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Synonyms

Ahp1 (originally Aureobacterium hydantoin
permease); Arthrobacter aurescens DSM 3747;
HyuP (“permease” in the hyu operons from
Pseudomonas sp. NS671); Mhp1 (Micro-
bacterium hydantoin permease); Microbacterium
liquefaciens AJ 3912 (24); Sodium-hydantoin
membrane transport protein, Mhp1

Definition

Mhp1 is a member of the nucleobase cation
symporter-1 (NCS-1) family designated A.2.39.5
(Saier et al. 2006, 2009; Ren and Paulsen 2010).
The substrates for Mhp1are hydantoins substi-
tuted with aromatic groups at the 5-position. The
wild-type protein contains 489 amino acids

(Suzuki and Henderson 2006), modestly modified
in a genetic construct at the N-terminus and
C-terminus, where a (His)6 tag is incorporated
to facilitate amplified expression, purification,
and crystallization (Suzuki and Henderson 2006;
Shimamura et al. 2008). The transport reaction of
Mhp1 is:

Hydantoin outð Þ þ Naþ outð Þ
! Hydantoin inð Þ þ Naþ inð Þ

This reaction is of commercial interest,
because of the potential for converting waste
hydantoins to compounds of added value, for
example, L-amino acids (Suzuki et al. 2005;
Javier et al. 2009). Established substrates of
Mhp1 are:
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Introduction

The first protein of the NCS-1 family to have
its structure determined, Mhp1, unexpectedly
turned out to be similar in protein fold to the
LeuT protein from the neurotransmitter sodium
symporter (NSS) family (Yamashita et al. 2005)
and the vSGLT sugar sodium symporter (SSS)
family (Faham et al. 2008), originally classified
as unrelated according to the dissimilarities of
their amino acid sequences (Saier et al. 2006).
The NCS-1 family is, therefore, part of a subse-
quently much extended transporter superfamily
that has been termed the amino acid-polyamine-
organocation (APC) superfamily (Vastermak et al.
2014), the LeuT superfamily, or the five-helix
inverted repeat transporter (5HIRT) superfamily
(Adelman et al. 2011). The structure of Mhp1 has
now been determined in four conformations,
including open out, occluded with substrate,
occluded with inhibitor, and open in, together
with an additional form predicted by molecular
dynamics simulations, which illuminate the struc-
tural and molecular basis of the alternating
access mechanism (Weyand et al. 2008, 2011;
Shimamura et al. 2010). The purified Mhp1 pro-
tein is sufficiently stable for a range of biophysical
and biochemical techniques including crystalliza-
tion (Shimamura et al. 2008), X-ray diffraction
(Weyand et al. 2008; Shimamura et al. 2010;
Simmons et al. 2014), chemical modification
(Calabrese et al. 2017; Majd et al., unpublished
data), mass spectrometry (Calabrese et al. 2017),
spectrophotofluorimetry (Weyand et al. 2008),
and electron paramagnetic resonance (Kazmier
et al. 2014). Additionally, the dynamics of its
changes in conformation have been modeled in
molecular simulations (e.g., Shimamura et al.
2010; Adelman et al. 2011; Song and Zhu 2015;
Sahai, unpublished).

X-Ray Crystal Structure of Mhp1

Helix Packing and Pseudosymmetry
The Mhp1 transporter is comprised of 12 trans-
membrane helices (Fig. 1). The first ten helices
form a structural motif, which is conserved in the

LeuT superfamily of proteins (Weyand et al.
2008, 2011; Abramson and Wright 2009;
Krishnamurthy et al. 2009; Shimamura et al.
2010). The arrangement consists of helices 1–5
and 6–10, which show an inverted repeat with
a twofold axis approximately parallel to the
membrane (Fig. 1). The 12 transmembrane heli-
ces can be grouped into three segments, which
are referred to as the four-helix bundle
(transmembrane helices (TM1 and TM2 and
their symmetry partners TM6 and TM7) colored
red in Fig. 1); the hash motif, which is another
four-helix bundle with the appearance of a hash
sign ((TM3 and TM4 with TM8 and TM9) col-
ored yellow in Fig. 1); and the C-terminal TM11
and TM12 (colored gray in Fig. 1) (Shimamura
et al. 2010; Weyand et al. 2011). The first two
motifs are linked by TM5, and the non-membrane
helices IN 2–3 and OUT 7–8; TM10 links the
hash motif with the C-terminal TM11 and TM12
(Fig. 1). Within helices 5 and 10 (colored blue in
Fig. 1), there are significant movements during
conformational changes (Fig. 1), so they are also
referred to as “flexible helices.”

The Na+ Binding Site
Na+ is difficult to resolve by X-ray crystallo-
graphy, its density being similar to that of
H2O. Nevertheless, potential chelating elements
(–C=O, –OH) arranged in space in such a way as
to present an ideal coordinating site for Na+

(Weyand et al. 2008, 2011; Shimamura et al.
2010), taken with biochemical evidence of the
participation of Na+ in binding (Weyand et al.
2008, 2011; Jackson et al., unpublished data), is
accepted as sufficient identification of a binding
site for this cation. By measuring the binding of
hydantoin (see below) in the presence of different
alkali metal cations, it was deduced that Na+ is the
highly preferred cation Na+>> Li+ > K+ > Rb+,
Cs+. Furthermore the binding of ligand was
unaffected by the concentration of H+ over the
pH range 3–9. The proposed Na+ binding site in
Mhp1 is located at the interface of TM1 and TM8
(Weyand et al. 2008, 2011; Shimamura et al.
2010; Fig. 1). In both the outward-open and
outward-occluded structures (Fig. 1), the cation
is modeled to interact with the carbonyl oxygen
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Structure, Substrate Recognition, andMechanism of the Na+-HydantoinMembrane Transport Protein, Mhp1,
Fig. 1 Structure of the Mhp1 hydantoin transport protein from Microbacterium liquefaciens (a) Mhp1 topology. The
positions of the substrate and the cation-binding sites are indicated. The membrane is shown in gray, and the inward-
facing cavity observed in the structure is highlighted in light blue. The horizontal helices on the “IN” and “OUT” sides
of membrane are indicated as “IN” and “OUT.” TM3 and TM8 are packed onto each other in three-dimensional space.
(b) The structures of Mhp1 viewed in the plane of the membrane. A, B, and C show the arrangements of the helices in the
outward-open (A), closed (B), and inward-open (C) structures. D, E, and F depict slices through the surface of each of the
three structures to reveal the aperture to the outside (D), the closed form (E) with trapped benzylhydantoin substrate shown
in cyan, and the aperture to the inside (F). The Connolly surface of Mhp1 is shown in yellow (calculated with a probe
radius of 2 Å). The ribbon representation of Mhp1 is shown in blue and red. (Reproduced by permission of the American
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atoms of Ala 38 and Ile 41 in TM1 and of Ala
309 in TM8 and with the –OH groups of Ser
312 and Thr 313 in TM8 (Fig. 2). In the inward-
facing structure (Shimamura et al. 2010; Weyand
et al. 2011), on the other hand, TM8 has moved
~4.5 Å away from TM1 so that the Na+ binding
site is no longer intact (Fig. 2), reminiscent of the
situation in the inward-facing vSGLT and LeuT
structures (Faham et al. 2008; Watanabe et al.
2010; Krishnamurthy and Gouaux 2012).

The Substrate Binding Site
The location of the substrate in the Mhp1 mole-
cule was identified in electron density maps
of Mhp1 crystals cocrystallized with
L-benzylhydantoin, L-indolylmethylhydantoin,
bromovinyl hydantoin, and naphthylhydantoin
derivatives (Weyand et al. 2008; Simmons et al.
2014; Polyakova et al., unpublished data). An
extended electron density was clearly observed
at a position almost identical to that of the leucine
in the LeuT structure and close to that of the
galactose in vSGLT. This site is located at the
breaks in the discontinuous TM1 and TM6 and
facing TM3 and TM8 (Figs. 1 and 2). It coincides
with the foot of the outward-facing cavity (Fig. 1),
which is composed of the neighboring surfaces
of TM1, TM3, TM6, TM8, and TM10, and
allows access of the substrate to the binding site
(Fig. 1). An extended structure of L-5-
indolylmethylhydantoin determined by small
molecule X-ray crystallography was consistent
with the shape of this density and with molecular
dynamics simulations of the most plausible mini-
mal free energy poses of each of the substrates
(Beckstein, unpublished data). The substrate mol-
ecules could be modeled between Trp117 (TM3)
and Trp220 (TM6) without requiring any modifi-
cations of torsion angles (Fig. 2).

The hydantoin moiety forms a pi-stacking
interaction with the indole ring of Trp117 and is
within hydrogen bonding distance of Asn318 and
Gln121 (Simmons et al. 2014; Fig. 3). Trp117 and
Asn318 are conserved among all the transporters

in the family and Gln121 only varies in the uridine
transporter, Fui1 (de Koning and Diallinas 2000).
Another conserved residue, Asn314, is within
hydrogen bonding distance of Asn318 such that
it may hold the asparagine side chain in position to
interact with the substrate. The aromatic substitu-
ent of the hydantoin moiety is situated next to
Trp220 and Gln42 (Figs. 2 and 3). The side
chain of Trp220 moves into the binding site with
respect to its position in the substrate-free struc-
ture (Fig. 2) and forms a pi-stacking interaction
with the aromatic moiety (Figs. 2 and 3). In addi-
tion the larger substituent groups are progres-
sively more comfortably located in an adjacent
hydrophobic region (Figs. 2 and 3; Simmons
et al. 2014) such that the affinity decreases
naphthylhydantoin > bromovinylhydantoin >

indolylhydantoin > benzylhydantoin, as the
most effective ligands among over 70 tested
(Simmons et al. 2014). These specificities have
been confirmed and extended by examining the
abilities of these hydantoins to protect cysteine
residues against modification by maleimides
(Calabrese et al. 2017; Majd et al., unpublished
data). Interestingly, allantoin, hydantoin, and tryp-
tophan were not effective ligands. Furthermore, it
has become apparent that benzylhydantoin binds
to the inward-facing form of Mhp1, though with a
lower affinity than it does to the outward-facing
form when Na+ is present (Calabrese et al. 2017);
this is compatible with its postulated location in
the inward-facing form (Fig. 2).

The Structural Basis of the Alternating Access
Mechanism
When interpreting crystallographic and biochem-
ical data for membrane proteins, usually and
necessarily, the protein has been studied after
solubilization in a compatible detergent. This
does not necessarily diminish the validity of the
interpretation, but it should be remembered that
the natural environment of the protein is a bilayer
lipid membrane, and the detergent may have
altered the protein’s properties.�

Structure, Substrate Recognition, andMechanism of the Na+-HydantoinMembrane Transport Protein, Mhp1,
Fig. 1 (continued) Association for the Advancement of Science. The programs used to make these and all the structural
figures are described in Weyand et al. (2008, 2010, 2011; Shimamura et al. 2010) and their supplementary information)
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Cys accessibility and quantitative intact mass
spectrometry (MS) analyses have recently been
devised to study the topological transitions of
Mhp1 solubilized in minimal concentrations of
dodecylmaltoside (Calabrese et al. 2017). It was
found that one natural cysteine residue, Cys327,
of the three in Mhp1, has an enhanced solvent
accessibility in the inward-facing (relative to the
outward-facing) form. Reaction of the purified
protein, in detergent, with the thiol-reactive
N-ethylmaleimide (NEM), resulted in modifica-
tion of Cys327, suggesting that Mhp1 adopts pre-
dominantly inward-facing conformations in the
absence of added Na+ or hydantoin. Addition of
either Na+ ions or the substrate 5-benzyl-L-
hydantoin (L-BH) does not change the ratio of
inward-facing/outward-facing forms, but system-
atic co-addition of the two results in an attenuation
of labeling, indicating a shift toward outward-
facing conformations that can be observed using
conventional enzyme kinetic analyses. Such mea-
surements can afford the KM for each ligand as
well as the stoichiometry of about 1 for the Na+:
hydantoin molar binding ratio. Mutations that
perturb the Na+ binding site result either in the
protein being unable to adopt outward-facing

conformations or in a global destabilization of
structure.

The Mhp1 protein has been solved in four
different conformational states by X-ray crystal-
lography (Weyand et al. 2008, 2010, 2011;
Shimamura et al. 2010) (Fig. 1) including one
with an inhibitor bound (Simmons et al. 2014).
The outward-facing open and the occluded states
show very high similarity, whereas neither of
those conformations superimposes well with the
inward-facing open state (Fig. 1), leaving the
question whether or not there is only one occluded
state. Indeed, molecular dynamics simulations
suggest the occurrence of an additional inward-
facing occluded state (Beckstein, unpublished
data; Adelman et al. 2011). The significant move-
ments derived from all known structures appear
to be an overall rigid body rotation of the hash
motif (helices 3, 4, 8, 9) relative to the bundle
(helices 1, 2, 6, 7), which functions in a recipro-
cating manner around the pseudosymmetrical
structural elements of the proteins (cf. Forrest
and Rudnick 2009; Boudker and Verdon 2010).
The C-terminus (helices 11, 12) moves relatively
little in comparison.

Structure, Substrate Recognition, and Mechanism of
the Na+-Hydantoin Membrane Transport Protein,
Mhp1, Fig. 2 The sodium and substrate binding sites in
the occluded and inward-open structures taken from
Shimamura et al. (2010). The carbon atoms of the amino

acids have been colored as in Fig. 1. The sodium ion is
represented as a magenta sphere and the benzylhydantoin
with cyan carbon atoms in the occluded structure. In the
inward-open structure where these entities are not present,
they are represented in white

6 Structure, Substrate Recognition, and Mechanism



Using the simulation method of dynamic
importance sampling, we were able to visualize
the functional states of the crystallographic struc-
tures of Mhp1 (Fig. 4) and an additional hypoth-
esized conformation in the membrane. The
transition between the states can be described as
the interplay of a buried thick gate, an external
thin gate, and an internal thin gate. The thick gate

regulates the conformational change from the
outward-facing occluded state to the inward-
facing open state and obstructs the ligand binding
site toward the intracellular space, when open to
the outside. In contrast, the external thin gate
comprises only some residues in helix 10, which
orchestrate the opening and closing of the
outward-facing substrate and Na+ binding sites.
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Structure, Substrate Recognition, and Mechanism of
the Na+-Hydantoin Membrane Transport Protein,
Mhp1, Fig. 3 Location in Mhp1 protein, hydrophobic
milieu, and H-bonding of residues to indolylmethyl-
hydantoin in the substrate binding site (a) and (b) Super-
position of the outward-open structure (PDB code 2JLN)
onto the IMH-bound structure, optimized using the bundle
helices. The IMH structure is shown with the bundle in red,
the hash motif in yellow, TM5 and TM10 in blue, and the
C-terminal helices in magenta. The outward-open structure
is shown in gray. The L-IMH (green spheres) and sodium
ion (magenta) bind between the hash and bundle motifs.
(a) shows an overview of all helices and (b) a close-up. The

arrows show the main conformational changes that occur
upon L-IMH binding. Arrow A: the hash motif rotates
toward the bundle with the C-terminal helices partially
following. Arrows B and C: Trp117 and Trp220 rotate
toward the hydantoin moiety and the 5-indole substituent,
respectively, of L-IMH. Arrow D: TM10 flexes and packs
over the IMH. (c) The extended form of L-IMH in the
binding site illustrated using the SPROUT format
(Simmons et al. 2014) to show the indole moiety in a
hydrophobic pocket (green) (d) Schematic of interactions
made between L-IMH and the protein. Possible hydrogen
bonds are indicated by straight dashed lines and hydropho-
bic interactions by curved dashed lines

Structure, Substrate Recognition, and Mechanism 7



A complementary region of residues in helix
5 comprises the internal thin gate, which allows
opening and release of substrate and Na+ toward
the inside when the external thin gate and thick
gates are closed to the outside. The interplay of
these events to effect transport is illustrated sche-
matically (Fig. 5). During the conformational
changes, the occluded state of the protein always
prevents net movement of either cation or sub-
strate without the other – their movement
becomes “coupled.” Molecular dynamics simula-
tions (Shimamura et al. 2010; Adelman et al.
2011) showed evidence for a sequence of events
apparent from the crystallographic structures
and fully compatible with the alternating
access mechanism of transmembrane transport
(Jardetzky 1966). This sequence has been
extended and modified through the recent imple-
mentation of Cys accessibility determination by
NEM reactivity, intact MS analysis, peptide map-
ping, and localization of NEM modification sites
to gain insights into the topological states of
Mhp1 as follows.

Starting from the stable inward-facing
unloaded state of Mhp1, addition of both Na+

and benzylhydantoin substrate altered the

equilibrium toward the outward-facing open
state (Kazmier et al. 2014; Calabrese et al.
2017). This state binds substituted hydantoin
with an affinity greater than that of the inward-
facing form. The thin extracellular gate formed by
TM10 can then close to form the occluded state
with Na+:hydantoin:Mhp1 in a 1:1:1 ratio. A large
conformational change takes place during which
the hash motif (the thick gate) swings around an
axis roughly parallel to TM3 to form the inward-
facing conformation and the external helix moves
to close off further the cavity to the external envi-
ronment. Through subsequent opening of the
intracellular thin gate (formed by TM5), the
sodium and substrate binding sites become
connected to the cytosol, allowing egress of the
transported ion and substrate. It is likely that the
Na+ leaves first, since molecular dynamics simu-
lations and structural constraints indicate that
dissociation of the ion is extremely fast (Fig. 4),
whereas kinetics measurements show that
benzylhydantoin can bind appreciably to the
inward-facing form (Calabrese et al. 2017).

The structures of LeuT in substrate-free
outward-open and apo inward-open states
have now been determined (Krishnamurthy and

Structure, Substrate Recognition, and Mechanism of
the Na+-Hydantoin Membrane Transport Protein,
Mhp1, Fig. 4 Accessibility of the binding sites of Mhp1
in three conformational states. Computer simulations of the
Mhp1 transport protein (helices in cartoon representation,
front cut away) in a lipid membrane (gray) were carried out
to determine the functional states of three crystallographic
structures of Mhp1 ((a) outward-facing open, 2JLN;
(b) outward-facing occluded, 2JLO; and (c) inward-facing

open 2� 79). Water molecules (red/white) can only access
the substrate and sodium binding site in the open confor-
mations, and the binding sites are sealed in the occluded
state. This behavior is predicted by the alternating access
mechanism. Repeated simulations showed that the inward-
facing conformation (c) readily released the bound Na+

ion; the positions of the ion (magenta spheres) from six
simulations were all overlaid in panel c and define the exit
pathway

8 Structure, Substrate Recognition, and Mechanism



Gouaux 2012), adding to the outward-closed form
published previously (Yamashita et al. 2005). Its
similarities and differences to Mhp1 are discussed
by Cameron et al. (2012, Encyclopedia; Kazmier
et al. 2013; Claxton et al. 2015).

The Kinetic Features of Alternating
Access

While three conformations of Mhp1 have been
resolved, the complete process of transport could
involve as many as 12 intermediate states (Fig. 5;
Forrest et al. 2011). Of course, some of these may
be unstable and short-lived and so unlikely to be
detected with available biophysical techniques.
For example, molecular dynamics simulations
suggest the occurrence of an additional confor-
mationally different form of the inward-facing
occluded state (Beckstein, unpublished data).
Nevertheless, establishing the number of these
states and the kinetic constants for their intercon-
versions is the next stage in understanding the
molecular mechanism of Mhp1 and defining the

differences between members of the NCS-1 fam-
ily itself and between other members of the
5HIRT superfamily.

Molecular dynamics simulations (Shimamura
et al. 2010; Beckstein, unpublished data) suggest
that the external and internal gates oscillate rap-
idly (on the sub-microsecond timescale) and very
much faster than hypothesized changes in the
conformation of the internal gate or, indeed,
observed rates of transport. It is therefore unlikely
that any one step involving just a change in the
external gates limits the rate of the translocation
process. This could simplify the kinetic model
(Fig. 5) to a smaller number of relatively stable
states.

Measurements of the rates and extents of
ligand binding to Mhp1 can be accomplished by
following changes in the inherent tryptophan fluo-
rescence of purified Mhp1 (Fig. 6). Binding of a
hydantoin is markedly enhanced in the presence
of Na+ ions and shows both a binding step and
conformational change (Fig. 6, Ivanova and Jack-
son, unpublished data). The reciprocal enhance-
ment of Na+ binding by benzylhydantoin is also

Structure, Substrate Recognition, and Mechanism of
the Na+-Hydantoin Membrane Transport Protein,
Mhp1, Fig. 5 Schematic illustration of the possible con-
formations of an NCS-1 membrane transport protein. The
bundle helices 1, 2, 6, 7 are in red. The hashmotif helices 3,
4, 8, 9 forming the internal thick gate are in yellow; the

external thin gate containing part of helix 10 is in blue. The
internal thin gate containing part of helix 5 is also in blue.
The rotation axis of the thick gate, running approximately
parallel to TM3, is shown as a filled black circle on TM3.
The process of transport from outside to inside follows the
steps from 1 to 10

Structure, Substrate Recognition, and Mechanism 9



apparent (Fig. 5) – the binding of cation and
substrate is coupled. The kinetics of these changes
can be profoundly altered by mutating some of the
key residues identified above (Jackson and
Ivanova, unpublished data).

Summary

The structures of the Na+-hydantoin transport
protein, Mhp1, in outward-open, occluded, and
inward-open conformations are summarized.
A working model of the alternating access mech-
anism of transport is derived from detailed exam-
ination of the ligand binding sites in the different
conformations allied with Cys accessibility stud-
ies, kinetic analyses of ligand binding, and molec-
ular dynamics simulations.

Our working model for secondary transport in
Mhp1 contains the following steps:

1. At equilibrium and in the absence of substrate
and ions, the protein switches spontaneously
between the inward-facing and the outward-
facing unloaded state, but the inward-facing
form predominates.

2. Once Na+ binds to the outward-facing state,
it stabilizes it and promotes the binding of
substrate in a 1:1 ratio with its hydantoin moi-
ety in H-bonding configurations with Asn318,
Gln121, and Gly219 and with its pi orbitals
close to those of Trp117. Additionally the 50

aromatic substituent fits into a hydrophobic
pocket formed partially by the side chain of
Trp220.

3. The extracellular thin gate closes.
4. The thick gate switches from outward facing to

inward facing, and the external surface helix
further closes the prior outward-facing cavity.

5. The intracellular thin gate opens and substrates
are released, probably Na+ first, to the intracel-
lular space.

6. The unloaded protein is now in the stable
inward-facing conformation, ready for a repe-
tition of the cycle.

The structure of Mhp1, which is found in a
bacterium Microbacterium liquefaciens, is used
as a paradigm for models of homologous transport
proteins found in fungi (e.g., Krypotou et al. 2012,
2015a, b; Sanguinetti et al. 2014) and plants
(e.g., Mourad et al. 2012; Schein et al. 2013;
Witz et al. 2014; Girke et al. 2014; Rapp et al.
2016). It is likely that the cycle of kinetic events
postulated here for Mhp1will also be of use in
studies of similar proteins in eukaryotes as well
as prokaryotes.
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Structure, Substrate Recognition, and Mechanism of
the Na+-Hydantoin Membrane Transport Protein,
Mhp1, Fig. 6 Tryptophan fluorescence quenching by
L-benzylhydantoin. The Mhp1 solution was titrated by
L-benzylhydantoin and/or NaCl and the decrease in the
tryptophan fluorescence at 348 nm was monitored. The
measurements were performed without added NaCl (open
circles), with 15 mM NaCl (closed circles) and with
140 mM NaCl (triangles) in the buffered solution in
which compensating concentrations of choline chloride
were present to maintain the same ionic composition of
140 mM. The Bmax values were not significantly different
for each dataset – 21.5%, 22.5%, and 20.7%, respectively
(For details, see Weyand et al. (2008))
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