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Ion-dependent transporters of the LeuT-fold couple the uptake
of physiologically essential molecules to transmembrane ion
gradients. Defined by a conserved 5-helix inverted repeat that
encodes common principles of ion and substrate binding, the LeuT-
fold has been captured in outward-facing, occluded, and inward-
facing conformations. However, fundamental questions relating
to the structural basis of alternating access and coupling to ion
gradients remain unanswered. Here, we used distance measure-
ments between pairs of spin labels to define the conformational
cycle of the Na+-coupled hydantoin symporter Mhp1 from Micro-
bacterium liquefaciens. Our results reveal that the inward-facing and
outward-facing Mhp1 crystal structures represent sampled intermedi-
ate states in solution. Here, we provide a mechanistic context for
these structures, mapping them into a model of transport based on
ion- and substrate-dependent conformational equilibria. In contrast to
the Na+/leucine transporter LeuT, our results suggest that Na+ bind-
ing at the conserved second Na+ binding site does not change the
energetics of the inward- and outward-facing conformations of
Mhp1. Comparative analysis of ligand-dependent alternating access
in LeuT and Mhp1 lead us to propose that different coupling
schemes to ion gradients may define distinct conformational mech-
anisms within the LeuT-fold class.
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Secondary active transporters harness the energy of ion gradients
to power the uphill movement of solutes across membranes.

Mitchell (1) and others (2, 3) proposed and elaborated “alternating
access” mechanisms wherein the transporter transitions between
two conformational states that alternately expose the substrate
binding site to the two sides of the membrane. The LeuT class of
ion-coupled symporters consists of functionally distinct transporters
that share a conserved scaffold of two sets of five transmembrane
helices related by twofold symmetry around an axis nearly parallel
to the membrane (4). Ions and substrates are bound near the
middle of the membrane stabilized by electrostatic interactions with
unwound regions of transmembrane helix (TM) 1 and often TM6
(4). The recurrence of this fold in transporters that play critical roles
in fundamental physiological processes (5, 6) has spurred intense
interest in defining the principles of alternating access.
Despite rapid progress in structure determination of ion-coupled

LeuT-fold transporters (7–11), extrapolation of these static snap-
shots to a set of conformational steps underlying alternating access
(4, 7, 9–12) remains incomplete, often hindered by uncertainties in
the mechanistic identities of crystal structures. Typically, trans-
porter crystal structures are classified as inward-facing, outward-
facing, or occluded on the basis of the accessibility of the substrate
binding site (7–11). In a recent spectroscopic analysis of LeuT, we
demonstrated that detergent selection and mutations of conserved
residues appeared to stabilize conformations that were not detected
in the wild-type (WT) LeuT and concurrently inhibited movement
of structural elements involved in ligand-dependent alternating
access (13). Therefore, although crystal structures define the
structural context and identify plausible pathways of substrate
binding and release, development of transport models requires

confirming or assigning the mechanistic identity of these structures
and framing them into ligand-dependent equilibria (14).
Mhp1, an Na+-coupled symporter of benzyl-hydantoin (BH)

from Microbacterium liquefaciens, was the first LeuT-fold member
to be characterized by crystal structures purported to represent
outward-facing, inward-facing, and outward-facing/occluded con-
formations of an alternating access cycle (8, 15). In these structures,
solvent access to ligand-binding sites is defined by the relative ori-
entation between a 4-helix bundle motif and a 4-helix scaffold motif
(8). In Mhp1, alternating access between inward- and outward-
facing conformations, was predicted from a computational analysis
based on the inverted repeat symmetry of the LeuT fold and is
referred to as the rocking-bundle model (16). The conservation of
the inverted symmetry prompted proposal of the rocking-bundle
mechanism as a general model for LeuT-fold transporters (16).
Subsequent crystal structures of other LeuT-fold transporters (7, 9,
10) tempered this prediction because the diversity of the structural
rearrangements implicit in these structures is seemingly inconsistent
with a conserved conformational cycle.
Another outstanding question pertains to the ion-coupling

mechanism and the driving force of conformational changes. The
implied ion-to-substrate stoichiometry varies across LeuT-fold
ion-coupled transporters. For instance, LeuT (17) and BetP (18)
require two Na+ ions that bind at two distinct sites referred to as
Na1 and Na2 whereas Mhp1 (15) and vSGLT (19) appear to
possess only the conserved Na2 site. Molecular dynamics (MD)
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simulations (20, 21) and electron paramagnetic resonance (EPR)
analysis (13, 22) of LeuT demonstrated that Na+ binding favors an
outward-facing conformation although it is unclear which Na+ site
(or both) is responsible for triggering this conformational transition.
Similarly, a role for Na+ in conformational switching has been un-
covered in putative human LeuT-fold transporters, including hSGLT
(23). In Mhp1, the sole Na2 site has been shown to modulate sub-
strate affinity (15); however, its proposed involvement in gating of
the intracellular side (12, 21) lacks experimental validation.
Here, we used site-directed spin labeling (SDSL) (24) and

double electron-electron resonance (DEER) spectroscopy (25) to
elucidate the conformational changes underlying alternating ac-
cess in Mhp1 and define the role of ion and substrate binding in
driving transition between conformations. This methodology has
been successfully applied to define coupled conformational cycles
for a number of transporter classes (13, 26–32). We find that
patterns of distance distributions between pairs of spin labels
monitoring the intra- and extracellular sides of Mhp1 are consis-
tent with isomerization between the crystallographic inward- and
outward-facing conformations. A major finding is that this tran-
sition is driven by substrate but not Na+ binding. Although the
amplitudes of the observed distance changes are in overall
agreement with the rocking-bundle model deduced from the
crystal structures of Mhp1 (8, 15) and predicted computationally
(16), we present evidence that relative movement of bundle and
scaffold deviate from strict rigid body. Comparative analysis of
LeuT andMhp1 alternating access reveal how the conserved LeuT
fold harnesses the energy of the Na+ gradient through two distinct
coupling mechanisms and supports divergent conformational
cycles to effect substrate binding and release.

Results
Approach. To describe the geometric transformation relating the
crystallographic inward-facing, outward-facing/occluded, and out-
ward-facing conformations, the Mhp1 structure was divided into two
domains: the bundle consisting of TM1, -2, -6, and -7 (colored cyan,
Fig. 1) and the scaffold (colored yellow, Fig. 1) consisting of TM3,
-4, -8, and -9. The inward- and outward-facing conformations, each
defined by the orientation of the substrate-binding site (highlighted
in blue in Fig. 1), differ by a rigid body rotation of the bundle rel-
ative to the scaffold (Fig. 1A). The outward-facing and outward-
facing/occluded (hereafter referred to as occluded) conformations
are distinguished by the position of extracellular TM10 (colored
purple in Fig. 1B). The closed position of TM10 partially occludes
access to the extracellular side; therefore, TM10 has been referred
to as a “thin gate.” The symmetrically positioned TM5 (colored
purple in Fig. 1A) participates in the occlusion of the substrate-
binding site from the intracellular side as an equivalent thin gate to
TM10 (8). Analysis of the rmsd between the outward-facing, oc-
cluded, and inward-facing structures outlines the regions of inferred
conformational changes (Fig. 1, ribbon structure labeled Δ).
To investigate the ligand-dependent conformational equilib-

rium of Mhp1, we measured distance distributions between spin-
label pairs in detergent micelles under different ligand conditions
that would be expected to promote transitions between inter-
mediates in the transport cycle. We verified that the substitution
of the native cysteines (residues 69, 234, and 327) by alanines does
not compromise Na+ and BH binding with measured affinities of
the cysteine-free variant in the range of those reported for the WT
(15) (Fig. S1 A and B). Furthermore, all spin-labeled Mhp1
mutants reported here bind BH (Fig. S1C).

Binding of Na+/BH Induces Large Conformational Transitions. Dis-
tance distributions for spin-label pairs monitoring the TMs in the
bundle relative to TMs in the scaffold reveal large-amplitude
conformational changes upon concurrent Na+ and BH binding.
On the intracellular side, addition of Na+ and BH to apo Mhp1
shifts the average distances between TM1 and -7 in the bundle

and TM9 in the scaffold by 7–10 Å (Fig. 2A). The direction of
the distance change suggests that binding of Na+/BH induces the
movement of TM1 and TM7 toward TM9 consistent with closing
of the intracellular vestibule. Similarly, distributions monitoring
TMs on the extracellular side report changes in the relative
population of distinct distance components. Specifically, binding
of Na+/BH favors the distance components with larger separa-
tion between bundle and scaffold helices compared with apo
(e.g., 3/7 in Fig. 2B). Thus, the pattern of distance changes reported
by intracellular and extracellular pairs is consistent with an
Na+/BH-induced transition from an inward-facing conformation to
an outward-facing or an occluded conformation.
On the intracellular side, distance distributions between TMs

within the bundle or TMs within the scaffold were similar in apo
and Na+/BH-bound states (Fig. S2), suggesting little, if any,
relative movement within these structural units. On the extra-
cellular side, ligand-induced changes in distance distributions
were observed between TMs within bundle and the scaffold
suggesting deviation from strict rigid-body motion (see Fig. 4).

Mhp1 Substrate-Induced Conformational Changes Support the Rocking-
Bundle Mechanism. To quantitatively evaluate the relationship be-
tween experimental distance distributions and the various crystal
structures, we calculated the distance distributions expected based
on these structures using molecular dynamics simulations [mo-
lecular dynamics of dummy spin labels (MDDS)] (Methods) (33).
For this purpose, we introduced dummy spin labels at the sites of
interest and carried out MD simulations while fixing the protein
backbone (33). Comparison of experimental and predicted dis-
tributions (Fig. S3) reveals that the Na+/BH-bound intermediate
corresponds to the outward-facing or occluded crystal structures

Fig. 1. (A) Comparison of outward-facing (2JL0) and inward-facing crystal
structures (2X79) of Mhp1 highlighting the inferred movement of the scaf-
fold (yellow) relative to the bundle (cyan). The rmsd between the two
structures is displayed by the ribbon thickness (scale in gray) on the 2JLO
backbone (Δ). The change in orientation of the scaffold between the two
structures is shown by the arrows. The approximate location of the solvent
accessible vestibule is indicated in blue. (B) Comparison of outward-facing
conformation (2JLO) and outward-facing/occluded conformation (2JLN)
highlighting the inferred movement of TM10.
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(15) wherein the intracellular vestibule is closed. Although the
breadth of the experimental distance distributions is not consistent
with a single conformation, we estimated the amplitude of the
conformational changes from comparison of average distances
between apo and Na+/BH distributions. The 7- to 10-Å distance
change evident on the intracellular (TMs 1/9 and 1/7) and extra-
cellular (TMs 3/7) sides is remarkably consistent with that predicted
by comparing the Mhp1 inward- and outward-facing crystal struc-
tures (8, 15), supporting the conclusion that these structures are
sampled in solution. This evidence alleviates the possibility of dis-
tortion associated with the crystal lattice forces and detergent se-
lection, while leaving open the question of how the lipid bilayers
and an imposed gradient shape conformational sampling.

Mhp1 Is in a Conformational Equilibrium. The experimental dis-
tributions profile a transporter in equilibrium between multiple
states under all biochemical conditions (Figs. 2–4 and Fig. S4).
This equilibrium is manifested by the bimodal distributions of the
spin-label pairs on the extracellular side where the two compo-
nents correspond to the distributions predicted from the inward-
and outward-facing crystallographic conformations (Fig. 2B and
Fig. S3). Similarly, distributions for pairs on the intracellular side
overlap in the presence of Na+/BH, which favors an outward-facing
conformation, and under apo conditions, which favor an inward-
facing conformation. Thus, Mhp1 populates an open-in confor-
mation in the Na+/BH-bound intermediate although with low
probability, providing a plausible mechanism for substrate release.

Na+ Binding Does Not Shift Mhp1 Conformational Equilibrium.A role
of Na+ in driving conformational changes of Mhp1 was inferred
from the crystal structures (12), supported by MD simulations and
reinforced by free-energy calculations (21) suggesting that Na+

binding favors the outward-facing conformation. These con-
clusions are consonant with MD simulations of LeuT that linked
binding of Na+ at the Na2 site to population of the outward-facing
conformation (20) and release of Na+ to the population of the

inward-facing conformation (34) although there is no direct data
that link binding at each Na+ site to the stabilization of a par-
ticular conformation. Contrary to expectations originating from
crystal structures and computational models (12, 21), distance
distributions of Mhp1 bound to Na+ are superimposable on those
obtained under apo conditions, suggesting that the energetics of
Mhp1 equilibrium between inward-facing and outward-facing
conformations are not substantially affected by Na+ binding at
the Na2 site (Fig. 2 and Fig. S1). In contrast, as noted in Fig. 2,
the binding of the substrate BH in the presence of Na+ shifts the
equilibrium to favor the outward-facing conformation (Fig. 2).

“Thin” Dynamic Gates in the Inward- to Outward-Facing Transition.
The crystal structures (8, 15) implied changes in the spatial dis-
position of TM5 and -10 to occlude the substrate-binding site
(Fig. 1). To test this inference, we monitored the ligand-dependent
movements of these TMs in the three conditions outlined in Fig. 2.
At the intracellular side, distance distributions between TM5 and
the bundle are broad in the apo state, suggesting a highly dynamic
TM5 (Fig. 3). Binding of Na+/BH narrows the distance distributions,
selecting for a subset of short distances that are consistent with the
occluded and outward-facing conformations. Comparison with
predicted distributions (Fig. S3) suggests that, in the apo state,
TM5 samples conformations consistent with both open-in and
closed-in conformations whereas its dynamics are restricted upon
substrate binding. TM5 distance distributions are significantly
broader than those monitoring the relationship between the bundle
and scaffold motifs, indicative of a higher degree of flexibility, par-
ticularly in the inward-facing conformation.
A substantial shift in the position of extracellular TM10 between

the outward-facing occluded and outward-facing conformations
(Fig. 1B) was interpreted as reflecting substrate-induced occlusion
of the substrate-binding site (15). To test this interpretation, dis-
tance distributions relating extracellular TM10 to TMs in the scaf-
fold and bundle were determined under different ligand conditions.
We observed no evidence of the discrete change in TM10 position
(Fig. 4A) predicted by comparison of the crystal structures (Fig. 1B
and Fig. S3). Rather, binding of Na+ and BH increases the width of
the distance distributions, suggesting an increase in flexibility of
TM10 in the outward-facing conformation (Fig. 4A), similar in
principle to that shown for TM5 under apo conditions (Fig. 3).
We identified a similar dynamic profile in the extracellular

part of TM9, which is connected to TM10 by a short helix. Al-
though movements in this region of TM9 were not evident from
comparison of the Mhp1 crystal structures (Fig. 1B), MD simu-
lations (8) predicted that TM9 may be coupled to TM10 fluc-
tuations. Consistent with this prediction, distance distributions
on the extracellular side describing the spatial relation of TM9 to
TM3, both helices in the scaffold, show that TM9 deviates from
the presumed rigid-body motion of the scaffold (Fig. 4B). In the

Fig. 2. Monitoring ligand-dependent conformational changes of Mhp1.
Distance distributions depicting the probability of a distance P(r) versus
distance (r) between spin labels and reporting the ligand-dependent
movement of the scaffold relative to the bundle on the intracellular (A) and
extracellular (B) sides. The locations of the spin-label pairs are highlighted by
black spheres connected by a line. Distance distributions for each pair were
obtained in the apo, Na+-bound (Na+), and Na+- and BH-bound (Na+/BH)
intermediates.

Fig. 3. Conformational dynamics of TM5. Distance distributions monitoring
the distance between TM5 and bundle helices have broad widths indicative
of a highly dynamic TM5 in the apo state. Binding of substrate restricts
sampling by TM5 to a population consistent with the outward-facing
conformation.
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presence of Na+ and BH, the breadth of the TM9 distributions
increases, indicating an increase in conformational sampling, but
does not suggest discrete alternative conformations as would be
expected of a scaffold helix relative to the bundle motif (Fig. 4B).
The similarity between the TM9 and TM10 profiles (specifically,
TMs 2/10 and 3/9) leads us to conclude that the motions of TM9
and -10 may be coupled.
EL4, the extracellular loop between TM7 and -8 consisting of

a single helix in Mhp1, was not identified as a gate element although
a small-scale change in its position was evident in a comparison of
the outward-facing (15) and inward-facing (8) structures (Fig. 1A).
Multicomponent distance distributions for this motif suggest that
conformations are in equilibrium (Fig. 4C). Relative to TM2 of the
bundle, two populations are observed in the apo and Na+-bound
states whereas, in the presence of Na+ and BH, a new shorter
distance is observed. A similar multicomponent profile is observed
in distance distributions relating EL4 to the scaffold. Na+/BH
binding induces a movement of EL4 away from TM9 consistent
with the distance change relative to TM2. Although the EL4/TM9
distribution is somewhat complicated by the independent dynamics
of TM9 relative to the bundle, the amplitude of the distance change
is substantially larger than that observed for TM9. We conclude that
EL4 participates in regulation of extracellular occlusion and sub-
strate access. We speculate that the bimodal distributions of EL4

(apo and Na+-bound) may correspond to the bimodal distributions
shown in Fig. 2B reflecting the inward-facing and outward-facing
positions of the bundle and scaffold. The new distance component
observed in the presence of Na+ and BH may represent a distinct
occluded conformation.

Discussion
Mhp1 isomerization between inward- and outward-facing con-
formations follows, in outline, the model deduced from com-
parison of the inward- and outward-facing crystal structures (8)
and predicted from modeling (16, 35). The results presented
here describe the ligand-dependent equilibrium between these
conformations, reveal that substrate but not Na+ binding changes
the energetics of these conformations, and indicate that the
bundle and scaffold motifs are not strictly rigid bodies. In con-
junction with a previous investigation of LeuT (13), this work
illuminates commonalities and differences in the structural
mechanism of alternating access in the LeuT-fold class of ion-
coupled transporters.

The Distinct Role of Na+ in Mhp1 and LeuT Alternating Access. Sym-
ported ions can drive directional movement of substrates by co-
ordination of the substrate in the binding site and/or conformational
selection to facilitate substrate access/release from the binding site.
Direct coordination stabilizes the bound substrate and enables ion
gradients to impose directionality on substrate transport by pro-
moting ion binding on one side of the membrane and ion dissoci-
ation on the other side. In addition, ion binding can directly alter
the energetics of the conformational equilibrium to favor con-
formations that provide access to the substrate-binding site. A
comparative analysis of the Mhp1 and LeuT Na+-dependent con-
formational changes illustrates an example of these two mechanisms
of ion coupling and allows us to speculate as to the roles of the Na1
and Na2 sites.
In LeuT, which possesses both Na1 and Na2, we previously de-

scribed Na+-dependent conformational transitions wherein binding
of Na+ favors an outward-facing conformation (13) that increases
water accessibility in the substrate permeation pathway (13, 22). In
contrast, we find here that Na+ does not affect the equilibrium
between inward- and outward-facing conformations of Mhp1.
However, binding of Na+ at Na2 stabilizes substrate binding as
evident in decreased KD of substrate binding (15) (Fig. S1). Thus,
we speculate that the conserved Na2 site serves to couple transport
of substrate to the Na+ gradient through direct stabilization of
substrate binding but does not necessarily drive conformational
changes between inward- and outward-facing conformations. We
propose that the additional mechanism of coupling to the Na+

gradient in LeuT, which achieves conformational selection, is
a consequence of the presence of the nonconserved Na1 site in
addition to the Na2 site. A role of Na+ as a conformational trigger
may represent a critical mechanistic divergence between classes of
LeuT-fold transporterswithNa+/substrate stoichiometry of 1 versus 2.
Without this site, Mhp1 symport is achieved via thermody-
namically coupled binding and release of Na+ and BH and equi-
librium fluctuations between conformational states.

Mhp1 Transport Cycle Is Dependent on Low-Probability Transitions.
By framing Mhp1 crystal structures into a ligand-dependent
conformational equilibrium, we derived a plausible model of how
isomerization of the transporter between inward-facing and out-
ward-facing conformations mediates transport (Fig. 5). Based on
the dissociation constants (Fig. S1A) (15), separate binding of
Na+ and substrate is unlikely to occur in a substantial fraction of
transporters. Mutual stabilization of Na+ and BH implies that
they concurrently bind to the minor population of outward-facing
apo-Mhp1 where the substrate-binding site is accessible from
the extracellular side (Fig. 5 A and B). Binding of Na+/BH favors
the outward-facing conformation (Figs. 2 and 5C), but the

Fig. 4. Conformational dynamics of the Mhp1 extracellular thin gates. (A)
Distributions monitoring the distance from TM10 to bundle helices are
consistent with a dynamic TM10 but do not reveal a change in its overall
disposition as predicted from the occluded crystal structure. (B) Distance
distributions between TM9 and helices in the scaffold (TM3) and bundle
(TM9) have a broader width upon substrate binding, suggesting increased
dynamic of TM9 and deviation from rigid-body movement in the scaffold.
(C) Gating of the extracellular vestibule by EL4 is revealed by the substrate-
dependent changes in distance distributions to the scaffold and the bundle.
The asterisk denotes distance components arising from a minor aggregated
population of Mhp1.
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distance distributions in the Na+/BH-bound state overlaps those
of the apo state (specifically, TMs 7/9 and 4/7), consistent with Na+/
BH-bound Mhp1 fluctuating to an open-in conformation from
which Na+ could dissociate to the intracellular side in the presence
of a gradient (Fig. 5D). Na+ release on the intracellular side lowers
substrate affinity and therefore would be expected to facilitate its
release (Fig. 5E). The low probability of fluctuation to the inward-
facing conformation, implied by low population in the distance
distribution, may define the rate-limiting step of transport (Fig. 5 C
and D). After release, a new cycle of transport is initiated by the
isomerization of the apo intermediate between open-in and open-
out conformations (Fig. 5 A and B). This model of Mhp1 transport
is distinct from previous models by the absence of an ion-dependent
isomerization from inward- to outward-facing conformations and
the postulated substrate-induced transition from outward-facing to
inward-facing conformations (12). Consequently, it emphasizes the
role of conformational sampling in the transport mechanism.
The lack of an Na+-induced shift in the equilibrium between

outward- and inward-facing conformations does not exclude the
possibility that Na+ induces local changes that inhibit its release to
the intracellular side in the absence of substrate. Trapping of Na+

may be critical to inhibit uncoupled ion leakage that would short the
gradient. Within the outward-facing or inward-facing ensembles of
conformational states, there are likely to exist yet other substates in
which side-chain rearrangements stabilize ligands or induce their
release as was observed in BetP (10). They are not differentiated by
large-amplitude conformational changes; therefore, their existence
would be obscured by the inherent limitations of probe-based
methods such as EPR. Previous MD simulations demonstrated that
the presence of BH blocks the pathway of Na+ dissociation to the
extracellular side (8). Extracellular occlusion may also be aided by
a change in the position of EL4 (purple cylinder, Figs. 4C and 5).

The Divergent Transport Mechanisms of Mhp1 and LeuT. Previous
analysis of LeuT conformational changes demonstrated that the
opening/closing of two extracellular motifs, consisting of TM1/
TM6 and TM7/EL4, and an intracellular motif, consisting of TM6/
TM7, mediate LeuT alternating access, with TM6 and -7 coupling
the intracellular and extracellular sides of the transporter (13).
This mechanism stands in stark contrast to the Mhp1 conforma-
tional cycle outlined in Fig. 5. Specifically, Mhp1 operates through
a rocking-bundle mechanism that couples to the Na+ gradient
through direct coordination of substrate by Na+. When bound to
Na+/Leu, LeuT favors an occluded conformation, with all motifs
in their closed conformations simultaneously whereas, in Mhp1,
occlusion occurs through gates that are dynamic and, in the case
of EL4, undergo ligand-dependent movement relative to both
bundle and scaffold motifs.
A novel perspective on the functional diversity of the LeuT fold

emerges from comparative analysis of LeuT andMhp1. Even within
a fold, transport of diverse substrates executed by different coupling
modes, number and identity of the cotransported ion, coupled with

high sequence heterogeneity among transporters, entails distinct
structural schemes of alternating access. Furthermore, the work
illuminates a critical mechanistic element that has been missing
from the analysis thus far: namely, how ion binding shapes the
energy landscape of conformations. Although we speculate, based
on our results, that the role of the conserved Na2 site is to stabilize
substrate binding without conformational selection, analysis of other
Na+-coupled transporters is needed to test this conjecture. Kinetic
and conformational investigations of putative LeuT-fold members,
hSGLT and PutP, have begun to tease out such details (23, 36, 37).
Such analysis will also test a similarly tantalizing notion that sub-
classes of ion-coupled LeuT-fold transporters, defined by their
transport modes and/or type and number of symported ions, share
commonalities in their structural mechanics of alternating access.

Methods
Mutagenesis, Expression, Purification, and Labeling of Mhp1. The Mhp1 con-
struct was engineered to be cysteine-free (C69A, C234A, and C327A) with a
C-terminal decahistidine tag. Cysteine residueswere introduced into the cysless
construct using site-directed mutagenesis (24) and confirmed by DNA se-
quencing. Mhp1 mutants were expressed in Escherichia coli C43(DE3) by
induction with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and
shaken at 25 °C for 16 h. Mhp1 was extracted from native membranes in 2%
(wt/vol) n-dodecyl-β-D-maltoside (β-DDM) in 50 mM Tris·HCl, 200 mM NaCl,
and 20% (vol/vol) glycerol at pH 7.5 before purification by Ni2+ affinity
chromatography. The protein was spin-labeled and purified using the same
protocol as previously described for LeuT (13) in a buffer consisting of 50 mM
Tris-Mes, 0.05% (wt/vol) β-DDM, and 20% (vol/vol) glycerol at pH 7.2. Protein
concentration was determined using an extinction coefficient of 1.84 cm2·mg−1

at 280 nm. Purified Mhp1 were concentrated with Amicon Ultra columns
(100 kDa; Millipore). Samples for DEER spectroscopy were prepared in the 50–
200 μM protein concentration range. A final concentration of glycerol of 30%
(wt/vol) was used in all samples as a cryoprotectant. The Na+ state was obtained
by addition of 200 mM NaCl. The Na+/BH state was obtained through addition
of 5 mM 5-BH (Toronto Research Chemicals) and 200 mM NaCl.

Mhp1 Functional Analysis. Binding of Na+ and BH to purified and spin-labeled
mutant Mhp1 protein was monitored using a Trp fluorescence quenching
assay (15). Measurements were conducted using 2.5 μM Mhp1 in 50 mM Tris-
Mes, pH 7.2, 0.05% (wt/vol) β-DDM, and 20% (vol/vol) glycerol containing
buffer at room temperature. Complete Na+ and BH binding curves for the
cysless mutant were also obtained using varying concentrations of NaCl
between 0 mM and 10 mM and BH between 0 mM and 2 mM. Curves were
fitted, and KD was determined using the nonlinear curve fit, one site binding
function with no weights in Origin 8 (OriginLab). Static concentrations of
15 mM NaCl and 2 mM BH were used in additional binding curves to measure
mutual ligand affinity stabilization and in ligand-binding experiments for all
mutants. Samples were excited at 285 nm, and fluorescence intensity was
collected at 348 nm before and after addition of BH. The decrease in fluo-
rescence is expressed as a percentage of peak height.

DEER Spectroscopy. Distance measurements were conducted on a Bruker 580
pulsed electron paramagnetic resonance (EPR) spectrometer operating atQ-band
frequency (33.9 GHz) using a standard four-pulse DEER sequence as previously
described (38). All DEER experiments were performed at 83 K. Dipolar evolution

Fig. 5. Model of Mhp1 transport. Apo-Mhp1 (A),
through low probability transitions, samples out-
ward-facing conformations (priming, B), allowing
the simultaneous binding of the Na+ and substrate
(loading), and resulting in a stabilization of the
outward-facing conformation (C). Low-probability
fluctuations allow sampling of the inward-facing
conformation (switch, D) where, driven by its con-
centration gradient, Na+ dissociates to the intra-
cellular solution (release). In the absence of bound
Na+, BH affinity to Mhp1 is reduced, which drives
dissociation of BH to the intracellular side (E). The
cycle continues through the isomerization of apo
Mhp1 from inward-facing (A) to outward-facing (B).

14756 | www.pnas.org/cgi/doi/10.1073/pnas.1410431111 Kazmier et al.

www.pnas.org/cgi/doi/10.1073/pnas.1410431111


times were designed to allow us to identify background slope, when possible.
For long distances (>50 Å), dipolar evolution times can be insufficient, resulting
in some uncertainty in the widths of the distance distributions. Echo decays were
background-corrected and fit with the DEER Analysis 2011 program (39) using
Tikhonov regularization (40) to obtain distance distributions. Aggregated pro-
tein, resulting from concentration and validated by gel electrophoresis, appears
in some samples as a nonspecific peak near 50 Å.

Molecular Dynamics of Dummy Spin Label Attached to Mhp1. All molecular
dynamic simulations of the spin-labeled Mhp1 were carried out with the
CHARMM (41) program package, using the all-atom CHARMM27 protein
force field (42) with the CMAP corrections and the dummy nitroxide (ON)
spin-label force field parameters (33). Three crystal structures of Mhp1 [2JLN
(15), 2JLO (15), and 2X79 (8)] were used to construct the geometries of the
Mhp1 systems for simulation. The dummy ON spin-labels were linked directly
to the Cα atoms of the protein backbone at all residues included in the DEER
mutant dataset. All of the ON dummy spin labels were introduced simulta-
neously into a single protein for a long molecular-dynamics simulation.
However, long side-chain residues were truncated after the Cβ atom to avoid
steric clashes with the ON labels. All of the simulations were performed

under vacuum at 300 K using the Langevin (43) thermostat with a collision
frequency of 10.0 ps−1. To begin, an Adopted Basis Newton-Raphson (ABNR)
energy minimization (100 steps) and a short (10 ps) molecular dynamics
simulation of the dummy ON spin labels were performed by fixing the
coordinates of all other atoms of the protein to its X-ray crystallographic
structure. Using the same simulation criteria, side-chain atoms were allowed
freedom of motion in a second simulation. Finally, a 1-ns equilibration
simulation and a 4-ns production MD simulation were performed fixing the
protein and using a timestep of 2 fs from which the spin-pair distance dis-
tributions were calculated.
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