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ABSTRACT Sodium coupled cotransporters of the five-helix inverted repeat (5HIR) superfamily use an alternating access
mechanism to transport a myriad of small molecules across the cell membrane. One of the primary steps in this mechanism
is the conformational transition from a state poised to bind extracellular substrates to a state that is competent to deliver
substrate to the cytoplasm. Here, we construct a coarse-grained model of the 5HIR benzylhydantoin transporter Mhp1 that incor-
porates experimental structures of the outward- and inward-open states to investigate the mechanism of this conformational
change. Using the weighted ensemble path-sampling method, we rigorously sample the outward- to inward-facing transition
path ensemble. The transition path ensemble reveals a heterogeneous set of pathways connecting the two states and identifies
two modes of transport: one consistent with a strict alternating access mechanism and another where decoupling of the inner
and outer gates causes the transient formation of a continuous permeation pathway through the transporter. We also show that
the conformational switch between the outward- and inward-open states results from rigid body motions of the hash motif relative
to the substrate bundle, supporting the rocking bundle hypothesis. Finally, our methodology provides the groundwork for more
chemically detailed investigations of the alternating mechanism.

INTRODUCTION

Cells use membrane transporters to acquire small molecules
such as sugars, essential amino acids, and neurotransmitters
from the environment. A large class of transporters has
evolved to couple the inward movement of sodium ions,
Na't, down their concentration gradient with the inward
movement of substrates. These transporters are referred to
as sodium-dependent cotransporters, or sodium symporters,
and the free energy provided by the downhill movement of
Na* allows the substrates to be concentrated in the cyto-
plasm (1-3). In general, transport is thought to occur via
an alternating access mechanism in which ion and substrate
tightly bind to an outward-facing conformation of the trans-
porter followed by a conformational change that closes the
extracellular binding cavity and exposes the substrate and
ion to an intracellular cavity (4). The conformational change
to the inward-facing state is thought to weaken substrate and
ion binding to the transporter such that they are easily
released to the cytoplasm (Fig. 1). The apo state is then
poised to reset to the outward-facing conformation to start
the cycle again. Although this hypothetical transport mech-
anism is reasonable, the molecular details of the cycle are
only now becoming clear and the dynamics of the process
are not well understood.

Recently, there have been a number of structures solved for
members in the five-helix inverted repeat (SHIR) superfamily
of sodium-dependent cotransporters (5-8). Superfamily
members have a variable number of a-helical transmembrane
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(TM) segments, but all share a common core of 10 TM
segments numbered TM1-TM10. Substrate binds near the
center of the transporter between prominent kinks in TM1
and its symmetry-related pair, TM6. As the name suggests,
the first five helices form an inverted repeat of the second
five. Remarkably, some superfamily members share < 10%
sequence identity, yet the core domains superpose with
a root mean-squared deviation (RMSD) < 4.0 A (1).
Superfamily members have been solved at different
stages along the transport cycle lending insight into how
the molecular architecture uses the energy stored in the
Na® gradient to pump the substrate into the cytoplasm.
There are five primary states that the transporters take on:
outward open, outward occluded, occluded, inward
occluded, and inward open. Outward-facing states have
a large hydrophilic cavity penetrating the cotransporter
from the extracellular space to the substrate binding site,
while a hydrophobic stretch of protein occludes substrate
and ion escape to the cytoplasm (Fig. 1 A). Meanwhile,
the inward-open state has a hydrophilic cavity penetrating
the protein from the cytoplasm and an impassible stretch
of tightly packed protein that prevents release to the extra-
cellular space (Fig. 1 B). In the presence of bound substrates
another critical feature of the SHIR superfamily becomes
clear—a handful of hydrophobic residues block substrate
exit to the cytoplasm for structures in the inward-facing
state or exit to the extracellular space for outward-facing
structures. For this reason, these configurations are termed
the inward-occluded state and outward-occluded state,
respectively. These blocking residues have been termed
the thin gates while the thick stretches of packed protein
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FIGURE 1 Alternating access and the structures of Mhp1. The outward-
open x-ray structure of Mhp1 (PDBID: 2JLN) is pictured on the left and the
inward-open structure (PDBID: 2X79) is shown on the right. Sodium ion
(purple) and hydantoin molecule (yellow) are shown for reference to
indicate that the outward-open state binds cargo from the extracellular
space (out) and the inward-open state has delivered the cargo to the cyto-
plasm (in).

are referred to as the thick gates (3). Finally, the occluded
state possesses thick barriers blocking substrate escape to
the cytoplasm or the extracellular space (8).

Although these x-ray structures are an invaluable starting
point for understanding the transport mechanism, there are
open questions concerning the dynamics of the process.
Most importantly, there is little known about how trans-
porters move from an outward-facing state to an inward-
facing state. Does this transition occur in a highly concerted
fashion like the movement of cogs in a watch, or are there
many paths between these states with only loose coupling
between all of the parts of the transporter? To address these
questions, we used molecular dynamics (MD) to simulate
the outward-to-inward transition of a coarse-grained (CG)
model of the sodium-dependent benzylhydantoin transporter
Mhpl. This is the only SHIR member whose structure has
been solved in the outward-open state (7) and inward-open
state (9). Mhpl mediates the uptake of nucleobases and
related metabolites as part of a metabolic salvage pathway
in Microbacterium liquefaciens and is a member of the
nucleobase cation symporter-1 family of transporters (10).

Typical transport cycles occur on the millisecond to
second timescale (11-14), which is well beyond the range
of current fully atomistic membrane protein simulations
that are on the order of hundreds of nanoseconds to micro-
seconds. A common strategy to bridge the transport time-
scale is to use steered dynamics to force the protein into
a different conformation or occupancy state (15,16).
However, applying external forces to the system can bias
the trajectories through unphysical pathways. Instead, we
combined three alternative approaches to bridge these time-
scales: an efficient path sampling method that does not
bias the dynamics, graphical processing unit accelerated
dynamics, and a coarse-grained model of the transporter.

This simulation protocol has allowed us to generate thou-
sands of unbiased outward-to-inward transitions, providing
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us with a statistical sampling of the path ensemble in which
we observe distinct structural pathways from the outward-
open state to the inward-open state. Along the primary
pathway, the outer gate closes before the inner gate opens,
with trajectories passing through an occluded intermediate
structure. Additionally, we predict a second noncanonical
pathway in which both gates are open at the same time.
Along this second pathway, a continuous path is created
from the extracellular space to the intracellular space, and
this may be an important property of SHIR superfamily
members, which are known to allow water permeation
(12,17,18). This study serves as an initial point for probing
the molecular nature of alternating access in other SHIR
superfamily members, and lays the foundation for subse-
quent studies with increased chemical accuracy and the
inclusion of the substrate and energizing ions.

MATERIALS AND METHODS
Multistate structural model

To characterize the conformational transition from the outward- to inward-
facing conformation, we constructed a CG multistate structure-based model
of Mhpl. We employed a strategy based on a class of Go-like models that
incorporate information about the native structures in the CG force field
(19,20). In these models, pairs of residues that interact in the experimental
structure are stabilized by an attractive term in the potential energy, while
nonnative interactions between CG sites are ignored. Additionally, bonded
terms are treated using a set of standard molecular mechanics terms to
constrain the local geometry of the protein. Although originally devised
to study protein folding to a single native conformation, Go models have
subsequently been adapted to investigate switching between metastable
states. One approach is to use a global mixing procedure to create an energy
potential with two stable basins corresponding to the reference states of the
protein (21-23). This procedure makes the transitions strongly cooperative
because interactions arising from one reference state globally suppress
interactions arising from the other. Here, we used an alternative approach,
which allows a heterogeneous set of contacts from each reference state to
form simultaneously (24-26). Mixing of contact formations in this manner
allows the protein to locally deform and can give rise to metastable interme-
diates and heterogeneous pathways connecting the reference states. This
flexibility may more accurately capture the motions of real proteins. Specif-
ically, we used a united residue Double-Go model with Gaussian contacts
(26). The reference states were generated by selecting the C* atoms from
the Mhpl x-ray structures in the outward-facing conformation (PDBID:
2JLN) and inward-facing conformation (PDBID: 2X79). The specific func-
tional form and parameterization of the potential energy are given in the
Supporting Material.

Path sampling

Weighted ensemble (WE) simulation is an enhanced sampling method that
tracks the evolution of a statistical ensemble of trajectories in conformation
space. WE belongs to a large class of path sampling techniques including
transition path sampling (27), transition interface sampling (28), forward
flux sampling (29), milestoning (30), and nonequilibrium umbrella
sampling (31) that have been developed to study systems with slow kinetics.

The conformational space separating the outward- and inward-facing
states was partitioned into nonoverlapping bins using a set of progress coor-
dinates. A group of N simulations, each with weight 1/N, were initiated
from the outward-open conformation using stochastic MD with distinct
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random seeds. After a fixed time interval 7, the simulations were suspended,
and for each replica, the full coordinates were projected onto the progress
coordinate space to determine its assignment to one of the bins. We then
applied a statistically rigorous procedure to maintain a constant number
of replicas, M, in each populated bin. In bins containing fewer than M
replicas, trajectories were split, and the weights were divided equally
among the copies. Replicas in bins with more than M replicas were culled,
and the weights of the terminated replicas were redistributed among the
surviving trajectories in the bin. Iterating this procedure produces an
ensemble of trajectories that begin in an initial state A and progress toward
a target state B in an unbiased manner, while maintaining the correct statis-
tical weight of all simulations. A detailed description of the theory and
practical implementation of WE path sampling can be found elsewhere
(32-34).

WE can be adapted to calculate the steady-state ensemble and reaction
rate between two states (35,36). For a given set of initial and target states,
the steady state may be obtained by instantaneously removing trajectories
that enter the target state and placing them back in the starting state.
Once a steady-state probability current into the target state is obtained,
the rate constant k is given by the average of the probability flux into the
target state Ip

6]
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T

where 7 is the weighted ensemble propagation/resampling time step and
Pg(7N;) is the total weight of all replicas within the target state at time
TN, immediately before recycling.

Initially, all of the probability resides in the initial state, and therefore,
there is a finite relaxation time required for the probability to approach
the steady-state distribution. The presence of one or more metastable
intermediates along the transition pathway can significantly slow this
relaxation. To eliminate the potentially long relaxation time, we re-
weighted the probability in each bin to approximate the steady-state prob-
ability distribution using the method in (35) and detailed in the
Supporting Material.

Progress coordinates

We selected four progress coordinates that track conformational rearrange-
ments in the transporter and enhance sampling between the outward- and
inward-facing states. The choice of progress coordinates only effects the
efficiency of the weighted ensemble method, but does not alter the results
in the asymptotic limit of infinite sampling. The first coordinate is the
distance-RMSD (dRMSD) to the target state (inward-open structure)
defined for an instantaneous conformation of the CG model as

i<j

QdRMSD =

where d;; and dgj are the instantaneous and reference distances between
residues i and j, respectively. The remaining three progress coordinates
track the movements of the inner gate, outer gate, and Na*-site gate as
defined by Shimamura et al. (9). Gate distances are measured between
the centers of mass of two groups of C* atoms in each of the gate motifs.
The extracellular gate opening distance, Qrc, is defined as the distance
between the TM9/10 loop (residues N360, T361, and F362) and residue
147 on the substrate bundle. The intracellular gate opening distance,
Q;c, measures the distance between 1161, T162, and F163 on TMS5 and
D229, 1230, and V231 on TM6. Finally, Qx, is the distance between
A309, S312, and T313 on TM8 and A38 and 141 on TMI. The values
of each order parameter in the outward- and inward-open states as well
as the rectilinear definitions of the initial and target states are shown in
Table S1.
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Simulation details

The multistate structural model was implemented in a custom simulation
package built using the graphical processing unit-accelerated OpenMM
package (37,38) and the PyOpenMM Python wrapper. The dynamics
were propagated using a Langevin integrator at 300 K with a friction
coefficient of 90 ps™ and a timestep of 10 fs. Only the repulsive term of
the potential was implemented as a nonbonded interaction, and it was trun-
cated without switching at 5 A. All other nonbonded interactions were
modeled using the CustomBondForce class in OpenMM. For all nonbonded
interactions, 1-4 exclusions were applied. The velocities of all replicas
were initialized from a Maxwell-Boltzmann distribution.

RESULTS
Description and calibration of the model

To characterize the ensemble of dynamical transitions
between the outward- and inward-facing conformations of
Mhpl, we constructed a multistate coarse-grained molec-
ular model based on the experimental structures of the trans-
porter in two reference configurations (Fig. 2).

We initiated twelve 100 ns brute-force simulations from
each of the reference conformations, totaling 2.4 us, to
assess the stability of the model. Interestingly, both starting

FIGURE 2 Conformational change between the inward-facing and
outward-facing states. (A and C) Ribbon diagram of the outward-facing
state of Mhp1 (PDB ID: 2JLN). The figure in panel A is rotated 90 degrees
about the long axis of the protein compared to the figure in panel C. The
centers of mass of the two groups used to define each of the gate distance
progress coordinates are shown as spheres (yellow: extracellular gate;
green.: intracellular gate; blue: Na™-site gate). It can be seen that the extra-
cellular gate is open and the intracellular gate is closed. The hash motif is
red, substrate bundle is gray, and the flexible and noncore helices are cyan.
(B and D) Model of target inward-open state of Mhp1 (PDB ID: 2X79). The
coloring scheme and geometries are the same as in panels A and C. For all
four panels, Mhpl1 is oriented so that the cytoplasmic side is at the bottom.
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structures quickly transited to a strongly metastable inter-
mediate in which both the extra- and intracellular gates
are closed. This intermediate is structurally similar to the
known outward-occluded conformation of Mhpl (7), yet
we did not include any information about the outward-
occluded structure in the potential energy function. Many
SHIR superfamily members have been crystallized in
occluded states suggesting they are stable intermediates in
the transport cycle (5,7,8). A quick closure of the gates
occurs because the CG energy potential stabilizes native
contacts in the reference structures, and many pairs of resi-
dues throughout both the intra- and extracellular gates form
contacts in the closed, but not open states; this energetically
favors closed gate conformations. Nonetheless, we expected
the outward-open and inward-open states to be metastable
on such short timescales because these configurations are
stable in the crystals, so we recalibrated the potential energy
function to make each reference state metastable by making
a subset of the contacts bistable subject to a longer cutoff
distance (see Supporting Material). This extended cutoff
distance was tuned to roughly match the fluctuations of
the intra- and extracellular gate distances observed in all-
atom equilibrium MD simulations of Mhpl in each refer-
ence state (9). Using an extended cutoff of 14 1&, simulations
initiated from each reference structure maintain stable
RMSD values of 1.7 + 0.5 A and 1.6 = 0.4 A from the
starting coordinates for the outward- and inward-facing
structures, respectively. Both RMSD measures and residue
RMSF profiles for our multistate CG model are similar to
those observed for all-atom simulations of Mhp1 (9) indi-
cating that our current model captures the correct degree
of protein flexibility and provides a partial validation of its
correctness.

Brute force simulations were then used to quantify the
fluctuations of the progress coordinates around the initial
and final conformations. On the basis of these fluctuations,
we demarcated native basins around the reference states
that define when a trajectory enters or exits these states. In
our subsequent analysis of the transition path ensemble,
we exclude the finite time that trajectories dwell in the initial
basin. The distribution for each progress coordinate is
shown in Fig. S1 in the Supporting Material. As expected,
the brute force simulations do not undergo transitions within
100 ns.

The outward-to-inward transition rate
rapidly converges

In an attempt to observe the outward-to-inward transition,
we initiated dynamic simulations from 30 replicas of the
outward-facing conformation pausing at 20 ps intervals,
referred to as 7, to split and cull trajectories in a manner
that preserves the true steady-state probabilities according
to the WE method. Near 50 7, we observed that the first
trajectories reach the target inward-facing state as defined
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by the four progress coordinates (see Table S1). Although
the flux of probability into the target state over the first
200 T is increasing, indicating that we are able to simulate
the transition, the arrival rate does not reach steady state
in this time frame. Because it is likely that the initial fast,
low-weight trajectories are not representative of the true
steady-state path ensemble, we applied a reweighting proce-
dure (35) based on the dynamics observed in the first 200 7
to hasten the convergence of the WE simulations. Readjust-
ing the weight of the replicas does not perturb the under-
lying dynamics of the system, but as shown in Fig. 3 the
procedure abolishes the slow transient in the arrival flux
into the target state. After reweighting, the flux into the
target state is stationary for the remainder of the WE simu-
lation, strongly indicating that the system is at steady state.
A second independent WE simulation, also reweighted at
200 7, produced a nearly identical steady-state flux suggest-
ing that the convergence properties of the simulation are
correct and that the ensemble of pathways has been appro-
priately sampled (also see Fig. 4 for additional support of
this claim). Ignoring the first 400 7, we calculated the rate
of the outward-to-inward transition to be 23.9 = 1.7 ms™’
using Eq. 1. Both independent data sets were used in the
calculation, and the error represents the 95% confidence
interval calculated using Monte Carlo Bootstrapping
(32,39). Related SHIR family members are reported to
undergo a much slower outward-to-inward transition at
a rate of 50 s~ (14); however, the rate of this transition
for Mhp1 has not been experimentally determined. Because
our model lacks chemical detail and neglects nonnative
interactions, it is unlikely that our computed rate is a true
estimate of the experimental rate. It is important to note
that we use the convergence of the rate primarily as an
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FIGURE 3 Convergence of probability flux into the target state. The
probability flux into the target state is shown for each of the two indepen-
dent WE simulations. Fluxes were window-averaged with a 10 7 window
size. After ~200 7, each system was reweighted resulting in a rapid conver-
gence to steady state. The average flux into the target state resulting from
aggregating results from both simulations is shown as the dashed line for
reference. (Inset) Cumulative flux into the target state as a function of simu-
lation time 7 plotted on a linear scale. For both simulations, the fluxes reach
a linear regime after reweighting.
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FIGURE 4 Structural distribution of the path ensemble from the
outward-open to inward-open conformations of Mhpl from weighted
ensemble simulations. (A) Two representative pathways projected onto
the intra- and extracellular gate opening distances (Q;c and Qgc, respec-
tively). The two paths illustrate different mechanisms contained within
the path ensemble. Trajectory 1 resides almost exclusively in the shaded
region corresponding to extracellular gate closure preceding intracellular
gate opening, whereas for trajectory 2 both gates are open simultaneously
for part of the transition. (B—D) The ensemble distribution of Qg values
along the dividing lines in A for each of the two WE simulations. The histo-
grams are computed from the last crossing point of each trajectory on the
line. The similarities between the two distributions in panels B-D serve
as additional verification of the convergence of the path ensemble.

indicator that the simulations have reached steady state and
not to predict a theoretical value to compare with experi-
ment. We have not tuned the model to reproduce a specific
transition rate, and in general, unless care has been given to
parameterizing the barrier height between states, CG models
will not reproduce experimentally measured rates (see the
Supporting Material for further discussion).

Not all paths obey a strict alternating
access model

The alternating access mechanism, as envisioned by Jar-
detzky (4), requires at least two states for operation: one
in which a molecular cavity is open to one side of the
membrane, say the outward-open state, and a second where
the cavity is open to the opposite side, say the inward-open
state. Jardetzky did not suggest how the transporter would
interconvert between these two states, but it is commonly
believed that one cavity should close before the second
cavity opens, because there is the potential for uncoupling
the movement of the energizing ions and the transported
substrate. If this is indeed how transporters operate, then
a critical state in the transition is an intermediate occluded
state in which both the thick inner and thick outer gates
are simultaneously closed (3). Comparison of the high-reso-
lution structures of Mhpl in the outward-open, substrate
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free, and outward-occluded, substrate bound conformations
(7) as well as spectroscopic measurements on the LeuT outer
gate closing in the presence of leucine (40) have demon-
strated that the occluded state represents a dominant
intermediate along the transport cycle. Furthermore, the
high-resolution structure of the glycine betaine transporter
BetP reveals a substrate binding site that is inaccessible to
the solvent on both sides and was interpreted as an occluded
intermediate (8). Nonetheless, equilibrium simulations of
Mphl indicate that the extracellular gate is highly mobile
even in the outward-occluded conformation (9), and simula-
tions of vSGLT show that flexibility of the extracellular gate
even persists in the inward-occluded state because the gate
moves enough to allow water to permeate the substrate
binding site (18). Thus, it is important to determine the coor-
dination between the inner and outer gates.

The WE simulations of the CG model provide a rigorous
sampling of the transition path ensemble connecting the
outward-open and inward-open conformations, allowing
us to directly investigate the coordination of the extra- and
intracellular gates during transport. For each reactive trajec-
tory that makes a successful transition between the outward-
open and inward-open conformation, the coordinates of the
system were projected onto the gate opening distances Q¢
and Q;c. The distance Qp, closely tracks Q;,c so we
excluded it from our analysis. How successful trajectories
progress through the Qpgc, Q)¢ conformational space is
informative of the transport mechanism.

To classify whether a trajectory strictly adheres to the
canonical alternating access mechanism in which the outer
gate closes before the inner gate opens, we defined a region
of conformational space in which at most only one gate is
open at a time using the equilibrium gate fluctuations around
the initial and target states as a criteria for closure. Although
the true openness of each gate depends on the full atomistic
configuration, we believe that these single distances provide
a good approximation of the degree of openness given the
CG nature of our model. The region corresponding to strict
alternating access is shaded in Fig. 4 A and is defined as
those conformations in which Qg < 10.0 AV Oic <
14.0 A. For two representative trajectories shown in Fig. 4
A, we can see that trajectory 1 adheres to the canonical
mechanism while trajectory 2 enters a region in which
both gates are open at the same time. The heterogeneity of
the transition is evident in the distribution of Qg values
perpendicular to the line joining the inward- and outward-
facing states in Fig. 4 D (line 1 in panel A). The larger
peak near 8 A adheres to a strict alternating access mecha-
nism, like trajectory 1, and represents 68% of the transitions.
Meanwhile, the shoulder to the right at 11 Ais representa-
tive of trajectory 2 in which the outer gate stays open as
the inner gate opens. The histograms show that there is a
heterogeneous path ensemble in which the majority of
trajectories follow a canonical pathway, but a nonnegligible
population of the trajectories does not adhere to a strict
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alternating access mechanism. The Qg¢ distributions along
lines closer to the inward-facing state shift into the region
where both gates are closed, increasing to 92% at line 2
and 97% at line 3. The focusing of the trajectories indicates
that the extracellular gate is uncoupled near the outward-
open conformation of Mhpl, but is more constrained in its
motions as the conformational transition approaches the
inward-open state in agreement with all-atom simulations
of Mhpl (9).

The hash and substrate motifs act as a moving
bundle and stationary scaffold

A static comparison of the high-resolution structures of
Mhpl1 suggests that during the transport cycle the hash motif
(TMs 3,4,8,9) and the substrate bundle (TMs 1,2,6,7) move
relative to each other as semirigid domains (9). The result-
ing model of the conformational changes driving transport
resembles the rocking bundle mechanism first proposed by
Forrest et al. based on symmetry of the inverted helical
motifs in LeuT (41,42). In the galactose transporter vSGLT,
superposition of the equivalent subdomains suggests that the
inward-occluded to inward-open transition also occurs by
similar rigid-body movements (43).

Although the rocking bundle seems reasonable based on
end point structures, it is quite possible that specific rear-
rangements, such as the bending of a TM segment or the
separation of closely packed helices, are required for the
outward-to-inward transition to take place. We critically
probed the rocking bundle hypothesis by examining the
hash motif and substrate bundle during transitions from
the outward-open to the inward-open conformation of
Mhpl to determine if the domains are rigid throughout the
conformational change. For each successful trajectory, the
RMSD of the hash motif and substrate bundle were calcu-
lated after optimal superposition of either 1) the instanta-
neous coordinates of the hash motif onto the hash residues
of the reference start state or 2) the instantaneous coordi-
nates of the substrate bundle onto the substrate bundle
residues in the reference start state. All RMSDs and super-
positions were calculated using the fast QCP method
(44,45). We then determined the distribution of observed
RMSDs for each domain, P(RMSD) = S Vw;p;(RMSD),
where p; is the distribution of RMSDs in trajectory i and
w; is the normalized weight of the trajectory. The resulting
distributions are shown in Fig. 5. Fig. 5 A shows the distri-
butions for each domain when it is first superposed onto it-
self. If a given domain remains absolutely rigid during the
course of the dynamics, we would expect to see a sharply
peaked distribution near the origin. In fact that is what we
observe in panel A; the mean RMSD of the substrate bundle
is 1.2 A, whereas the hash motif has slightly more internal
flexibility with a mean RMSD of 1.6 A. Meanwhile, when
we superpose the substrate bundle (hash motif) onto the
substrate bundle (hash motif) of the initial structure and
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FIGURE 5 Rigid body motions of domains. (A) The distribution of
RMSD values for the hash motif and substrate bundle superposed onto
themselves. Snapshots along each productive transition were collected
every 100 ps, and the hash motif was superposed onto the hash motif of
the starting structure and the RMSD recorded. We repeated this process
for the substrate bundle. The distributions are similar when superpositions
are carried out onto the target state structure. Values for the hash motif are
shown in red, and values for the substrate bundle are shown in gray with
hatching. (B) The distribution of RMSD values for one domain after super-
position of the other. Superpositions were carried out as in panel A, but then
RMSD values were computed for the nonsuperposed domain. Values for the
hash motif are shown in red, and values for the substrate bundle are shown
in gray with hatching.

calculate the RMSD of the hash motif (substrate bundle),
we see a very different distribution. As shown in Fig. 5 B,
the opposing unaligned domain deviates substantially from
the reference position, resulting in a broad distribution of
RMSDs. Taken together, these distributions indicate that
both the hash motif and substrate bundle remain relatively
rigid throughout the entire transition and the conformational
change is a result of their movement relative to one another.

Time ordering of critical conformational
transitions

It is possible that the SHIR architecture encodes a very
specific mechanical escapement required for movement
between the dominant states. To address this possibility,
we systematically explored the transition path ensemble to
attempt to identify regions of the transporter whose move-
ments are ordered in time. Such analysis, if successful,
has the potential to identify latch regions that must first
move before other portions of the protein can undergo the
outward-to-inward transition. We carried out this analysis
at the finest level of detail using individual residue contacts;
however, such analysis presents us with an overwhelming
amount of information. To synthesize this large data set,
we developed a variation of the contact appearance order
metric originally developed to investigate the mechanism
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of protein folding using discrete space Go models (46). For
each transition, we determined the order in which residue-
residue contacts in the target state were permanently formed
and contacts in the initial state were last permanently
broken. This metric does not resolve the unproductive or
transient formation or loss of contacts; instead it emphasizes
conformational changes in the transporter that are persistent.
For each successful trajectory we recorded the time when
each B-state contact last stably formed, and likewise, the
time that each A-state contact permanently dissociated.
These association/dissociation event times were then
temporally ordered for each transition using the fractional
ranking method, and a distribution was calculated for each
contact. This distribution gives the probability that the
contact between residues i and j permanently associates/
dissociates Nth among all contacts.

In this analysis, we considered only contacts whose sepa-
ration distances, Ad/;" = ||df; — d?]|, change by > 3 A
between the outward- and inward-open states. Loss of
A-state  contacts _were identified when d; _J->dﬁ}-—|—
min{1.7, AdfjfB /2} A. Similarly we considered B-state
contacts to be formed when d;;<df; + min{1.7,
Adﬁ‘JfB /2} A. Furthermore, d;; was averaged over a 10 1
moving window to suppress transient fluctuations.

The distributions for gain of B-state contacts and loss of
A-state contacts are shown in the upper and lower panels
of Fig. 6, respectively. Although all contacts were consid-
ered simultaneously during the initial rank ordering, we
separated the two classes of contacts for clarity. Addition-
ally, in both panels of Fig. 6, the first contacts to form or
break were sorted starting from the bottom to the top.
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FIGURE 6 Time ordering of critical events. The temporal ordering histo-
grams for the loss of State A contacts (lower panel) and gain of State B
contacts (upper panel) are shown as density maps. Darker colors corre-
spond to a higher probability for a contact to form/dissociate at a given
rank. In both panels, the first contacts to form (upper) or break (lower)
were sorted starting from the bottom to the top. Groups of contacts have
been boxed off depending on whether they break/form early (7), at an inter-
mediate time (2), or late (3).
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The time ordering of the loss of State A contacts and the
gain of State B contacts can be divided into three distinct
groups indicated by the boxes in Fig. 6. Initially, TM9 and
10 of the extracellular gate close making contacts with
TMI1 and TMG6 in the substrate bundle (group 1B), which
is consistent with our analysis in Fig. 4. However, the distri-
butions for these contacts are bimodal because the extracel-
lular gate sometimes closes after a rigid body rotation of the
hash motif about TM 3 that causes TM 8 to lose contact with
the substrate bundle (group 1A). As the rigid body rotation
of the hash motif completes, TM5 bends to further open the
intracellular gate. This bending results in a loss of contacts
between the intracellular half of TMS and intracellular resi-
dues in TM1 and 8 (group 2A). TMS5 bending also results in
the subsequent formation of a different set of contacts
between TMS5 and TM1 and 8 (group 2B), further opening
the intracellular cavity. The transition ends when the small
extracellular helix connecting TM7 to TMS8 fully converts
to the target state (groups 3A and 3B). Interestingly, for
a fraction of transitions the movement of the extracellular
helix is concomitant with the bending of TMS as can be
seen by comparing groups 2A and 3A.

DISCUSSION

The recently determined x-ray structures of SHIR trans-
porters have provided a wealth of information concerning
the ion-coupled transport of small molecules across the
cell membrane. However, a deeper understanding of the tran-
sport process requires a detailed picture of how the proteins
move between their primary stable states. Simulation can
provide a high resolution method for exploring these transi-
tions, but the long time required for major protein conforma-
tional changes to occur makes brute force simulations and
fully atomistic simulations computationally intractable.
Here, we developed a multistate, structure-based model
that captures important aspects of Mhpl’s topology and
flexibility, while coarse-graining some atomic details to
allow us to simulate the transition in a reasonable time
frame. These simulations do not directly address how the
binding of substrate and ion drive the conformational
change; instead we focus on the coordination of the intracel-
lular and extracellular gates and global rearrangement of the
transporter during the transition. We used this model to
investigate the primary substrate transport step that moves
the transporter from the outward- to the inward-facing
conformation.

Our analysis of the unbiased ensemble of reactive trajec-
tories reveals that two distinct pathways connect the
outward- and inward-open states. Along the dominant
pathway, the extracellular gate closes before the intracel-
lular gate opens producing an occluded intermediate. This
predicted occluded state has been experimentally observed
(7), but we did not use this structure in building our energy
potential. Although the initial alternating access model (4)
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did not include an occluded state, subsequent work has
advanced the idea that this state is important to the transport
process (1,3,47). In a smaller, but nonnegligible subset of
the pathways, the extracellular gate remains partially open
even as the intracellular gate begins to open. Nonetheless,
as shown in Fig. 4, the ensemble of pathways merges into
a single reactive channel as they approach the inward-
open state. This merging may effectively restrict the size
of a putative membrane-spanning pore through Mhpl
during transport. A transiently open, but partially restricted,
channel through the protein might allow selective perme-
ation of water, ions, and other small molecules, while pre-
venting escape of the substrate to the extracellular space.
Uncoupled ion and water permeation through active trans-
porters have been experimentally measured (12,17,48) and
observed in simulation (18), and water permeation might
arise either from incompletely occluded states similar to
those observed in our simulations or alternative permeation
pathways.

Additionally, our coarse-grained simulations support
a rocking bundle mechanism, in which the hash motif and
substrate bundle move as rigid domains relative to each
other during the transition from the outward-open to
inward-open conformation. This rigid body rotation of the
hash motif occurs by pivoting along TM3, and the entire
motion is accompanied by a bending of TM5. TMIO0 is
the symmetry-related partner of TMS5, and while TM10
bends to open the extracellular gate, this bending is not
strictly coupled to the rocking bundle transition.

Our methodology and analysis provide a framework for
understanding the conformational transitions that occur in
transport proteins. At the core of our approach is the ability
of the weighted ensemble method to provide an efficient
way of extracting the path ensemble without introducing
bias in the dynamics. Convergence of the path ensemble
allowed us to quantitatively analyze the conformational
change, providing a statistical picture of the process that
captures the heterogeneity of pathways and permits us to
quantify each pathway’s relative importance to the transi-
tion. Although little functional data are available for
Mhp1, we believe that our results will be applicable to other
SHIR transporters, and therefore, some of our claims can be
tested in members that are more amenable to experimenta-
tion. For instance, if the hash motif and the substrate bundle
are truly rigid throughout the transition, then cross-linking
pairs of residues within the same domain should have little
effect on transport, whereas cross-linking residue pairs
between domains should destroy transport. Moreover,
several emerging experimental techniques such as single
molecule fluorescence resonance energy transfer and double
electron-electron resonance have been used to investigate
other SHIR family members (40,49) and can potentially
be used to observe subpopulations that adopt different
conformations along the transition pathway in response to
changes in substrate occupancy.
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One of the goals to understanding sodium-coupled trans-
port is to elucidate how substrate and ion binding drive the
alternating access process. Related to this, the order of
binding and protein mediated allosteric coupling between
the binding sites is of extreme importance. The coarse-
grained nature of our current simulations does not allow us
to directly answer these questions since the ion and substrate
were not explicitly included. Nonetheless, we imagine that
the gross conformational features described here will be
present in more detailed models of the alternating access
mechanism. Importantly, our framework is easily general-
ized to varying levels of atomistic detail, other steps of the
transport cycle, or different complex biomolecular systems
that undergo conformational transitions on timescales inac-
cessible via long brute-force simulations.

SUPPORTING MATERIAL

Additional information about the steady-state simulations, rate calculation
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