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Structural basis of norepinephrine recognition and
transport inhibition in neurotransmitter
transporters
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Norepinephrine is a biogenic amine neurotransmitter that has widespread effects on alert-
ness, arousal and pain sensation. Consequently, blockers of norepinephrine uptake have
served as vital tools to treat depression and chronic pain. Here, we employ the Drosophila
melanogaster dopamine transporter as a surrogate for the norepinephrine transporter and
determine X-ray structures of the transporter in its substrate-free and norepinephrine-bound
forms. We also report structures of the transporter in complex with inhibitors of chronic pain
including duloxetine, milnacipran and a synthetic opioid, tramadol. When compared to
dopamine, we observe that norepinephrine binds in a different pose, in the vicinity of subsite
C within the primary binding site. Our experiments reveal that this region is the binding site
for chronic pain inhibitors and a determinant for norepinephrine-specific reuptake inhibition,
thereby providing a paradigm for the design of specific inhibitors for catecholamine neuro-
transmitter transporters.
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eurotransmitter transporters of the solute carrier 6 (SLC6)

family enforce spatiotemporal control of neurotransmitter

levels in the synaptic space through Nat/Cl~-coupled
uptake in the central and peripheral nervous systems!-3. Mono-
amine neurotransmitters affect diverse neurophysiological pro-
cesses, including attention, arousal, sleep, mood, memory, reward,
vasodilation, and pain*-8. Among monoamines, noradrenaline/
norepinephrine (NE) is an important neurotransmitter released
from the neurons of locus coeruleus in the brain stem that
innervate multiple regions of the brain and spinal cord®. Dis-
covered by vonEuler as a demethylated form of adrenaline!%, NE
was identified as a neurotransmitter with agonistic effects on the
a- and - adrenergic receptors!l. The levels of biogenic amines,
NE, dopamine (DA), and serotonin (5-HT), in the neural
synapses, are controlled by their cognate transporters, NET, DAT,
and SERT, respectively!"12-15. Recent structural studies of the
Drosophila dopamine transporter (dDAT) and the human ser-
otonin transporter (hSERT) reveal that the SLC6 members closely
share their architecture and mechanistic properties!®-18. The
structural similarities among biogenic amine transporters extend
to overlapping substrate specificities, particularly between DAT
and NET, which are both capable of DA and NE uptake, albeit
with varying efficacies!®.

Biogenic amine transporters are the primary targets of anti-
depressants and psychostimulants that inhibit monoamine trans-
port and enhance neurotransmitter levels in the synaptic space20:21,
Specific inhibitors of monoamine uptake including selective
serotonin reuptake inhibitors (SSRIs), serotonin-norepinephrine
reuptake inhibitors (SNRIs), and norepinephrine reuptake inhibi-
tors (NRIs) are widely used to treat depression in comparison with
less-selective inhibitors of monoamine transport?>23, SNRIs and
NRIs are also repositioned and prescribed as medication for chronic
pain conditions including neuropathic pain and fibromyalgia?4.
They enhance NE levels in the descending pain pathways inner-
vating the dorsal horn of the spinal cord. In this process, NE-
mediated activation of the inhibitory a2-adrenergic receptors lead
to lowered Ca2*-channel activation and promote hyperpolarization,
to reduce chronic pain®. Most inhibitors of monoamine transport
competitively inhibit uptake through interactions in the primary
binding site!®2>26, In addition to interactions at the primary
binding site, an allosteric binding site for citalopram that causes
non-competitive inhibition of 5-HT transport is observed in the
extracellular vestibule of hSERT?’. This secondary site, in LeuT, a
bacterial homolog of neurotransmitter transporters, displays inter-
actions with detergent molecules?82°. Instances of non-competitive
inhibition are increasingly observed in other neurotransmitter
transporters like hDAT?® and human glycine transporters
(hGlyTs)3L.

The primary binding site of biogenic amine transporters is
divided into subsites A, B, and C to delineate the regions of the
molecule that interact with substrates and inhibitors32-33 (Fig. 1a).
It is also observed that the primary binding site displays
remarkable plasticity to accommodate inhibitors of varying
sizes?®. Alteration of the subsite B residues in dDAT to resemble
hDAT or hNET yields a transporter with improved affinities to
inhibitors including cocaine, 8-CFT and the substrate analog 3,4-
dichlorophenylethylamine (DCP)?°. Similarly, the SSRIs also
inhibit hSERT through interactions at the primary binding site!”.

Despite recent progress in understanding the pharmacology and
transport mechanism of neurotransmitter transporters through
dDAT and hSERT structures, questions linger as to whether DA
and NE, both catecholamines, have a similar mode of recognition
in hNET. Given the lack of an experimental NET structure, it is
also confounding as to how inhibitors can be designed with high
specificity towards NET over DAT despite sequence identities
>65%. In this context, X-ray structures of dDAT in complex with

substrates, including DA, DCP, and p-amphetamine, have pro-
vided a glimpse into substrate recognition and consequent con-
formational changes that occur in biogenic amine transportersZ®.
Incidentally, dDAT is also capable of NE transport similar to its
mammalian orthologues and is well known to have greater affi-
nities towards NE reuptake inhibitors435,

In this study, we employ dDAT as a surrogate of hNET to
study the interaction of NE within the primary binding site.
Comparison of different dDAT structures including the sub-
strate-free, DA, and NE-bound states allow us to observe and
explore interesting differences in substrate recognition in this
transporter. Using X-ray structures of dDAT (Supplementary
Table 1) in complex with popularly prescribed inhibitors of
chronic pain including S-duloxetine, milnacipran, and a synthetic
opioid, tramadol, we identify the importance of subsite C as the
major determinant of inhibitor specificity between NET and
DAT. We also validate these observations through hDAT-like
mutagenesis in the subsite C region of dDAT that leads to a loss
of affinity towards the NRIs used in the study.

Results and discussion

Modified dDAT resembles hNET primary substrate-binding
site. The dDAT, much like its human counterparts hDAT and
hNET, is capable of interacting with both DA (K; = 2.0 pM) and
NE (K;=19.1 uM) with varying efficacies (Fig. 2a). The dDAT
transports DA with a Ky of 3.6 uM (Supplementary Fig. 1a) and
was proposed as a primordial catecholamine transporter in fruit
flies*. A comparison of dDAT with hNET and hDAT reveals that
SNRIs used in the study, duloxetine, milnacipran, and tramadol
display inhibition potencies that are similar to hNET in com-
parison with hDAT (Supplementary Table 2). The amino-acid
sequence of dDAT in the primary binding site has high similarity
to hNET and hDAT (Supplementary Fig. 1b), and has pharma-
cological characteristics closer to hNET whilst having better
transport characteristics with DA34. The dDAT primary binding
site is identical to hNET in subsites A and C, whereas it differs by
two residues in subsite B with polar substitutions; Asp, instead of
Gly, at position 121 (149 in hNET) and Ser, instead of a Met, at
position 426 (424 in hNET) (Supplementary Fig. 1b, c). Despite
these differences, WT dDAT displays a nisoxetine-binding affi-
nity (K;=5nM) that is very close to hNET (K; = 1.9 nM)343,
The dissociation constants (K;) measured for the dDAT con-
structs, used in this study, also display high-affinity interactions
in the range of 2.8-3.8nM for nisoxetine, similar to hNET
(Supplementary Table 2). Besides these, a vestibule-lining phe-
nylalanine in dDAT was mutated to its ANET counterpart leucine
(F471L) to make it resemble hNET. The presence of leucine at
this site was reported to be important for the specific inhibition of
hNET by the y-conotoxin, MrTA30. We investigated the effects of
substituting these amino acids in the subsite B and vestibule of
dDAT on its transport activity. The vestibular mutation F471L
did not result in a significant loss of transport activity (~7%) in
comparison with a functional construct of dDAT (dDATy).
However, introducing D121G substitution led to a 30% reduction
in the transport activity, and the S426M mutation resulted in a
functionally inactive transporter (Supplementary Fig. 1d). The
effect of the two residues on transport activity suggests that the
residues in subsite B play a crucial but as yet unidentified role in
the transport activity of dDAT.

Despite the inability of dDAT with these mutations in subsite B
to transport catecholamines, it is used in this study as it
reproduces the binding site of hNET, along with the F471L
substitution in the vestibule. This construct, hereafter, referred to
as dDATngpr closely resembles the binding propensities of
monoamine transport inhibitors with hNET than with hDAT
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Fig. 1 Organization of primary binding site and substrate-free dDAT. a Close-up view of substrate-free dDAT,ps-binding pocket, showing the
organization of subsites A, B, C of the primary binding site colored as red, blue, and yellow, respectively. b Surface representation of substrate-free
dDAT,ps structure viewed parallel to the membrane plane. Helices TM1, TM3, TM6, and TM8 are colored as red, orange, green, and cyan, respectively.
Inset shows the residues lining the primary binding pocket with water molecules indicated as red spheres.
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Fig. 2 NE binds in a different pose in comparison with DA-bound dDAT. a Inhibition of [3H] dopamine uptake by dopamine and L-norepinephrine with
inhibition constants (K;) of 2.0 £ 0.14 uM and 19.1+ 1.7 pM, respectively. The data in the plot is a mean of n =9 measurements obtained over three
independent experiments and error bars representing s.e.m. b Longitudinal section of L-norepinephrine (NE)-dDAT tc complex with L-norepinephrine
displayed as cyan spheres. Close-up view of the L-norepinephrine in the primary binding site with surrounding residues displayed as sticks. Hydrogen bond
interactions are depicted as dashed lines. € An overlay of TMs 1 and 6 display no change in helix positions, but highlights a shift in the main chain of the
TM6 linker (Ca rmsd of 1.4 A between residues 322 and 326) between the dopamine (DA) bound (gray) and norepinephrine (NE) bound structures
(colored helices). d Chemical structures of t-norepinephrine and dopamine displayed to highlight differences in binding poses. e Comparison of binding
pockets of NE-dDAT ¢ complex (NE in cyan and backbone in aquamarine) and DA-dDAT s (PDB id. 4XP1) complex (DA in deep salmon and backbone in
salmon). The D46 sidechain remains in a position similar to antidepressant-bound structures of dDAT (4 torsion angle +85°) unlike the dopamine bound
structure (4! torsion angle —175°). The D121 (TM3) residue in subsite B also shifts (32 shifts by 16°) to interact with NE in comparison with the DA-bound
dDAT structure. The position of F325 shifts by nearly 2 A (Cf) with a corresponding rotation of the phenyl group by 51° (42 torsion angle CD1-Cy—Cp-Ca).
f Superposition of binding pockets of the NE-dDAT ¢ structure (NE and backbone in cyan) with the binding pocket of the NE-dDAT gt structure carrying
hNET-like mutations in subsite B (NE and backbone in gray). NE was modeled into densities at near identical positions in both the structures. Source data
are provided as a Source Data file.
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(Supplementary Table 2). The structure of dDATygr construct
was obtained in its substrate-free, NE-bound, and inhibitor-
bound forms. Besides this, a functionally active construct
(dDAT,,¢) (Supplementary Fig. 1d) was also used to obtain a
structure complexed with NE. All the crystal structures were
obtained in complex with a heterologously expressed, synthetic
version of 9D5 antibody fragment (Fab) that was previously used
to crystallize the dDAT1626:3> (Supplementary Fig. 2).

Substrate-free state is outward-open. The dDAT,, construct,
with hNET-like mutations, was crystallized in the substrate-free
Nat and Cl -bound conformation to observe for structural
changes in the binding pocket. The transporter structure, deter-
mined at 3.3 A resolution, displays an outward-open conforma-
tion with a solvent-accessible vestibule that is largely devoid of
any specifically bound moieties except for the Na™ and Cl~ ions
at their respective sites (Fig. 1b). Despite the absence of bound
substrate or inhibitor in the primary binding site, multiple blobs
of positive density were observed within the extracellular vesti-
bule into which a polyethylene glycol (PEG) was modeled (Sup-
plementary Fig. 3a). Incidentally, the position of PEG coincides
with the position of the detergent binding secondary site in LeuT
and also with S-citalopram bound allosteric site in hSERT
(Supplementary Fig. 3b, c¢). Within the primary binding site, clear
density was observed for most of the residues lining the binding
pocket. Solvent accessibility into the primary binding site is
unhindered by the F319, which remains splayed open thereby
retaining dDAT in an outward-open conformation (Fig. 1b).
Interestingly, the sidechain of F325 located in the TM6 linker is
positioned in a manner that resembles the antidepressant-bound
conformation resulting in a primary binding site with substantial
solvent accessibility (Supplementary Fig. 4). A positive density in
the vicinity (~3.1 A) of F325 was observed into which a water
molecule was positioned, allowing the F325 to have lone pair-nt
interactions (Fig. 1b). The outward-open conformation of the
dDAT substrate-free state is consistent with the behavior of other
NSS members including LeuT whose substrate-free ion-bound
conformation is also in the outward-open state3”>38, The addition
of Na™ to LeuT induces the opening of the extracellular vestibule,
suggesting the formation of an outward-open state, which is
altered upon interactions with substrates like alanine or leucine
that induce an occluded state3®. Recent HDX measurements on
dDAT and hSERT have clearly indicated the presence of an
outward-open conformation in their ion-bound substrate-free
states?%-41. Similar observations were evident in all-atom simu-
lations performed on a hDAT model built using dDAT as a
template?2. The demonstration of an outward-open conformation
in the crystal structure of the substrate-free form of dDAT is a
corroboration of these biophysical and computational observa-
tions. However, the presence of extraneous factors including a
non-specifically bound PEG molecule in the vestibule and the
propensity of the antibody fragment to bind an outward-open
conformation of the transporter could further aid in stabilizing
the substrate-free transporter in an outward-open state.

NE binds in a different pose in comparison with DA. The
structural similarity between DA and NE allows them to act as
dual substrates for both the NET and DAT orthologues. While
the hNET is capable of transporting DA and NE with K, values
of 0.67 uM and 2.6 uM, respectively, the hDAT can transport DA
and NE with Kj; values of 2.54 pM and 20 pM, respectively!?. It is
consistently observed that both NET and DAT orthologues pre-
ferably interact with DA with a higher affinity than NE. It is also
observed that in DAT-knockout mice, NET can transport DA and

substitute for its absence*3. The DA uptake through dDAT can be
competed by DA and NE with K; values of 2.0 pM and 19 uM,
respectively (Fig. 2a). These observations validate the use of
dDAT as a useful substitute for hNET to study NE interactions.

The NE-bound dDAT ¢ structure reveals clear density for NE
bound within the primary binding site of the transporter (Fig. 2b,
Supplementary Fig. 5a, b). The primary amine of NE interacts in
the subsite A region forming hydrogen bonds with carbonyl
oxygens of F43 and F319 main chain and the carboxylate
sidechain of D46 via a water molecule (Fig. 2b). The D46 residue
in the DA-bound dDAT structure undergoes a y! torsion angle
shift of 100° relative to that of the NE-bound structure to interact
with the primary amine of DA. However, no such shift was
observed in the NE-bound dDAT structure (Fig. 2c). The primary
amine interacts with a NaT-coordinating water molecule akin to
the p-amphetamine and DCP-bound structures (Supplementary
Fig. 6). Interestingly, the binding pose of NE does not resemble
that of DA in the binding pocket despite both the substrates being
catecholamines (Fig. 2c-e). Earlier computational studies pre-
dicted that the catechol group of NE predominantly interacts with
subsite B region+%>. However, we observe that the NE catechol
group binds in the vicinity of subsite C in the region between
TM6 linker and TM3 with no conformational changes in the
binding pocket in comparison with the outward-open substrate-
free form of dDAT (Fig. 2b, Supplementary Fig. 6a). The binding
of NE in the primary binding site resembles a lock-and-key
association in comparison to the induced-fit interaction observed
with DA binding. Clear density for the 5-OH group of NE is
observed in the primary binding site (Supplementary Fig. 5a, b)
and the -OH group faces the solvent-accessible vestibule. The
para-OH group of the catechol ring retains interactions with the
sidechain carboxyl of D121 that undergoes a rotation of 16° along
the 2 torsion angle in comparison with the DA-bound structure,
to facilitate interactions with NE (Fig. 2e). The meta-OH group of
NE displaces the water molecule observed in the substrate-free
state, fitting snugly into the gap between A117 and TM6 linker
adjacent to the F325 sidechain (Supplementary Fig. 6a). DA, on
the other hand, interacts closely with residues in subsite B,
displaying a ~180° flip in the position of the catechol group,
relative to NE (Fig. 2d, e). This induces a shift in the position of
the disordered region of the TM6 linker where the main-chain
shifts by a Ca root-mean-square deviation of 1.43 A for residues
322-326 in the DA-bound structure. This stretch of residues
includes a Gly-Pro-Gly motif with the G324 displaying the
maximal Ca deviation of 2.4 A, allowing the F325 (Ca shift of 1.6
A) to facilitate edge-to-face aromatic interactions with DA, which
are absent in the NE-bound structure (Fig. 2c, e, Supplementary
Movie. 1). Shifts in the TM6 linker have been observed before and
are vital to remodel the binding site in response to substrate and
inhibitor interactions26-4°,

The subsite B residues in dDAT differ from hNET and hDAT
at two positions, D121G (TM3) and S426M (TMS8) (Supplemen-
tary Fig. 1b, c). In order to evaluate whether hNET-like
substitutions in the subsite B of dDAT would influence and shift
the conformation of NE to DA-like pose, we crystallized NE in
complex with dDATygr construct that has D121G and S426M
substitutions, alongside F471L. Despite hNET-like substitutions,
no major shifts in the position of NE were observed in the
binding site. Despite absence of the D121 sidechain, the para-OH
group of NE establishes interactions with the main-chain
carbonyl oxygen of A117 (Fig. 2f).

The comparison between DA and NE-bound crystal structures
displays an unexpected difference between preferred conformers
of DA and NE within the binding pocket. The catechol ring of NE
is positioned in opposite orientation relative to that of DA with a
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minor difference in the C,C,-C4C, torsion angle (26°) (Fig. 2d).
This difference in their binding poses, despite being very similar
catecholamines, can be attributed to the presence of 3-OH group
in NE, which restricts the rotation of its catechol ring along
the C;-Cg bond with an energy barrier of 9-12 kcal/mol*’. In the
case of DA, the energy barrier for the same rotation is as low as
0.3-0.6 kcal/mol#8. The low energy barrier for the rotation of the
catechol group in DA allows greater conformational sampling
and enables it to interact in close proximity to the subsite B of the
primary binding site. On the other hand, the energy barrier for
catechol rotation in NE, owing to the 3-OH group, restricts its
pose such that it is oriented more towards subsite C relative to
DA and results in a relatively weaker interaction with the
transporter. The binding of DA to dDAT results in an inward
movement of the non-helical linker between TM6a-TM6b by
1.43 A relative to that in the NE-bound state (Supplementary
Movie 1). The induced-fit conformational change in response to
DA binding likely leads to larger binding free energy changes,
primarily caused by conformational changes and the formation of
non-covalent interactions within the binding site yielding larger
enthalpy differences, upon binding®®. In the case of NE,
interaction in the binding site results in the displacement of
water with no consequent conformational changes, therefore
resembling a lock-and-key association. We can therefore infer
that the difference in flexibility of the two catecholamines, caused
by the 3-OH group, translates to both DAT and NET to have a
greater propensity to interact with DA in comparison to NE.
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S-duloxetine and milnacipran are competitive inhibitors of NE
transport. The ability of SNRIs to alleviate chronic pain by
blocking NET activity in the descending pain pathways has
allowed drugs like S-duloxetine and milnacipran to be reposi-
tioned for treatment of neuropathic pain and fibromyalgia®.
Much like the other inhibitors/antidepressants characterized
including nortriptyline, nisoxetine, and reboxetine in complex
with dDAT!63> and paroxetine, S-citalopram, fluoxetine in
complex with hSERT®!, both S-duloxetine and milnacipran
interact at the primary binding site of the dDAT structure
(Figs. 3, 4). The electron densities for both drugs are unambig-
uous and conform to the general principles of inhibitor interac-
tions with the transporter (Supplementary Fig. 5¢, d).
S-duloxetine, owing to its large surface area (surface area
505.7 A2) exhibits maximal occupancy of the primary binding
pocket. The drug inhibits DA uptake with a K; value of 69.4 +
2.9 nM (Fig. 3a), consistent with the K; values observed for hNET
inhibition by duloxetine32. The high affinity is an outcome of its
ability to snugly fit into the cavernous primary binding site of
NSS transporters. In duloxetine, the propanamine group interacts
with the main-chain carbonyl oxygens from residues F43 and
F319 with the D46 residue in the vicinity (Fig. 3b). The secondary
amine can also mediate m—cation interaction with the sidechain of
F43. The naphthyloxy ring interactions in the binding pocket
extend from subsite B to subsite C, wedging into space sculpted
by residues including Y124, D121G, S426M, V120, A117 in TM3
and TMS8 followed by edge-to-face aromatic interactions with
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Fig. 3 S-duloxetine binds in the primary binding site. a Inhibition of [3H] dopamine uptake with S-duloxetine with a K; of 69.4 + 2.9 nM (data in the plot is
a mean of n=9 measurements obtained over three independent experiments and error bars representing s.e.m). b Surface representation of dDAT s
with bound S-duloxetine shown as blue sticks and transparent spheres in the primary binding site. Inset shows orientation of the inhibitor in the binding
pocket with residues in the vicinity represented as sticks. ¢ Binding site comparison of S-duloxetine with NE-bound dDATyet. The phenyl group of
F325 shifts by 40° to retain edge-to-face aromatic interactions with the naphthalene group of S-duloxetine. d Overlay of the dDAT bound to S-duloxetine
and nisoxetine (magenta) (PDB id. 4XNU). The surrounding residues display an identical binding pose between the two structures. e Overlay of duloxetine-
bound dDATuws and LeuBAT structures (gray) (PDB id. 4AMMD) displaying similar pose of the inhibitor in both the structures. LeuBAT displays a
prominent occluded conformation, whereas dDAT retains an outward-open conformation. Source data are provided as a Source Data file.
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Fig. 4 Milnacipran is a competitive inhibitor of NE uptake. a [3H] dopamine transport inhibition by increasing concentrations of 1R-2S milnacipran
with a K; value of 1.5+ 0.1pM (data in the plot are a mean of n =9 measurements obtained over three independent experiments and error bars
representing s.e.m). Inset displays the chemical structure of 1R-2S milnacipran. b Longitudinal section of dDATwet in complex with milnacipran-bound
(olive sticks) in the primary binding site with residues in proximity displayed as sticks. € Milnacipran-binding pose compared with NE binding in dDAT s
reveals an angular shift of F325 by 35° to retain hydrophobic interactions with the diethyl group of milnacipran. d Milnacipran-bound dDAT gt Vs
duloxetine-bound dDAT,,g display identical positions of the surrounding residues. e Structural overlap of nisoxetine bound dDAT (PDB id. 4XNU) with
milnacipran-bound dDAT,ug, revealing the surrounding residues in identical binding positions. Source data are provided as a Source Data file.

F325 in subsite C. The thiophene ring is positioned with some
elevation within the binding pocket to sterically block the closure
of the F319 and thus precluding the formation of an occluded
state during transport (Fig. 3b). The duloxetine position in the
binding pocket overlaps with NE and nisoxetine binding to a
large extent with the naphthalene ring taking the place of the
methoxyphenyl ring of nisoxetine, a specific inhibitor of NE
reuptake (Fig. 3¢, d). Similarly, when compared with the cocaine-
bound structure of dDAT, one of the aromatic groups of the
naphthalene ring in duloxetine overlaps with the benzoyl moiety
of cocaine (Supplementary Fig. 7). However, the lack of an
additional hydrophobic moiety in cocaine makes it a moderate
inhibitor of NE uptake, relative to duloxetine®2, The position of
duloxetine in the binding pocket is very similar to the LeuBAT-
duloxetine complex elucidated earlier, thus corroborating Leu-
BAT as a relevant model system to study the pharmacology of
biogenic amine transporters (Fig. 3e)33.

Milnacipran has an unconventional structure with a cyclopro-
pyl skeleton having both a primary amine and tertiary amine
(N, N-diethyl) being part of the drug structure®3. The drug lacks
large aromatic moieties that are commonly observed with most
NSS inhibitors. Milnacipran inhibits DA transport by dDAT
with a K; value of 1.5+0.1 uM, which is much higher than
S-duloxetine (Fig. 4a). Like duloxetine, milnacipran also binds in
the primary binding site and overlays well with NE (Fig. 4b, c).
The primary amine of aminomethyl group in milnacipran
interacts with the sidechain of D46 and the main-chain carbonyls

of F43 and S320 in the subsite A by hydrogen bonds (Fig. 4b).
Altering the hydrophobicity of the binding site by substituting
residue V148 (V120 in dDATngr) in hNET to an isoleucine
leads to a 17-fold enhancement of milnacipran’s inhibitory
potency32. The phenyl group attached to the chiral center at the
cyclopropane group overlaps with the thiophene group of
duloxetine and phenyl ring of nisoxetine (Fig. 4d, e). Interest-
ingly, the N, N-diethyl group, which is usually occupied by bulky
aromatic groups in most of the inhibitors, does not wedge deeply
into the subsite B as observed with cocaine (Supplementary
Fig. 7c) and retains hydrophobic interactions in the vicinity of
subsite C. The absence of a bulky aromatic group wedging into
subsite B could be the reason for the lowered transport inhibition
observed in milnacipran in comparison to duloxetine (Supple-
mentary Table 2).

Synthetic opioid tramadol blocks transport by interacting with
subsite C. It is well known that some synthetic opioids have a
dual mechanism of action for pain relief by serving as agonists of
u-opioid receptors and blockers of NE and 5-HT uptake. Tra-
madol is a popularly used synthetic opioid with a dual ability to
activate opioid and NE-based analgesic pathways>*. Although
tramadol is considered a safe drug, it induces opioid-like symp-
toms and dependence when used in supra-therapeutic doses>.
The demethylated metabolite of tramadol, o-desmethyl tramadol
(desmetramadol) is a better agonist for opioid receptor whilst
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tramadol, particularly S,S-tramadol is specific to NE transport
inhibition®. Tramadol and desmetramadol structurally resemble
the antidepressant, desvenlafaxine (Fig. 5a). Tramadol inhibits the
transport activity of dDAT with a K; of 15.9+ 1.8 uM (Fig. 5),
which is substantially higher than that of S-duloxetine and mil-
nacipran, indicating weaker affinity. Similarly, tramadol has
higher K; value of 5.3+0.4 uM relative to the other studied
inhibitors for competitively displacing nisoxetine from the
binding pocket (Supplementary Fig. 8). Despite weaker affinities
to the transporter, tramadol is highly specific to NET/SERT over
DAT displaying ~50-fold greater affinity to NET over DAT®.
The structure of the tramadol-dDATygt complex reveals that the
drug binds to the primary binding site with the tertiary amine of
the dimethylamino group interacting with subsite A residues D46
and carbonyl oxygens of F43 and F319 (Fig. 5b, Supplementary
Fig. 5e). The 1-cyclohexanol group takes a similar position to the
thiophene group of S-duloxetine and phenyl groups of milnaci-
pran and nisoxetine to sterically prevent the formation of an
outward-occluded conformation in the transport process (Sup-
plementary Fig. 4). The lower affinity of tramadol to inhibit
neurotransmitter uptake compared with other SNRIs could be
attributed to the lack of an aromatic moiety in the close vicinity of
the subsite B. This distinction is even more apparent when the
tramadol bound dDATygr structure is compared with cocaine-

bound dDAT,, structure where the benzoyl group of cocaine is
clearly wedged into subsite B in comparison with tramadol’s
methoxyphenyl ring that is primarily in the vicinity of subsite C
(Fig. 5e). The methoxyphenyl ring interacts with the sidechain of
Y124 by aromatic edge-to-face interactions and fits into the
hydrophobic pocket lined by the side-chains of A117, V120,
A428, and F325 of subsite C. The position of methoxyphenyl
group coincides very closely with the catechol group of NE and
methoxy group overlaps well with the meta-OH of NE (Fig. 5d).
Much like nisoxetine and reboxetine, the methoxy group of tra-
madol occupies the space between A117 and F325. Interestingly,
the demethylated metabolite of tramadol, desmetramadol is a
weaker inhibitor of hNET (ICso =6 pM) relative to tramadol
(ICso =2 uM)>°. This indicates the importance of this hydro-
phobic interaction in enhancing the efficacy of selective NE
reuptake inhibition. A close examination of the binding pocket
reveals that hDAT and hNET have subtle differences within
them. The dDAT, although largely resembling hNET in the
binding pocket, differs from hDAT in the residues A117(TM3),
S$422(TMS8), and A428(TMS8). A117 and A428 residues line sub-
site C in the vicinity of the TM6 linker where NET-specific drugs
like nisoxetine, reboxetine, milnacipran, and tramadol interact.
The lack of interactions in subsite B and the presence of sub-
stitutions in subsite C (A117S and A428S) unique to human
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inhibition by duloxetine with a functional construct of dDAT carrying hDAT-like mutations in the primary binding site including dDAT functional construct
(dDAT:.) (black), A117S (blue), A428S (green), and A117S/A428S double mutant (red). The uptake inhibition curves of subsite C mutants were compared
with that of the dDAT;. (black) plots shown in previous figures. b, ¢ Similar uptake inhibition curves plotted using milnacipran and tramadol, respectively.
Experimental plots for all mutants are means of n =9 measurements obtained over three independent experiments and error bars representing s.e.m.
d Table indicates IC5q values * s.e.m of individual mutant inhibition curves with all three inhibitors. Substitution of subsite C residues A428S and double
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DAT, makes tramadol a weak hDAT inhibitor with a ICs, of
~100 uM>°. Tramadol exhibits similar K; values for displacing
nisoxetine bound to dDAT s and dDATygr proteins wherein
dDATynger has hNET-like D121G/S426M substitutions in subsite
B (Supplementary Fig. 8). In contrast, inhibitors like cocaine,
which primarily bind to subsite B have a 10-fold increment in
their ability to compete for nisoxetine in the presence of hNET-
like mutations in subsite B2°. The observations from tramadol-
dDAT complex clearly indicate that NET-specific inhibition
occurs through interactions at subsite C. It is also evident that the
lack of interactions at subsite B compromises the affinity of tra-
madol, but clearly fails to influence the specificity of NET inhi-
bition in comparison with DAT>.

Ligand binding to subsite C influences specificity of NE uptake
inhibition. The structures of SNRIs duloxetine, milnacipran, and
tramadol in complex with the dDAT show a progressively smaller
aromatic moiety that interacts with the subsite B and C in the
primary binding pocket of dDAT. In an earlier study, it was
observed that the aromatic moieties in drugs like cocaine, RTI-55,
and nisoxetine interact closely in the subsite B and have enhanced
affinities when hNET-like substitutions D121G and S426M are
made in the pocket?°. Interestingly, this improvement in affinity
is not apparent in the case of SNRIs employed in the study where
the K; values remain unchanged or weaken when substitutions in
subsite B are made to improve the identity of dDAT-binding
pocket to hNET (Supplementary Fig. 8). The minimal effect of
subsite B substitutions on the affinity of duloxetine, milnacipran,
and tramadol suggest that determinants of NET specificity lie
elsewhere in the binding pocket. Earlier studies have posited that
non-conserved residues in the primary binding site are respon-
sible for selective inhibition of biogenic amine uptake®”>$. In

order to evaluate the role of the subsite C residues that differ
between hNET and hDAT in the binding site, hDAT-like
mutations A117S, A428S and a combination of A117S/A428S
were introduced into dDAT},. Effects of these mutations were
analyzed through uptake inhibition using the three SNRIs
employed in this study (Fig. 6a—c). Individual substitution of
A428S at subsite C caused a marginal (two-threefold) loss of
uptake inhibition, whereas the A117S mutation did not cause any
significant change (Fig. 6d). However, a combination of A428S
and A117S caused a substantial loss in the ability of duloxetine,
milnacipran, and tramadol to inhibit DA transport as observed by
a ~3, ~3.8, and ~5-fold increase in their IC5, values, respectively
(Fig. 6d). The ICs, value for tramadol obtained with the A117S-
A428S double mutant is very similar to its reported ICs, value
with hDAT (Fig. 6d; Supplementary Table 2)°%°?. Thus, these
substitutions clearly indicate the importance of subsite C region
in dictating the specificity of individual inhibitors that exploit this
hydrophobic cavity to gain NET specificity. The polar substitu-
tions observed in this region in hDAT lead to a reduced ability of
SNRIs with hydrophobic moieties to bind efficiently, thereby
compromising their ability to interact with the hDAT (Fig. 7a, b).

In conclusion, using X-ray structures of dDAT in complex with
NE and NET-specific inhibitors, highlights the discrepancies in
catecholamine recognition in neurotransmitter transporters and
explores the basis for NET-specific reuptake inhibition over DA
reuptake inhibition, despite the close similarity between NET and
DAT. The catechol group of NE is observed to interact primarily
at subsite C in the vicinity of NET-specific residues A117 and
A428. The binding of NE displaces water molecules in the
binding pocket observed in the substrate-free state and does not
induce any local conformational changes in the binding, contrary
to DA (Fig. 7a). DA was previously observed to interact closely
with its catechol group in the vicinity of subsite B, leading to
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overlapped with cocaine indicates clear differences in interaction of a non-specific inhibitor, cocaine towards subsite B and an SNRI, tramadol interacting

preferentially with subsite C.

shifts in the positions of residues D46 and F325 to retain
interactions with the neurotransmitter2®. The absence of these
changes in NE-dDAT complex could be attributed to the reduced
flexibility of NE, in comparison with DA, owing to the presence
of the B-OH group in its structure?”.

The NET-specific chronic pain inhibitors, duloxetine, milna-
cipran, and tramadol, compete for NE-binding site through
aromatic groups. These aromatic moieties can interact and snugly
fit at subsites B and C to retain high affinity and selectivity
towards specific biogenic amine transporters. However, hDAT-
like mutations within subsite C of dDAT, A117S, and A428S alter
the polarity of the binding pocket and weaken the hydrophobic
interactions and prevent functional groups like the methoxyphe-
nyl group of tramadol from accessing the subsite through steric
block (Fig. 7b). On the other hand, non-specific inhibitors of
biogenic amine transport, for instance cocaine, primarily interact
with subsite B wherein hNET-like mutations D121G and S426M
in dDAT enhance cocaine affinity by 10-fold. The primary
interactions of cocaine at subsite B induces a plastic reorganiza-
tion of the binding pocket as the subsite C residue F325
compensates for lack of bulky aromatic group in cocaine through
local conformational changes to establish aromatic n-stacking
interactions?6. Through our results, we infer that NET-specific
inhibitors could be designed with primary interactions at subsite
C whilst non-specific high-affinity interactions are observed in
inhibitors that interact at subsite B. Taken together, the results of
this work convey the unique facets of catecholamine recognition
within the same binding pocket and establish the roles of
individual subsites in dictating inhibitor selectivity and affinity
among biogenic amine transporters. The findings can effectively
be used for selective inhibitor design targeting pharmacological
niches as widespread as depression and chronic pain.

Methods

List of constructs. The Drosophila melanogaster DA transporter construct used for
performing transport assays (dDATy,) has a deletion of 20 amino acids in the
amino-terminal (A1-20) and a deletion in the extracellular loop 2 (EL2) from 164
to 191 amino acids. It also contains two thermostabilizing mutations V74A, L415A,
and F471L mutation in the vestibule to resemble human norepinephrine

transporter (hNET). Additional mutations in the subsite B or subsite C were
incorporated into this gene used for carrying out the uptake assays.

The uptake active dDAT construct used for co-crystallizing with NE (dDAT,,..)
has amino-acid deletions A1-20 and A162-202 along with the two
thermostabilizing mutations (V74A and L415A). A thrombin site (LVPRGS)
insertion replaces residues 602-607 towards the C-terminus. It also has the F471L
mutation in the vestibule (Supplementary Table 3).

dDAT,5 has deletions A1-20 and A162-202; thermostabilizing mutations
V74A, L415A along with two mutations in subsite B of the substrate-binding
pocket D121G and S426M (Supplementary Table 3). A thrombin site insertion,
identical to dDAT,, is present in the C-terminus. This construct was used to
elucidate the crystal structures of substrate-free and the duloxetine bound form.

dDATngr is identical to dDAT;,;,z with the additional mutation F471L in the
vestibule. This construct was used to decipher the crystal structures in NE,
milnacipran, and tramadol bound complexes of dDAT.

Expression and purification of the transporter. The recombinant expression of
dDAT constructs in pEG-BacMam vector was done using baculovirus-mediated
protein expression in mammalian cells, where HEK293S GnTI™ cells were trans-
duced with high titer recombinant baculovirus using the BacMam method®. The
expressed dDAT protein was extracted from membranes in 20 mM dodecyl mal-
toside (DDM) (Anatrace), 4 mM cholesteryl hemisuccinate (CHS) (Anatrace),

50 mM Tris-Cl (pH 8.0), and 150 mM NaCl. The solubilized material was cen-
trifuged at 100,000 x g to pellet down the unsolubilized material. The solubilized
protein was affinity-purified using Talon resin (Takara Bio) in 20 mM Tris-Cl (pH
8.0), 300 mM NacCl, 100 mM imidazole containing 1 mM DDM, and 0.2 mM CHS.
The affinity-purified protein was treated with thrombin (Haematologic Technol-
ogies Inc) for removing the C-terminal GFP-8x-His tag. The thrombin cleaved
protein was purified by size-exclusion chromatography on a superdex-200 10/300
increase column (GE Life Sciences) in 4 mM decyl p p-maltoside (Anatrace),

0.3 mM CHS, 0.001% (w/v) 1-pamitoyl-2-oleoyl-sn-glycero-3-phospho ethanola-
mine (Avanti Polar Lipids), 20 mM Tris-Cl (pH 8.0), 300 mM NaCl, and 5% gly-
cerol. The peak fractions were collected and pooled before incubating with the
substrate (6 mM) or inhibitor (0.5-2.0 mM) to the indicated final concentrations
used for crystallization. For complexes containing NE (Sigma Aldrich), 4 mM
ascorbic acid (Sigma Aldrich) was added to prevent its oxidation.

Heterologous expression and purification of Fab. The heavy and light chain
genes of the Fab 9D5 were synthesized (Genscript) and cloned into pFastBac Dual
vector with the heavy chain under the polyhedrin promoter and the light chain
under the P10 promoter with an N-terminal GP64 signal peptide on each chain. A
TEV protease site followed by 8x-His tag was added to the C-terminus of heavy
chain. The cloned plasmid was transformed into Escherichia coli DH10Bac
(Thermo Fischer Scientific) for the generation of recombinant bacmids. The bac-
mids were then transfected into Sf9 cells (Invitrogen) to generate recombinant
baculovirus. High titer recombinant virus was used to infect large volume Sf9 cell
cultures and 96 h post infection, the cells were spun down and the supernatant
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containing Fab was dialyzed against 25 mM Tris-CI (pH 8.0) and 50 mM NaCl. The
dialysate was then passed through Ni-NTA beads (Qiagen), washed with 50 mM
imidazole and eluted in 25 mM Tris-Cl (pH 8.0), 50 mM NaCl containing 250 mM
imidazole. The eluted Fab was further purified by size-exclusion chromatography
in 25 mM Tris-Cl (pH 8.0) and 50 mM NaCl using a superdex 75 10/30 column
(GE Life Sciences). The purified Fab was stored at 4 °C.

Crystallization and structure determination. The SEC-purified dDAT was
incubated with varying concentrations of ligands for 2-4 h at 4 °C before incu-
bating with the recombinant antibody fragment (Fab) 9D5 in a molar ratio of 1:1.2
(dDAT:Fab) for 30 mins on ice. The dDAT-9D5 complex was concentrated to a
final concentration of 3.0-4.0 mg/ml using a 100 kDa cutoff centrifugal con-
centrator (Amicon Ultra). The concentrated sample was clarified to remove
aggregates by high-speed centrifugation at 14,500 x g for 30 mins. The clarified
sample was then subjected to crystallization by hanging-drop vapor diffusion
method at 4 °C. Crystals of dDAT,5 and dDATygr proteins were obtained after
2-4 weeks, whereas those for dDAT,,¢ were obtained in a week after seeding the
crystallization drops with the dDATygr crystals. All crystals were obtained in 0.1 M
MOPS, pH 6.5-7.0 and 30-32% PEG 600 as precipitant at 4 °C. Data from crystals
were collected at different synchrotrons sources (Supplementary Table 1) and
crystals for all data sets diffracted in a resolution range of 2.8-3.3 A. The diffraction
data were processed using XDS®! and merged and scaled using AIMLESS in the
CCP4 software suite®2. Five percent of the reflections were randomly assigned for
Rfree calculations as part of cross-validation. The structures were solved by mole-
cular replacement through PHASER®? using the coordinates of dDAT and 9D5
from PDB ids 4XP1 or 4XNX. Refinement of the coordinates against the diffraction
data were done using phenix.refine in the PHENIX crystallographic software
suite®. Protein and inhibitor structures were built using COOT®* and modeling for
lower resolution datasets was done with the aid of feature-enhanced map employed
in the PHENIX suite®.

DA transport and inhibition assays. Uptake of DA by the transport active
constructs of dDAT (dDATy. and dDAT,,.) used in this study was performed in
HEK293S GnTI~ cells transfected with the cGFP fused dDAT constructs. Cells
were transiently transfected with pEG-BacMam plasmid harboring the dDAT ¢GFP
gene and incubated for 35-40 hrs at 37 °C with 5% CO, and 80% humidity. For the
determination of inhibition potencies (ICs, values), transfected cells were resus-
pended in uptake assay buffer (25 mM HEPES-Tris pH 7.1, 130 mM NaCl, 5.4 mM
KCl, 1.2 mM CaCl,, 1.2 mM MgSO,, 1 mM ascorbic acid, 5 mM glucose and 30 uM
pargyline (Sigma Aldrich), a monoamine oxidase inhibitor) and incubated with
varying concentrations of inhibitors at room temperature for 30 mins. This was
followed by the addition of 2 uM of DA in a 1:100 molar ratio of [*H]-DA (Vitrax):
['H]-DA (Sigma Aldrich) and incubated for 20 mins at room temperature. The
transport activity was arrested with 0.5 ml of pre-chilled assay buffer containing
100 uM desipramine (Sigma Aldrich) added to each reaction. The cells were then
washed twice with the same buffer before solubilizing them in 0.1 ml of 20 mM
DDM for one hour at room temperature. Post-solubilization the material was
subjected to centrifugation at 14,500 x g for 30 mins to separate unsolubilized
material. Following this, 0.1 ml of the supernatant was added to 0.5 ml of scintil-
lation fluid (Ultima Gold, Perkin Elmer) and the radioactivity was estimated on
MicroBeta scintillation counter (Perkin Elmer). Counts measured from cells
incubated with 25 uM desipramine were considered as background. The back-
ground-subtracted, dose-response plots were analyzed using GraphPad Prism
v.5.0.1 and K; values were determined from Cheng-Prusoff’s equation using the
IC5 values obtained from the experiments.

For the determination of Michaelis-Menten constant (Ky), the dDAT},
transfected HEK293S GnTI" cells were incubated with varying concentrations of
DA (0.2 puM, 0.4 uM, 2 pM, 4 uM, 8 uM, 10 uM, and 20 uM) in 1:200 molar ratio of
[*H]-DA:['H]-DA at room temperature in a 96-well plate. The uptake was arrested
after 3 mins incubation at room temperature with 100 pM desipramine. The cells
were washed twice with uptake buffer before solubilizing in 50 pl of 20 mM DDM.
To this solubilized material 50 ul of scintillation fluid was added and the
radioactivity was estimated on MicroBeta scintillation counter. The activity
measured in untransfected cells was considered as background uptake. The
background-subtracted initial uptake rates were plotted against above mentioned
concentrations of DA to deduce the K, value.

Binding and competition assays. Binding assays were performed with 20 nM of
purified dDAT protein by scintillation proximity assay. For determining nisoxetine
K, [*H] Nisoxetine (Perkin Elmer) (in 1:5 molar ratio) was used in the range of
0.1 nM to 500 nM with 100 pM desipramine added to the control samples. Com-
petition assays were done with 50 nM [3H] Nisoxetine (in 1:5 molar ratio) with the
concentration range for tramadol (Sigma Aldrich) being 100 nM to 3 mM,
duloxetine (Sigma Aldrich) from 0.1 nM to 30 uM and milnacipran (Sigma
Aldrich) from 1nM to 100 uM. The assays were done in 1 mM DDM, 0.2 mM
CHS, 20 mM Tris-Cl (pH 8), 300 mM NaCl and 5% glycerol. The background
values were subtracted to plot the final curves in GraphPad prism v5.0.1 and the K;
values were calculated. The ICs, values obtained from binding competition assays
were used to deduce the K; values by Cheng—Prusoff’s equation.

Statistical analysis. The biochemical assays performed were analyzed using
GraphPad Prism v5.0.1. The significance tests were performed using two-sample ¢
test assuming unequal variances in Microsoft Excel.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Data supporting the findings of this manuscript are available from the corresponding
author upon reasonable request. A reporting summary for this Article is available as a
Supplementary Information file. The coordinates for the structures have been deposited
in the Protein Data Bank with the following accession codes PDB6MOF, PDB6MO0Z,
PDB6M2R, PDB6M38, PDB6M3Z, PDB6M47. Source data are provided with this paper.

Received: 18 August 2020; Accepted: 1 March 2021;
Published online: 13 April 2021

References

1. Kiristensen, A. S. et al. SLC6 neurotransmitter transporters: structure, function,
and regulation. Pharm. Rev. 63, 585-640 (2011).

2. Focke, P. ], Wang, X. & Larsson, H. P. Neurotransmitter transporters:
structure meets function. Structure 21, 694-705 (2013).

3. Joseph, D., Pidathala, S., Mallela, A. K. & Penmatsa, A. Structure and gating
dynamics of Na(+)/Cl(-) coupled neurotransmitter transporters. Front. Mol.
Biosci. 6, 80 (2019).

4. Vatner, S. F,, Knight, D. R. & Hintze, T. H. Norepinephrine-induced beta 1-
adrenergic peripheral vasodilation in conscious dogs. Am. J. Physiol. 249,
H49-H56 (1985).

5. Pertovaara, A. Noradrenergic pain modulation. Prog. Neurobiol. 80, 53-83
(2006).

6. Atzori, M. et al. Locus ceruleus norepinephrine release: a central regulator of
CNS spatio-temporal activation? Front. Synaptic Neurosci. 8, 25 (2016).

7. Hurlemann, R. et al. Noradrenergic modulation of emotion-induced forgetting
and remembering. J. Neurosci. 25, 6343-6349 (2005).

8.  Pignatelli, M. & Bonci, A. Role of dopamine neurons in reward and aversion: a
synaptic plasticity perspective. Neuron 86, 1145-1157 (2015).

9. Sara, S. J. The locus coeruleus and noradrenergic modulation of cognition.
Nat. Rev. Neurosci. 10, 211-223 (2009).

10. Von Euler, U. S. A specific sympathomimetic ergone in adrenergic nerve fibres
(Sympathin) and its relations to adrenaline and nor-adrenaline. Acta Physiol.
Scand. 12, 73-97 (1946).

11. Ramos, B. P. & Arnsten, A. F. Adrenergic pharmacology and cognition: focus
on the prefrontal cortex. Pharm. Ther. 113, 523-536 (2007).

12. Torres, G. E., Gainetdinov, R. R. & Caron, M. G. Plasma membrane
monoamine transporters: structure, regulation and function. Nat. Rev.
Neurosci. 4, 13-25 (2003).

13. Pacholczyk, T., Blakely, R. D. & Amara, S. G. Expression cloning of a cocaine-
and antidepressant-sensitive human noradrenaline transporter. Nature 350,
350-354 (1991).

14. Kilty, J. E, Lorang, D. & Amara, S. G. Cloning and expression of a cocaine-
sensitive rat dopamine transporter. Science 254, 578-579 (1991).

15. Blakely, R. D. et al. Cloning and expression of a functional serotonin
transporter from rat brain. Nature 354, 66-70 (1991).

16. Penmatsa, A., Wang, K. H. & Gouaux, E. X-ray structure of dopamine
transporter elucidates antidepressant mechanism. Nature 503, 85-90
(2013).

17. Coleman, J. A, Green, E. M. & Gouaux, E. X-ray structures and mechanism of
the human serotonin transporter. Nature 532, 334-339 (2016).

18. Coleman, J. A. et al. Serotonin transporter-ibogaine complexes illuminate
mechanisms of inhibition and transport. Nature 569, 141-145 (2019).

19. Giros, B. et al. Delineation of discrete domains for substrate, cocaine, and
tricyclic antidepressant interactions using chimeric dopamine-norepinephrine
transporters. J. Biol. Chem. 269, 15985-15988 (1994).

20. Glowinski, J. & Axelrod, J. Inhibition of uptake of tritiated-noradrenaline in
the intact rat brain by imipramine and structurally related compounds. Nature
204, 1318-1319 (1964).

21. Giros, B., Jaber, M., Jones, S. R., Wightman, R. M. & Caron, M. G.
Hyperlocomotion and indifference to cocaine and amphetamine in mice
lacking the dopamine transporter. Nature 379, 606-612 (1996).

22. Tatsumi, M., Groshan, K., Blakely, R. D. & Richelson, E. Pharmacological
profile of antidepressants and related compounds at human monoamine
transporters. Eur. J. Pharm. 340, 249-258 (1997).

23. Iversen, L. Neurotransmitter transporters and their impact on the
development of psychopharmacology. Br. J. Pharm. 147, S82-S88 (2006).

10 NATURE COMMUNICATIONS | (2021)12:2199 | https://doi.org/10.1038/s41467-021-22385-9 | www.nature.com/naturecommunications


https://doi.org/10.2210/pdb6M0F/pdb
https://doi.org/10.2210/pdb6M0Z/pdb
https://doi.org/10.2210/pdb6M2R/pdb
https://doi.org/10.2210/pdb6M38/pdb
https://doi.org/10.2210/pdb6M3Z/pdb
https://doi.org/10.2210/pdb6M47/pdb
www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-22385-9

ARTICLE

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Ashburn, T. T. & Thor, K. B. Drug repositioning: identifying and developing
new uses for existing drugs. Nat. Rev. Drug Discov. 3, 673-683 (2004).
Apparsundaram, S., Stockdale, D. J., Henningsen, R. A., Milla, M. E. & Martin,
R. S. Antidepressants targeting the serotonin reuptake transporter act via a
competitive mechanism. J. Pharm. Exp. Ther. 327, 982-990 (2008).

Wang, K. H., Penmatsa, A. & Gouaux, E. Neurotransmitter and
psychostimulant recognition by the dopamine transporter. Nature 521,
322-327 (2015).

Plenge, P. et al. Steric hindrance mutagenesis in the conserved extracellular
vestibule impedes allosteric binding of antidepressants to the serotonin
transporter. J. Biol. Chem. 287, 39316-39326 (2012).

Singh, S. K,, Piscitelli, C. L., Yamashita, A. & Gouaux, E. A competitive
inhibitor traps LeuT in an open-to-out conformation. Science 322, 1655-1661
(2008).

Quick, M. et al. Binding of an octylglucoside detergent molecule in the second
substrate (S2) site of LeuT establishes an inhibitor-bound conformation. Proc.
Natl Acad. Sci. USA 106, 5563-5568 (2009).

Janowsky, A., Tosh, D. K., Eshleman, A. J. & Jacobson, K. A. Rigid adenine
nucleoside derivatives as novel modulators of the human sodium symporters
for dopamine and norepinephrine. J. Pharm. Exp. Ther. 357, 24-35 (2016).
Mostyn, S. N. et al. Identification of an allosteric binding site on the

human glycine transporter, GlyT2, for bioactive lipid analgesics. Elife 8,
€47150(2019).

Sorensen, L. et al. Interaction of antidepressants with the serotonin and
norepinephrine transporters: mutational studies of the S1 substrate binding
pocket. J. Biol. Chem. 287, 43694-43707 (2012).

Wang, H. et al. Structural basis for action by diverse antidepressants on
biogenic amine transporters. Nature 503, 141-145 (2013).

Porzgen, P., Park, S. K., Hirsh, J., Sonders, M. S. & Amara, S. G. The
antidepressant-sensitive dopamine transporter in Drosophila melanogaster: a
primordial carrier for catecholamines. Mol. Pharm. 59, 83-95 (2001).
Penmatsa, A., Wang, K. H. & Gouaux, E. X-ray structures of Drosophila
dopamine transporter in complex with nisoxetine and reboxetine. Nat. Struct.
Mol. Biol. 22, 506-508 (2015).

Paczkowski, F. A., Sharpe, I. A., Dutertre, S. & Lewis, R. J. chi-Conotoxin and
tricyclic antidepressant interactions at the norepinephrine transporter define a
new transporter model. J. Biol. Chem. 282, 17837-17844 (2007).

Claxton, D. P. et al. Ion/substrate-dependent conformational dynamics of a
bacterial homolog of neurotransmitter:sodium symporters. Nat. Struct. Mol.
Biol. 17, 822-829 (2010).

Krishnamurthy, H. & Gouaux, E. X-ray structures of LeuT in substrate-free
outward-open and apo inward-open states. Nature 481, 469-474 (2012).
Zhang, Y. W. et al. Structural elements required for coupling ion and substrate
transport in the neurotransmitter transporter homolog LeuT. Proc. Natl Acad.
Sci. USA 115, E8854-E8862 (2018).

Moller, I. R. et al. Conformational dynamics of the human serotonin
transporter during substrate and drug binding. Nat. Commun. 10, 1687
(2019).

Nielsen, A. K. et al. Substrate-induced conformational dynamics of the
dopamine transporter. Nat. Commun. 10, 2714 (2019).

Cheng, M. H. & Bahar, I. Monoamine transporters: structure, intrinsic
dynamics and allosteric regulation. Nat. Struct. Mol. Biol. 26, 545-556
(2019).

Moron, J. A., Brockington, A., Wise, R. A., Rocha, B. A. & Hope, B. T.
Dopamine uptake through the norepinephrine transporter in brain regions
with low levels of the dopamine transporter: evidence from knock-out mouse
lines. J. Neurosci. 22, 389-395 (2002).

Koldso, H., Christiansen, A. B., Sinning, S. & Schiott, B. Comparative
modeling of the human monoamine transporters: similarities in substrate
binding. ACS Chem. Neurosci. 4, 295-309 (2013).

Schlessinger, A. et al. Structure-based discovery of prescription drugs that
interact with the norepinephrine transporter, NET. Proc. Natl Acad. Sci. USA
108, 15810-15815 (2011).

Focht, D. et al. A non-helical region in transmembrane helix 6 of hydrophobic
amino acid transporter MhsT mediates substrate recognition. EMBO J. 40,
e105164 (2021).

Nagy, P. I, Alagona, G., Ghio, C. & Takacs-Novak, K. Theoretical
conformational analysis for neurotransmitters in the gas phase and in aqueous
solution. Norepinephrine. J. Am. Chem. Soc. 125, 2770-2785 (2003).

Nagy, P. I, Alagona, G. & Ghio, C. Theoretical studies on the conformation of
protonated dopamine in the gas phase and in aqueous solution. J. Am. Chem.
Soc. 121, 8226-8231 (1999).

Du, X. et al. Insights into protein-ligand interactions: mechanisms, models,
and methods. Int. J. Mol. Sci. 17,144 (2016).

Arnold, L. M,, Crofford, L. J., Martin, S. A., Young, J. P. & Sharma, U. The
effect of anxiety and depression on improvements in pain in a randomized,
controlled trial of pregabalin for treatment of fibromyalgia. Pain. Med. 8,
633-638 (2007).

51. Coleman, J. A. & Gouaux, E. Structural basis for recognition of diverse
antidepressants by the human serotonin transporter. Nat. Struct. Mol. Biol. 25,
170-175 (2018).

52. Hoepping, A., Johnson, K. M., George, C., Flippen-Anderson, J. & Kozikowski,
A. P. Novel conformationally constrained tropane analogues by 6-endo-trig
radical cyclization and stille coupling - switch of activity toward the serotonin
and/or norepinephrine transporter. J. Med. Chem. 43, 2064-2071 (2000).

53. Andersen, J., Kristensen, A. S., Bang-Andersen, B. & Stromgaard, K. Recent
advances in the understanding of the interaction of antidepressant drugs with
serotonin and norepinephrine transporters. Chem. Commun. 7, 3677-3692
(2009).

54. Grond, S. & Sablotzki, A. Clinical pharmacology of tramadol. Clin.
Pharmacokinet. 43, 879-923 (2004).

55. Dayer, P., Desmeules, J. & Collart, L. [Pharmacology of tramadol]. Drugs 53,
18-24 (1997).

56. Rickli, A., Liakoni, E., Hoener, M. C. & Liechti, M. E. Opioid-induced
inhibition of the human 5-HT and noradrenaline transporters in vitro: link to
clinical reports of serotonin syndrome. Br. J. Pharm. 175, 532-543 (2018).

57. Andersen, J. et al. Molecular determinants for selective recognition of
antidepressants in the human serotonin and norepinephrine transporters.
Proc. Natl Acad. Sci. USA 108, 12137-12142 (2011).

58. Andersen, J., Ringsted, K. B., Bang-Andersen, B., Stromgaard, K. & Kristensen,
A. S. Binding site residues control inhibitor selectivity in the human
norepinephrine transporter but not in the human dopamine transporter. Sci.
Rep. 5, 15650 (2015).

59. Chen, C. et al. Studies on the SAR and pharmacophore of milnacipran
derivatives as monoamine transporter inhibitors. Bioorg. Med. Chem. Lett. 18,
1346-1349 (2008).

60. Goehring, A. et al. Screening and large-scale expression of membrane proteins
in mammalian cells for structural studies. Nat. Protoc. 9, 2574-2585 (2014).

61. Kabsch, W. XDS. Acta Crystallogr D. Biol. Crystallogr 66, 125-132 (2010).

62. Winn, M. D. et al. Overview of the CCP4 suite and current developments.
Acta Crystallogr. D. Biol. Crystallogr 67, 235-242 (2011).

63. McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Crystallogr. 40,
658-674 (2007).

64. Zwart, P. H. et al. Automated structure solution with the PHENIX suite.
Methods Mol. Biol. 426, 419-435 (2008).

65. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics.
Acta Crystallogr. D. Biol. Crystallogr. 60, 2126-2132 (2004).

66. Afonine, P. V. et al. FEM: feature-enhanced map. Acta Crystallogr. D. Biol.
Crystallogr. 71, 646-666 (2015).

Acknowledgements

The authors would like to thank all members of the Penmatsa lab for suggestions. The
authors would like to thank Dr. Eric Gouaux, Vollum Institute, OHSU for the gift of the
dDAT pEG-BacMam constructs. The authors would like to thank the staff of north-
eastern collaborative access team (NECAT), Advanced Photon Source, particularly Dr.
Surajit Banerjee for access and help with data collection. We thank the beamline staff at
the Elettra XRD2, particularly Dr. Babu Manjashetty and Dr. Annie Heroux for beamline
support. Access to the XRD2 beamline at Elettra synchrotron, Trieste was made possible
through grant-in-aid from the Department of Science and Technology, India, vide grant
number DSTO-1668. We acknowledge ESRF access program of the RCB (Grant # BT/
INF/22/SP22660/2017) of the Department of Biotechnology, India. We would like to
thank the staff of PX beamline of the Swiss Light Source for access and support. Research
in the manuscript was supported by the Wellcome Trust/DBT India Alliance Inter-
mediate Fellowship (IA/1/15/2/502063) awarded to A.P. A.P. is a recipient of the DBT-
IYBA award-2015 (BT/09/IYBA/2015/13) and is an EMBO Global Investigator from
India. S.P. gratefully acknowledges the financial support from the DBT-RA program in
Biotechnology and Life Sciences. D.J. is a graduate student funded through the DST-
INSPIRE fellowship (IF160278). The authors acknowledge the DBT-IISc partnership
program, DST-FIST and IISc-Institute of Eminence program support to carry out this
work. The X-ray diffraction facility for macromolecular crystallography at the Indian
Institute of Science, used for screening purposes, is supported by the Department of
Science and Technology—Science and Engineering Research Board (DST-SERB) grant
IR/SO/LU/0003/2010-PHASE-II.

Author contributions

S.P. performed protein expression, purification, crystallization, and uptake measurements.
A.K.M. developed the methodology for heterologous expression of the antibody fragment
and performed biochemical assays involving binding. D.J. performed biochemical analysis
and aided in the preparation of figures. A.P. designed the study and performed crystal-
lographic analyses. A.P. wrote the manuscript with inputs from all the authors.

Competing interests
The authors declare no competing interests.

NATURE COMMUNICATIONS | (2021)12:2199 | https://doi.org/10.1038/s41467-021-22385-9 | www.nature.com/naturecommunications 1


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-22385-9

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-22385-9.

Correspondence and requests for materials should be addressed to A.P.

Peer review information Nature Communications thanks Jeff Abramson, Claus Loland,
and the other, anonymous, reviewer(s) for their contribution to the peer review of this
work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
32

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

12 NATURE COMMUNICATIONS | (2021)12:2199 | https://doi.org/10.1038/s41467-021-22385-9 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-22385-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Structural basis of norepinephrine recognition and transport inhibition in neurotransmitter transporters
	Results and discussion
	Modified dDAT resembles hNET primary substrate-binding site
	Substrate-free state is outward-open
	NE binds in a different pose in comparison with DA
	S-duloxetine and milnacipran are competitive inhibitors of NE transport
	Synthetic opioid tramadol blocks transport by interacting with subsite C
	Ligand binding to subsite C influences specificity of NE uptake inhibition

	Methods
	List of constructs
	Expression and purification of the transporter
	Heterologous expression and purification of Fab
	Crystallization and structure determination
	DA transport and inhibition assays
	Binding and competition assays
	Statistical analysis

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


