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ABSTRACT Major facilitators represent the largest superfamily of secondary active transporter proteins and catalyze the
transport of an enormous variety of small solute molecules across biological membranes. However, individual superfamily
members, although they may be architecturally similar, exhibit strict specificity toward the substrates they transport. The struc-
tural basis of this specificity is poorly understood. A member of the major facilitator superfamily is the glycerol-3-phosphate (G3P)
transporter (GlpT) from the Escherichia coli inner membrane. GlpT is an antiporter that transports G3P into the cell in exchange
for inorganic phosphate (Pi). By combining large-scale molecular-dynamics simulations, mutagenesis, substrate-binding affinity,
and transport activity assays on GlpT, we were able to identify key amino acid residues that confer substrate specificity upon this
protein. Our studies suggest that only a few amino acid residues that line the transporter lumen act as specificity determinants.
Whereas R45, K80, H165, and, to a lesser extent Y38, Y42, and Y76 contribute to recognition of both free Pi and the phosphate
moiety of G3P, the residues N162, Y266, and Y393 function in recognition of only the glycerol moiety of G3P. It is the latter inter-
actions that give the transporter a higher affinity to G3P over Pi.
INTRODUCTION

Active transport of solutes across biological membranes is

catalyzed by two types of membrane transporter proteins

that utilize either the energy released from the hydrolysis

of ATP (the primary active transporters) or the energy stored

in electrochemical gradients (the secondary active trans-

porters) to drive the transport reaction. One of the largest

families of secondary active transporters is the major facili-

tator superfamily (MFS), currently with 15,000 identified

members spread throughout all three kingdoms of life

(1–3). Individual representatives of this evolutionarily

related family of proteins transport only one or a few related

substrates, whereas the MFS as a whole transports an enor-

mous diversity of small polar or charged species, including

ions, sugars, organic phosphates, drugs, neurotransmitters,

amino acids, and even peptides. But how can individual

family members generally display stringent specificity

toward the substrates they transport while at the same time

the entire family recognizes and transports such a myriad

of substrate types? The substrate specificity of each trans-

porter must therefore be defined by only a few amino acid

residues and, in particular, by differences between primary

sequences at the substrate binding site (4).

Regardless of their diverse substrate specificity, primary

sequence analysis suggests that all MFS transporters share

a similar structural design that most commonly consists of

12 transmembrane (TM) a-helices separated into six-helix

N- and C-terminal domains related by a pseudo twofold
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symmetry and connected by a long cytoplasmic loop (3).

The N- and C-terminal halves of the transporter bestride

a central substrate translocation lumen (Fig. 1 A). The deter-

mination of three-dimensional structures of four prokaryotic

representatives of the MFS (5–10) has permitted a better

mechanistic understanding of membrane transport (11).

Implied from these structures is that MFS transporters func-

tion via a single binding-site, alternating access mechanism

(12) accompanied by a rocker switch-type movement of

the N- and C-terminal domains of the protein (5,6,13), allow-

ing access to the binding site to cycle between the cytoplasm

and periplasm. The rocker switch mechanism invokes at least

three major conformational states during the transport cycle:

a cytoplasmic or inward-facing conformation (Ci), an

outward-facing one (Co), and a more compact, occluded

conformation in the transition state (4,13).

Given that the structures of all MFS transporters solved to

date are similar, indicating that all the family members are

probably architecturally alike, it remains to be determined

how each MFS transporter differentiates its cognate substrate

from an array of substrates that are often chemically and

structurally very similar. Previous descriptions of the basis

of substrate selectivity in several transporters have been

hampered by a lack of high-resolution structures (14–21).

In contrast, studies on the MFS lactose/Hþ symporter

LacY, for which high-resolution structural information is

available (6,7), have enabled the amino acid residues

involved in substrate specificity and binding to be well docu-

mented (22–27). Despite this, a detailed description of the

structural basis of substrate selectivity is lacking for nearly

all other MFS transporters.
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The glycerol-3-phosphate (G3P) transporter (GlpT) from

the Escherichia coli cytoplasmic membrane (28) (Fig. 1) is

an MFS antiporter that couples the uptake of G3P, an impor-

tant precursor for phospholipid biosynthesis, into the cell to

the outward movement of inorganic phosphate (Pi) down its

concentration gradient (29). GlpT is also of pharmaceutical

and medical interest in that it can transport phosphomycin,

the only known naturally occurring phosphate-based antibi-

otic, into the bacterial cell (30,31), and loss-of-function

mutations in GlpT result in phosphomycin resistance (32).

GlpT is also a homolog of the human endoplasmic reticulum

glucose-6-phosphate (G6P) transporter (G6PT) (33), muta-

tions in which cause glycogen storage disease type 1b

(GSD-1b) (34,35).

Residues in GlpT that bind to Pi or the phosphate moiety

of G3P when the transporter is in the Ci conformation were

previously identified to be R45, K80, H165, and R269

(Fig. 1 B) (5,36). The affinity of the transporter for G3P is

much higher than it is for Pi (13,37), and this discrimination

is crucial for the transporter function in that the rate of trans-

port is determined by substrate association/dissociation reac-

tions (4,28). When the substrate-binding site is exposed to

the periplasm (the Co conformation), the much lower affinity

of the transporter to Pi allows that substrate to be replaced by

FIGURE 1 Crystal structure of GlpT (Protein Data Bank 1pw4) was used

as a starting point for simulations. (A) The overall structure of GlpT as

viewed along the membrane plane. A section of membrane bilayer and water

molecules are also shown to represent the simulation system. (B) A close-up

view of the substrate binding-site region. The essential arginine residues R45

and R269, and the central histidine H165 are shown explicitly.
G3P. After being transported across the membrane into the

cytoplasm, G3P is released and replaced by Pi owing to

the much higher intracellular concentration (~4 mM) of the

latter (38), thus perpetuating the transport cycle. However,

it has not yet been established how GlpT or other antiporters

discriminate against and reject noncognate substrates.

We hypothesize that only a few of the residues that line the

lumen of GlpT are required to impart discrimination between

substrates. To test this hypothesis, we first performed molec-

ular dynamics (MD) simulations to simulate the process of

binding of Pi and G3P to GlpT in the Ci conformation, and

to probe residues that may be involved in substrate recogni-

tion and selectivity. Subsequent biochemical analyses using

binding assays of GlpT mutants in detergent solution and

transport assays on reconstituted proteoliposomes were

used to test the function of each selected residue. This

approach has enabled us to offer a description of the struc-

tural basis of substrate selectivity in this integral membrane

antiporter.

MATERIALS AND METHODS

Modeling of GlpT in membrane

The GlpT structure (5) (Protein Data Bank entry 1pw4) was used as the

initial model, in which the mutated residues were reverted back to the

wild-type ones, and missing side chains were modeled using the PSFGEN

plugin of VMD (39) (Fig. 1). The missing interdomain loop was also

modeled, initially as an unstructured chain, and relaxed in vacuum for

100 ps with the rest of the protein fixed. After internal water molecules

were added with DOWSER (40), the protein was embedded in a patch

of POPE (1-palmytoil-2-oleoyl-sn-glycero-3-phosphatidylethanolamine)

bilayer with the membrane normal along the z axis. The lipid molecules

overlapping with the protein were removed, and the system was solvated

and ionized with 100 mM NaCl to produce an electroneutral system. The

final dimensions of the system were 115 � 115 � 110 Å3, including

~125,000 atoms. The system was then subjected to a series of energy

minimization and partially constrained MD relaxations before it was freely

equilibrated for 5 ns under NPnT (constant area) conditions. The resulting

system (see Fig. 1) was used as a starting point for all subsequent simula-

tions, unless specified otherwise.

Substrate-binding simulations

The substrates (Pi and G3P) were initially placed close to the mouth of the

lumen on the cytoplasmic side of GlpT, with the phosphate moieties ~15 Å

away from R45 (the putative binding site). After minimization for 5000 steps

was completed, each system was simulated for 50 ns to establish stable

binding of the substrates and obtain a clear description of the binding site

as the substrates explored it. H165 was maintained in an unprotonated state

during the simulations. Additionally, GlpT was also simulated in its apo

form as a control. The W138R mutant was simulated both in the apo state

and in the presence of either Pi or G3P. Simulations were carried out using

a time step of 1 fs, a temperature of 310 K, and a pressure of 1 atm along the

z-direction (NPnT). The simulations were performed with NAMD 2.6 (41)

using the CHARMM27 force field with f/j cross-term map (CMAP) correc-

tions (42). Water molecules were modeled as TIP3P (43). The force-field

parameters for the substrates were adopted from similar molecules in

the CHARMM force field. Constant pressure was maintained by the Nosé--

Hoover Langevin piston method (44,45), and constant temperature was

maintained by Langevin dynamics with a damping coefficient of 1 ps�1
Biophysical Journal 97(5) 1346–1353
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for nonhydrogen atoms. The short-range interaction cutoff was set to 12 Å.

Long-range electrostatic interactions were computed using the particle mesh

Ewald (PME) method (46) with a grid density of at least 1 Å�3. Bonded,

nonbonded, and PME calculations were performed using 1, 2, and 4 fs

time steps, respectively.

Contact analysis between transporter
and substrates

To characterize the interaction between the protein and the substrate,

a contact analysis was performed on the 50-ns-long substrate-binding trajec-

tories. All residues with any atom within 3 Å of either the phosphate or the

glycerol moiety (in the case of G3P) were considered interacting. The prob-

ability of contact between the substrate and the protein was then defined as

the ratio of the number of trajectory frames in which a contact existed over

the total number of trajectory frames. To filter out transient contacts, only

residues exhibiting contact probabilities higher than 25% for the phosphate

moiety and 15% for the glycerol moiety are reported.

Bacterial strains, plasmids,
and site-directed mutagenesis

GlpT protein used in this study was expressed in E. coli LMG194 cells as

described before (37). Mutant GlpT transporters were constructed using

the QuikChange site-directed mutagenesis kit (Stratagene, Cedar Creek,

TX), and mutations were confirmed by sequence analysis of the full-length

plasmid DNA. All chemicals were purchased from Sigma Chemicals

(St. Louis, MO) unless otherwise stated.

Cell culture, protein purification,
and reconstitution of GlpT

Cells were cultured and protein used for substrate binding affinity assays was

purified to homogeneity as described previously (37). The protocol for purifi-

cation of His-tagged GlpT for reconstitution into proteoliposomes has been

published before (47). Reconstitution was performed using a modification of

the detergent dilution method described previously (36). Lipid stocks were

prepared by dissolving 100 mg of E. coli polar lipid extract (Avanti Polar

Lipids, Alabaster, AL) in 2.5 mL of spectroscopic grade chloroform. The dis-

solved lipid was split into 5 � 500 mL aliquots in a glass test tube, and each

aliquot was dried down on ice under nitrogen stream. To remove all remaining

traces of solvent, each tube was placed under vacuum for at least 12 h. Then 2

mL of loading buffer (100 mM potassium phosphate, pH 7.0) were added to

each tube to give 2 mL of 10 mg/mL lipid, and the tubes were vortexed thor-

oughly to resuspend the dried lipid. The lipid mixtures were then snap-frozen in

liquid nitrogen before undergoing 10 rounds of freeze (in liquid nitrogen) and

thaw (in a 37�C water bath). After the final thaw, the lipid mixture was extruded

13 times through a 400 nm polycarbonate filter (Whatman, Maidstone,

England) fitted to a Mini-Extruder (Avanti Polar Lipids) that was preheated

to 50�C on a heating block. To make the resulting large unilamellar vesicles

(LUVs) ‘‘leaky’’ and ready to incorporate protein, octyl-b-D-glucopyranoside

(OG) (Anatrace, Maumee, OH) was added to a final concentration of 1.2%

(w/v) and the solution was stirred on ice for 10 min. Purified GlpT was added

to the LUVs to obtain a protein/lipid ratio of ~1:150, and the mixture was

stirred on ice for an additional 20 min to form proteoliposomes. For a negative

control (to measure the ‘‘tightness’’ of the LUVs), protein purification buffer

instead of protein was added to an aliquot of LUVs. To seal the proteolipo-

somes, they were rapidly injected into 50 mL of room temperature (23�C)

loading buffer in an ultracentrifuge tube. The proteoliposomes were harvested

by centrifugation at 180 k � g at 4�C for 1 h. The surfaces of the proteolipo-

some pellets were washed twice with 2 mL of ice-cold assay buffer

(100 mM K2SO4, 50 mM MOPS-K, pH 7.0) before they were taken up in

the desired volume of the same buffer. The proteoliposomes were kept on

ice until used, usually within 2 h of harvesting.
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Transport assays

The transport activities of mutant GlpT transporters were assayed over

a 10-min period. Freshly prepared Pi-loaded proteoliposomes were taken

up in 600 mL of assay buffer (100 mM K2SO4, 50 mM MOPS-K, pH 7.0)

and 100 mL of this were used for each assay. The proteoliposomes were

equilibrated to room temperature (23�C) for 2 min before addition of

[14C]-G3P (150 mCi/mmol; American Radiolabeled Chemicals, St. Louis,

MO) to 50 mM to initiate transport. At five different time points, 20 mL

aliquots of proteoliposomes were removed and applied to 0.22 mm nitrocel-

lulose filters (0.22 mm; Millipore GSWP 02500) mounted on a Hoefer (San

Francisco, CA) vacuum manifold. Washing the filter-bound proteolipo-

somes with two 5 mL aliquots of ice-cold assay buffer terminated the trans-

port reaction. The filters were incubated overnight in liquid scintillant (Scin-

tiLene, Fisher Scientific, Pittsburgh, PA) before the radioactivity was

measured with a Wallac 1450 Microbeta Plus liquid scintillation counter.

Substrate binding affinity assays

The affinity of both wild-type and mutant GlpT to free Pi, G3P, and phos-

phomycin substrates was assayed by measuring the quenching of the

intrinsic tryptophan fluorescence of GlpT upon binding of substrate in a

detergent solution consisting of 50 mM imidazole, 100 mM NaCl, 0.5 mM

EDTA, 20% (w/v) glycerol and 0.075% (w/v) dodecyl maltoside (DDM;

Anatrace) at pH 7.0 as described previously (13,36,37). The GlpT protein

used for binding studies was purified to apparent homogeneity using size-

exclusion chromatography as described by Auer et al. (37). Measurements

were performed on a Fluoromax-2 fluorimeter (Jobin-Yvon, Edison, NJ)

using a 1 cm � 1 cm quartz cuvette containing 3 mL of a 0.01 mg/mL

GlpT solution that was under constant stirring. Slit widths on the fluorimeter

were set to 3.0 and 4.5 for excitation and emission, respectively. The cuvette

was placed in a water-cooled cuvette holder that was maintained at a temper-

ature of 15�C by a thermostatically controlled water bath. Due to slight

differences in the absorption and fluorescence emission maxima between

the wild-type and mutant GlpT transporters studied, slightly different fluo-

rescence excitation and emission wavelengths were employed for each

protein. The excitation and emission wavelengths were respectively

281 nm and 334 nm for wild-type GlpT, 282 nm and 338 nm for the

N162A mutant, and 280 nm and 337 nm for the Y266F and Y393F mutants.

For each experiment, the protein-detergent solution was titrated with

either potassium phosphate, sn-glycerol 3-phosphate bis(cyclohexylammo-

nium) salt, or the disodium salt of phosphomycin (all made up in the

same buffer used for the protein purification) until full fluorescence quench-

ing was observed. After subtraction of the buffer blank and correction for

dilution, the fractional fluorescence quenching was plotted as a function

of substrate concentration. The data then underwent nonlinear regression

analysis using the Enzyme Kinetic Module 1.3 of SigmaPlot 10 (Systat Soft-

ware, Richmond Point, CA) as described previously (13) to enable calcula-

tion of apparent dissociation constant values. Experiments were performed

in triplicate.

RESULTS AND DISCUSSION

MD simulations identify amino acid residues
that have the potential to function
as substrate specificity determinants

To investigate the molecular basis of differences in binding

mode and affinity of GlpT for organic and inorganic phos-

phates, we first studied transporter-substrate interactions

by means of MD simulations, an approach that was recently

extended to successfully characterize protein-substrate

interactions in other membrane transporters (48–50). Using

the crystal structure of GlpT in the inward-facing Ci



Substrate Selectivity of GlpT 1349
conformation (5) as the starting point (Fig. 1 A), we were able

to describe spontaneous binding of the substrates to the trans-

porter without applying any biasing potential or force. These

unbiased simulations were performed in the presence of either

Pi or G3P initially placed ~15 Å away from R45 in the putative

binding site. Both substrates were simulated in their divalent

form to exclude complications due to the effect of titration

state on the results. The substrates (G3P and Pi) were simu-

lated in both their monovalent and divalent titration states

(in different simulations), representing their most prevalent

titration states in solution. Although it is not known whether

or to what degree the pKa of the substrates is affected upon

entrance into the lumen, the divalent forms of the substrates

appear to be more relevant to the transport cycle of GlpT.

Therefore, we will focus our discussion mainly on the results

obtained for divalent species, noting that the use of monova-

lent species did not affect our conclusions. The simulations re-

vealed a rapid, spontaneous translocation of the substrates (in

both cases) from their initial position at the mouth of the

lumen to its apex, where they stayed bound for the remainder

of the simulation. The trajectories allowed us to differentiate

the protein residues that specifically interact with either

substrate from those that contribute to the binding of only one.

The binding trajectories allowed us to quantify and

compare the contact patterns of dibasic Pi and G3P with the

protein (Fig. 2). Of importance, a direct comparison of the

two substrates reveals distinctive steric and electrostatic

effects arising from the glycerol moiety of G3P that may

play a role in its higher binding affinity. Because GlpT trans-

ports both G3P and Pi but not glycerol (37), we hypothesized

that interactions between GlpT and the glycerol moiety of

G3P hold the key for understanding the protein’s substrate

specificity. The transporter-substrate interactions can there-

fore be broken into two main components: the interaction of

GlpT with the phosphate moiety based on the data obtained

from both the Pi
2� and G3P2� simulations, and those

involving the glycerol moiety as identified in the G3P2� simu-

lation. During 50-ns simulations, the residues involved in

recognition of Pi include the positively charged side chains

of R45 and K80 as well as Y38, Y42, Y76, and H165

(Fig. 2 B); interactions with Y76, R45, K80, and Y38 occur

with the highest frequencies (Fig. 2 E). As expected, the inter-

actions involving these residues are mostly electrostatic. The

same set of residues contribute to the recognition of both Pi

and the phosphate moiety of G3P, although the frequency

of substrate contacts for some of these residues (e.g., Y38,

K80, and W138) varies from one substrate to another, a differ-

ence that is likely due to limited sampling rather than funda-

mental differences in the binding mode of the phosphate

groups in these species. A similar binding mode can be also

expected for the phosphate moiety of other small organophos-

phates, such as phosphomycin. The results indicate that K80,

R45, and H165 form the core of the binding site for the phos-

phate moiety. This is in accord with previous results showing

that mutation of K80 or R45 to alanine and lysine, respec-
tively, killed heterologous G3P-Pi transport of the protein

reconstituted into proteoliposomes, and mutation of H165

resulted in a transport rate that was only ~6% of that catalyzed

by wild-type protein (36).

Although a previously published MD simulation of Pi

binding to GlpT (36) showed that the positively charged

R269 residue played a role in binding to this substrate, in

the work presented here no direct interaction was observed

between substrate and R269 over the entire 50-ns duration

of any of the simulations. However, since in the earlier

work the substrate had already been docked into the lumen

of the transporter before the simulation was initiated, the

simulation effectively started at a more advanced stage of

the binding process. Given that R269 and R45 (Fig. 1 B)

are both essential residues for GlpT function (mutation of

the former to lysine kills GlpT transport activity and decreases

the apparent binding affinity of the mutant transporter to

substrate G3P by >30-fold, whereas mutation of the latter

to lysine abrogates both binding and transport) (36). Mutation

of either of the equivalent residues in the closely related

E. coli homolog sugar phosphate antiporter UhpT also results

in abrogation of transport by that protein (51), underlining the

vital role of these residues. Our results suggest that R269 does

not interact with substrate during the earlier stages of the

binding process; rather, it plays an important and as yet not

fully understood role during more advanced stages of the

substrate binding and transport process, probably by helping

to pull together the N- and C-terminal halves of GlpT as the

transporter undergoes conformational change involving intra-

helix motions (52) and tilts (53), and travels toward the

substrate-occluded state (5,36), a state outside the timescale

of our current simulations.

There are two observed GlpT-G3P binding modes

Several GlpT residues were found to interact with the glyc-

erol, but not the Pi moiety of G3P. Two binding modes,

which keep the GlpT-phosphate interaction invariant but

differ in their GlpT-glycerol interaction, were observed and

characterized during the 50 ns simulation of G3P binding

(Fig. 2, C and D). The first binding mode is apparent during

the first half of the simulation and lasts for ~20 ns. In this

mode, the glycerol backbone lies parallel to the plane of

the membrane, making hydrophobic contacts with the side

chain of Y393, whereas the terminal carbon atom of the glyc-

erol backbone is in contact with the backbone of G389 and

L390 (Fig. 2 C). The binding is further stabilized by

hydrogen bonds (H-bonds) between the hydroxy groups of

glycerol and the K80 and Y266 side chains. Here, the back-

bone of G3P adopts a ring-like structure, in which internal

H-bonds between the hydroxy groups and the phosphate

moiety of G3P form an arrangement that might be favorable

due to lack of sufficient hydration for the hydroxy groups in

this region. This conformation, which is somewhat reminis-

cent of the cyclic structure of phosphomycin (Fig. 2 A), is

ideal for optimal interaction with Y393. In the second
Biophysical Journal 97(5) 1346–1353
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FIGURE 2 Substrate binding in GlpT. (A) Molecular

structures of GlpT substrates, dibasic phosphate (Pi
2�),

dibasic glycerol-3-phosphate (G3P2�), and phosphomycin.

(B–D) The protein is rotated ~90� around the z axis with

respect to the view in Fig. 1 A to enable visualization of

all the binding-site residues. (B) Binding mode of Pi
2�.

The phosphate group establishes close electrostatic interac-

tions with R45 and K80 while forming H-bonds with Y38,

Y42, Y76, and H165. (C) First binding mode for G3P. The

phosphate moiety of G3P establishes interactions with the

GlpT binding site similar to those in the case of Pi. The

backbone of G3P forms a ring-like structure (stabilized

by intramolecular H-bonds between the hydroxy and phos-

phate groups) oriented parallel to the plane of the

membrane and forms a stacking interaction with Y393,

and H-bonds with K80, Y76, and Y266. (D) Second

binding mode of G3P. The phosphate moiety is in the

same location as before and forms the same interactions

with the binding pocket. The backbone of G3P is in an

extended conformation approximately parallel to the

membrane normal, forming H-bonds with N162. (E) The

results of the contact analysis between the substrate and

GlpT (see Materials and Methods). A cutoff distance of

3 Å between any atom from the protein and the substrate

is used to define residues that make contact with the

substrate. Only residues that maintain contact with the

substrate during a fraction > 25% (for the phosphate

groups) and 15% (for the glycerol moiety of G3P) of the

duration of the simulation are shown.
binding mode, which is captured during the second half of

the simulation and lasts for ~25 ns, G3P adopts a more

extended conformation and is no longer parallel to the plane

of the membrane (Fig. 2 D). It loses interaction with the K80

side chain, but forms contacts with the side chain of H165 as

well as H-bonds with N162. There is also a contact between

the substrate and the backbone and the Cb atom of W161 in

this configuration. Other tyrosine residues (Y38, Y42, and

Y76) that line the GlpT lumen also show H-bond interactions

with G3P and Pi. Because of its larger size, however, G3P is

the only substrate that can also interact, via its glycerol
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moiety, with the side chains of N162, Y266, and Y393 while

bound to R45. Besides the interactions with the GlpT back-

bone and the residues that also interact with the phosphate

moiety of G3P, our simulations suggest a role for the

N162, Y266, and Y393 side chains in selecting between Pi

and G3P when GlpT is in the Ci conformation.

N162, Y266, and Y393 side chains recognize
the G3P glycerol moiety

To confirm that the side chains of N162, Y266, and Y393 are

indeed directly involved in binding to the glycerol, but not
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the phosphate moiety of G3P, these three residues were

mutated to alanine, phenylalanine, and phenylalanine,

respectively. We then measured the effects of these GlpT

mutations both on the binding affinity of the protein to

each substrate in detergent solution and on the G3P-Pi

exchange transport activity of each mutant in reconstituted

proteoliposomes. The N162A, Y266F, and Y393F mutants

bound Pi in detergent solution at neutral pH with apparent

Kd values of 4.4 5 1.4, 1.7 5 0.4, and 8.6 5 0.7 mM,

respectively (Table 1 and Fig. 3, B–D). These values are

very similar to the Kd measured for wild-type GlpT binding

to Pi, 7.4 5 0.4 mM (Fig. 3 A), thus demonstrating that these

residues do not interact with Pi. In stark contrast, and rather

surprisingly, none of the above mutants showed any binding

to G3P under our assay conditions (Table 1), suggesting that

each of these residues plays an important role in the binding

and recognition of G3P, particularly its glycerol moiety. It

should be noted, however, that our binding assay can only

measure Kd values in a concentration range of up to hundreds

of micromolars, since above this concentration, complica-

tions such as recovery of the fluorescence emission quench-

ing due to secondary effects become apparent. Therefore, it

is possible that G3P may bind very weakly to the GlpT

N162A, Y266F, and Y393F mutants, but we were not able

to detect such a binding. It is also opportune to point out
that the Kd values presented here are apparent dissociation

constants of substrate binding measured in a DDM detergent

solution. Under these conditions, a molecule of DDM is

bound to the N-terminal half of the lumen of the transporter

(36) and must be competed off before the substrate can bind.

Also, although the DDM molecule probably stabilizes the

inward-facing Ci conformation of the transporter, some of

the protein will belong to a population that is in the

outward-facing conformation. This means we are measuring

a composite of binding to both conformations, but with the

major contribution arising from substrate binding to trans-

porter in the inward-facing conformation. We do not yet

know whether there is a difference in the binding constants

TABLE 1 Heterologous G3P-Pi exchange transport activity

and apparent binding dissociation (Kd) constants of Pi, G3P,

and phosphomycin binding to wild-type and mutant GlpT

GlpT

protein

Kd Pi

binding

(mM)

Kd G3P

binding

(mM)

Kd

phosphomycin

binding (mM)

G3P-Pi exchange

transport

activity?

Wild-type 7.4 5 0.4 0.8 5 0.2 0.18 5 0.02 Yes

N162A 4.4 5 1.4 No binding No binding n.d.

Y266F 1.7 5 0.4 No binding No binding No

Y393F 8.6 5 0.7 No binding 43 5 6 n.d.

n.d., not determined.
FIGURE 3 Substrate-binding affinity curves showing

the fractional intrinsic fluorescence quenching of GlpT as

a function of substrate concentration. (A) Binding of

wild-type GlpT to Pi. (B) Binding of GlpT N162A to Pi.

(C) Binding of GlpT Y266F to Pi. (D) Binding of GlpT

Y393F to Pi. (E) Binding of wild-type GlpT to phosphomy-

cin. (F) Binding of GlpT Y393F to phosphomycin. All

binding measurements were performed with purified

protein in detergent solution. Each data point represents

the mean, and error bars represent the mean 5 SE of three

individual measurements.
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for the same substrate in the different transporter conforma-

tions, or indeed whether different residues are involved.

No heterologous G3P-Pi exchange transport activity was

observed for the Y266F mutant reconstituted into Pi-loaded

proteoliposomes (Table 1), a result in accord with the fact

that both substrates must be able to bind tightly to the protein

for transport to be catalyzed. As a result, transport assays

were not performed on the other two mutants. Thus, the

binding and transport assays of the site-directed mutants,

along with MD simulations, clearly showed that N162,

Y266, and Y393 indeed play a role in discriminating

between organic and inorganic phosphates.

The fact that mutation of residues associated with either of

the two G3P binding modes identified in the simulations

results in deleterious effects on substrate binding underlines

the relevance of each binding mode. Although the two sets of

G3P-interacting residues could represent sites that are

sampled by the substrate at various time points during the

initial stages of binding, we favor an alternative explanation.

Examination of the crystal structure of GlpT (5) shows that

these two sets of G3P-interacting residues identified in the

simulations are somewhat spatially apart, and thus a small

substrate such as G3P is unlikely to simultaneously interact

with both sites in the absence of large protein conformational

changes. This agrees with the suggestion that G3P binding

results in the GlpT N- and C-terminal domains moving closer

together to form an occluded state (4,13), with a subsequent

spatial convergence of these residues and the formation of

a common binding site that allows simultaneous interaction

of G3P with the side chains of N162, Y266, and Y393.

The apparent loss of binding affinity to G3P upon mutation

of these residues at the substrate concentrations tested in our

assay suggests that the contribution to binding affinity from

these residues is not just additive—the presence of each

residue is a requirement for binding of G3P. According to

our binding model, any of the residues that interact with

a particular substrate are necessary for tight binding of that

substrate. Moreover, we suggest that mutation of any of

these residues renders the binding site unfavorable for that

substrate, possibly by altering the local geometry and prop-

erties of the binding site.

GlpT-phosphomycin interactions

Elucidation of the GlpT substrate-specificity determinants

derived from the GlpT-G3P and GlpT-Pi interactions imme-

diately suggests that the antibiotic phosphomycin, whose

structure can be regarded as intermediate between that of

Pi and G3P (Fig. 2 A), will interact with some of the same

residues (more residues than does Pi, but fewer than G3P).

We tested this by performing binding experiments with puri-

fied protein in detergent solution. The N162A and Y266F

mutants showed no binding to phosphomycin. However,

the Y393F mutant did bind the antibiotic with an apparent

Kd of 43 5 6 mM (Table 1 and Fig. 3 F). This is ~240-

fold less tight than binding of the wild-type transporter to
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phosphomycin, which is 0.18 5 0.02 mM (Table 1 and

Fig. 3 E). These studies provide strong support for our

prediction that N162 and Y266 play an important role, prob-

ably in recognizing the phosphomycin epoxide group as well

as the glycerol moiety of G3P.

CONCLUSIONS

The work presented here shows clearly that the structural

basis of substrate selectivity in GlpT in the Ci conformation

depends on only a handful of residues that line the trans-

porter’s lumen. These residues can be divided into three

groups: 1), the side chains of R45, Y38, Y42, and Y76

that recognize and bind only Pi and the phosphate moiety

of G3P; 2), the K80 and H165 side chains that can interact

with both Pi and the glycerol moiety of G3P; and 3), the

N162, Y266, and Y393 side chains and the backbones of

G389 and L390 that recognize and bind only the glycerol

moiety of G3P. Interactions with the second and third groups

of residues give G3P a higher affinity than Pi to GlpT. In the

outward-facing Co conformation, some of the residues

responsible for the protein’s substrate specificity may be

different. Given that the transport mechanism is shared

between MFS members, we hope that the lessons learned

from this study on GlpT can be applied equally to other

MFS proteins, which in turn will help us understand the

substrate diversity of the entire MFS.
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