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Abstract

Major facilitator superfamily (MFS) of transporters consists of three classes of mem-

brane transporters: symporters, uniporters, and antiporters. Despite such diverse func-

tions, MFS transporters are believed to undergo similar conformational changes within

their distinct transport cycles. While the similarities between conformational changes

are noteworthy, the differences are also important since they could potentially explain

the distinct functions of symporters, uniporters, and antiporters of MFS superfamily.

We have performed a variety of equilibrium, non-equilibrium, biased, and unbiased all-

atom molecular dynamics (MD) simulations of bacterial proton-coupled oligopeptide

transporter GkPOT, glucose transporter 1 (GluT1), and glycerol-3-phosphate trans-

porter (GlpT) to compare the similarities and differences of the conformational dynam-

ics of three different classes of transporters. Here we have simulated the apo protein in

an explicit membrane environment. Our results suggest a very similar conformational

transition involving interbundle salt-bridge formation/disruption coupled with the ori-

entation changes of transmembrane (TM) helices, specifically H1/H7 and H5/H11,

resulting in an alternation in the accessibility of water at the cyto- and periplasmic

gates.

2

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 4, 2019. ; https://doi.org/10.1101/708289doi: bioRxiv preprint 

https://doi.org/10.1101/708289


Introduction

Membrane transporters facilitate the exchange of materials across lipid bilayers. Among

these transporters, the major facilitator superfamily (MFS) is the largest family of sec-

ondary membrane transporters, comprised by more than 10,000 members.1,2 Examples of

MFS transporters that have been studied structurally include the lactose permease (LacY)

from Escherichia coli (a suger-porter),3–5 the glycerol-3-phosphate transporter (GlpT),6 xy-

lose transporter(XylE),7 and the multidrug transporter EmrD.8

Cytoplasm

PeriplasmInward Facing

Substrate Translocation Outward Facing

Figure 1: Schematic representation of the MFS facillitative dif-
fusion of a substrate across cell membrane.

All MFS transporters share a common 12 TM helical structure, consisting of an N- and a

C-bundle domain, displaying a twofold pseudo-symmetry.9 MFS transporters function in a

number of different ways including active and passive transport. The latter function is uni-

port and the former is either symport or antiport.6,9,10 Despite these distinct functions, MFS

transporters all share a common overall mode of function knwon as the “alternating access”

mechanism, which is shared with other membrane transporters.1,9,10 According to this mech-

anism, the binding site is never exposed to both sides of membrane at the same time; instead,

the protein alternates between an inward- (IF) and an outward-facing (OF) conformation.

A more specific model of alternating access in MFS transporters has been proposed, which
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is known as the ”rocker-switch” mechanism.6 In order for transport to ensue, the N- and C-

bundle domains undergo concerted conformational changes, resembling a rocker-switch-like

mode of movement that expose the binding site to the two sides of membrane alternatively

and provide a mechanism for substrate translocation (Figure 1). In addition to the IF and

OF states, the transport mechanism also involves occluded intermediates, where the binding

site is exposed to neither side of the membrane.

Structural similarities of the MFS transporters suggest that these transporters may un-

dergo similar conformational changes during their interconversions between the IF and OF

states; although the coupling of these conformational changes to different binding/unbinding

events is likely to be quite different in various symporters, uniporters, and antiporters. In or-

der to study the similarities and differences of the structural changes in three different classes

of MFS transporters, here we present a comparative view of IF-OF conformational changes

of three proteins from three different classes of MFS transporters, including a bacterial

proton-coupled oligopeptide transporter, namely GkPOT,11,12 the human glucose transporter

1 (GluT1),13,14 and the bacterial glycerol-3-phosphate transporter (GlpT).6 We specifically

limit the discussion to the apo state of these proteins; however, we are aware that a full pic-

ture can only be provided if the full transport cycle is simulated. This includes the binding,

unbinding, and translocation of substrates and their cotransported species. The study of

apo protein IF-OF transition is the first step in characterizing the structural changes of MFS

transporters within their transport cycle, which is the subject of the current study.

Proton-coupled oligopeptide transporters (POTs) are among the symporter members of

the MFS superfamily. POTs uptake small peptides and peptide like molecules to the cell

across the cell membrane using the inward directed proton electrochemical gradient as the

source of energy for their active symport function.15,16 A very important feature among POTs

is substrate promiscuity17 attributed to the binding site accommodating a range of peptides

and peptide like molecules in multiple orientations.18 Mammalian POTs are yet to be crys-

tallized; however, several bacterial POT members have recently been crystallized including
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PepTso,
18,19 PepTst,

11,20 PepTso2,
12 and GkPOT.16 Particularly, the POT transporter from

Geobacillus kaustophilus bacterium (GkPOT) has been crystallized in a lipidic environment

to a remarkably high resolution of 1.9 Å.16 GluT1, a uniporter belonging to the sugar porter

subfamily of MFS transporters, mediates the uptake of glucose by passively transporting it

along its concentration gradient.13 Although GluT1 is a passive transporter, recent struc-

tural studies suggest that the transport mechanism follows an alternating access mode of

function similar to active membrane transporters.14,21,22 GlpT is an antiporter member of

the MFS superfamily that uptakes glycerol-3-phosphate using the ouward directed inorganic

phosphate concentration gradient as the source of energy for its active antiport activity.6,23

The binding of inorganic phosphate facilitates the transition from the IF to OF states, and

the replacement of glycerol-3-phosphate reverts the protein back to the IF conformation.24,25

Molecular dynamics simulations have been a useful tool in the extensive study of proteins

and membrane transporters such as GkPOT,26 GluT1,27 and GlpT.28 Unfortunately, due to

the short timescales of typical unbiased molecular dynamics simulations, this technique is

often incapable of capturing large-scale conformational changes. To be able to sample such

conformations, enhanced sampling techniques are typically sought after, due to their ability

to capture longer timescales. These include simulations such as steered molecular dynamics

(SMD)29 or targeted molecular dynamics (TMD).30 Admittedly, the transition between the

IF and OF conformation may be sampled using unbiased MD for certain proteins. Recent

work has shown a complete transition of GluT1 in 1-1.5 µs.27 For slower IF-OF transi-

tions, we have recently proposed a computational recipe that allows for reconstructing the

IF-OF transition of various timescales.28,31,32 We have recently improved this protocol by

employing a Riemannian description of conformational landscape of protein.33 The confor-

mational transition pathways of GlpT has already been reported previously for the apo and

phosphate-bound proteins.28 Here we compare the IF-OF conformational transition pathway

of apo GkPOT and GluT1 to that of GlpT and discuss the similarities and differences of

these pathways in detail.
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Theoretical Methods

Characterizing structural transitions of membrane transporters without compromising the

detailed chemical description of these systems and their environments is computationally

challenging mainly due to the prohibitively long timescales involved in such processes. Here

we have employed all-atom MD to study the IF-OF conformational transitions of MFS trans-

porters in the apo state. The GlpT simulations were previously reported28 and they are only

included here for comparison. We were able to capture the GluT1 IF→OF transition us-

ing unibiased equilibrium MD; however, the GkPOT IF→OF transition was not captured

using such simulations.26 We therefore used the Riemannian33 version of the protocols de-

veloped for enhanced sampling simulations of GlpT28 to capture the IF→OF transition in

apo GkPOT.

In each case, we used a membrane-embedded model of the wild-types apo protein (GkPOT,26

GluT1, and GlpT28) in its respective IF state based on the available crystal structure of

protein (PDB: 4IKV,16 4PYP,14 and 1PW4,25 for GkPOT, GluT1, and GlpT, respectively).

GkPOT and GlpT were placed in the 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine

(POPE) lipids All the crystal structure waters were removed. The protocols for generating

these models have been previously reported for GlpT28 and GkPOT26 in detail. For GluT1,

we used CHARMM-GUI34,35 for building the simulation system. The mutated residues

in GluT1 crystal stricture (PDB: 4PYP)14 were substituted by the wild-type amino acids

and the wild-type GluT1 was placed in a lipid bilayer of 1-Palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (POPC), solvated with TIP3P waters,36 ionized with 0.15 M KCl, and placed

in a box of ≈106×105×104 Å3.

We used CHARMM36 all-atom additive force field to describe all molecules.37,38 All MD

simulations were performed with NAMD 2.11.39 Prior to equilibrium runs, each system was

energy minimized for 10,000 steps using conjugate gradient algorithm40 and relaxed using a

∼1 ns multi-step restraining procedure (CHARMM-GUI’s default procedure for membrane
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proteins34). This initial relaxation was performed in an NVT ensemble while all production

runs were performed in an NPT ensemble. Simulations were carried out using a 2 fs timestep

at 310 K using a Langevin integrator with a damping coefficient of γ =0.5 ps−1. The pressure

was maintained at 1 atm using the Nosé-Hoover Langevin piston method.41,42 The smoothed

cutoff distance for non-bonded interactions was set to 10−12 Å, and long-range electrostatic

interactions were computed with the particle mesh Ewald (PME) method43 and periodic

boundary conditions were used in all simulations. GluT1 was equilibrated for 1 µs, which

was long enough to capture the transition of the IF state to an OF state.

For GkPOT, the starting point for the simulations presented here was the equilibrated

model from the unbiased simulations reported previously for the apo GkPOT.26 We then

performed SMD simulations using various biasing protocols, described in detail in Supoprt-

ing Information. Here we only present the results of the most successful protocol, which uses

a biasing potential based on the orientation of TM helices H1, H2, H7, and H8 to induce

the IF→OF transition of apo GkPOT. The simulation time for this SMD protocol was 100

ns. During this simulation, a harmonic restraint was imposed on the orientation quaternions

of the aforementioned helices with a varying harmonic center starting from the orientation

quaternions of the initial conformation of the SMD simulation and changing towards those

of a target structure that was built based on a homology model of MFS protein LacY, whose

crystal structure is in the OF state (PDB: 3O7Q).44 The biasing potential was 1
2
kΩ2, where

k = 10, 000 kcal/(molÅ2) is the harmonic constant and Ω is the geodesic distance between the

current orientation quaternion and a nonlinear interpolation of the initial and target orien-

tation quaternions based on the Riemannian geometry. The outcome of the SMD simulation

was equilibrated again for approximately 200 ns to determine the stability of the gener-

ated OF state of GkPOT. Prior to this follow-up equilibrium simulation, however, the final

harmonic restraint on orientation quaternions were released gradually within a 20-ns SMD

simulation with a fixed center an a variable force constant from 10,000 to 0 kcal/(molÅ2).

Following the SMD simulations, the IF-OF conformational transition pathway was further

7

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted September 4, 2019. ; https://doi.org/10.1101/708289doi: bioRxiv preprint 

https://doi.org/10.1101/708289


relaxed using a Riemannian implementation of string method with swarms of trajectories

(SMwST).28,33 The collective variables used for the SMwST simulations were the orientation

quaternions of the TM helices H1-H12. The force constant was 10,000 kcal/(molÅ2), 50 im-

ages × 20 copies were used for these SMwST simulations (1000 replicas), and the restraining

and release stages were each 5 ps long, iterated 100 times. All trajectories were collected

with a frequency of 2 to 20 ps but typically a lower frequency was used for the analysis,

which was conduced using VMD.45
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Results and Discussion

A B C

Figure 2: MFS trasnporters GkPOT (gray), and GluT1 (blue),
and GlpT (red) in the IF (top) and OF (bottom) states from
three different viewpoints including (A) side, (B) top, and (C)
bottom views.

The equilibrium simulation of wild-type GluT1 shows a transition from the IF state to an OF

state within tens of nanoseconds. Note that GluT1 has been crystallized14 under conditions

that are different from those used in this simulation. Specifically, N45T/E329Q mutant

GluT1 has been used for crystallography, which is different from the wild-type GluT1 in our

simulations. The fast transition is likely be attributed to the differences between the wild-

type and N45T/E329Q mutant GluT1 proteins. However, here we assume that the transition

observed in our simulation more or less reveals the important features of the IF-OF transition

of apo GluT1.

Previously reported,26 400ns simulations of GkPOT in various apo and substrate-bound
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conditions have revealed the shortcomings of unbiased MD for the study of global confor-

mational changes in this protein. Therefore, the equilibrated structure of apo GkPOT was

used here to initiate nonequilibrium pulling SMD simulations to capture the IF→OF con-

formational transition as described in Theoretical Methods. A number of nonequilibrium

simulations were run to steer the IF GkPOT to the OF conformation. Of the combinations

of transmembrane helices used to induce the transition, the combination of H1, H2, H7 and

H8 provided the most successful attempt, evaluated by the stability of the resulting OF

conformation; i.e., once equilibrated, the resulting conformation from the SMD simulation

should stay in an OF conformation with an open periplasmic gate and a closed cytoplasmic

gate. Similar to GkPOT, the simulations of GlpT were previously conducted using a similar

biasing protocol, which only involved the TM helices H1 and H7.28 This protocol was also

used in our GkPOT studies (see Supporting Information); however, the resulting OF con-

formation was not stable enough as compared to that generated using the H1/H2/H7/H8

protocol.

Structural Comparisons

Structures of GkPOT, GlpT, and GluT1 are presented in Figure 2, depicting the IF and

OF conformations of the respective proteins represented in the side, top, and bottom views.

These proteins share a very similar topology, with the exception of (1) the intercoupling

helix (ICH) present in GluT1 at the cytoplasmic gate and (2) the two additional TM helices

(HA and HB) in GkPOT. There are similarities and differences that are discussed more

quantitatively below.
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Global Protein Conformational Dynamics
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Figure 3: Changes in interhelical angles ¡H1,H7¿ and ¡H5,H11¿
in GkPOT (A,B), GluT1 (C,D), and GlpT (E,F) simulations.
GkPOT time series include SMD (red) and follow-up release
(blue) simulations. GluT1 time series is based on unbiased equi-
librium simulations. GlpT values are based on biase-exchange
umbrella sampling simulations, where images 0 and 50 corre-
spond to IF and OF states, respectively.28
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Our previous simulations of GlpT revealed an important role for the interhelical angles be-

tween H1 and H7 (
〈
H1,H7

〉
) and between H5 and H11 (

〈
H5,H11

〉
).28 The former is directly

involved in periplasmic gating and the latter is involved in cytoplasmic gating. Figure 4 de-

scribes the changes associated with these interhelical angles for GkPOT, GluT1, and GlpT.

The nature of the three sets of simulations are different; however, one can determine the trend

of the changes in these interhelical angles in all three sets of simulations. with the SMD and

follow-up release simulations described in Theoretical Methods, GkPOT transitions to a

stable OF conformation. We have only shown initial part of the follow-up equilibrium sim-

ulations to make the comparison between the three transporters easier. See the Supporting

Information for the time series associated with the full follow-up equilibrium simulations of

GkPOT. To transition to OF the angle between H1 and H7 decreases from the cytoplamsic

side while concurrently increases on the periplasmic side. Similarly, we are only showing

the first 250 ns of the equilibrium simulation of GluT1, given that a transition occurs from

the IF to the OF conformation within the first tens of ns (Fig. 3B) GlpT seems to have a

more pronounced change in the interhelical angle between H1 and H7. We note that after

equilibration, the
〈
H1,H7

〉
angle increases again to some extent in GkPOT simulations. This

is potentially due to the fact that the change imposed on the
〈
H1,H7

〉
angle based on the

LacY structure (see Theoretical Methods) is more than the actual change in
〈
H1,H7

〉
during

thie IF-OF transition. The outcome after the equiliubration, is more closely similar to that

of GluT1, which is less than 10 degrees. On the oher hand, the
〈
H1,H7

〉
change in GlpT

is about 20 degrees. For
〈
H5,H11

〉
, GluT1 is the transporter with the highest change. All

three proteins, however, show a significant correlation between the changes in
〈
H1,H7

〉
and〈

H5,H11
〉
, in line with the rocker-switch mechanism.
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Local Conformational Changes
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Figure 4: Minimum donor-acceptor distance measurements be-
tween the key inter-bundle salt-bridge forming amino acids (A)
R43 and E310 in GkPOT, (B) R38 and E299 in GluT1, and (C)
K46 and D274 in GlpT.

As GkPOT transitions toward the OF state, an important inter-bundle salt bridge between

R43 in H1 and E310 in H7 becomes disrupted, and appears to break after 75 ns of the SMD

pulling (Fig. 4A). The salt bridge forms again after the protein reaches the equilibrated OF

conformation, although the strength of this salt bridge is extremely weakened (see the salt

bridge dynamics during follow-up equilibriun simulations in Supporting Information).

The GluT1 extracelluar gating is directly influenced by the interactions between TM

helices H1 and H7. This is consistent with both GkPOT and GlpT (Figure 3). However,

unlike GkPOT and GlpT, the interactions between H1 and H7 take place on the extracelluar

side of the protein as opposed to being in transmembrane region (Fig. 4B). The salt bridges

observed in the TM region of both GkPOT and GlpT are necessary for protein stability

and play a key role in substrate translocation (Fig. 4). A salt bridge between Arg 38 in

H1 and Glu 299 in H7 is observed in the very beginning of the GluT1 simulation, as it

remains in the IF. To allow GluT1 to move into the OF conformation, the ICH provides the

cytoplasmic gating by moving into a position to interact with both H5 and H11. By forming

two very strong salt bridges with H5 and H11 (Glu 243 and Arg 153, Glu 247 and Arg 400)
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(Supplementary Information), this allows for the ICH to remain locked into position . From

this stability we observe the interhelical angles between H5-H11 to exhibit the same angular

change of of about 15-20 degrees during the transitions between IF and OF conformations.

GlpT, on the other had, has the strongest correlation between the local events (i.e.,

salt bridge formation/disruption) and global conformational changes (interheclical angle

changes). The interbundle salt bridges seem to play an important role in the transport

mechanism of MFS transporters; however, the exact location and the exact function of these

salt bridgest make it quire difficult to draw any conclusion on this issue. The interbundle salt

bridges seem to stabilize the IF conformation in all three proteins and the IF-OF transition

seems to require the disuption of this salt bridge. The OF state, however, may or may not

be associated with the presence or absence of thi salt bridge.

Water Accessibility at Cytoplasmic and Peripliasmic Gates

Figure 5 shows the transition from the IF to OF conformations monitored with the water

profile along the pore and the average water count at the cytoplasmic and periplasmic gates.

The average water count in the pore extenuates the pronunciation of the OF conformation

that is present from the pulling simulation (Figure 4 C-E). GlpT and GluT1 both display

similar water profiles (Supporting Information).
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peri- (blue) and cytoplasmic (red) gates during different stages
of equilibrium and nonequilibrium simulations: (C) 100 ns of
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Conclusion

Employing equilibrium and nonequilibrium all-atom MD simulations of GkPOT, GluT1, and

GlpT, we have demonstrated a thorough comparison of the conformational dynamics of the

three different classes of MFS transporters; i.e., symporters, uniporters, and antiporters. In

this study, we only focused on the apo protein. The three systems are quite different in terms

of the timescale of the IF-OF transition; however, we observe various similarities between

the three systems including the involvement of H1/H7 helices in periplasmic/extracellular

gating, the involvement of H5/H11 helices in cytoplasmic gating, and the interbundle salt

bridge formation in stabilizing the IF state. There are notable differences between these

three systems including: (1) the smaller change of
〈
H1,H7

〉
angle in GkPOT and GluT1

as compared to GlpT, (2) the larger change of
〈
H5,H11

〉
angle in GluT1 as compared to

GkPOT and GlpT, and (3) the formation of the interbundle salt bridge in the OF state for

the GkPOT protein as compated to GluT1 and GlpT.

The presented study provides a detailed picture of the similarities and differences asso-

ciated with the IF↔OF conformational transition of three transporters from three distinct

classes of MFS superfamily. If combined with similar simulations in the presence of physiolog-

ically relevant substrates and cotransported species, the reported simulations could provide

a full description of transport cycles of MFS transporters.
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