawn (days 18 and 23) and mice were re-tested for escape from foot-shock.

(B) The latency to escape in the shock-escape test.

(C) Assessments of the sensitivity to foot-shock in learned helpless mice during treatment (day 13) and following treatment withdrawal (day 22). n = 10 mice/

treatment. The primary statistics are found in Table S9.
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(legend on next page)
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Figure S6. The numbers of escapes, latency to escape, and sensitivity to foot-shock in learned helplessness C57BL/6Jmice treated with the

vehicle, ibogaine, or fluoxetine, related to Figure 6

(A) The numbers of escapes to foot-shock during learned helplessness training (days �9 and �2) and testing. Chronic treatment was continued (days 4 and 10)

with the vehicle (Veh), 40 mg/kg ibogaine (Ibo), or 10 mg/kg fluoxetine (Flx). 30 min after injection, mice were tested over 10 trials for shock escape. Treatments

were withdrawn (days 18 and 23) and mice were re-tested for escape from foot-shock.

(B) The latency to escape in the shock-escape test.

(C) Assessments of the sensitivity to foot-shock in learned helpless mice during treatment (day 13) and following treatment withdrawal (day 22). n = 9–10 mice/

treatment. The primary statistics are found in Table S9.
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Figure S7. Working memory in learned helplessness C57BL/6J mice treated with vehicle, ‘8090, or ‘8219, or the vehicle, ibogaine, or

fluoxetine, related to Figure 6

Mice were treated chronically with the vehicle (Veh), 2 or 5 mg/kg ‘8090, or 5 mg/kg ‘8219; or with the Veh, 40 mg/kg ibogaine (Ibo), and 10mg/kg fluoxetine (Flx).

30 min after injection, mice were tested for 5 min in the elevated 8-arm radial maze.

(A and B) Arm entries before the first repeat entry into an arm.

(C and D) Arm entries before repeating an arm entry for the second time.

(E and F) Locomotor activities. n = 10 mice/treatment for (A), (C), and (E) or n = 9–10 for (B), (D), and (F). The primary statistics are in Table S9.
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