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Summary

Active transport of substrates across cytoplasmic membranes is of great physiological, medical and
pharmaceutical importance. The glycerol-3-phosphate (G3P) transporter (GlpT) of the E. coli inner
membrane is a secondary active antiporter from the ubiquitous major facilitator superfamily that
couples the import of G3P to the efflux of inorganic phosphate (P;) down its concentration gradient.
Integrating information from a novel combination of structural, molecular dynamics simulations and
biochemical studies, we identify the residues involved directly in binding of substrate to the inward-
facing conformation of GIpT, thus defining the structural basis for the substrate-specificity of this
transporter. The substrate binding mechanism involves protonation of a histidine residue at the
binding site. Furthermore, our data suggest that the formation and breaking of inter- and intradomain
salt bridges control the conformational change of the transporter that accompanies substrate
translocation across the membrane. The mechanism we propose may be a paradigm for
organophosphate/phosphate antiporters.

Keywords

antiporter; membrane transport; major facilitator superfamily; molecular dynamics simulations;
secondary active transport

*Corresponding authors. Skirball Institute of Biomolecular Medicine, New York University School of Medicine, 540 First Avenue, New
York, NY 10016, U.S.A. Tel: (212) 263 8634; Fax: (212) 263 8951; E-mail: wang@saturn.med.nyu.edu.

SCurrent Address: Department of Pharmacology, New York University School of Medicine, 540 First Avenue, New York, NY 10016,
US.A.

#These authors contributed equally to this work

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 2

Introduction

The sn-glycerol-3-phosphate (G3P) transporter (GlpT) from the Escherichia coli inner
membrane couples the outward flow of internal inorganic phosphate (P;) to the uptake of G3P
into the celll. G3P is an important intermediate in both glycolysis and phospholipid
biosynthesis, and it can act too as the sole energy source for bacterial growth. 2,3 Transporters
homologous to GIpT are d|str|buted throughout eubacteria, 4-7 as well as in eukaryotes,
including plants and humans®. These proteins form the organophosphate/phosphate antiporter
(OPA) famlly , thatalso includes UhpT, a close GlpT homologue from E. coli, and the human
glucose-6- phosphate transporter (GGPT) . In turn, the OPA family belongs to the major
facilitator superfamily (MFS), the largest and most diverse of the secondary active transporter
families, with members that trans ort numerous substrates of physiological, medical and
pharmaceutical S|gn|f|cance Althou?h a detailed molecular mechanism has been
proposed for the E. coli MFS symporter LacY14 15, some fundamental guestions pertaining
to the molecular mechanism of substrate binding and transport by GIpT and other OPA proteins
remain unanswered.

Like other MFS transporters, GIpT is believed to operate via a single-binding site, alternating-
access mechanism26. This mechanism is believed to consist of three steps, namely substrate-
binding, mterconversmn of the substrate-binding site, followed by substrate release to the other
side of the membranel’. The three-dimensional crystal structure of GIpT, determined in our
laboratory earlier, has provided valuable insight into the mechanics of substrate-binding and
translocationl7+18. The N- and C-terminal domains of the protein, each composed of six
transmembrane o—helices, saddle the substrate-translocation pore, which contains the
substrate-binding site at its inner end (Figure 1). A rocker-switch type movement of the two
domains relative to each other catalyzes substrate translocation across the membranel8: 19,
The energ%/ required for such conformational change is provided by substrate binding
forces20: 21, as well as Brownian motion19. As the published structure of GIpT is of the
molecule in the absence of substrate, in the inward-facing or C; conformation (the substrate-
binding site is exposed to the cytoplasm), information about the residues that form the substrate-
binding site could only be inferred. Two conserved, positively-charged residues, arginine 45
(R45) and arginine 269 (R269), located at the inner end of the substrate-translocation pore,
were suggested to form part of the substrate-binding site18. Althou gh this agrees with previous
genetic and biochemical studies on the homologous E. coli UhpT and human G6PT
transporters, in which mutation of R28 (equivalent to GIpT R45) in the latter to histidine or
cysteine causes glycogen storage disease type 1h23, 24 , the direct involvement of R45 and
R269 in substrate binding has not been shown biochemlcally in GIpT.

Additional residues must also be involved directly in defining substrate specificity to GlpT.
Interestingly, in the crystal structure of GIpT, a molecule of the detergent p—dodecylmaltoside
(DDM), used during purification of the protein, was observed within the substrate-translocation
pore (Figures 1A & 1B). The DDM depresses the side chain of a lysine residue (K80) and
prevents it from protruding into the pore (Figure 1B & 1C). Although the role of this residue
in substrate binding to GIpT is unknown, previous work showed that mutatlon of the equivalent
residue in UhpT (K82) to a cysteine caused the loss of transport act|V|ty . It is plausible
therefore, that K80 too may be involved in substrate binding to GIpT. Further clues to yet other
positively-charged residues that form the substrate-bindin 6g site in GIpT can again be gleaned
from biochemical and mutagenesis studies on UhpT25 It has been proposed that the
protonation state of a conserved histidine residue (H168) modulates the affinity of UhpT to
substrateZ6. While the equivalent of H168 in GIpT (H165) is found lining the substrate-
translocation pathway, making it amenable to interact with substrate, its role in substrate
binding has not been investigated. Finally, several negatively-charged residues in the
transmembrane regions are also conserved among OPA proteins, and mutations at the GIpT
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E299 and D274 equivalents in UhpT abolish transport25. Due to their negative charges, these
residues cannot be directly involved in binding to anionic substrate; whether they participate
in wider aspects of substrate translocation such as the triggering and control of conformational
change during transport is unknown.

To understand the structural basis of substrate specificity, and the subsequent conformational
change that leads to GlpT-catalyzed substrate translocation across the membrane, we
investigated substrate binding to GIpT using a novel combination of molecular dynamics (MD)
simulations, substrate-binding affinity assays in solution, and transport activity assays in
reconstituted proteoliposomes. This multifaceted approach has enabled us to forward both a
detailed mechanism for substrate binding to GIpT and a novel scheme for the triggering and
control of conformational changes that occur during substrate translocation across the
membrane.

Results and discussion

K80, R45 and R269 are key determinants of substrate specificity for GIpT

In the GIpT crystal structure, a DDM molecule that co-crystallized with the protein depressed
the K80 side chain (Figure 1A). It is likely that in the absence of the detergent, as is the case
with the transporter in vivo, the K80 side chain would project into the substrate-binding pore
where it could interact with the oxygen moieties of the substrate molecule. This notion was
supported by our MD simulations of the GIpT molecule in the C; conformation, embedded in
a palmitoyl-oleoyl-phosphatidylethanolamine (POPE) bilayer. In the absence of DDM, the
positively charged K80 side chain in the simulated apoprotein structure was indeed found to
flip up and extend into the substrate-binding pore where it could interact with substrate (Figure
1B). The H165 residue also showed a large displacement from its crystal structure conformation
(Figure 1B). In contrast, both R45 and R269 displayed significantly less displacement.

To test for any interactions between the K80, R45 and R269 residues and substrate, and to
identify substrate interactions with any other residues, we performed simulations with dibasic
phosphate (P;) docked to the equilibrated transporter in the C; conformation. Although G3P
also binds to the C;j conformation of GIpT, P; was chosen for these simulations as it is the
physiologically preferred substrate for the inward-facing conformation of the transporter. Our
MD simulations supported the notion that R45 and R269 directly bind to substrates, as
originally suggested by the GlpT crystal structurel8, and that K80 too is part of the substrate-
binding site. The substrate molecule was located closer to the N-terminal domain of the protein
during the MD simulations, near the periplasmic end of the substrate translocation pore, and
the three oxygen atoms in the P; substrate were within 4 to 6 A of the K80 side chain (Figure
2A). R45, however, attracted the P; substrate even stronger, with contacts between 2 to 4 A
established (Figure 2B). In addition, the R45 side chain also maintained a highly stable ~2 A
salt bridge to D274. For R269, larger fluctuations occurred in the contacts with the P; substrate
during the simulation. After initial hydrogen bonding of 2 to 3 A with the P; oxygens, these
bonds quickly dissipated and weaker interactions dominated (Figure 2C).

To probe experimentally the roles of K80, R45 and R269 in substrate binding, we mutated K80
toalanine, and R45 and R269 each to lysine, then tested the effects of these individual mutations
on the transport activity and substrate-binding affinity of the protein. G3P was used as substrate
in these biochemical experiments rather than P; due to its higher binding affinity to GIpT27
(see Materials and methods). As expected, the wild type transporter reconstituted into
proteoliposomes showed a clear uptake of substrate G3P, achieving a Vyax of 487 nmol/min/
mg (Figure 2E and Table 1) — a value in accord with that published previously for wild type
GIpT reconstituted into proteoliposomeszs. None of the three mutants, however, retained
transport activity (Figure 2E), showing the critical importance of each of these residues for
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substrate transport in GIpT. These results mirror those of previous experiments performed on
UhpT22. We then measured the substrate-binding affinity of these mutants in detergent
solution by tryptophan fluorescence quenching. The R45K mutant showed no binding to
substrate (Figure 2F and Table 1), confirming the central role of this residue for transporter
function. In contrast, both the K80A and R269K mutants retained some ability to bind G3P,
although with apparent Ky's of 51 uM and 29 uM, respectively (Figure 2F), which are about
98% and 97% less tight than wild-type GIpT binding to G3P (K4 0of 0.8 pM) 9 we put forward,
therefore, that tight substrate binding to GlpT, involving interaction with all the residues that
form the substrate-binding site from both the N- and C-terminal domains, is required to drive
the conformational change necessary for transport. Mutation of either of the K80 or the R269
residues loosens substrate binding and the intrinsic binding energy released by such weaker
interaction is therefore insufficient to surmount the activation energy barrier of GIpT. Thus,
conformational change and transport cannot be achieved.

The role of basic residues in binding oxyanionic substrates to GIpT reflects a common theme
in biology: in enzymes that interact with P; or organophosphates arginine and lysine residues
are almost always involved in recognition of the anionic phosphoryl group29' 30 1n membrane
transport of anions, such basic residues often form pairs that are essential for transport activity:
Arg272 and Lys355 are involved in substrate binding to the oxalate/formate antiporter (OxIT)
of Oxalobacter formigenes31; two arginine residues (R87 and R368) are functionally
indispensable to the nitrate transporter, NtrA, from Aspergillus nidulans32; and R87 and R303
are essential to the putative E. coli nitrate/nitrite antiporter, NarU33,

Protonation of H165 allows tighter substrate binding

Another potentially important residue for substrate binding is H165, located at the apex of a
triangle formed between it and the R45 and R269 residues (Figure 1B). Little contact was
established between histidine and the divalent P; substrate during MD simulations where H165
was neutral (Figure 2D). Strikingly, however, upon protonation of H165, strong participation
in substrate coordination was observed in the simulation. A highly stable hydrogen bond of
1.5 A was seen from the H165 8—proton position to the P; substrate (Figure 3A).

Upon protonation of H165 in the simulation system, a reorientation within the substrate-
binding pore of the substrate molecule itself was also observed, with it being localized closer
towards the cytoplasmic end of the substrate-binding pore, and nearer to the C-terminal domain
of the protein. Protonation of H165 also caused K80 and R269 to bind more tightly to the
substrate, whereas the substrate interaction with R45 was destabilized (Figures 3B-D). A strong
hydrogen bond of ~2.5 A in length formed between R269 and P; (Figure 3D). Concomitantly,
because of the movement of the substrate molecule closer to the C-terminal half of GIpT upon
full protonation of H165, the interactions between R45 and P; were weakened and fluctuating
compared to those observed with unprotonated H165 (Figure 2D). These results clearly
suggested a role for H165, probably in a protonated form, in substrate binding. The source of
the donated proton can only be speculated; it is most likely abstracted from one of the water
molecules that fill the substrate-translocation pore of the transporter molecule.

We then investigated the role of the H165 residue in substrate binding by mutating it to a proline
experimentally, followed by transport and binding assays. Although the H165P mutant folded
properly, as judged by its having a similar retention time and peak shape as the wild type
transporter in analytical size exclusion chromatography (data not shown), the mutation severely
affects both transport and binding by GIpT (Table 1), the mutant having a Vpax of 30 nmol/
min/mg (Figure 3E) and an apparent dissociation constant Ky of 62 uM (Figure 3F). This
represents about a 94% and 98% decrease in transport activity and substrate-binding affinity,
respectively, compared to the wild type transporter (Table 1). However, the K, of the H165P
mutant (52 uM) showed less than 2-fold change compared to the wild-type protein (K, of 27
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uM). This emphasizes that caution must be exercised if Ky, values derived from this type of
experiment are interpreted simply as direct measures of binding affinity to these
transporters34.

The fact that the proline side chain is not ionizable and is of similar bulk to histidine, indicates
that loss of the protonation cycle in the H165P mutant is likely to be responsible for the
impairment of both transport activity and substrate binding affinity, and by extension, that the
protonation of H165 plays an important role in the transport reaction of GIpT. We could not
directly test the role of histidine protonation in GlpT by altering the pH of our experimental
systems, however, because this would also alter the ionization state of the P; substrate itself
(pKy2 of 7.2). While changes in histidine ionization state are common in many enzyme-
catalyzed reactions32, several observations have highlighted its importance in membrane
transporter proteins. In UhpT, protonation of the conserved histidine residue (H168),
equivalent to H165 in GIpT, has been proposed to play a role in transportze. Similarly, single
histidine residues have been shown to be important for proton or cation translocation in other
MFS transporters such as E. coli Lac36 and TetA3”, and the rat vesicular monoamine
transporter r-VMAT138 as well as in members of other membrane transporter
families39-43. In -VMATL, H419 is important for energy coupling38. In the plant tonoplast
malate carrier, protonation of a histidine residue in the tentative substrate-binding site increases
both affinity and transport rate39.

Another issue is the influence of local environment on histidine protonation. Is it possible for
the histidine side chain, which has a pKj, of 6.02 in solution, to become protonated at the
physiological pH (7.4) of the E. coli cytoplasm? The pK; of histidine residues in proteins can
be modulated by the local microenvironment and field effects?4 49, In GIpT, the H165 residue
is surrounded by several conserved aromatic residues (Y38, Y42, Y76, W138, W161, Y362
and Y393)18, and histidine-aromatic interactions can contribute to elevation of histidine
pKa46'48. Therefore, we suggest the primary function of the conserved tyrosines and other
surrounding aromatic residues of GIpT is not directly in substrate binding, but in stabilizing
the basicity of the binding site. This would raise the pKj of the histidyl residue enabling it to
become protonated. Such a stabilizing role for tyrosine residues has been suggested for the
mammalian H*/peptide transporter, PepT1, a member of the proton-dependent oligopeptide
transporter (POT) family which is also part of the MFS49,

Making and breaking of salt bridges controls the interconversion between the Cj and Cg,
conformations of GIpT

The crystal structure of GIpT18 along with previous biochemical studies on UhpT25 suggested
three additional conserved, charged residues in the membrane-embedded region of GIpT —
K46, D274 and E299 — to be of potential importance to transporter function (Figure 1C). In
fact, these three residues, along with K80, R45 and R269, are the only charged residues found
within the hydrophobic core of GIpT which are all conserved. While K46, D274 and E299 do
not directly bind substrate when GIpT is in the C;j state, as shown by MD simulations, they
were found to play a key role in salt bridge formation (Figure 4, Table 2). Their roles were
tested in three separate simulation systems: (1) in the apoprotein in which H165 was
unprotonated, a salt bridge of ~2 A in length formed between D274 and K46, with a weaker,
unstable salt bridge of ~4—6 A formed between D274 and R45. No salt bridge formation was
observed between E299 and R269 during the lifetime of the simulation, the distance between
the side chains fluctuating between ~6—8 A. However, a strong, stable salt bridge of 2.5 A
formed between E299 and K46 (Table 2); (2) with P; docked to the unprotonated transporter,
the D274-K46 interactions weakened and the distance between their side chains increased to
between ~4-5 A (Figure 4A, black). Simultaneously, the attraction between D274 and R45
became much stronger, with a hydrogen bond of ~2 A in length forming (Figure 4B, black).

J Mol Biol. Author manuscript; available in PMC 2009 May 9.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Law et al.

Page 6

Docking of P; had little effect on the E299-K46 or E299-R269 interactions (Figures 4C and
4D, respectively); (3) protonation of H165 caused the interaction between D274 and K46 to
strengthen considerably, with a minimum distance of about 2.5 A (Figure 4A, red). At the same
time, the interaction between D274 and R45 dissolved completely (Figure 4B, red) and the
interaction between E299 and K46 weakened (Figure 4C, red). The E299 and R269 side chains
also moved closer together upon protonation of H165, forming a salt bridge of 4 —5 A in length
(Figure 4D, red).

Our transport activity and binding studies provided further evidence that although the K46,
D274 and E299 residues are not directly involved in actual substrate binding to the transporter
in the C; conformation, they are still important for transport. For these experiments, K46 was
mutated to leucine, D274 to asparagine and E299 to glutamine. All three mutants were found
to possess apparent substrate-binding affinities comparable to the wild type protein (K46L
Kg=3.9uM, D274N Kq=1.1 uM, and E299Q K4 =4.5 uM) (Figure 4F and Table 1). However,
mutation of either E299 to Q or K46 to L had a deleterious effect on the maximal transport
activity of the protein, resulting in Vyax values of 46 and 52 nmol/min/mg, respectively (Figure
4E and Table 1), representing about a 90% decrease in the maximal transport rate measured
for wild type protein. Mutation of the E299 and K46 residues also caused the K, values to
differ from that of the wild type protein, with the E299Q transporter having a K, of 46 pM,
whereas the K46L transporter had a Ky, of 124 uM (Table 1), yielding about a 2-fold and 4-
fold increase compared to wild type protein, respectively. Mutation of the D274 residue to
asparagine resulted in the Vp,y decreasing by 66% compared to wild type, to 163 nmol/min/
mg (Table 1). This D274N mutation, however, had a bigger effect on K, the value of which
— 177 uM — represents over a 6-fold increase compared to that of wild type GIpT. Therefore,
it is clear that the major effect of mutating the E299, K46 and D274 residues is on the turnover
of the transporter, rather than on binding affinity. Combining our MD simulation and
biochemical results, we hypothesize that the interdomain salt bridges formed by D274 with
K46 and R45, and by E299 with K46, act in concert to control the relative motions of the two
domains of GIpT during the transport reaction cycle. We were unable to test the effects of the
salt bridge formation and breaking on GIpT using MD simulations however, because the
complete cycle of transport occurs during milliseconds2”, a timescale that is commonly out of
reach for this technique.

Proposed mechanism for substrate-induced conformational change

In this study, we addressed the substrate-binding mechanism of GlpT. Previous studies on
UhpT, a close homologue of GIpT, had shown that the rate-limiting step of the transéport cycle
is the interconversion of the substrate-binding site; substrate-binding itself is rapid 0,
Integrating data from computational and biochemical studies on GIpT in a coherent manner
has allowed us to propose a mechanism for substrate binding to the inward-facing C;
conformation of the transporter. The proposed substrate-binding mechanism consists of three
stages: (1) initially, in the unloaded transporter, weak interactions exist between D274 and
R45, and E299 and R269. At the same time, however, there are strong salt bridges formed
between D274 and K46, and E299 and K46. Substrate then binds weakly to K80, R45 and
R269 at the inner end of the substrate-binding pore. At this stage, H165 is unprotonated and
does not participate strongly in binding. Substrate binding weakens D274's interaction with
K46, and strengthens its interaction with another charged residue, R45, instead (Figure 5A);
(2) H165 then undergoes protonation, probably facilitated by the proximity of P;, and its side
chain moves much closer toward and interacts more strongly with the substrate. Coupled with
a reorientation of the substrate molecule, this elicits tighter overall binding to the transporter.
Disruption of the interdomain D274-R45 salt bridge, and the weakening of the E299-K46 one,
accompanied by the formation of stronger inter- and intradomain ones between D274 and K46,
and E299 and R269, respectively, which occurs upon protonation of H165, is triggered by the
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pulling together of helices 1 and 7 by the R45 and R269 residues upon tight substrate binding
(Figure 5B). This results in an interdomain movement and relative rotation of the helices in
each domain; (3) subsequent deprotonation of H165 would then weaken the interactions with
the substrate allowing it to be released into the periplasm.

This proposed mechanism is consistent with previous theoretical considerations for membrane
transporter systems that reduction in the energy barrier to conformational change — paid for by
intrinsic binding energy between substrate and its binding site — is dependent on formation of
an initial loose complex, followed by a tight complex in the transition state20. In our proposal,
the salt bridge dynamics are part of the molecular “spring” that permlts the delicately poised
GIpT molecule to flip — via the rocker-switch mechanism® 7+ 18 - from the substrate-bound
inward-facing C;-S conformation to the outward-facing C,-S conformation. The salt bridges
may even act as the “pivot” upon which the “teeter-totter” or “see-saw” motion of the two
domains of the protein is centered. Such a mechanism is probably conserved amongst OPA
family transporters. It is pertinent to note here that salt bridge formation and disruption upon
substrate binding has been prog)osed previously to play a role in substrate translocation by the
E. coli MFS symporter LacY 1

Materials and methods

Simulation systems for molecular dynamics

Three sets of simulation conditions were used (designated systems 1-3). The initial simulation
system (system 1) investigated the GlpT apoprotein and consisted of residues His10 to Glu448
of GIpT (Protein Data Bank accession code 1PW4), 444 POPE molecules, 24522 water
molecules and 3 chlorine ions. This system was prepared by manually inserting the protein in
the x-y plane of a previously simulated POPE bllayer 52 , upon which excess phospholipid
molecules were removed and water molecules as well as chlorine ions were added to
electroneutralize the system. The final system dimensions measured 121 x 121 x 92 A after
constant number of particles, pressure and temperature (NPT) equilibration (see below). The
other two simulation conditions differed from the apoprotein system only in that a divalent
Pj substrate was added to one (system 2), and both a divalent P; was added and H165 was
protonated in the other (system 3). In addition, two chloride ions were removed from system
2 and one chloride ion was removed from system 3 in order to maintain electroneutrallt The
divalent Py molecule was docked to the substrate-translocation pore by AUTODOCK3® using
standard grid spacing and 1000 searches with the Lamarckian Genetic Algorithm. P; charges
were obtained from the PRODRG server®4. Finally, three control systems were generated,
differing only from systems 2 and 3 in that ESP/RESP derived charges were used for the
electrostatic model of the divalent P; molecule.

Molecular dynamics simulations

Molecular dynamics simulations were carried out with GROMACS version 3.3.156, 57 using
an integration time step of 1 fs. The short time step was used to avoid strong steric fluctuations
inside the pore. A modified version of the GROMOS87 force fleld was used for the protein
and complemented with the OPLS/Berger force field for the |IpIdS . Lipid topology files were
obtained from Peter Tieleman's web site (http://moose.bio.ucalgary.ca/). The SPC water model
was used>9 . Upon assembly, System 1 underwent energy minimization using the steepest
descent algorithm (Fmax < 2000 kJ mol™1 nm™1, < 100 steps) followed by 2 ns of position
restrained NPT simulation where the protein coordinates were restrained. Systems 2 and 3
(derived from system 1 at this point, see above) underwent additional energy minimization
(Fmax < 2000 kJ mol™1 nm™1, < 40 steps) prior to 10 ns unrestrained NPT snmulatlon of all
systems. Ewald summation was employed using a Particle Mesh Ewald method®0. The bond
lengths were constrained with the LINCS algorithm 61 and the SETTLE algorithm was used
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to make the water molecules rigid62. Temperature was maintained constant by separately
coupling protein, lipids, water and P; to a Berendsen heat bath®3 at 310K, using a time constant
11 = 0.1 ps. An isotropic external pressure of 1 atmosphere was maintained using pressure
coupling with a compressibility constant k= 4.5 x 107> bar~1 and a time constant tp = 1.0 ps.

Bacterial strains, plasmids and site-directed mutagenesis

Cell culture,

All GlpT protein used in this study was expressed in phage-resistant E. coli LMG194 cells
using the pBAD/Myc-HisA expression vector system (Invitrogen, Carlsbad, CA). The GIpT
construct used consisted of amino acids 1—448 followed by a C-terminal thrombin-specific
cleavage site, myc-epitope and His6-tag (pBAD-GIpT-Thr-Myc-His A) as described
before2’. Site-directed mutagenesis for the E299Q, H165P, K46L and D274N mutants was
performed using the conventional oligonucleotide-mediated double primer method with
pBAD-GIpT-Thr-Myc-His A as a template. The R45K, R269K and K80A mutant GIpT
transporters were constructed using the QuikChange site-directed mutagenesis kit (Stratagene,
Cedar Creek, TX). Mutations were confirmed by sequence analysis of the full-length plasmid
DNA.

protein purification and reconstitution of GIpT

Cells were cultured and protein used for substrate binding affinity assays was purified to
homogeneity as described previously27. The yield of GIpT mutants was found to be
comparable to that of wild-type. The protocol for purification of His-tagged GlpT for
reconstitution into proteoliposomes has been published beforel®. Reconstitution of GlpT into
proteoliposomes was performed using a detergent dilution method based on that described
previously28. Initially, unilamellar vesicles were prepared by adding 1 mL of ice-cold loading
buffer (100 mM KP; at pH 7.0) to 10 mg of E. coli polar lipid extract (Avanti Polar Lipids,
Alabaster, AL), vortexed vigorously then sonicated on ice until the lipid was dissolved. 1.5%
(w/v) n—octyl-B-D-glucopyranoside (B-OG) (Anatrace, Maumee, OH) was then added to the
mixture to destabilize the liposomes, along with 10 ug of nickel-nitriloacetic acid (Ni-NTA)-
purified His-tagged GIpT to give a lipid:protein ratio of 1000:1. This was followed by 20
minutes stirring on ice to allow the protein to insert. Proteoliposomes were formed by a 20-
fold dilution with room temperature loading buffer. After harvesting by centrifugation at
180000g for 1 h, the surface of the proteoliposome pellet was washed twice with ice-cold assay
buffer (100 mM K,SO4, 50 MM MOPS-K at pH 7.0) prior to the proteoliposomes being taken
up in 1 mL of the same buffer. Proteoliposomes were used immediately for transport assays.
For control experiments, the above protocol was used to prepare liposomes to which only Ni-
NTA elution buffer, not protein, was added.

Transport assays

Transport assays of mutant GIpT transporters reconstituted into liposomes preloaded with
saturating concentrations of KP; allowed quantitation of the heterologous G3P-P; antiport
reaction by measuring the uptake of radiolabeled G3P. Freshly prepared proteoliposomes were
taken up in 250 pL of assay buffer and 5 uL of these were diluted 10-fold with the same buffer.
The proteoliposomes were equilibrated to 37°C for 1 min prior to addition of [14C]-G3P (150
mCi/mmol) (American Radiolabeled Chemicals, St. Louis, MO) covering a range of
concentrations from 6.25 uM to 400 uM. The reaction was allowed to proceed for 1 min before
50 uL of proteoliposomes were removed and applied to 0.22 um nitrocellulose filters (Millipore
GSWP 02500) mounted on a Hoeffer vacuum manifold. The transport reaction was terminated
by washing the filter-bound proteoliposomes with two 5 mL aliquots of ice-cold assay buffer.
The filters were incubated overnight in liquid scintillant (ScintiLene, Fisher Scientific) prior
to measuring the radioactivity incorporated into the proteoliposomes using a Wallac 1450
Microbeta Plus liquid scintillation counter. After subtraction of the radioactivity associated

J Mol Biol. Author manuscript; available in PMC 2009 May 9.
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with control liposomes at each concentration of substrate studied, the radioactive counts per
minute of experiments performed in triplicate were converted into values of nmols of substrate
transported per min per mg GIpT. To guarantee reproducibility of the method, transport assays
using wild-type GIpT were performed along with each mutant transporter as well as control
experiments using liposomes to which no protein, only buffer, had been added. The latter was
to ensure that incorporation of radiolabeled substrate was due only to activity of the transporter
and not uptake through a leaky proteoliposome. The resultant data were used to determine the
apparent kinetic constants (K, and Vimax) for G3P uptake as described in the pastlg.

Substrate binding affinity assays

Affinity of both wild-type and mutant GIpT to G3P was assayed by measuring the quenching
of the intrinsic tryptophan fluorescence of GIpT upon binding of substrate in detergent solution
as described previouslylgv 27_G3P was chosen as a substrate over P; due to its higher affinity
to GIpT. Briefly, measurements were performed on a Fluoromax-2 fluorimeter (Jobin-Yvon,
Edison, NJ) with excitation and emission wavelengths of 283 nm and 334 nm, respectively,
and a protein concentration of 0.01 mg/mL. The GIpT protein used for binding studies was
purified to homogeneity using size-exclusion chromatography as described by Auer et al.2’
The protein solution was titrated with sn-glycerol 3-phosphate bis(cyclohexylammonium) salt
(Sigma, St. Louis, MO) until full fluorescence quenching was observed (typically 0.25 uM —
1000 puM). After subtraction of the buffer blank and correction for dilution, the fractional
fluorescence quenching was plotted as a function of ligand concentration. The data then
underwent nonlinear regression analysis as described earlier!9 to enable calculation of
apparent dissociation constant values. Experiments were performed in triplicate at a
temperature of 37°C. It should be noted that the apparent Ky values reported here are
approximate, as the steady state substrate-binding affinity measurements were performed on
the purified transporter in detergent solution. Under these conditions, DDM binds to the
substrate-binding pore and has to be competed off by the G3P substrate before the affinity of
G3P to GIpT can be measured.
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Figure 1.

The GIpT substrate-binding site. (A) the crystal structure of GlpT as viewed along the plane
of the membrane, showing the position of the bound DDM molecule (represented by turquoise
sticks along with F,-F¢ density contoured at 1.7 sshown as red mesh). The residues proposed
to be involved in substrate binding and salt bridge formation are depicted as yellow sticks;
(B) the GIpT substrate-binding site in the 3.3 A crystal-structure conformation consists of K80,
R45, H165 and R269. In the crystal structure, a molecule of DDM depresses the K80 side chain
preventing it from protruding into the substrate-translocation pore; (C) absence of DDM in
MD simulations allows the K80 side chain to flip up into the substrate-translocation pore. The
H165 and R269 residues changed conformation in the simulation compared to their
conformation in the crystal structure. The coordinates for Figure 3B were captured from the
20 ns time point of the simulation. Side chains are represented as yellow sticks and the
transmembrane o— helices as grey ribbons.
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Distances between the side chains of the key amino acid residues (K80, R45, R269 and H165)
involved in substrate-binding to GIpT and the P; substrate oxygens from molecular dynamics
simulations on GIpT with P; docked and H165 unprotonated (A-D), and the experimental
measurements of the effect of mutating K80, R45 and R269 on transport activity and substrate-
binding affinity (E and F). The distance from each side chain to the P; oxygens is color-coded
as follows: to O1, blue line; 02, red line; O3, orange line; and O4, green line. (A) distances
between K80 and P; substrate oxygens. K80 forms a stable interaction with P; over the timescale
of the simulation; (B) R45 interacts strongly with P; when H165 is unprotonated, forming
hydrogen bonds of 2—4 A with three of the substrate oxygens; (C) the interactions between
R269 and substrate oxygens are weak when H165 is unprotonated; (D) no stable interactions
are established between unprotonated H165 and P; substrate oxygens; (E) mutation of the K80,
R45 and R269 residues abolishes transport activity of the mutant protein reconstituted into
proteoliposomes. In contrast, the wt transporter displays saturation kinetics with a Vy,qx of 487
nmol/min/mg and a K, of 27 uM; (F) substrate-binding affinity of the KBOA, R45K and R269K
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mutant transporters measured in detergent solution. The binding substrate-binding data for the
wt transporter is omitted for clarity. The R45K mutant does not bind to G3P substrate. The
K80A and R269K GIpT mutants retain the ability to bind to substrate, although much less
tightly than wt GIpT, with apparent binding dissociation constants of 51 and 29 pM,
respectively.
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Figure 3.

Distances between the side chains of H165, K80, R45 and R269 of GIpT to the P; substrate
oxygens from molecular dynamics simulations of GIpT with P; docked and H165 protonated
(A-D); and experimental measurements of the effect of mutating H165 to proline on the
transport activity and substrate-binding affinity of GIpT (E and F). Molecular dynamics
simulations suggest that protonation of H165 induces tighter substrate binding to GlpT, along
with a reorientation of the substrate molecule within the substrate-binding site. The distance
from each side chain to the P; oxygens is color-coded as follows: to O1, blue line; O2, red line;
03, orange line; and O4, green line. (A) distances from the d—proton of H165 to P; substrate.
Protonated H165 interacts strongly with substrate, forming hydrogen bonds of 1.5 — 3 A with
three of the substrate oxygens; (B) K80 maintains a stable interaction with P; upon protonation
of H165; (C) there is a slight weakening of the interactions between R45 and the substrate
oxygens when H165 is protonated; (D) protonation of H165 enables R269 to establish much
stronger, more stable interactions of 2—4 A with the substrate molecule; (E) transport activity
assay of H165P GIpT reconstituted into proteoliposomes. The mutant displayed saturation
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kinetics but was less active than wt protein, with a Vy,¢ of 30 nmol/min/mg and a K, of 52
uM; (F) substrate-binding affinity of the H165P mutant transporter to G3P measured in
detergent solution. The mutant retained the ability to bind to substrate, although much less
tightly than wt GIpT, with an apparent binding dissociation constant of 62 M.
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Figure 4.

The effect of protonating H165 upon distances between the side chains of residues that are
proposed to participate in salt bridge formation, and experimental measurements of the effect
of mutating those residues upon the transport activity and binding affinity of GIpT. (A) the
distance between D274 and K46 when H165 is unprotonated (black line). Upon protonation
of H165 these residues move closer to each other and form a strong interaction (red line);
(B) astrong 2.5 A interaction occurs between D274 and R45 when H165 is unprotonated (black
line) that is disrupted upon protonation of H165 (red line); (C) there is a weakening of the
interaction between E299 and K46 when H165 is protonated (red line) compared to when H165
isunprotonated (black line); (D) a stable intradomain salt bridge forms between E299 and R269
upon protonation of H165 (red line) that is much weaker and fluctuating when H165 is
unprotonated (black line); (E) transport activity assay showing that the K46L, D274N and
E299Q mutants all retain the ability to transport G3P substrate when reconstituted into
proteoliposomes, but at much reduced rates compared to the wt protein. The K46L and E299Q
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mutants had similar V5« values of 52 and 46 nmol/min/mg, respectively. Their K, values
were 124 and 64 uM, respectively. The D274N mutation had the least deleterious effect on
transport activity, the mutant having a Vmax 0f 163 nmol/min/mg, and a Ky, of 177 uM; (F)
substrate-binding affinity assays performed on the K46L, D274N and E299Q mutant
transporters in detergent solution. The K46L, D274N and E299Q mutants had Ky values of
3.9,1.1and 4.5 uM, compared to 0.8 uM for wt GIpT. The GIpT wt data are omitted for clarity.
The assays suggested that these residues are not direct participants in substrate binding to GIpT,
as all possessed calculated apparent Ky values similar to the wt protein.
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A Periplasm B Periplasm

Cytoplasm Cytoplasm

Figure 5.

Schematic diagram illustrating the inter- and intradomain salt bridge formation and breakage
that occurs upon substrate binding and subsequent protonation of H165, and that is proposed
to control conformational change of GIpT. (A) initially, when P;j binds weakly to GIpT, and
H165 is unprotonated, strong interdomain salt bridges of ~2 and 2.5 A exist between D274
and R45, and E299 and K46, respectively. A weaker interdomain salt bridge of ~5 A is formed
between D274 and K46; (B) protonation of H165 causes substrate to bind more tightly and
disrupts the D274-R45 interdomain salt bridge, and weakens the E299-K46 one. In contrast
the D274-K46 interdomain salt bridge becomes much stronger, with a distance between side
chains of 2.5 A, and an intradomain salt bridge is formed between E299 and R269. This pulls
the domains together and results in amore compact structure of the transporter. Transmembrane
helices 1, 7 and 8 are represented as cylinders, the amino acid side chains that participate in
salt bridge formation as black sticks, and salt bridges as dotted lines. The P; substrate is
represented as grey van der Waals spheres.
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Table 1
Transport kinetics and binding affinities to G3P of GlpT binding-site mutants
= |
GlpT mutant V., (nmol/min/mg) Ky (uM)” Ky (uM)
WT 487 + 22 27+4 0.8+02
R45K No transport No transport No binding
R269K No transport No transport 29+3.0
E2990 46 +3 64+12 45+03
H165P 3042 52+10 62+ 6.0
K46L 52+5 124 +27 39407
D274N 163 + 17 177 +39 11402
K80A No transport No transport 51+5.2
Notes:
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*
Vmax and apparent Km values were calculated from transport assays on GIpT reconstituted into proteoliposomes.

Fk

Apparent Kd values were calculated from binding studies performed with GIpT in detergent solution.
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Distances between residues involved in salt bridge formation in unprotonated GlpT apoprotein and during substrate-binding to
GIpT when H165 is unprotonated and protonated.
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lon Pair Apoprotein, H165 unprotonated| P; bound, H165 unprotonated| P; bound, H165 protonated|
D274 — K46 ~2 A 4-5A 25A
D274 — R45 4-6A ~2 A No salt bridge
E299 — K46 25A 25A 3-4A
E299 — R269 No salt bridge No salt bridge 4-5A
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