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ABSTRACT: Membrane transporters of the solute carrier 6
(SLC6) family mediate various physiological processes by
facilitating the translocation of amino acids, neurotransmitters, and
other metabolites. In the body, the activity of these transporters is
tightly controlled through various post-translational modifications
with implications on protein expression, stability, membrane
trafficking, and dynamics. While N-linked glycosylation is a universal
regulatory mechanism among eukaryotes, a consistent mechanism of
how glycosylation affects the SLC6 transporter family remains
elusive. It is generally believed that glycans influence transporter
stability and membrane trafficking; however, the role of
glycosylation on transporter dynamics remains disputable, with
differing conclusions among individual transporters across the SLC6
family. In this study, we collected over 1 ms of aggregated all-atom molecular dynamics (MD) simulation data to systematically
identify the impact of N-glycans on SLC6 transporter dynamics. We modeled four human SLC6 transporters, the serotonin,
dopamine, glycine, and B0AT1 transporters, by first simulating all possible combinations of a glycan attached to each glycosylation
site followed by investigating the effect of larger, oligo-N-linked glycans to each transporter. The simulations reveal that glycosylation
does not significantly affect the transporter structure but alters the dynamics of the glycosylated extracellular loop and surrounding
regions. The structural consequences of glycosylation on the loop dynamics are further emphasized with larger glycan molecules
attached. However, no apparent differences in ligand stability or movement of the gating helices were observed, and as such, the
simulations suggest that glycosylation does not have a profound effect on conformational dynamics associated with substrate
transport.

■ INTRODUCTION
The solute carrier 6 (SLC6) family is a class of secondary
active cotransporters that mediates the reuptake of amino
acids, biogenic amines, osmolytes, and metabolites, thereby
maintaining cellular homeostasis throughout the body.1 These
transporters harness the energy of a favorable sodium ion
concentration gradient to power the uphill transport of
substrates across the plasma membrane. Many SLC6 trans-
porters are also members of the neurotransmitter:sodium
symporter (NSS) family and are essential for regulating
neurotransmission in the central and peripheral nervous
systems.2

Members of the SLC6 family adopt the canonical 12
transmembrane (TM) helix LeuT fold with the transporter
core formed by helices 1−5 and 6−10 arranged in a 5 + 5
inverted pseudosymmetric repeat topology and two additional
helices, 11 and 12, residing on the periphery of the core
(Figure 1A).3 The transport of substrates is dictated by the
structural rearrangements that enable the transporter to
alternate between an extracellular accessible or outward-facing
(OF) conformation to the intracellular accessible or inward-
facing (IF) conformation. Specifically, SLC6 transporters
undergo a rocking-bundle mechanism in which the trans-

membrane helices 1 and 6 serve as gating helices that undergo
a “rocking” conformational shift from the rigid scaffold
domain, thus enabling the opening and closure of the
orthosteric binding site.4 The recent determination of various
SLC6 transporters and its bacterial homologues have
established the structural basis of substrate and inhibitor
molecule binding.3,5−8

Despite sharing 20−25% sequence identity with human
SLC6 transporters, prokaryotic SLC6 proteins have historically
illuminated the elusive structure−function relationships of this
important class of transporters.3,9−11 While the general
understanding of transport and conformational dynamics
may be applied to characterize human transporters, the effects
of post-translational modifications cannot be inferred as
prokaryotic homologues do not share the similar mechanisms
or structural features of regulatory components as do their
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eukaryotic counterparts.1,12 As such, recent work has focused
on elucidating the molecular mechanisms of post-translation
modifications and its effect on human SLC6 transporters.1,2

These studies include phosphorylation,13−17 palmitoyla-
tion,18,19 glycosylation,20−24 and ubiquitination25 and its
implications on transporter dynamics, stability, oligomeriza-
tion, trafficking, and uptake activity.
The glycosylation of SLC6 transporters has been widely

documented to affect transporter activity;20−24 however,
various mechanisms of how glycosylation mediates transporter
function have been proposed for different SLC6 members.2

For example, glycosylation has been suggested to influence
transporter stability in the membrane as demonstrated for the
serotonin, dopamine, and norepinephrine transporters,20,21,23

whereas in glycine and GABA transporters, glycosylation
regulates membrane trafficking.22,24 The removal of glycans did

not affect ligand binding or transport function for the serotonin
and norepinephrine transporters;20,23 however, mutagenesis of
N-linked glycosylation sites in the dopamine and glycine 1
transporters resulted in reduced uptake rates.21,22 Furthermore,
the degree of glycosylation widely differs among expression
organisms, tissues, and cell developmental periods.26−28 As the
mechanism of substrate transport is a cumulation of various
functions, including expression, trafficking, binding, other post-
translational modifications, and recognition with other
proteins, the extent of glycosylation and its effect on
conformational dynamics remain ambiguous.
With the surge in performance of graphical processing units

and numerical algorithms, molecular dynamics (MD) simu-
lations present a powerful approach to characterize post-
translational modifications and its effect on protein structure
and dynamics. Recent applications of atomistic simulations to

Figure 1. Simulation overview of the conducted study. (A) Starting structures of SLC6 transporters used for MD simulations. Transporters were
modeled in the outward-facing conformation with substrates and ions initial bound in the orthosteric pocket. Sodium and chloride ions are shown
as purple and green spheres, respectively. Respective substrates are shown as spheres (5-HT: serotonin, DA: dopamine, LEU: leucine, GLY:
glycine). The transporters are shown in cartoon representation and colored as follows: gating helices 1 and 6, red; 5 + 5 helix repeats, yellow and
pale blue; extracellular loop 2, salmon. N-linked glycosylation sites with an N-acetylglucosamine glycan are represented as sticks and labeled
accordingly. (B) Simulation workflow for the four studied SLC6 transporters. Simulations were parametrized using the CHARMM36m force field.
Energy minimization and equilibration simulations were performed using AMBER18. The subsequent simulation output files were converted to
OpenMM xml files for production simulations either on a Folding@Home distributive computing platform or the NCSA DELTA supercomputer at
the University of Illinois. All production simulations were performed using OpenMM7.7.0.
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investigate post-translational modifications have identified how
phosphorylation alters the hydrogen bonding network of the
serotonin transporter,14 glycosylation induces open conforma-
tions of the yeast disulfide isomerase,29 and nitration prevents
ligand binding of a plant abscisic acid receptor.30 Moreover,
MD simulations provide a technique to probe the structural
dynamics in a label-free, fully atomistic approach, ideal for
addressing the differences in experimental setup.
In this current work, we designed a MD study to

systematically investigate the structural and dynamic con-
sequences of N-linked glycosylation on SLC6/NSS trans-
porters. While MD simulations have been employed to
characterize the intrinsic dynamics of SLC6 transporters at
full atomistic resolution,31−34 the effects of glycosylation on
dynamics have yet to be investigated computationally. To this
end, we collected an aggregated simulation data set of ∼30 μs
for each of the four studied human SLC6/NSS transporters
(Figure 1A), the serotonin transporter (SERT, SLC6A4), the
dopamine transporter (DAT, SLC6A3), the neutral amino acid
transporter B0AT1 (SLC6A19), and the glycine transporter 1
(GlyT1, SLC6A9), to elucidate the role of glycans on
structural stability and conformational dynamics. We first
examined the effects of glycosylation on the four transporters
with glycans attached to each glycosylation site of extracellular
loop 2 (EL2) in a combinatorial fashion. In the second part of
our study, we simulated the transporters with various degrees
and complexity of oligoglycans to probe the influence of larger
glycan molecules on the protein structure.
Our simulations suggest that glycosylation does not affect

the overall transporter structure. However, the glycosylation of
EL2 with a single glycan on each site consequently modulates
its dynamics and surrounding regions but not in a uniform
manner. Moreover, the presence of larger glycans further
decreases EL2 loop dynamics. However, despite the decreased

loop fluctuations, the distance distribution of the gating helices
did not alter significantly. Overall, we conclude that
glycosylation does not have a profound effect on dynamics
associated with substrate transport and thus is likely more
involved in cellular sensing and regulation in the cell.

■ RESULTS
Glycosylation Does Not Significantly Affect the

Transporter Structure but Alters Loop Dynamics. The
extracellular loop 2 of SLC6 transporters contains two to four
N-linked glycosylation sites that follow the Asn-X-Ser/Thr
amino acid sequence motif, where X is any residue except
proline (Figure S1).35 Previous biophysical characterization of
NSS transporters has reveal the extracellular loops to be
coupled with the substrate transport dynamics31,36,37 and
substrate selectivity,38,39 and as such, we hypothesized if the
addition of bulky, hydrophobic glycans may affect the structure
and dynamics of the transporter. We performed microsecond
long MD simulations of four SLC6 transporters with an N-
acetylglucosamine glycan modeled to each N-linked glyco-
sylation site in a combinatorial fashion (Figure 1A and Table
S1). Simulations were initiated from an outward-facing
conformation with ions and the respective substrate bound
in the orthosteric binding site and embedded in a multi-
component phospholipid bilayer (Figure 1B). A total of 29−30
MD replicates of 1 μs long simulations were collected for each
transporter and glycosylation state, resulting in an aggregated
simulation data set of 949 μs (Table S1).
The root-mean-square deviation (RMSD) with respect to

the initial starting structure is presented in Figure 2. The
simulated transporters remained stable across the 1 μs with a
Cα RMSD of ∼2.5−4 Å (Figure 2A). Furthermore, the
simulations reveal that glycosylation does not significantly
affect the overall transporter structure, with the exception of

Figure 2. Glycosylation does not significantly affect the transporter structure. Distribution of the averaged (A) root-mean-square deviations
(RMSDs) of all transporter Cα atoms and (B) the RMSD of extracellular loop 2 (EL2) among the 1 μs MD replicates for each respective system.
The initial structure used for MD simulations was used as the respective reference for all calculations. The first 100 ns were excluded from RMSD
calculations. Median values are indicated as dashed lines. An * indicates values significantly different (two-tailed Mann−Whitney U test, p < 0.05/n,
Bonferroni corrected for n number of comparisons) from the respective deglycosylated transporter indicated as ⌀. Mean values, standard error,
median, and p-values are provided in Supporting Information Tables S2 and S3.
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SERT-N208 which exhibited a marginal decrease in RMSD as
compared to the deglycosylated transporter (Figure 2A).
Despite structural and sequential conservation of the

transporter core, the solvent-exposed loops vary in sequence
and length among the SLC6 family. As such, the dynamics of
the EL2 loop also varies between the studied transporters.
Among the deglycosylated transporters, we observed that the
shorter length EL2 in B0AT1 and SERT exhibited less
structural deviations as compared to the longer length EL2
in DAT and GlyT1. However, when examining the effects of
glycosylation on the EL2 structure, the simulations of
glycosylated DAT, B0AT1, and GlyT1 were not observed to
significantly differ from the respective deglycosylated trans-
porters (Figure 2B). In contrast, only two glycosylated SERT
systems, N208 and N208−N217, were found to have a
significant decrease in EL2 RMSD (Figure 2B).
Figure 3 shows the difference per-residue RMSF with

respect to the deglycosylated transporter for the four studied
SLC6 transporters. The plots reveal that glycosylation alters
the dynamics of EL2 in a differing manner among transporters

(Figure 3). In SERT simulations, glycosylation consistently
decreases the fluctuations of EL2 as compared to the
deglycosylated SERT (Figure 3A). However, the effects of
glycosylation on EL2 dynamics vary and do not show a
consistent trend among DAT and GlyT1 transporters (Figure
3B, D). In SERT and DAT, we observed the fully glycosylated
transporter (SERT: N208−N217; DAT: N181−N188−N205)
to increase the dynamics of the cytoplasmic base of TM5
(Figure 3A,B). Extensive literature supports the unwinding of
the TM5 as a key structural rearrangement for propagating
transition to the inward-facing state.31,37,40,41 Furthermore, the
number of glycosylated Asn residues did not appear to be
correlated with effects on dynamics. Interestingly in B0AT1,
glycosylation did not have a pronounced effect on EL2
dynamics but allosterically alters the displacements of the
nearby EL4 (Figure 3C, E). The glycans were not observed to
come into contact with EL4, but the cryo-EM complex reveals
that EL4 and the extended TM7 play a role in trafficking and
interfacing with the angiotensin-converting enzyme 2.42 EL4 of

Figure 3. Difference RMSF plots of the glycosylated transporters. (A-D) The difference RMSF (ΔRMSF) in which the deglycosylated transporter
was subtracted from the glycosylated transporter is plotted along the primary residue sequence. The initial structure used for MD simulations was
used as the respective reference for RMSF calculations. Quantities are averaged from all 1 μs MD replicates for each respective system. The
glycosylated systems are plotted and colored according to Figure 2. Transmembrane helices are marked in gray regions along the residue numbers.
N-linked glycosylation sites are marked by a black dashed line. (E) The difference RMSF (ΔRMSF) of the fully glycosylated transporter compared
to the deglycosylated transporter plotted on the respective transporter structure.
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B0AT1 contains a number of N-linked glycosylation sites,42 but
the effects of these sites were not investigated in this study.
Overall, though the difference in structural deviations is of a

relatively small magnitude (∼0.5−1.5 Å), the effects N-
glycosylation of EL2 do not consistently affect the structural
dynamics within individual transporters nor across the sampled
SLC6 family. Furthermore, principal component analysis of the
Cα fluctuations does not reveal discernible differences among
the glycosylation patterns (Figure S2). From the simulations,
we observed marginal differences (<1 Å) in the distance
distributions of gating helices, thus suggesting that N-
glycosylation does not have a profound effect on transport
dynamics (Figure S3). Furthermore, glycosylation does not
consistently affect the stability of the ligand bound in the
orthosteric site, with the exception of SERT (Figure S4). The
simulations of SERT and its glycosylated forms reveal that the
RMSD of the serotonin, with respect to the initial bound pose,
is decreased thus suggesting greater ligand stability upon
glycosylation (Figure S4A). In all, the simulations reveal that
the presence of hydrophobic glycans on a solvent-exposed
domain of the transporter loop alters its local environment but
does not propagate to the remainder of the transporter.
Oligo-N-Linked Glycosylation Further Stabilizes Loop

Fluctuations. Though ubiquitous among eukaryotes, it is
evident to note that the degrees of glycosylation and its
regulatory role widely differ among species and cell types.28

The previous body of literature has extensively explored the
use of cell lines from a variety of organisms including, but not
limited to, human (HEK-293),21 insect (Sf9),20 monkey
(COS),22 pig (LLC-PK1),23 and hamster (CHO).24 Moreover,
in humans, N-glycosylation patterns have been noted to differ
among various cell types and developmental stages26,27 and
thus further illuminate the complexity of glycosylation in the
nervous system and throughout the body.43

As it is not feasible to investigate all possible glycan and
linkage patterns, nor has it been characterized in exact detail,
we designed MD systems of the four SLC6 transporters in a
pattern of increasing glycan moieties to serve as a
representative and generic model of complex oligoglycans
(Figure 4A). The complex glycans ranged from a linear 2 N-
acetylglucosamine glycan to a branch oligoglycan containing 9
carbohydrates in total. For simulations of the oligoglycans, all
Asn glycosylation sites on EL2 were modeled as the
glycosylated form. Figure 4B shows a representative structure
of the 9-glycan system for SERT. The glycosylated transporters
were constructed in the same protocol as the single N-
acetylglucosamine glycosylated transporter systems, and a total
of 29−30 replicates were simulated for 1 μs each, totaling an
additional 359 μs of aggregate data (Table S4).
Similar to simulations of the single N-acetylglucosamine

glycosylated transporters, the simulations of the complex
oligoglycans further suggest that N-glycosylation does not

Figure 4. Structural effects of oligo-N-linked glycans. (A) The oligo-N-linked glycans modeled in this study. The oligoglycans were added to all
glycosylation sites for each transporter and simulated under the same protocol as the single N-acetylglucosamine glycan simulations. (B)
Representative structure of SERT and the 9-glycan group added to both glycosylation sites. Transmembrane helices and substrates are represented
and colored according to Figure 1. (C, D) Structural measurements of the oligoglycan-transporter systems, similarly calculated as in Figure 2. The
values of (C) Cα RMSD and (D) EL2 RMSD were averaged from the 1 μs MD replicates for each respective system. The initial structure used for
MD simulations was used as the respective reference for all calculations. The first 100 ns were excluded from RMSD calculations. Median values are
indicated as dashed lines. An * indicates values significantly different (two-tailed Mann−Whitney U test, p < 0.05/n, Bonferroni corrected for n
number of comparisons) from the respective deglycosylated transporter. Average values, standard error, median, and p-values are provided in the
Supporting Information Tables S5 and S6.
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uniformly affect SLC6 transporters. With regards to the overall
transporter structure, when SERT, DAT, and B0AT1 were
glycosylated to any degree, we did not observe differences
among the sets of simulations (Figure 4C). When examining
the structure and dynamics of EL2, the simulations for large
simulated glycans (>5 glycans) reveal the RMSD of EL2 to be
significantly lower compared to the deglycosylated transporters
SERT and B0AT1 (Figure 4D). In SERT, the single N-
acetylglucosamine added to both glycosylation sites, N208 and
N217, was observed to decrease the EL2 RMSD (Figure 2B),
but the presence of larger glycans did not significantly further
influence the EL2 structure (Figure 4D). Most strikingly,
increasing the number of glycans and complexity of linkages
added to GlyT1 was correlated with a decrease in overall
transporter and EL2 RMSD (Figure 4C, D). The 9-glycan
GlyT1 was observed to have an EL2 RMSD of 5.027 ± 0.204
(mean ± SEM) compared to the deglycosylated GlyT1 with an
EL2 RMSD of 7.460 ± 0.261.
The simulations further reveal that the dynamics of EL2 is

reduced when glycosylated with complex oligoglycans, with the
most significant differences observed with more glycans added
per glycosylation site (Figure 4D). The RMSF plots of the
oligo-glycosylated transporters illustrate that the fluctuations of
EL2 are also altered compared to the deglycosylated
transporter (Figure 5). The dynamics of EL2 on SERT and
B0AT1 do not differ widely from the single N-acetylglucos-
amine glycosylated transporters (Figure 5A, C). However,
more notably, the fluctuations for DAT and GlyT1 EL2 when
glycosylated with the oligoglycans are generally diminished
across all degrees of glycosylation (Figure 5B, D).
Furthermore, the presence of the complex oligoglycans also
did not consistently affect the motions of the gating helices
(Figure S5) nor the stability of the bound ligand as similarly
observed in the single N-acetylglucosamine transporter
simulations (Figure S6).
The intrinsic dynamics of attached glycans has been

previously identified to act as a hydrophobic barrier and shield
the protein surface, disrupting protein−protein interactions.

Most notably, the use of MD simulations has characterized the
extent of glycan shielding on key immunological targets
including the SARS-CoV-2 spike protein44 and viral envelop
proteins.45,46 We computed the solvent accessible surface area
(SASA) to examine the effect of glycan shielding on the
extracellular vestibule and surrounding regions. As expected,
we observed the glycans to decrease the accessible surface area
of residues on EL2 and the larger oligoglycans to progressively
decrease the accessible surface area for surrounding EL2
residues (Figure S7). Furthermore, while the simulations did
not reveal major differences in the accessible surface area
SERT and GlyT1 with increasing complexity of glycosylation
(Figure S8), we did find that glycans extend to decrease the
accessibility of the DAT extracellular vestibule (Figure 6A). By
overlaying the simulated conformational distribution of the
glycan moieties, we observed the N205 glycans to extend
beyond EL2 and shield the DAT extracellular vestibule (Figure
6A). In contrast, the glycans attached to SERT and GlyT1 do
not extend to the extracellular vestibule (Figure S8).
Interestingly in B0AT1, the glycans also do not directly shield
the extracellular vestibule; however, the progressive addition of
more glycans allosterically decreases the solvent accessibility of
TM11, TM6a, and EL6 which make up an allosteric substrate
binding site or S2 (Figure 6B). This conserved S2 site has been
previously implicated to act as a selectivity filter for transporter
substrates.38,39 Taken together, these observations suggest that
glycosylation may influence the transporter’s ability to initially
recognize and bind the substrate either through glycan
shielding or allosterically modulating the S1 site.

■ DISCUSSION
The activity of SLC6 transporters is tightly controlled through
intricate regulatory mechanisms. Consequently, dysregulation
of transport activity is associated with various neurodegener-
ative, respiratory, and cardiovascular diseases.1,2 As these
transporters are essential for maintaining cellular homeostasis,
understanding the conformational heterogeneity and how post-

Figure 5. Difference RMSF plots of the oligo-glycosylated transporters. The difference RMSF (ΔRMSF) in which the deglycosylated (0-gly)
transporter was subtracted from the glycosylated transporter is plotted along the primary residue sequence. The initial structure used for MD
simulations was used as the respective reference for RMSF calculations. Quantities are averaged from all 1 μs MD replicates for each respective
system. MD systems with varying degrees of glycosylation are plotted and colored according to Figure 4. Transmembrane helices are marked in
gray regions along the residue numbers. N-linked glycosylation sites are marked by a black dashed line.
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translational modification alters the underlying dynamics is
pivotal for designing effective therapeutic molecules.
SLC6 transporters possess 2−4 N-linked glycosylation sites

on the solvent-exposed EL2. Hydrogen−deuterium exchange
and molecular modeling have characterized the dynamics of
EL2, and other extracellular loops, to be stabilized upon the
structural rearrangements from outward-facing to inward-
facing conformations.31,36,37 We initially hypothesized the
addition of glycans to the extracellular loops would alter the
stability of the loops, thus potentially perturbing the conforma-
tional equilibria. However, while our simulations show that
glycosylation does indeed stabilize EL2 loop dynamics, it does
not influence overall transporter structure or conformational
dynamics in the simulated time scales. We observed that the
effects of glycosylation are small in quantity, and likely a larger
sample size may more greatly illuminate these minute
differences. Overall, we conclude that glycosylation does not
have a significant effect on substrate transport dynamics and is
more likely to be involved in other regulatory processes such as
membrane stability and proper trafficking.

Glycosylation is an essential and universal post-translation
modification for regulating protein function. The use of MD
simulations enables a fully atomistic characterization of the
structural and dynamic consequences of glycosylation47,48 and
other post-translational modifications.14,49,50 Though glyco-
sylation has been widely understood to affect SLC6 transporter
stability and trafficking,1,2 our simulations show that N-
glycosylation minimally affects overall transporter dynamics
but reduces the fluctuation of the extracellular loops. However,
we did not observe glycosylation to consistently alter the SLC6
transporter structure which may further explain the differences
in regulatory function previously characterized experimen-
tally.20−24 Furthermore, previous simulations of glycoproteins
further underline a lack of uniformity in regulating protein
structure and dynamics47,51,52 and may suggest that the
disruption of the local protein environment has a greater role
in modulating dynamics and stability rather than the presence
of glycans itself. Although, while the position of some glycans
is more critical for regulating protein function,44 the degree of
the glycosylation may also have a profound effect on the
dynamics as shown in the oligoglycan-transporter simulations

Figure 6. The effect of glycans on the solvent accessible surface area of the extracellular vestibule. The difference of the SASA of the oligo-
glycosylated transporter and the deglycosylated (0-gly) transporter is projected on the (A) DAT and (B) B0AT1 three-dimensional structures.
Regions colored in red indicate where the SASA is decreased in the glycosylation system as compared to the deglycosylated transporter. The
extracellular vestibule is lined by TM1b (teal), TM6a (magenta), TM11 (dark gray), EL4 (yellow), and EL6 (orange) and is shown in the left-most
panel for reference. The allosteric S2 site for B0AT1 is circled in B. The positions of the glycans from the simulations are overlaid in the
accompanying structures and colored according to its glycosylation site. The coordinates of the glycan molecules are extracted every 6 ns of each 1
μs replicate. SASA projections for SERT and GlyT1 are shown in Figure S8.
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in this study. Thus, when investigating the structural dynamics
of glycoproteins, we recommend to consider the potential
effects of various glycans moieties, both in composition and
arrangements, to obtain a comprehensive understanding of
glycosylation.

■ METHODS
System Preparation. To investigate the effects of

glycosylation on transporter dynamics and stability, we
selected four human transporters from the SLC6/NSS family:
the serotonin transporter (SERT), dopamine transporter
(DAT), neutral amino-acid transporter B0AT1, and the glycine
transporter 1 (GlyT1). These transporters have extensive
structural and/or biochemical characterization of the effects of
glycosylation.5−7,20−22,42

We initiated all simulations from an outward-facing
conformation with the transporter’s respective substrates
bound in the orthosteric pocket. The initial structures were
obtained as follows: SERT, three-dimensional coordinates
from the outward-facing crystal structure (PDB: 5IX6) with
Na1, Na2, Cl− bound, and serotonin (5-HT) modeled based
on our previous MD simulation study;31 DAT, a homology
model based on the outward-facing Drosophila melanogaster
DAT crystal structure (PDB: 4XP1) with Na1, Na2, Cl−, and
dopamine (DA) modeled based on the crystal structure; B0AT,
three-dimensional coordinates from the outward-facing cryo-
EM structure (PDB: 6M18) with Na1, Na2, and leucine based
on the structural alignment with Leu-bound LeuT (PDB:
2A65); and GlyT1, a homology model based on the outward-
facing Drosophila melanogaster DAT crystal structure pre-
viously modeled by Zhang et al.53 with Na1, Na2, Cl− bound,
and glycine bound based on the structural alignment with Gly-
bound LeuT (PDB: 3F4J). The GlyT1 model did not initially
contain extracellular loop 2 (EL2), and as such, we modeled
the loop using the comparative modeling module of the
ROBETTA web server.54 The resulting EL2 model displayed
alpha helical secondary structure elements at residues 235 to
239 and 243 to 252, which is further suggested by the IUPRED
intrinsic disorder structure prediction web server.55

The transporters were embedded in a 90 × 90 Å2

multicomponent phospholipid bilayer using the CHARMM-
GUI web server.56 For SERT, DAT, and GlyT1, the
transporter was embedded in a 2:1 POPC:POPE symmetric
lipid bilayer, loosely based on the neuronal plasma membrane
composition.57 As B0AT1 is expressed in the membrane of the
small intestine,58 we embedded the transporter in a 3:2:1
POPE:POPC:POPS membrane to mimic its native environ-
ment.59 We note the exclusion of cholesterol molecules in the
simulated membranes. While cholesterol is physiologically
relevant in the human membrane environment, it has been
extensively shown to sterically stabilize outward-facing
conformations.60,61 As such, we excluded cholesterol to
prevent unintended inhibition of transporter dynamics. N-
and C-termini were capped with acetyl and methyl amide
groups, respectively. Titratable residues were modeled in
accordance to pKa calculations using PROPKA3.0.62 The
systems were solvated with TIP3P water molecules and 150
mM NaCl. The mass of hydrogen atoms and connecting atoms
was repartitioned accordingly to Hopkins et al.63 For single-
glycan simulations, an N-acetylglucosamine glycan was
modeled to Asn glycosylation sites in a combinatorial fashion.
For simulations of oligoglycans (2-gly, 5-gly, and 9-gly), the
glycans were simultaneously modeled on all Asn glycosylation

sites. Individual details of constructed system are presented in
Table S1 and S4.

Molecular Dynamics Simulations. Prior to production,
the systems were minimized and equilibrated using the
AMBER18 MD package employing the CHARMM36m force
field. The CHARMM psf topology and coordinate files were
converted to AMBER prmtop and rst7 files using the chamber
module of the ParmEd package.64 Each system was first
subjected to an energy minimization protocol of 5,000 steps
using the steepest descent method, followed by 45,000
minimization steps using the conjugate gradient method. The
systems were then heated to 300 K for 5 ns in a constant
particle, pressure, and temperature (NPT) ensemble, while the
protein backbone, bound substrates, and glycans were
restrained with a force constant of 5 kcal/mol-Å2. The
equilibrated snapshot was then converted to an OpenMM
system parametrized with an OpenMM ForceField using the
CHARMM36m force field.65

Production simulations were performed using the OpenMM
7.7.0 package66 on either the Folding@Home distributing
computing platform67 or the University of Illinois National
Center for Supercomputing Applications DELTA super-
computer. Langevin dynamics was performed using a Langevin
integrator using an integration time step of 4 fs, temperature of
300 K, and collision rate of 2 ps−1. The system pressure of 1
bar was maintained using the Monte Carlo Membrane Barostat
with a surface tension of 200 bar-nm and update frequency of
100 steps. Nonbonded forces were calculated using the particle
mesh Ewald method with a 12 Å cutoff distance. Simulations
were performed using mixed numerical precision, periodic
boundary conditions, and hydrogen mass repartitioning.63 A
total of 30 MD replicates for each system with different initial
velocities were sent to Folding@Home users and simulated up
to 1 μs. Trajectories in which simulation data was not received
from Folding@Home clients were not used for analysis. In all,
a total of 29−30 1 μs long trajectories for each glycosylated
system and transporter were collected and analyzed (Tables S1
and S4). Trajectory snapshots were saved every 100 ps during
production simulations.

Trajectory Analysis. Trajectories were processed with in-
house scripts utilizing CPPTRAJ, pytraj, and MDTraj pack-
ages68,69 and visualized using Visual Molecular Dynamics
(VMD)70 and PyMOL. The root-mean-square deviations
(RMSDs) of atomic positions were calculated on only Cα
atoms. The root-mean-square fluctuations (RMSFs) of each
residue were calculated on all atoms and mass-averaged by
residue. The initial structure used for production simulations
was used as the reference for these calculations. A two-sided
Whitney Mann U was performed to determine the significance
of the RMSD between the glycosylated and the respective
deglycosylated system. Principal component analysis of the Cα
atom fluctuations was performed using the scikit-learn Python
library. Cα atoms used for the center-of-mass calculations for
the distance distribution of the gating helices are listed in
Table S7. Plots were generated using the matplotlib and
seaborn Python library.

■ DATA AND SOFTWARE AVAILABILITY
Molecular dynamics trajectories generated in this study are not
publicly deposited as the data is over 1 TB in size. Data sets are
available upon request and may require several business days to
share. Once provided, we do not enforce any limitation for
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how the data may be used once requested and shared. Analysis
scripts are available at https://github.com/ShuklaGroup/
SLC6_glycosylation.
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