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ABSTRACT: The reuptake of the neurotransmitter serotonin from
the synaptic cleft by the serotonin transporter, SERT, is essential for
proper neurological signaling. Biochemical studies have shown that
Thr276 of transmembrane helix 5 is a site of PKG-mediated SERT
phosphorylation, which has been proposed to shift the SERT
conformational equilibria to promote inward-facing states, thus
enhancing 5-HT transport. Recent structural and simulation studies
have provided insights into the conformation transitions during
substrate transport but have not shed light on SERT regulation via
post-translational modifications. Using molecular dynamics simu-
lations and Markov state models, we investigate how Thr276 phosphorylation impacts the SERT mechanism and its role in
enhancing transporter stability and function. Our simulations show that Thr276 phosphorylation alters the hydrogen-bonding
network involving residues on transmembrane helix 5. This in turn decreases the free energy barriers for SERT to transition to the
inward-facing state, thus facilitating 5-HT import. The results provide atomistic insights into in vivo SERT regulation and can be
extended to other pharmacologically important transporters in the solute carrier family.
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1. INTRODUCTION

The serotonin transporter (SERT, SLC6A4) is responsible for
the reuptake of synaptic serotonin (5-hydroxytryptamine, 5-
HT) from the synapse, thereby regulating serotonergic
signaling in the brain and elsewhere in the body. SERT, as
well as the dopamine transporter (DAT) and norephephine
transporter (NET), are members of the sodium-coupled,
chloride-dependent monoamine transporters in the neuro-
transmitter:sodium symporter (NSS) family or the solute
carrier 6 (SLC6) family (1). Members of this family adopt an
inverted pseudosymmetrical architecture consisting of 12
transmembrane (TM) helices commonly known as the LeuT
fold1,2 (Figure 1A). Transport of neurotransmitters across the
neuronal membrane via the NSS family is facilitated by an
alternating access mechanism, in which these transporters then
undergo a series of conformational transitions from an
outward-facing (OF) state, where the binding cavity is
accessible from the extracellular side, to an occluded (OC)
state, and finally an inward-facing (IF) state where the
substrates are released into the neuron (Figure 1B,C).3

Reverting back to the outward-facing state involves the efflux
of potassium ions in some NSS transporters.4

In the body, SERT is regulated thorough numerous
phosphorylation mechanisms that involve protein kinases,
phosphatases, receptors, and substrates with implications for
transporter expression, stability, trafficking, oligermization, and
uptake activity.5−7 Consequently, improper regulation of

transporter function is associated with various physiological
complications and psychiatric disorders.8−11 Increased phos-
phorylation of SERT by protein-kinase-C-linked pathways is
linked with increased SERT internalization and decreased 5-
HT-transport activity.12,13 Upregulation of SERT by protein
kinase G (PKG) enhances expression and transport
activity.14−17 The psychostimulant drug amphetamine in-
creases SERT phosphorylation,13 and in DAT, amphetamine-
induced phosphorylation of N-terminal residues exhibits a
dopamine efflux function.18,19 Among other transporters in the
SLC family, phosphorylation heavily influences transporter
function and trafficking and thus is a universal mechanism of
regulating transporter activity.20−23

From a thermodynamics perspective, post-translational
modifications (e.g., phosphorylation, glycosylation, lipidation)
may alter the conformational free energy landscape, thus
affecting protein stability and/or dynamics.24,25 The use of
molecular dynamics (MD) simulations not only provides an
atomistic perspective of complex protein dynamics but also,
upon sufficient sampling, may allow us to quantify the
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thermodynamics of functional states and key transition
barriers. For example, serine/threonine phosphorylation of
protein kinases promotes active-like conformations by
stabilizing the dynamics of flexible loops.26−28 Alternatively,
phosphorylation27 and S-glutathionylation29 of the plant kinase
BAK1 alter the free energies where inactive states are favored
over active-like states. Tyrosine nitration of an abscisic acid
plant hormone receptor increases the free energy barriers for
ligand binding, thereby preventing receptor activation.30 As a
final example, glycosylation of SH3 domains promotes their
folded states due to the presence of bulky side chains that
destabilize unfolded states.31 Therefore, relating how post-
translational modifications affect the protein dynamics and
conformational free energy landscape is necessary to under-
stand how protein function is regulated.
Potential SERT structural transitions to access the

phosphorylation site for protein-kinase-mediated phosphor-
ylation and protein−protein interactions have been extensively
studied with the use of SERT substrates, kinase activators, and
phosphatase inhibitors.32,33 In 2007, Ramamoorthy et al.
identified Thr276 of TM5 to be a site of PKG-mediated SERT
phosphorylation (Figure 2A) and uncovered essential insights
into the in vivo regulatory mechanisms of SERT trafficking and
the transport function via post-translational modification.17 It
was later characterized through the binding of conformational
selective inhibitors cocaine and ibogaine that the conformation
of SERT controlled Thr276 phosphorylation to enhance 5-
HT-transport activity.34 Quantum dot studies conducted
further correlated Thr276 phosphorylation with cholesterol
depletion in midbrain neurons.35 We have previously
conducted large-scale MD simulations to characterize the
serotonin import process in SERT. We showed how 5-HT
binding in the orthosteric site reduces the free energy barriers
for transition from the outward-facing to inward-facing states
while also stabilizing the inward-facing state to promote
substrate import.36,37 In this current study, we aim to
understand the molecular mechanism of Thr276 phosphor-
ylation and its structural consequences on the conformational
heterogeneity of SERT. We first performed MD simulations of
SERT bound with inhibitors to provide atomistic details of

Zhang et al.34 Next, using our previously collected SERT data
as a comparison,36 we characterized the dynamics and
structural stability of phosphorylated Thr276 SERT using
Markov state models. To this extent, we collected over 600 μs
of MD simulations data using the distributive computing
platform Folding@Home38 of phosphorylated Thr276 SERT.
Our results show that Thr276 phosphorylation modulates
SERT dynamics primarily through the rearrangement of
intracellular hydrogen-bonding interactions. Consequently,
the altered dynamics of the intracellular gating helices reduces
the free energy barriers between occluded and inward-facing
states and further stabilizes SERT in the inward-facing state for
substrate import into the cell.

2. RESULTS AND DISCUSSION

2.1. Accessibility of the Thr276 Phosphorylation Site
under Inhibitor Binding. Structural and computational
studies on SERT have revealed that structural transitions
from the outward-facing state to the inward-facing state of
SERT are initiated by the binding of substrates in the
orthosteric pocket, which triggers the movement of extrac-
ellular gating helices TM1b and TM6a toward the helical
scaffold36,39,40 (Figure 1B). The closure of the extracellular
vestibule stabilizes the transporter to allow for solvation of the
intracellular exit path and the formation of the inward-facing
state. The conformation of the inward-facing state is notably
associated with the outward motion of TM1a from the helical
bundle and unwinding of the cytoplasmic base of TM5 to
promote a solvent-exposed intracellular vestibule for substrate
release40−44 (Figure 1C). Multiple studies conducted by the
Rudnick group investigated the reactivity of substituted
cysteine res idues with MTSEA (2-(aminoethyl)-
methanethiosulfonate hydrobromide) as a measure of SERT
accessibility and conformational transitions.34,41,45−48 Of these
studies, in 2016, Zhang et al. used cocaine and ibogaine to
influence the conformational equilibria of outward-facing and
inward-facing states and investigated the effects of Thr276
phosphorylation on the conformational dynamics and substrate
transport mechanism.34 They have identified PKG-mediated
phosphorylation of Thr276 to occur more readily when SERT

Figure 1. Architecture of the serotonin transporter, SERT. (A) Cryo-EM structure of SERT in the outward-facing conformation bound with
serotonin (5-HT) in the central and allosteric sites (PDB: 7LIA). The sodium and chloride ions resolved in the crystal structure are shown as
purple and green spheres, respectively. 5-HT bound in the allosteric and central sites is shown in magenta spheres. The twofold architecture of
SERT is colored as follows: TM1 and TM6 in red, TM2−5 in light blue, TM7−10 in yellow, TM11−12 in gray. (B,C) SERT viewed from the
extracellular plane (B) and intracellular plane (C) showing the conformational transitions of the gating helices involved in the transport process.
The cryo-EM structures of SERT resolved in three states (OF (PDB: 7LIA): blue, OC (PDB: 7MGW): green, IF (PDB: 7LI9): salmon) are
overlaid on the SERT-OF structure (gray). Structural alignment of the SERT conformational states was performed on all Cα atoms of the
transporter.
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Figure 2. Dynamics of inhibitor-bound SERT. (A) A structural model of phosphorylated Thr276 SERT based on the outward-facing cryo-EM
structure (PDB: 7LIA). Phosphorylated Thr276 is represented as red sticks. The SERT structure is represented as a cartoon with TM 1, 5, 6, 8, and
10 colored in teal, green, magenta, yellow, and orange, respectively. (B) Chemical structures for the conformational selective inhibitors cocaine and
ibogaine and the endogenous substrate serotonin (5-HT). (C,D) MD snapshots of cocaine (C) and ibogaine (D) bound in the orthosteric site. TM
helices 1, 5, 6, 8, and 10 colored in teal, green, magenta, yellow, and orange, respectively. (E) Root-mean-square fluctuation (RMSF) of cocaine-
bound SERT (blue; in the OF state) and ibogaine-bound SERT (red; in the IF state). The calculated RMSF was averaged over five independent
250 ns simulations. Error bars represent the standard error among the five replicates. Residues spanning across transmembrane helices are shaded
and colored as shown in panel A.

Figure 3. Accessibility of Thr276. (A) Calculated solvent-accessible surface area (SASA) of Thr276 for cocaine- (blue) and ibogaine-bound (red)
SERT complexes. The calculated SASA was averaged over five independent 250 ns simulations. Standard error among the five replicates shown in
respective shaded error bars. (B) Density distribution of Thr276 SASA from outward- and inward-facing states from SERT-5-HT import
simulations.36 Distribution of SASA was calculated based on 50 000 structures drawn from the respective energetic minima of the conformational
free energy landscape. Calculation of SASA was implemented using the MDTraj python package49 and a probe size of 1.4 Å.
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is bound with ibogaine as compared to cocaine. As ibogaine
stabilizes SERT in an inward-facing state, this allows for TM5
to unwind and promote Thr276 phosphorylation. The cryo-
EM structure of SERT bound with ibogaine would later be
resolved to depict the unfolded structure of TM5.40

To provide an atomistic perspective of Zhang et al.’s
observations, we performed MD simulations of SERT bound
with inhibitors at the orthosteric site (Figure 2B). Cocaine
docked in an outward-facing SERT crystal structure (PDB:
6AWO) or the ibogaine-complexed inward-facing cryo-EM
SERT structure (PDB: 6DZZ) were used as the starting
structures for simulations (Figure 2C,D). The proteins were
embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) lipid bilayer and solvated with 150 mM NaCl.
Five independent 250 ns long simulations for each SERT−
inhibitor complex were performed. The cocaine−SERT and
ibogaine−SERT complexes remained stable throughout the
simulations with a backbone root-mean-square deviation
(RMSD) of 1.8 ± 0.01 and 2.1 ± 0.2 Å, respectively (Figure
S1).
The simulations show distinct structural characteristics of

the respective SERT−inhibitor complexes. As expected, the
fluctuations of TM1a in the intracellular vestibule are greater
when SERT is in the ibogaine-bound inward-facing state versus
the cocaine-bound outward-facing state (Figure 2E). Addi-
tionally, the fluctuations of extracellular loop (EL) 2 are more
pronounced in simulations of the SERT−cocaine complex.
This observation was also noted in our previous study
illustrating the coupled dynamics of EL 2 and the opening
and closure of the extracellular vestibule.36 Most importantly,
unwinding of the cytoplasmic base of TM5 in ibogaine-bound
SERT promotes greater dynamics of the entire helix and
intracellular loop (IL) 2 (Figures 2E, S1B).
The measurement of the solvent-accessible surface area

(SASA) shows an increased solvent exposure of Thr276 in
ibogaine-bound SERT simulations as compared to cocaine-
bound SERT (Figures 3A, S1C). In the inward-facing SERT−
ibogaine structure, the outward tilt of TM1a enables Tyr95 to
interact with the backbone carbonyl of Thr276, while Tyr350
hydrogen-bonds with Gly273. These interactions initially
stabilize the unfolded TM5, but after ∼50 ns in all five
replicates, the hydrogen-bonding interactions break, and the
unfolded TM5 region becomes exposed to the intracellular
solvent (Figure S1D). Afterward, Thr276 remains exposed to
the solvent, with an average SASA of 75 ± 0.18 Å2 (mean ±
SEM, over the last 100 ns) as compared to 36 ± 0.26 Å2 in
SERT−cocaine simulations. Furthermore, these observations
are consistent with SASA calculations from our previous
simulations with the endogenous substrate 5-HT (Figure
3B).36 The binding of 5-HT enables a similar transition to the
inward-facing state where unwinding of TM5 further allows
Thr276 to be exposed to the cytoplasm. Overall, our
observations of the accessibility of the Thr276 phosphorylation
site are consistent with the findings presented by Zhang et al.34

2.2. Phosphorylation of Thr276 Alters the Conforma-
tional Free Energy Landscape. By projecting the electro-
static potential of the three-dimensional structure of SERT, we
observed that phosphorylation of Thr276 affects the intra-
cellular gate and neighboring residues (Figure S2). When
closed, there is a positive surface charge at the intracellular
gates of unphosphorylated Thr276−SERT, which for conven-
ience we refer to as Thr276−SERT through the remainder of
the manuscript. When Thr276 is phosphorylated, the electro-

statics of residues surrounding the phosphorylation site
become neutralized and thereby may alter the dynamics of
the intracellular gate during occluded to inward-facing
transitions. Given the proximity of Thr276 to the intracellular
gating domain, we sought to understand how phosphorylation
affects the intrinsic dynamics using MD simulations of
phosphorylated Thr276 SERT (pThr276−SERT). To effi-
ciently explore the conformational landscape, we seeded 2520
independent pThr276−SERT simulations to be conducted on
Folding@Home.38 The starting structures were selected from
18 macrostates of the Thr276−SERT simulations and Markov
state model (MSM) obtained from our previous study (Figure
S3).36 An aggregated total of ∼630 μs of simulation data was
collected and used to construct a MSM.
Projection of the MSM-weighted simulation data on the axes

defined by the extracellular and intracellular gating residues
quantifies the relative stability of SERT conformational states
(Figure 4). In Thr276−SERT simulations, transitions from the
occluded state to inward-facing state were rate-limiting for
substrate import, with free energy barriers of ∼2 kcal/mol
(Figure 4A).36 Additionally, as compared to outward-facing
and occluded states, the formation of inward-facing states in
Thr276−SERT is relatively less stable.
The modification of Thr276 to phosphothreonine exhibits

shifts in the free energy barriers of the conformational
landscape. Transitions from outward-facing to occluded states
retain relatively low free energy barriers. While outward-facing
and occluded states remain stable with a relative free energy of
∼0−1 kcal/mol, the inward-facing state is further stabilized by
∼0.5−1 kcal/mol (Figure 4B). The transitions from occluded
to inward-facing are further reduced by ∼0.5 kcal/mol as
compared to Thr276−SERT (Figure 4C). As such, the
increased stabilization of inward-facing states relative to
outward-facing ones would further decrease the rate-limiting
step of substrate import. Conformations in which both the
extracellular and intracellular gates are open were also
accessible in pThr276−SERT simualtions. We have previously
characterized these conformations as an “hourglass”-like state,
in which the permeation pathway is pinched at the Na2 site.36

Likewise in Thr276−SERT, access to these hourglass like
states is restricted with higher free energy barriers.

2.3. Rearrangement of the Intracellular Hydrogen-
Bonding Network. The intracellular gate of SERT comprises
a number of charged residues on TM1a, TM5, TM6b, and
TM8 that form a hydrogen-bonding network to stabilize the
transporter in outward-facing and occluded states (Figure 5A).
These residues are conserved among other monoamine
transporters as well as the NSS family. Several studies have
highlighted the importance of the intracellular region in the
NSS family and its role in the gating mechanism.36,40,50−52 The
binding of the substrates in the orthosteric site closes the
extracellular vestibule, thereby initiating the breakage of these
electrostatic interactions and promoting transitions to the
inward-facing state where an intracellular exit pathway is
formed between TM1a and TM5 (Figure 5C).
MD simulations of pThr276−SERT show that most of the

interactions involving residues on the intracellular half are
formed but with deviations of the distance distributions as
compared to the Thr276−SERT simulations (Figure 5B,D).
We observed that the phosphorylation of Thr276 disrupts the
hydrogen-bonding interactions of residues on TM5, most
notably Lys275, Lys279, and Trp282. The interactions are
critical in stabilizing TM5 with TM1a, while the intracellular
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gate is closed. When comparing the occluded structures from
simulations, the distances for pThr276−SERT intracellular
residue pairs exhibit a broader distribution suggesting overall
weaker interactions. For the Asp80−Lys275 pair, the distance
between these residues increases in pThr276−SERT simu-
lations, especially when in inward-facing states (Figures 5D,
S2). The electrostatic interactions Arg79−Asp452, Glu78−
Arg462, and Glu78−Lys275 are more prevalent in pThr276−
SERT as compared to Thr276−SERT (Figure 5B,D). Given
the increased flexibility of the N-terminal tail, gating residues
on the N-terminus such as Glu78, Arg79, and Glu80 may
compensate for weaker interactions of TM1a and TM5 when
Thr276 is phosphorylated and allow stable outward-facing and
occluded states for substrate binding.
The helical structure of TM5 is maintained by the hydrogen-

bonding interactions between the side chains of Thr276 and
Ser277 with the backbone carbonyl of Ser269 on TM4 and the
side chain of Glu444, respectively (Figure 6A). Upon
conformational transitions to the inward-facing state, these
interactions are severed, resulting in the unwinding of the
cytoplasmic base of TM5.42 The addition of the phosphate to
Thr276 not only presents a negative surface charge but also
prevents Thr276 from being the hydrogen-bond donor.
(Figure 6B) shows the projection of the simulation data on
the metrics defined by the distance of residues involved in
hydrogen-bond formation of TM5 versus the average helical
content of TM5. The free energy landscapes indicate that the
interaction of the Thr276 side chain and the backbone
carbonyl of Ser296 is severed in pThr276−SERT and results in
greater unfolding of TM5. Furthermore, in Thr276−SERT
simulations, Ser277 forms alternate interactions with Ser269
and Glu444; however, in pThr276−SERT, Ser277 maintains
its interaction with Ser269 but not with Glu444. This
hydrogen-bond rearrangement in pThr276−SERT is a result
of the outward bend of the pThr276 residue due to its larger
and negatively charged side chain. As a result, TM5 is unable
to maintain its helical structure and may consequently affect
closure of the inward-facing state to complete the full transport
cycle. Furthermore, the structural consequence of Thr276
phosphorylation results in nearby charged residues (Arg79,
Lys272, and Lys275) to interact with the phosphate group of
pThr276, thereby weakening the interactions of TM5 (Figure
6C). Due to the flexible nature of the N-terminus, Arg79,
which typically interacts with Asp452, forms interactions with
the Thr276 phosphate group. Furthermore, the adjacent
residue Lys275 may also interact with the phosphate group.
These additional interactions may destabilize the intracellular
gates and decrease the free energy barriers for transition to the
inward-facing state.
We note the Thr276 phosphorylation site is located near a

conserved cholesterol binding site CHOL1, to be consistent
with previous studies (Figure 7A).53,54 Cholesterol has been
extensively shown to directly influence the conformational
equilibria of states; specifically, the depletion of cholesterol or
mutations in the CHOL1 site promote inward-facing
conformations.54−56 Simulation of the related dopamine
transporter shows that binding of cholesterol at CHOL1
sterically inhibits motions of TM1a and TM5 to stabilize the
outward-facing conformation and prevents transitions to the
inward-facing state.53 Crystal structures of the Drosophila
dopamine transporter57 were resolved with a cholesterol
hemisuccinate located at intracellular domains of TM2 and
TM7 and noted as the CHOL2 site. A cholesterol hemi-

Figure 4. Phosphorylation of Thr276 alters the SERT conformational
free energy landscape. (A,B) Conformational free energy landscapes
for Thr276−SERT (A) and pThr276−SERT (B) projected on the
coordinates defined by the extracellular and intracellular gating
distances. Simulation data were reweighted by the Markov state
model equilibrium probabilities. (C) Difference between the free
energy landscapes of Thr276−SERT and pThr276−SERT projected
on the same coordinates of the gating distances. Conformations in red
have relatively lower free energy in pThr276−SERT. For the
conformational landscapes shown, the extracellular gating distances
were defined as the closest heavy atom between Arg104 and Glu493.
Intracellular gating distances were calculated as the closest heavy atom
between the groups of residues Val86−Ser91,Tyr350 (TM1a/TM6b)
and Val199−Trp282,Glu444 (TM5/TM8). OF: outward-facing, OC:
occluded, IF: inward-facing, HG: hourglass.

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.1c00714
ACS Chem. Neurosci. 2022, 13, 933−945

937

https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.1c00714/suppl_file/cn1c00714_si_002.pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00714?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00714?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00714?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00714?fig=fig4&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sucinate was also resolved in the serotonin transporter near
TM12a.58 As such, we sought to identify the extent of Thr276
phosphorylation on the dynamics of TM5 with cholesterol
bound to SERT.
We conducted simulations of Thr276−SERT and

pThr276−SERT in a POPC membrane with cholesterol
initially bound to either site 1 (CHOL1) or site 2 (CHOL2)
or both simultaneously (CHOL1/CHOL2). Thr276−SERT
and pThr276−SERT systems with no cholesterol present in
the membrane was used as controls for the respective systems.
An outward-facing structure of SERT with serotonin, Na1,
Na2, and Cl− bound in their respective sites was used as the
starting structure for these sets of simulations. A total of 10
replicates with different initial velocities were simulated for 1
μs each. We also simulated a SERT mutant, Thr276Asp
(indicated as T276D−SERT), in the same manner as
described. The mutation of Thr276Asp has been previously

shown to increase 5-HT influx similar to that of the
phosphorylated wild-type SERT.17,59 While the phosphoryla-
tion site is removed, we hypothesized that the presence of an
electronegative charge may alter the dynamics of the
intracellular residues in a similar manner as pThr276.
For all SERT systems, the protein remained stable

(backbone RMSD < 2 Å) throughout the 1 μs simulations
(Figure S4A). We first assessed the stability of the cholesterol
molecules in the cholesterol binding sites. Figure 7B shows the
percentage of time cholesterol remained bound to each
respective site across the 10 MD simulation replicates of
CHOL1/CHOL2 simulations. We observed that the bound
cholesterol molecule remains stable 50−60% of the total
aggregated simulation time in the three SERT systems.
Similarly observed in simulations of the dopamine trans-
porter53 and β2AR,60 the decreased residence time of

Figure 5. Rearrangement of the intracellular gating residues as a result of Thr276 phosphorylation. (A) MD snapshot of Thr276−SERT in the
occluded and in the inward-facing states. Hydrogen-bonding pairs that contribute to the closure of the intracellular exit pathway are shown in sticks.
(B) Distance distribution of residues involved in the closure of the intracellular vestibule. Distributions were based on 50 000 occluded structures
drawn from the energetic minima of the conformational free energy landscape. Distances calculated from the Thr276−SERT MD simulations are
represented in blue, while pThr276−SERT distances are calculated in red. (C,D) As in (A,B) but for the inward-facing state of SERT.

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.1c00714
ACS Chem. Neurosci. 2022, 13, 933−945

938

https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.1c00714/suppl_file/cn1c00714_si_002.pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00714?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00714?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00714?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00714?fig=fig5&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


cholesterol binding may be attributed to the reduced
concentration of cholesterol in the membrane bulk.
The simulations suggest cholesterol binding does not

significantly affect the solvation of Thr276 or the helical
stability of TM5 (Figure 7C,D). In simulations of pThr276−
SERT, either with cholesterol or without cholesterol, Thr276
remains exposed to the intracellular space, and TM5 has a
greater propensity to unfold than Thr276−SERT. Simulations
of the T276D mutant also show that Asp276 is more solvated
than the wild-type (Figure S4B). Furthermore, the increased
RMSD of the cytoplasmic base TM5 reflects the unfolding of
the helix to promote structural rearrangements to the inward-
facing state. In simulations in which cholesterol was initially
bound to only CHOL1 or CHOL2, we observed similar trends
to the simulations with both cholesterols simultaneously
bound (Figure S5).

We further investigated if cholesterol binding would affect
the intracellular hydrogen-bonding interactions, specifically
interactions involving residues on TM5. Figure 8A shows the
probability of hydrogen bonds formed that are present in the
three studied systems, while Figure 8B,C shows hydrogen
bonds formed uniquely to each system. The hydrogen-bonding
network formed in the outward-facing conformation is
maintained with and without the presence of cholesterol.
Furthermore, the unique hydrogen-bonding interactions due to
the introduction of the phosphate group from pThr276−SERT
or the Asp side chain in T276D−SERT enable interactions of
nearby Lys residues (Lys 272, Lys275, Lys279) to coordinate
the unwinding of TM5 (Figure 8C,D). Overall, we find that
direct binding of cholesterol does not significantly affect
dynamics of phosphorylated Thr276 and the cytoplasmic base
of TM5 when SERT is in the outward-facing state, but the new

Figure 6. Thr276 phosphorylation further stabilizes the unwinding of TM5 during conformational transitions. (A) An outward-facing SERT crystal
structure (PDB: 5I73) showing the hydrogen-bond arrangement to maintain the helical fold of TM5. The side chain of Thr276 interacts with the
backbone carbonyl of Ser269 (TM4), while Ser277 hydrogen-bonds with Glu444. (B) Free energy landscapes comparing the helical content of
TM5 and hydrogen bonds identified in panel (A). Helical content was measured for residues 273 to 280. Phosphorylation of Thr276 not only
disrupts the hydrogen bonds formed by Ser269 but also further increases the unfolding of the cytoplasmic base of TM5. (C) Shifts in the distance
distribution of hydrogen bonds involving residues neighboring Thr276. Distances calculated from the Thr276−SERT MSM are represented in
blue, while the pThr276−SERT distances are represented in red.
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interactions of nearby residues (Lys 272, Lys275, Lys279) with
pThr276 or Thr276Asp enable the unwinding of TM5 to
promote conformational transitions to the inward-facing state.

3. CONCLUSIONS
Understanding the molecular regulation of neurotransmitter
transporters is vital for studying normal neurological function
in the brain and developing therapeutics to treat various
psychiatric disorders. The observations presented in this study
provide an atomistic perspective into the mechanism of
regulating SERT conformational dynamics by Thr276
phosphorylation. Using adaptive sampling and Markov state
models to explore the SERT conformational space, we find that
phosphorylated Thr276 results in the rearrangement of the
intracellular hydrogen-bonding network, particularly residues
involving TM5. These altered interactions consequently
decrease the free energy barriers for occluded to inward-facing
transitions and further stabilize the inward-facing state to allow
for substrate release. We note that some of the altered

interactions involving residues are located on the N-terminus
domain. While the complete N-terminus domain was not
modeled in our simulations, truncated SERT constructs with
the cytoplasmic terminal domains removed have been shown
to exhibit functional transport activity.58,61,62 Nevertheless, it is
possible the dynamics and interactions involving the
phosphothreonine residue may differ in the full-length SERT
promoter. Overall, the results obtained in this work alongside
previously conducted experimental studies of Thr276
phosphorylation demonstrate how a phosphorylation event
regulates SERT function through altering the conformational
equilibria of outward-facing and inward-facing states.
Naturally occurring coding variants in human SERT have

been shown to alter transporter regulation through changes in
PKG/p38 mitogen-activated protein kinase-linked pathways.63

The Ile425Val mutation has been identified in a subset of
patients that exhibit obsessive-compulsive disorder and
hyperactivity64 and has been shown to enhance 5-HT transport
due to dysregulated GMP regulation.59,65 Furthermore, SERT

Figure 7. Effect of cholesterol binding on Thr276 solvation and TM5 helicity. (A) Structural model of pThr276−SERT based on PDB: 5I73 with
cholesterol molecules bound based on the dopamine transporter PDB: 4XP1. (B) Stability of cholesterol in the binding site. The percentage of
simulation frames in which cholesterol remained bound to the respective sites in simulations in which cholesterol was initially bound to both
CHOL1 and CHOL2. A bound cholesterol was considered if the distance between the center of mass of cholesterol and respective binding site was
less than 6 Å. (C) Percentage of simulation frames in which Thr276 was solvated. Averages are from simulations in which cholesterol was initially
bound to both CHOL1 and CHOL2 (indicated as CHOL) and without cholesterol presented (w/o CHOL). Thr276 was considered solvated if the
normalized solvent-accessible surface area (SASA) was greater than the normalized SASA of Thr276 in the inward-facing SERT structure PDB:
7ILA. To account for the difference in residue size, a normalized SASA was calculated as SASA/MaxSASA, in which MaxSASA is the SASA of a
residue X in a fully extended Ala−X−Ala peptide. (D) Percentage of simulation frames in which TM5 was folded. TM5 was considered folded if
the helicity was greater than 50%. For (B−D), the average percentage for 10 MD replicates is indicated as a black circle. Error bars represent
standard error among the replicates.
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containing the allelic variant Ala56 (normally Gly56 in wild-
type) is subjected to hyperphosphorylation under basal
conditions66 and suggested to bias SERT in an outward-facing
state.67 The allelic variant Asn605 (normally Lys605 in wild-
type) has been proposed to influence SERT in a similar
manner as Ala56.67 Other identified phosphorylation sites in
SERT may affect overall transporter stability, including but not
limited to protein trafficking, expression, and substrate
uptake.68,69

Using molecular dynamics simulation and Markov state
modeling, we present a mechanism in which phosphorylation
of Thr276 modulates the intracellular hydrogen-bonding
network to enhance 5-HT-transport activity. As this work
focused on the conformational transitions associated with the
substrate import process, that is, from outward-facing to
inward-facing, how phosphorylated Thr276 affects SERT
reverting to the outward-facing state and the transport of
potassium remain unknown. The potassium binding site yet
remains to be resolved, but it has been shown through
biophysical experiments that potassium favors inward-facing-
like states.70,71 Furthermore, it is expected that the transitions
from inward-facing to outward-facing conformations are rate-
limiting for the complete SERT transport cycle.72,73 From our

simulations, we identified that Thr276 phosphorylation
promotes the unwinding of the cytoplasmic base of TM5, a
key structural requirement for the formation of the inward-
facing state. Further studies may investigate how the kinetics of
potassium efflux are altered when stimulated with PKG and if
the hydrogen-bonding interactions formed due to phosphory-
lated Thr276 affect the closure of the inward-facing state.

4. METHODS
4.1. Overview of Simulations. We first simulated SERT bound

with conformational selective inhibitors cocaine and ibogaine to
examine the solvation of Thr276 as experimentally characterized by
Zhang et al.34 Cocaine docked in an outward-facing SERT structure
or the ibogaine complexed inward-facing cryo-EM structure was used
as the starting structure for the respective simulations. Five replicates
of different initial velocities were simulated for 250 ns. Detailed
methods on system construction and parametrization are presented in
the Supplemental Methods and Table S1.

Secondly, to investigate the conformational dynamics involved in
Thr276 phosphorylation, we seeded trajectories from the unphos-
phoryaled Thr276−SERT Markov state model previously obtained in
ref 36. Simulation details of pThr276−SERT are described in the
subsequent section.

Finally, to elucidate the effects of cholesterol binding on the
dynamics of pThr276−SERT, we performed three sets of simulations

Figure 8. Effect of cholesterol binding on the intracellular hydrogen-bonding network. (A) Percentage of hydrogen bonds formed among the 10
MD simulations (1 μs long) of Thr276−SERT (blue), pThr276−SERT (red), and T276D−SERT (green) with cholesterol initially bound in sites
1 and 2 (indicated as CHOL) and without cholesterol present in the membrane (w/o CHOL). (B−D) Unique hydrogen bonds formed by the
residue in position 276. (B) Percentage of Thr276−Ser269 formed in Thr276−SERT simulations. (C) Interactions of nearby lysine residues with
the phosphate group of phosphothreonine. Representative MD snapshot of the lysine−phosphate interactions from pThr276−SERT simulations.
(D) Interactions of nearby lysine residues with the Asp side chain. Representative MD snapshot of the lysine−aspartate interactions from T276D−
SERT simulations. For all hydrogen-bond calculations, the respective hydrogen bond was considered formed based on a donor and acceptor atom
distance cutoff of 3.5 Å. For all panels, the average percentage for 10 MD replicates is indicated as a black circle. Error bars represent standard error
among the replicates.
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initiated from the outward-facing SERT crystal structure.58 5-HT,
Na1, Na2, and Cl− were initially bound. Cholesterol bound in either
the CHOL1, CHOL2, both CHOL1 and CHOL2 sites, or not bound
was simulated. A total of 10 replicates of different initial velocities
were simulations for 1 μs each. We also simulated a Thr276Asp SERT
mutant in the same protocol as described. A summary of cholesterol-
bound SERT simulations is presented on Table S2. Further details of
the system setup are described in the Supplemental Methods.
4.2. Phosphorylated Thr276−SERT Simulation on Folding@

Home. Our previous study investigated the dynamics of the 5-HT
import of Thr276−SERT.36 These simulations consisted of one SERT
protomer (residues 76−616) embedded in a POPC lipid bilayer,
solvated with 150 mM NaCl and one 5-HT molecule in TIP3P
water.74 Terminal chains were capped with acetyl and methyl amide
groups. Glu508 was modeled as the protonated form. A disulfide
bridge was modeled between Cys200 and Cys209. The simulation
data previously obtained was used to construct a Markov state model
(MSM).
We clustered the unphosphorylated SERT Markov state model

using the Perron-cluster cluster analysis+ (PCCA+) method to obtain
starting structures for phosphorylated Thr276−SERT simulations.
The PCCA+ algorithm constructs linear transformations of the
eigenvectors of the transition matrix to obtain long-lived metastable
states.75 An initial 15 macrostates were assigned; however, the
conformational sampling of the inward-facing conformation did not
fully converge, and thus, we seeded structures from three macrostates
centered around the Thr276−SERT inward-facing minima (Figure
S3). A total of 70 structures from each macrostate were randomly
sampled, totaling in 1260 unique conformations. For each structure, 2
replicates with different initial random velocities were created, totaling
in 2520 independent MD simulations. Thr276 was modified to
phosphothreonine (residue name TPO) using the tleap module of
AmberTools. The phosphate group of phosphothreonine 276 was
modeled as the doubly charged state given the pKa of 6.30

76 and the
neuron pH of 7.2.77 Additional Na+ ions were added to the simulation
box to neutralize the system. Each system was prepared using
OpenMM 7.4.278 and parametrized with an OpenMM ForceField
using the Amber ff14SB79 and GAFF force field.80 Simulations were
performed under periodic boundary conditions and NPT ensemble.
The mass of hydrogen atoms and connected atoms were repartitioned
according to Hopkins et al.81 The Langevin integrator using a time
step of 4 fs, temperature of 300 K, and collision rate of 2 ps−1 was
used for Langevin dynamics. Pressure (1 atm) was maintained using
the Monte Carlo Membrane Barostat with an update frequency of 100
steps. Nonbonded forces were calculated using the particle mesh
Ewald method82 with a 10 Å distance cutoff. The resulting OpenMM
system and integrator file were serialized to XML format for
Folding@Home.
Production simulations for the 2520 pThr276−SERT systems were

conducted on Folding@Home using a simulation core based on
OpenMM 7.4.2.38,78 A maximum of 250 ns was collected for each
system, totaling ∼630 μs of aggregated simulation data. pThr276−
SERT simulations were conducted on Folding@Home from
December 2020 to February 2021 and were conducted on various
GPUs (Figure S6). Simulation snapshots were saved every 100 ps
during production runs using mixed precision.
4.3. Markov State Modeling.MSMs are a statistical approach, in

which the simulation data are discretized into kinetically relevant
states and transition probabilities between each state are calculated.
The resulting outcome of the MSM is a kinetic model, in which long-
timescale protein dynamics can be characterized.83,84 MSMs have
been extensively employed to study protein folding, ligand binding,
and conformational change processes.85−87 However, there are only a
few examples of the application of MSMs to membrane transporter
proteins.88−91 Here, we employ MSMs to compare the conforma-
tional ensemble of the phosphorylated and dephosophorylated SERT
to obtain the thermodynamic and kinetic differences responsible for
the shift in the conformational equilibrium upon phosphorylation.
All pThr276−SERT simulation data were used to construct a

Markov state model (MSM) using the pyEMMA Python library.92 To

maintain consistency among the unphosphorylated SERT and
phosphorylated SERT MSM, we used the same 16 residue−residue
pair distances along the permeation pathway and z-components of the
substrates as described in our previous study.36 The number of
clusters and time-independent components (tICs) were optimized by
maximizing the VAMP1 score, or the sum of the eigenvalues of the
transition matrix (Figure S7A). The phosphorylated SERT MSM was
constructed using 500 clusters, 2 tICs, and a Markovian lag time of 12
ns (Figure S7B). The standard error of the free energy landscapes was
calculated by bootstrapping with constructing the MSM with 80% of
the trajectory set randomly selected for 500 independent samples
(Figure S8). The constructed MSM was further validated using the
Chapman-Kolmogorov test performed on five macrostates (Figure
S9).

4.4. Trajectory Analysis. Trajectories were processed using the
CPPTRAJ module of AmberTools93 and MDTraj Python library49

and visualized using Visual Molecular Dynamics (VMD)94 and
PyMOL (Schro dinger, LLC). The MSM-weighted simulation data
were plotted on the coordinates of the extracellular and intracellular
gating distances. Specifically, the extracellar distance was defined by
the distance between the closest heavy atom between Arg104 and
Glu493. Intracellular distance was calculated as the closest heavy atom
distance between groups of residues Val86−Ser91, Tyr350 (TM1a,
TM6b) and Val274−Trp282, Glu444 (TM5, TM8). Trajectory
frames were assigned to an overall conformational state based on the
free energy basin of the conformational landscape. Specifically,
outward-facing conformations were defined if the extracellular gating
distance was greater than 4.5 Å and intracellular gating distance was
less than 4.0 Å, occluded used an extracellular distance less than 3.2 Å
and intracellular distance less than 3.7 Å, and inward-facing used an
extracellular distance less than 3.2 Å and intracellular distance greater
than 5.5 Å. To calculate the distance distributions associated with a
conformational state, 50 000 structures were randomly sampled from
the free energy basin. In-house scripts utilizing the matplotlib Python
library were used to generate plots and distributions.
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■ ABBREVIATIONS

SERT serotonin transporter
DAT dopamine transporter
NET norephedrine transporter
NSS neurotransmitter:sodium symporter
5-HT 5-hydroxytryptamine, serotonin
TM transmembrane
OF outward-facing
OC occluded
IF inward-facing
MSM Markov state model
MD molecular dynamics
RMSD root-mean-square deviation
IL intracellular loop
EL extracellular loop
SASA solvent-accessible surface area
RMSF root-mean-square fluctuation
tIC time-independent components
tICA time-independent component analysis
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