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ABSTRACT: Glycerol 3-phosphate transporter (GlpT) mediates the import of glycerol 3-phosphate (G3P) using
the gradient of inorganic phosphate (P;). To study the process and mechanism of substrate binding and to
investigate the protein’s initial response, we performed equilibrium simulations of wild-type GlpT and several
of its mutant forms in membranes in the presence of all physiologically relevant substrates (P; , P;>~, G3P~,
and G3P?7). The simulations capture spontaneous substrate binding of GlpT, driven by the positive
electrostatic potential of the lumen. K80 is found to act as a “hook” making the first encounter with the
substrate and guiding it toward the binding site, where it binds tightly to R45, a key binding site residue that
acts as a “fork” holding the substrate. R269 establishes no direct contact with the substrate during the
simulations, a surprising behavior given its structural pseudosymmetry to R45. In all substrate-bound
systems, partial closing of the cytoplasmic half of GIpT was observed. The substrate appears to stabilize the
partially occluded state, as in the two apo simulations either no closing was observed or the protein reverted to
its open form toward the end of the simulation, whereas in all substrate-bound systems, a stable partially
closed state was produced. Along with the modulation of the periplasmic salt bridge network, these substrate-
induced events destabilize the periplasmic half while inducing a closure in the cytoplasmic half, thus capturing

the early stages of the proposed rocker-switch mechanism in GIpT.

Transport of glycerol 3-phosphate (G3P)' across the inner
membrane of Escherichia coli is mediated by glycerol 3-phosphate
transporter (GlpT). GlpT belongs to the organophosphate:phos-
phate antiporter family of the major facilitator superfamily
(MEFES), the largest known superfamily of secondary active mem-
brane transporters (/—11). MFS transporters are present in all
three kingdoms of life and include several medically and pharma-
ceutically relevant proteins, e.g., efflux pumps conferring resis-
tance to antibiotics in bacteria or chemotherapeutics in cancer
cells (2—4, 11—16). Apart from its role in nutrient uptake, GlpT is
also associated with the uptake of the antibiotic fosfomycin,
(a G3P analogue), such that bacterial strains with dysfunctional
GlpT mutants exhibit fosfomycin resistance (13, 17—19). More-
over, highlighted as a structural and functional model for other
MES proteins, GlpT has been used as a template in homology
modeling of several eukaryotic MFS transporters, including its
human homologues, hexose facilitator (GLUTI1) and glucose
6-phosphate transporter (G6PT) (10, 20).

Structurally, GlpT is organized into two six-transmembrane helix
bundles, the N- and C-terminal halves, exhibiting a pseudo-2-fold
symmetry with weak sequence homology (Figure 1A) (3, 13, 21).
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The cytoplasmic-open structure captured in the crystal structure (3)
revealed a lumen formed between the two halves, which is closed on
the periplasmic side and open on the cytoplasmic side. It was
proposed that this lumen provides the substrate translocation
pathway, and the apex of the lumen was implicated as the putative
substrate-binding site (Figure 1A,B). The putative site includes two
pseudosymmetrically positioned, highly conserved arginines (R45
and R269), on the N- and C-terminal halves, respectively, as well as
a histidine (H165) located between them (Figure 1B; see also Figure
S1 of the Supporting Information for the sequence alignment of
phosphate antiporters). The proposed binding site and its constitut-
ing side chains also exhibit a high degree of sequence similarity to
hexose 6-phosphate transporter (UhpT), a more extensively studied
homologue of GlpT (3). Indeed, UhpT residues corresponding to
R45 and R269 in GlpT are functionally indispensable, whereas
other arginines in UhpT can be mutated to lysines without a
significant loss of function (3, 4, 13, 21—24). The functional
significance of the residues in the putative binding site has also
been confirmed by mutagenesis experiments directly performed on
GIpT (25).

A “rocker-switch”/“alternating-access” mechanism has been
proposed for the transport cycle of GlpT, which appears to
function as a monomer under physiological conditions (3, 23).
The rocker-switch term refers to the proposed inversion of the
protein’s conformation during the transport cycle, while the
alternating-access term describes the change in the accessibility
of the binding site between the cytoplasmic and periplasmic sides
of the membrane, i.c., transition between the cytoplasmic- and
periplasmic-open states. According to the proposed model, under
physiological conditions, P; binding from the cytoplasmic side
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FIGURE 1: Structure, simulation system, and schematic mechanism
of GIpT. (A) Simulation system constructed using the crystal struc-
ture of GlpT (cartoon representation), embedded in a POPE mem-
brane (partially shown for the sake of clarity), water (transparent),
and ions (spheres). (B) Putative substrate-binding site of GlpT
suggested on the basis of the crystal structure of the apoprotein.
Key residues, namely, R45, K80, and H165 on the N-terminal half
and R269 on the C-terminal half, are shown. (C) Rocker-switch/
alternating-access model. Solid lines and dashed lines indicate the
crystallized cytoplasmic-open state and the hypothetical periplasmic-
open state of GIpT, respectively. P; binding from the cytoplasmic side
results in conversion to the periplasmic-open state, where G3P
replaces P;. At any given time, the single binding site is accessible
from only one side.

L

results in the closure of the cytoplasmic vestibule of the lumen
and opening of the periplasmic side (formation of the peri-
plasmic-open state). Replacement of P; with G3P in the peri-
plasmic-open state induces the return of GIpT to its initial state,
through a reverse set of protein conformational changes
(Figure 1C). These conformational changes are suggested to
involve substrate-induced weakening of interactions between the
N- and C-terminal halves on the initially closed side along with
the formation of new interactions on the opposite side (3, 4, 13).
Kinetic studies have shown that the interconversion of the states
is rate-limiting and temperature-dependent, indicating the invol-
vement of large protein conformational changes, whereas sub-
strate binding is found to be temperature-independent and rapid.
Accordingly, substrate binding is proposed to accelerate the
interconversion of the states by lowering the activation en-
ergy (/7). When one starts from the crystal structure, 10° of
rigid-body rotation of each half was shown to be sufficient
to open the periplasmic side and close the cytoplasmic side
(2—4, 13). Also, a recent computational study suggested that
9—10° of rigid-body rotation generates a conformational
state with maximal electrostatic interaction between the N- and
C-terminal halves (26).

On the basis of the available structure of GIpT (3) and
biochemical studies (17, 25), a putative binding site has been put
forward. In a recent combined computational and experimental
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study (27) focusing on the molecular basis of substrate selectivity
in GlpT using molecular dynamics (MD) simulations, muta-
genesis, and transport experiments, we identified several residues
that exclusively bind G3P and not P;. The process and pathway of
substrate binding, the effect of the titration state of the substrate
on its binding, the driving force for substrate binding, and protein
dynamics, particularly substrate-induced protein conformational
changes along the rocker-switch model, are yet to be described.
Here we report the results of a large set of equilibrium MD
simulations performed on a membrane-embedded model of GlpT
along with its natural substrates in all possible titration states, to
address some of these questions. The simulations describe the
substrate binding pathway and key residues involved in its
recruitment into the binding site. They also capture large-scale
protein conformational changes that are excited by substrate
binding and result in partial closure of the cytoplasmic half of
the protein. Another substrate-induced initial event relevant to the
rocker-switch mechanism is the perturbation of the periplasmic
network of salt bridges, a process that is likely necessary for the
opening of this half during the conformational transition between
the cytoplasmic-open and periplasmic-open states.

METHODS

Modeling of GIpT in a Membrane. The crystal structure of
apo GIpT (3) as deposited in the RCSB Protein Data Bank
(PDB) (28) (entry 1pw4) was adopted as the initial structure for
all the simulations. The protonation state of the titratable side
chains was determined using the MolProbity website (29, 30).
Accordingly, the binding site histidine, H165, was modeled in its
uncharged form (with N protonated). The mutated residues in
the crystal structure were reverted back to the wild-type ones, and
the missing side chains were added using the PSFGEN plugin of
VMD (317). The missing interdomain loop, which connects the
N- and C-terminal halves, was modeled as an unstructured chain
and partially relaxed through a short, in vacuo simulation
(100 ps) with the rest of the protein fixed. Cavity water molecules
were then added using DOWSER (32), and the protein was
solvated using Solvate (33). GlpT was reoriented for correct
membrane insertion based on the OPM (Orientations of Proteins
in Membranes) database (34), and water molecules in the
potential lipid protein interface were deleted. Solvated GlpT
was then inserted into a patch of POPE (I-palmitoyl-2-oleoyl-
sn-glycero-3-phosphatidylethanolamine) membrane (115 A x
115 A) generated using the MEMBRANE BUILDER plugin
of VMD (317) with the membrane normal along the z axis such
that the protein is at least ~20 A from the boundaries of the water
box in all directions. The lipid molecules overlapping the protein
were deleted. Additional solvent was then added, and the system
was neutralized with 100 mM NaCl using the SOLVATE and
AUTOIONIZE plugins of VMD (3/). The final dimensions of
the system are 115 Ax115A x 110A, including ~125000 atoms.
While all the atoms except the lipid tails were fixed, the system was
first minimized for 5000 steps and simulated for 1 ns under NVT
(constant volume and temperature) conditions to allow the lipid
acyl tails to adopt a less ordered conformation (termed “melting”
the lipid tails). Then, the heavy atoms of the a- hehces were con-
strained using harmonic potentials (k = 7.2 keal mol ™! A~ %), and
the system was minimized for 5000 steps and simulated at 1 atm
pressure for 1.5 ns under NPT (constant pressure and tem-
perature) conditions. Keeping only the backbone atoms of the
a-helices constrained in the next step, we further minimized the
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Table 1: Simulated Systems

behavior of
the substrate

initial®  neutralized
system substrate 7 (ns) distance (A) residue®

1 - 50.0 - - -

2 - 50.0 - - -

3 | 50.0 14.82 - binds spontaneously
4 P ~1.5 19.32 - binds spontaneously
5 P2 50.0 14.82 - binds spontaneously
6 P ~22 0 1482 - diffuses out

7 P ~22 1482 - diffuses out

8 P ~8.3 10.95 - diffuses out

9 P 10.0 4.34 - remains bound

10 G3P*~ 50.0 14.82 - binds spontaneously

11 G3P*"  ~49 13.17 -
12 G3P>™"  ~32 18.49 -

binds spontaneously
diffuses out

13 G3P™ 50.0 10.89 - binds spontaneously
14 G3P~ ~10.0 14.82 - does not translocate
15 P, ~3.6 14.82 R45 diffuses out
16 Py ~1.5 14.82 K80 diffuses out
17 P ~5.0 14.82 R269 does not translocate
18 P ~0.9 14.82 K80 diffuses out

“The initial position of the substrate, specified as the distance between
the P atom of the substrate and the C; atom of R45. “In contrast to the
other binding simulations, in which the phosphate moiety faces the apex
of the lumen in its starting configuration, the substrate was placed with
the phosphate moiety of G3P facing the cytoplasm, i.e., away from the
protein. “Residues were neutralized as described in Methods.

system for 5000 steps and equilibrated it at constant normal
pressure (only along the z direction, constant area; NP, T) for 5 ns
to allow the membrane, water, and ions to adapt to the crystal
structure of GIpT. After releasing all the constraints, we further
equilibrated the system for 5 ns using the same conditions. The
resulting model was then used as the starting configuration for all
the other simulations except System 9 (see below and Table 1).

Simulation Systems. The simulated systems along with a
short description of the substrate behavior are summarized in
Table 1. The equilibrated membrane-embedded model of GlpT
(described above) was simulated for an additional 50 ns using free
dynamics in two independent simulations to serve as the control
(systems 1 and 2). To investigate the mechanism and pathway of
substrate binding for different titration states of the substrates
using unbiased simulations, spontaneous binding simulations
were designed (systems 3—18). Although under physiological
conditions the net effect of the transport cycle in GlpT is the
uptake of G3P at the cost of the export of P; (Figure 1C), GlpT is
known to function in either direction, and the directionality of
transport is merely determined by the concentration gradient of
the substrates (3, 35). Here, we will study the binding of both P;
and G3P to the cytoplasmic side of the transporter, thus
investigating the behavior of structurally different substrates,
which allow us to better probe the common binding site that is
proposed for GlpT. The substrate binding simulations were
prepared via placement of a substrate in the cytoplasmic vestibule
of the lumen within an initial distance of 10—15 A from the
putative binding site. The distance, which is defined as that
between the P atom of the substrate and the C; atom of R45, is
specified in Table 1 for all the simulation systems. For each
substrate (P; ", P27, G3P*", and G3P7), 5000 steps of minimiza-
tion and 50 ns of simulation were then performed (systems 3, 5,
10, and 13, respectively).

We also performed several additional, shorter simulations, to
examine the reproducibility of the phenomena observed in longer
simulations and to study the effect of the various modifications
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and different initial positions and orientations of the substrates
(systems 4,7, 8, 11, 12, and 14). G3P was placed perpendicular to
the plane of the membrane, with the phosphate moiety either
facing the apex of the lumen (system 10) or facing away from it
(systems 11 and 12). Although physiologically irrelevant, the
binding of P>~ was also investigated using a similar approach
(systems 6—8). To determine the level at which P;’~ is discrimi-
nated, insystem 9, P>~ was created in the binding site via removal
of two protons from an already bound P; ™ (the structure at 20 ns
taken from system 3).

Four additional simulations were designed to test the electro-
static contribution of key residues to substrate binding, by
neutralization of the respective residues starting from system 3
(for systems 15—17) and system 4 (for system 18). R45 and R269
were neutralized by deprotonation at N, (thus leaving the
H-bond formation capacity of the terminal NH, groups of the
guanidinium group unperturbed), and K80 was neutralized by
deprotonation at Ng, and adjustment of the atomic charges.
Systems 3—18 were each minimized for 5000 steps and then
simulated for various times, as listed in Table 1. The electro-
neutrality of the system was preserved by deletion of appropriate
numbers of Cl ions sufficiently far from the protein, when
needed. In the rest of the text, apo refers to systems 1 and 2 and
the substrate binding simulations, P;", P27, G3P*", and G3P",
refer to systems 3, 5, 10, and 13, respectively (bold in Table 1).

Simulation Protocol. The simulations were performed with
NAMD version 2.6 (36) using the CHARMM?27 force field with
@/ cross term map (CMAP) corrections (37). All the production
simulations were conducted using a time step of 1 fs, at a constant
temperature of 310 K, and a constant pressure of 1 atm
maintained only along the z direction, i.e., normal to the
membrane (NP, T). Water molecules were modeled as TIP3P (38).
The force field parameters for different protonation states of the
substrates (P; P27, P, G3P,and G3P27) were adopted from
similar molecules (Me-PO,~, Me-PO,>~, and glycerol) in the
CHARMM force field. Constant pressure was maintained by the
Nosé—Hoover Langevin piston method (39, 40) and constant
temperature by Langevin dynamics with a damping coefficient of
1 ps™' for non-hydrogen atoms. The short-range interaction
cutoff was set to 12 A. Long-range electrostatic interactions were
computed using the particle mesh Ewald (PME) method (41)
with a grid density of at least 1 A, Bonded, nonbonded, and
PME calculations were performed at one, two, and four time
steps, respectively.

Analysis. The PMEPOT plugin of VMD was used for the
analysis of electrostatic potential of GlpT; 2.5 ns of the apo
simulation was used to calculate the electrostatic potential
map (42, 43). The radius profile of the lumen was calculated
using HOLE (44).

RESULTS AND DISCUSSION

Pathway and Mechanism of Substrate Binding. To char-
acterize the substrate binding pathway and mechanism and to
investigate substrate recognition, we performed four indepen-
dent, extended equilibrium MD simulations in the presence of
both substrates (P; and G3P) at their physiologically relevant
protonation states (P,”, P>, G3P*>~, and G3P") along with
several shorter simulations to examine the reproducibility of the
observed phenomena (Table 1). To avoid spending simulation
time unnecessarily on the diffusion of the substrate in the solution
outside the protein, we initially placed the substrate at the
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FIGURE 2: Spontaneous binding of P; and G3P and their bound states. (A—C) Trajectories of the substrates, namely, P~ (A), P>~ (B), and G3P*~
(C), in the substrate binding simulations are shown against a static representation of the equilibrated GlpT ( = 0 ns of system 1). The time
evolution is represented by the color change from red to gray to blue (# = 0—50 ns). The initial position of the substrate is shown in a thicker stick
representation. (D—F) The substrates are shown in their stably bound configurations for P;~ (D), P>~ (E), and G3P*>~ (F), along with the key
residues interacting with them. The view in panels D—F is rotated from that shown in panels A—C by ~90° around the z axis, to optimally display

the binding site residues.

cytoplasmic mouth of the lumen, however at a sufficiently large
distance from the putative binding site (see Table 1) that allowed
the simulation to focus on its diffusion within the protein’s lumen
and to describe the role of key lining residues in its recruitment
and translocation. Each system was then simulated for 50 ns
(systems 3, 5, 10, and 13). As a control, GlpT was also simulated
in the apo state for 50 ns (systems 1 and 2).

These simulations resulted in rapid, spontaneous substrate
translocation inside the lumen toward the apex, revealing a
common binding pathway and mechanism for different sub-
strates. Several snapshots depicting the trajectories of the sub-
strates within the protein lumen are shown in Figure 2A—C; in
Figure S2 and Figure S3 of the Supporting Information, the
coordinates of the phosphate groups of the substrate and the time
series of the distance between the substrate and key residues are
shown. The interaction between the charged residues of GlpT
and the phosphate moiety of the substrates appears to be the
main driving force steering the substrates toward a common
binding site (Figure 3). The first contact with the protein is
established through the conserved K80 (Figure 3 and Figure S1
of the Supporting Information), which seems to act as a “hook”
recruiting and escorting the substrate from the mouth of the
lumen deep toward its apex. After transient coordination with
K80, and the nearby Y76, the phosphate moiety rapidly associ-
ates with R45 in the “binding site”. The formation of initial
hydrogen bonds with R45 takes as little as ~0.5 ns from the
beginning of the simulation. In all cases, substrate binding is

accompanied by a large increase in interaction energy between
the protein and substrate especially for divalent species
(Figure 3). Decomposition of the energies confirms that electro-
static interactions make up the main constituent of these changes
(Figure S4 of the Supporting Information).

In the bound state, the phosphate moiety is stabilized by
hydrogen bonds with the guanidinium group of R45, as well as
those with the hydroxyl groups of several surrounding tyrosines
(Y38, Y42, and Y76) (Figure 4). These hydrogen bonds are all
maintained throughout the simulations. In P,”, P, and G3P*~
binding simulations, there is almost at all times at least one
hydrogen bond (N—O distance of <2.5 A) between R45 and the
phosphate moiety after their initial association. G3P~ binding
simulation, however, appears to result in a less stable bound state
compared to the other substrates, as it exhibits frequent dis-
sociation—reassociation transitions with R45 and larger fluctua-
tions inside the lumen (Figure S3 of the Supporting Information).
In fact, G3P™ needed to be initially placed ~4 A closer to the apex
(in close contact with K80) for the initiation of its initial
association and translocation toward the binding site on a time
scale comparable to those of the other substrate binding simula-
tions (Table 1). This might indicate that either G3P™~ binding is
slower than the that of the other substrates or G3P™ represents a
disfavored protonation state of G3P for transport in GlpT
(at least during the initial binding). Despite the less stable binding
of G3P™, many of its binding characteristics, i.e., the order of
interaction with the key residues and the type of interactions with
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the binding site, are similar to those observed for the other
substrates.

Several simulations (systems 15—18) showed that the binding
of the substrate is impaired by the neutralization of any of the
three key basic residues of the lumen, i.c., R45, K80, and R269
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(Table 1). Neutralization of either R45 or K80 resulted in P;~
diffusing out of the lumen, while in the case of R269 neutraliza-
tion, P;" failed to move toward and bind the binding site within
5 ns (staying in its initial position, ~15 A from R45). Inhibition of
spontaneous binding was also observed for P>~ when K80 was
neutralized (system 18). These results clearly indicate that the
electrostatic effects of these residues constitute the main driving
force in the binding of the substrate to GlpT (Figure S4 of the
Supporting Information).

To further investigate the role of electrostatics in steering the
substrates toward the binding site, simulations in the presence of
P~ were also performed, noting that P;~ represents a physio-
logically irrelevant protonation state of P;, and therefore, it has
not been viewed as a substrate for GlpT (49, 46). Surprisingly, in
all the simulations, P;’~ diffused out of the lumen despite its
expected stronger electrostatic attraction toward the apex of
GlpT. This behavior is most probably due to the strong solvation
energy of P~ in water, which cannot be overcome by the
interaction with the protein (data not shown). We note, however,
that deprotonating an already bound P;™ to P~ did not result in
unbinding within 10 ns (system 9). Therefore, discrimination
against P, is likely enforced during the initial penetration of the
substrate into the lumen. Stable binding of P>~ upon deprotona-
tion of a bound P;™ is also consistent with the notion that the
protonation state of P; might be modulated after its initial
binding, although the relevance of this phenomenon to the
transport cycle of GIpT requires further investigation.

Substrate-Binding Site. The substrate translocation path-
way, the time scale of initial association and binding, and the final
bound states exhibit a high degree of similarity in all substrate
binding simulations (Figure 2D—F, Table 2, and Figures S2 and
S3 of the Supporting Information). The description of the bound
state presented in this section is based on P;~, P2, and G3P*~
simulations in which stable binding was observed (Table 2). We
note that the differences between the binding modes of P; and
G3P have been described in a previous study focusing on the
selectivity of GlpT for these substrates (27). Here, we will mainly
focus on the common features of binding, namely, those
mediated by the interaction between the phosphate moiety and
the protein in different substrates. As discussed below in detail,
substrate—protein interactions appear to be dominated by elec-
trostatic interactions between the protein and this moiety.

The contribution of the phosphate moiety to binding involves
an almost invariant, strong interaction with the guanidinium
group of R45, which seems to act like a “fork” holding the
phosphate moiety tightly in the binding site during the simula-
tions (Figure 2D—F). The interaction of the phosphate moiety
with GIpT in the bound state also involves hydrogen bonding
with K80, H165, Y38, Y42, and Y76, with slight variations in
different simulations (Table 2 and Figure S3 of the Supporting
Information). K80 seems to frequently lose its direct contact with
the phosphate moiety shortly after the formation of the bound
state (¢ = 2 ns) (Figure S3 of the Supporting Information). This
might suggest that K80 plays its main role in steering the
substrate into the binding site and its initial coordination but
becomes less critical once a more stable interaction with R45 has
been established. The loss of direct contact with K80 is accom-
panied by the hydrogen bonding of the substrate with H165. Due
to spatial separation between their side chains, H165 and K80 do
not seem to be able to coordinate the phosphate moiety simulta-
neously; i.e., at any given time, only one of these side chains is
directly interacting with the substrate.
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Table 2: Final Distances of the Substrate from Key Residues in the Final Bound State®

Y38 Y42 R45 Y76 K80 H165
P 3.08£0.70 3.374£0.59 3.06+0.38 3.07+0.61 6.19+1.18 6.09 £0.65
P2 428 £0.45 4511024 3.084+0.12 2.63+0.10 2.67£0.10 5.30+£0.88
G3P~ 3.84+0.85 3.59+0.62 4.82+0.85 4.17£1.60 5.15+£1.53 6.41 £1.91
G3P*~ 4.6240.51 3.18+0.51 3.10+0.16 3.82+0.61 5.71 £0.98 3.43+£0.51

“The distances are given between the closest nucleophilic atoms on the residues and the phosphate group of the substrate, i.e., hydroxyl O atoms in tyrosine
residues, Nz in K80, and Ny in H165. In the case of R45, the distance represents the average of the distances of the closest phosphate O atoms to N, atoms. All
the means and standard deviations are calculated for the last 10 ns of the simulations. For distance vs time plots, see Figure S3 of the Supporting Information.

The hydroxyl groups of the three conserved tyrosine residues
(Y38, Y42, and Y76) (Figure S1 of the Supporting Information),
which reside below the guanidinium group of R45, are optimally
positioned for hydrogen bonding with the phosphate moiety
(Figure 2D—F). They form a “cagelike” binding pocket, in which
R45 keeps the substrate. Besides, the “tyrosine cage” might aid in
desolvation of the substrate and prevent it from diffusing out of
the binding pocket. Analysis of the trajectories shows that indeed
the formation of new hydrogen bonds between the tyrosine cage
and the substrate coincides with the partial dehydration of the
latter (Figure 4). It was previously suggested that these tyrosine
residues might contribute to binding by maintaining the basicity
of the apex of the GlpT lumen (2, 25). Our simulations, however,
demonstrate that the tyrosine cage is, indeed, actively and directly
involved in the coordination and binding of the substrate.

Although R269 has been suggested to be part of the putative
binding site along with R45 (2—4, 13, 22) and used as such in a
docking study (25), no substrate—R269 interaction was observed
in any of our simulations (Figure 2D—F). Despite its structural
pseudosymmetry to R45, which prompted the assumption that it
might play a similar role (3), our simulations invariably show that
R269 is not a part of the initial binding site. The distinct roles of
R45 and R269 suggested by our results not only are supported by
mutagenesis experiments (25) but also provide the only consistent
interpretation of their results: among the binding site residues
(R45, K80, H165, and R269), only the mutation of R45 (R45K)
resulted in a complete loss of binding and transport in GlpT,
whereas R269K still showed binding, although with an increased
K4 (25). R269 might play an indirect role in substrate binding by
contributing to the positive electrostatic potential of the lumen, as
manifested by the impairment of P;~ binding upon neutralization
of R269 in system 17 (see below). However, it does not seem to be
a part of the binding site for the substrate. We also note that our
simulations cannot exclude the possibility of direct sub-
strate—R269 interaction during the later stages of the transport
cycle. In fact, since the R269K mutation (25) is not expected to
change the overall electrostatic potential, while still impairing the
transport, it is very likely that direct substrate—R269 interaction
does become important in later stages of the transport cycle.

Electrostatic Features of the GlpT Lumen. The overall
positive electrostatic potential generated by the basic residues
inside the lumen of GlpT appears to be the key driving force
for the observed spontaneous substrate binding, whereas stabi-
lization of the substrate in the binding site requires the direct
involvement of specific residues as described in the previous
section (Figure 2D—F and Figure S4 of the Supporting
Information).

The electrostatic potential map calculated using the first 2.5 ns
of the simulation of the apo system (system 1) is shown in Figure
5. The entrance of a Cl™ ion into the lumen, observed at =2.5 ns
of the apo simulation, is consistent with the presence of a strong

V (Volts)

FiGure 5: Electrostatic potential of GlpT. The electrostatic potential
map of GlpT is calculated using the first 2.5 ns of the simulation of the
apo system. A cross section of the three-dimensional potential
passing through the middle of the transporter is shown. The contour
of the transporter is shown using the white line, with approximate
positions of R45 and R269 labeled. The peak of the potential (dark
blue) is located around the position of R45.

positive luminal electrostatic potential. The map features a peak
at the location of R45, whereas the potential at the location of
R269 is not noticeably different from that of the rest of the
protein (Figure 5). The electrostatic potential around R269 is
possibly attenuated by E299, which is positioned very close to
and forms a salt bridge with R269, while the potential near R45 is
amplified by contributions from K46 and K80. The asymmetric
distribution of charged residues along the lining of the lumen
resulting in the observed electrostatic potential peaking around
R45 rationalizes the preference for R45 over R269 in initial
substrate binding.

The observation that the substrate (P; ) did not bind sponta-
neously after neutralization of either K80, R45, or R269 in our
simulations supports the importance of each basic residue for
substrate recruitment. We note that, in the case of arginines,
charge neutralization was achieved by deprotonation at N, to
preserve the hydrogen bonding capacity of the terminal NH,
groups. These results indicate that apart from binding the
substrate directly, these basic residues play a key role in produ-
cing the overall luminal electrostatic positive potential that
accounts for the rapid displacement of the substrate from the
mouth of the lumen to the binding site.

Partial Closure of the Cytoplasmic Half of GIpT. In all of
the substrate binding simulations, a partial but clear closure of
the cytoplasmic mouth of the lumen was observed. The extent
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FIGURE 6: Substrate-induced structural changes in GlpT. (A) Crystal structure of GlpT with the two bent helices, H5 (green) and H11 (pink),
highlighted. The region where the substrate-induced closure takes place is highlighted using a yellow bar. (B) Radius profile of the lumen
calculated using HOLE (44). Substrate binding simulations show a decrease in radius around the highlighted region. (C) Substrate-induced
straightening of H5 and H11 toward the lumen. Black, blue, and red helices represent the structures at 0, 25, and 50 ns, respectively, taken from the
P;>~ binding simulation (system 5). (D) Distances between the C, atoms of residue pairs on H5 and H11 as a measure of the distance between the
two helices. The residue pairs are approximately in the same x—y plane. (E) Substrate-induced confinement of the rotational degree of freedom of
H165. The C,—Cs—C,—C; dihedral angle of H165 is plotted on a polar coordinate system. The divergence of the data points from the origin
represents the dihedral angles at different time steps.

and time scale of the partial closure are very similar in all lumen at their cytoplasmic ends (Figure 6). These helices adopt a
substrate binding simulations and originate primarily from the bent structure in the crystal structure of GlpT (3) and have been
straightening of transmembrane helices 5 and 11 toward the reported to exhibit greater flexibility than other helices when
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FiGure 7: Effect of substrate binding on the conformation and salt
bridge configuration of K46. The C,—N; distance is used as a
measure of the extension of K46. Substrate binding favors an
extended conformation of K46. Representative conformations of
K46 along with salt bridge partners in each state are shown.

simulated individually in a membrane (47). Our simulations now
reveal how conformational changes of these two intrinsically
highly flexible helices allow them to close the cytoplasmic mouth
of the GIpT lumen. In all substrate-bound systems, the closure
reaches its maximum around =35 ns, after which the distance
between helices 5 and 11 as well as the size of the lumen is
stabilized (Figure 6B—D). This phenomenon is consistent with
the proposed rocker-switch mechanism and likely represents the
initial events along the transition toward the formation of an
“occluded” state, in which both the periplasmic and cytoplasmic
sides of the lumen are closed (Figure 1C).

In contrast to the substrate-bound simulations, in which the
partial closure was consistently observed and a partially closed
form was maintained throughout the simulations, the apo
simulations either did not produce this effect (system 1) or
resulted in a partially closed state that reverted to the open form
toward the end of the simulation (system 2). It appears that the
observed partial closure is along a natural soft vibrational mode
of the protein, which might occasionally happen even in the
absence of the substrate, but is strongly excited by the presence of
the substrate. One might also suggest that the substrate stabilizes
the conformation (state) that resulted from this mode of vibra-
tion, as indicated by the stable partially closed system obtained in
all substrate-bound simulations. The observed partial closure can
be further quantified by the expulsion of water (Figure S5 of the
Supporting Information) from the lumen of GIpT. We note that
the partially closed state does not seem to be stabilized by
nonspecific negative ions, such as CI™ ions, which enter the
lumen of GlpT during the simulation of the apo system.

The extent of helical rearrangement is maximal toward the end
of helices 5 and 11, i.e., much below the identified binding site
(Figure 6), indicating collective motions of these helices, which
appear to be stabilized by bridging of several residues by the
substrate via hydrogen bonding. Since the phosphate moiety
is the common component of all the substrates, the partially
closed state is most likely stabilized by the contribution of this
moiety. In this regard, the dynamics of H165, a residue located on
helix 5, is worth mentioning. In all substrate-bound systems,
a clear reduction of the rotational freedom of the side chain of
H165 upon substrate binding is observed (Figure 6E). Consis-
tently, substrate binding constrains the rotation around the
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Cy—Cp—C,—C; dihedral angle of H165, which is free to rotate
in the apo systems (Figure 6E).

Effect of Substrate Binding on the Periplasmic Salt
Bridges. Salt bridges on the sealed periplasmic side of GlpT
have been implicated as possible switches for the rocker-switch
mechanism (2, 3, 25). This salt bridge network involves K46 in
the N-terminal half, as well as D274, E299, and R269 in the
C-terminal half (Figure S1 of the Supporting Information).
Given that each of the K46L, D274N, and E299Q mutants
exhibits significantly reduced turnover rates without much loss of
binding affinity, the salt bridge network was suggested to stabilize
the cytoplasmic-open state without contributing directly to
substrate binding (25). Our simulations show that substrate
binding manipulates the salt bridge network primarily by affect-
ing K46, which alternates between two essentially immobile
residues, D274 and E299 (Figure 7), and, thus, indirectly stabi-
lizes the R269—E299 (Figure S6 of the Supporting Information)
salt bridge, an effect that might be related to the confinement of
H165 (Figure 6E).

Substrate binding influences the salt bridge network mainly by
forcing K46 into a more extended conformation (longer C,—N¢
distance) (Figure 7). While an extended side chain is associated
with stabilization of the K46—E299 salt bridge, a compact one
favors the K46—D274 salt bridge.

The R269—E299 salt bridge in the N-terminal half, on the other
hand, is independent of the K46—E299 salt bridge (Figure S6 of
the Supporting Information) but shows a correlation to the
hydrogen bonding between H165 and R269. As described above,
substrate binding results in structural confinement of HI165
(Figure 6E) in a conformation where the plane of its aromatic
side chain is almost parallel to that of the membrane. This
conformation promotes the formation of a hydrogen bond
between H165 (N,) and R269, thus stabilizing the R269—E299
salt bridge. On the other hand, rotational freedom of H165 in the
apo system (Figure 6E) leads to destabilization and subsequent
rupture of the R269—E299 salt bridge (Figure S6 of the Support-
ing Information). Salt bridge reorganization appears to constitute
an important set of molecular events facilitating the rocker-switch
type conformational change of the transporter, resulting in
weakening of the interactions on the periplasmic interface of the
N- and C-terminal halves (48). Similar phenomena have also been
observed in other simulation studies upon substrate binding (43).

CONCLUSIONS

Extended equilibrium MD simulations were performed on the
glycerol 3-phosphate transporter (GlpT) in the presence of its
natural substrates (P; and G3P) at various physiologically
relevant protonation states. The simulations successfully capture
spontaneous binding of the substrates, characterize the substrate
translocation pathway inside the lumen and the binding site, and
reveal initial protein conformational changes induced by sub-
strate binding.

The binding process involves K80 and R45, with the former
acting as a hook that recruits and steers the substrate into the
binding site and the latter acting as a fork tightly holding onto the
phosphate moiety of the substrate in the binding site. In the
bound state, the phosphate moiety is stabilized further by H165
and by several surrounding tyrosine residues (Y38, Y42, and
Y76) forming a cagelike binding pocket. No direct interaction
between the substrate and R269 is observed within the time scale
of our simulations, indicating its distinct function in initial
substrate binding despite its structural symmetry relation to R45.
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Calculation of the luminal electrostatic potential revealed that
the potential peaks approximately at the position of R45,
explaining its preferential substrate binding over R269. Contri-
butions to the luminal electrostatic potential by R45, K80, and
R269 appear to be essential for initial substrate recruitment, since
neutralization of either residue impairs binding.

Our simulations also reveal significant substrate-induced
global conformational changes in GlpT consistent with the
rocker-switch model. Substrate binding was found to trigger
partial closing of the cytoplasmic opening of GIpT, likely
constituting the initial steps toward the formation of an occluded
state. Besides, substrate binding alters the salt bridge interactions
in the periplasmic half, an effect that prepares the protein for
opening on this side for the formation of the periplasmic-open
state during the transport cycle in GlpT.
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