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Bioinspired design rules for flipping across the
lipid bilayer from systematic simulations of
membrane protein segmentst

ByungUk Park @2 and Reid C. Van Lehn @ *@°

The orientation of integral membrane proteins (IMPs) with respect to the membrane is established during
protein synthesis and insertion into the membrane. After synthesis, IMP orientation is thought to be fixed
due to the thermodynamic barrier for “flipping” protein loops or helices across the hydrophobic core of
the membrane in a process analogous to lipid flip-flop. A notable exception is EmrE, a homodimeric IMP
with an N-terminal transmembrane helix that can flip across the membrane until flipping is arrested upon
dimerization. Understanding the features of the EmrE sequence that permit this unusual flipping behavior
would be valuable for guiding the design of synthetic materials capable of translocating or flipping charged
groups across lipid membranes. To elucidate the molecular mechanisms underlying flipping in EmrE and
derive bioinspired design rules, we employ atomistic molecular dynamics simulations and enhanced
sampling techniques to systematically investigate the flipping of truncated segments of EmrE. Our results
demonstrate that a membrane-exposed charged glutamate residue at the center of the N-terminal helix
lowers the energetic barrier for flipping (from ~12.1 kcal mol™ to ~5.4 kcal mol™) by stabilizing water
defects and minimizing membrane perturbation. Comparative analysis reveals that the marginal
hydrophobicity of this helix, rather than the marginal hydrophilicity of its loop, is the key determinant of
flipping propensity. Our results further indicate that interhelical hydrogen bonding upon dimerization
inhibits flipping. These findings establish several bioinspired design principles to govern flipping in related
materials: (1) marginally hydrophobic helices with membrane-exposed charged groups promote flipping,
(2) modulating protonation states of membrane-exposed groups tunes flipping efficiency, and (3)
interhelical hydrogen bonding can be leveraged to arrest flipping. These insights provide a foundation for
engineering synthetic peptides, engineered proteins, and biomimetic nanomaterials with controlled flipping
or translocation behavior for applications in intracellular drug delivery and membrane protein design.

We present a bioinspired design strategy for engineering membrane proteins or related materials with the ability to “flip” polar or charged groups across
the hydrophobic core of the cell membrane in a process similar to lipid flip-flop. Drawing inspiration from the behavior of EmrE, an integral membrane

protein which has an N-terminal helix known to flip across the membrane, we use molecular simulations to systematically study the flipping of segments

of the EmrE sequence. By comparing corresponding flipping thermodynamics, we develop bioinspired design rules for tuning the chemical features of

membrane-exposed and solvent-exposed groups to promote flipping. Our analysis reveals that a membrane-exposed group plays a critical role in controlling
flipping by stabilizing water defects in the membrane to reduce flipping energy barriers. Comparative analysis highlights the N-terminal helix's unique
susceptibility to flipping due to charge-induced membrane perturbations as well as the role of hydrogen bonding between membrane-exposed groups to
inhibit flipping. Based on these sequence features, we establish molecular-scale design rules for tuning the local chemical environment to control flipping,
which will be valuable for applications such as drug delivery or signaling in which synthetic materials must bypass the lipid membrane to access

intracellular environments.
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charged molecules across the membrane. Instead, integral
membrane proteins (IMPs) play essential roles in controlling
transport, signaling, and enzymatic activity. IMPs have
transmembrane o-helices (TMHs) that are embedded in the
lipid bilayer and connected by water-exposed loops." Most
IMPs are inserted into the membrane during protein
synthesis at which point their topologies (i.e., orientations of
structural elements relative to the membrane) are
determined.® Currently, the prevailing view is that IMP
topology remains fixed after insertion.®* Recent studies,
however, provide experimental evidence that single TMHs’
and IMPs with multiple TMHs can undergo topological
rearrangements  after  protein  synthesis.®'  These
rearrangements require the translocation of water-soluble
(charged or polar) loops across the hydrophobic core of the
lipid bilayer in a manner analogous to lipid flip-flop;"

refer to this behavior as “flipping”. For example, pH-low
insertion peptides''* and single TMHs® have been
experimentally observed to flip across single-component lipid
membranes in response to a change in pH. The flipping of a
hydrophilic loop is surprising because the translocation of
polar, and particularly charged, species across the
hydrophobic core of the lipid bilayer is associated with a high
free energy barrier and corresponding long timescale.'>™"”
Understanding the molecular details of these flipping
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pathways would be valuable for rationally designing
membrane-permeating peptides or other synthetic materials
as drug delivery agents."®™°

Flipping has also been observed for IMPs with multiple
TMHs. Notably, EmrE is a well-known small multidrug
resistance (SMR) transporter from Escherichia coli that
effluxes positively charged polyaromatic substrates against
the concentration gradient by coupling to proton transport,
rendering bacteria resistant to a variety of toxic
compounds.”® EmrE is a homodimer consisting of two
identical monomers, each with four TMHs, that insert into
the membrane in two opposite orientations with equal
probability; oppositely oriented monomers then assemble
into a stable EmrE dimer (Fig. 1a).'>*** Considering that
other multidrug transporter protein superfamilies have 5-14
TMHs,” the capability of SMR proteins to facilitate the
proton-coupled transport of a wide variety of substrates while
having small sizes (~12 kDa) has motivated substantial
research interest.”*° Due to its size, stability, and retention
of its function upon solubilization in detergent, EmrE is a
prototypical SMR protein that provides a unique
experimental paradigm for biochemical and biophysical
studies of such membrane based ion-coupled transporters.>'
Since dimerization requires two oppositely oriented
monomers, EmrE's function depends on the topology of its
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Fig. 1 Structure, topology, and sequence of EmrE and truncated segments studied in this work. (a) Structure of the EmrE dimer viewed from
within the x-y plane of the membrane (left) or down the z-axis from above the membrane (right). The two monomers are colored green (chain A)
and orange (chain B). The N- and C-termini for each monomer are labeled with “N” and “C”, respectively. (b) Schematic of dynamic membrane

topologies of the EmrE monomer,*?

in which the N-terminal (but not C-terminal) transmembrane helix crosses (flips) across the membrane (top).

Flipping is no longer observed experimentally after the monomers assemble into a dimer (bottom). (c) Schematics of the truncated segments
(colored in red) from the EmrE monomer that are used for the simulations in this work. The blue dot indicates the approximate position relative to
the membrane of the E14 residue. Corresponding amino-acid sequences are shown in Fig. 2-4.
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monomers. Interestingly, EmrE monomers can undergo
topological rearrangements involving the reorientation of
loops and TMHs (ie. flipping) after initial membrane
insertion, which is thought to promote dimerization.®***°
While the reorientation of the complete EmrE monomer is
likely very slow (as it has been observed experimentally on a
>20 minute timescale),’® the reversible flipping of the
N-terminal TMH and its loop has been observed on a
biologically relevant ~minute timescale for a single EmrE
monomer.”> An even more dramatic topological
rearrangement has been experimentally observed in LacyY, a
12-TMH symporter. In LacY, six of the 12 TMHs can flip
across the membrane on comparable timescales in response
to changes in the ratio of lipids with zwitterionic
phosphatidylethanolamine (PE) or anionic
phosphatidylglycerol (PG) head groups in the surrounding
membrane.>*® Remarkably, this rearrangement occurs even
in lipid vesicles lacking any potential chaperones.>® These
observations suggest that flipping may involve the direct
translocation of loops and TMHs within complete IMPs
across the bilayer, and as such can provide insights to inform
the design of macromolecules or larger biomaterials capable
of crossing lipid membranes.

Experimentally resolving the molecular-scale mechanisms
underlying flipping is challenging. Alternatively, molecular
simulations coupled with enhanced sampling methods have
been used in a variety of systems (e.g., small molecules,
nanoparticles, peptides, proteins) to model their interactions
with or translocation across lipid bilayers.>**° For example,
past simulation studies have estimated that the free energy
barrier for the translocation of simple ions across the lipid
bilayer is ~25 kcal mol™," which is consistent with a
corresponding hour-day translocation timescale. Numerous
simulations have shown that this free energy barrier is due to
the formation of a local water defect that permits the
solvation of the translocating species but perturbs bilayer
structure.””** However, the free energy cost for this
perturbation is sensitive to other species in the local
chemical environment. For example, membrane-exposed
charged residues on TMHs can stabilize water defects,
thereby reducing the free energy barrier associated with ion
translocation or the flipping of hydrophilic peptide
loops.*®?***  Charge-induced defect formation was also
observed during the translocation of cell-penetrating
peptides.'®"” Protonation state plays a role in this effect, as
neutral membrane-exposed residues do not reduce the
barrier to the same extent as charged residues.*®*° The
translocation of multiple charged residues across the
membrane similarly is not additive because the cost for
translocation of a second residue is decreased due to the
stabilization of a water defect by the first residue.*>*® The
overall protein content of the membrane can reduce
translocation barriers through bilayer disruption or
stabilizing intermediate states during translocation.*”*®
Similar barriers have been reported for the flipping of lipids
and other amphiphiles depending upon the length of the
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amphiphile's nonpolar  group.**”*°  These findings
highlight how the local chemical environment strongly
impacts the flipping of polar and charged groups,
motivating further study of sequence features that affect
TMH flipping.

EmrE (Fig. 1a) serves as an ideal template for the study
of TMH flipping because a recent study by Seurig et al
provided experimental insight into several factors that
influence its topological rearrangements.*? Key
experimental observations (Fig. 1b) include: (1) the
N-terminal TMH1 and its loop can flip across the bilayer
on a timescale of minutes, (2) the C-terminal TMH4 is not
observed to flip, and (3) flipping is only observed for the
EmrE monomer and is arrested upon dimerization. The
timescale for TMH1 flipping is surprisingly short when
compared to the reported hour-day time scale associated
with the simple diffusion of charged ions across lipid
bilayers, even though flipping requires a hydrophilic loop
to cross the bilayer."® This behavior of EmrE may be
attributed to an unusual pattern in the EmrE TMH1
sequence compared to other TMHs in the Escherichia coli
inner-membrane proteome. According to comprehensive
analyses of amino-acid sequences of experimentally
characterized IMPs, most have a relatively high number of
charged residues in their solvent-exposed loops with
nonpolar residues in their TMH domains.’>®" In contrast,
the EmrE sequence contains nonpolar residues in its short
N-terminal loop and a relatively high number of charged
residues in TMH1, thus conferring marginal hydrophilicity
to the N-terminal loop and marginal hydrophobicity to
TMH1 (Fig. S11).*° These sequence differences for the
EmrE helices may contribute to their experimentally
observed flipping behavior and, thus, characterizing the
flipping of EmrE termini may provide insights into
fundamental factors encoded in the sequence that enhance
translocation across the membrane.

In this work, we use all-atom molecular dynamics (MD)
simulations to investigate mechanisms underlying the
flipping of peptides whose sequences mimic different sets of
functional domains of EmrE. We systematically model the
flipping of truncated segments of EmrE as representative
analogues of its N- or C-terminal TMHs, as well as the
N-terminal loop, to identify the impact of helix and loop
properties on flipping free energy barriers. Using replica-
exchange umbrella sampling simulations, we find that the
barrier for the flipping of the N-terminal TMH is
substantially lower than the barrier for the translocation of
the isolated N-terminal loop, indicating that the presence of
the TMH is important to flipping behavior. Comparison of
the N-terminal helix with a charged membrane-exposed
glutamate (E14) residue, neutral E14 residue, and the
C-terminal helix indicates that the charged E14 residue
permits this small flipping free energy barrier. We further
simulate N- and C-terminal flipping in the complete EmrE
monomer to show that the same trends identified for
truncated segments are preserved but with higher free energy
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barriers due in part to hydrogen-bonding between TMHs.
Additional simulation of the EmrE dimer suggests that
substantial hydrogen bonding between TMH1 and other
helices upon dimerization likely arrests flipping. Together,
these results provide mechanistic and thermodynamic
insight into sequence features that affect the flipping of
TMHs inspired by EmrE to provide insight into design rules
for synthetic materials capable of translocating charged
elements across cellular membranes.

2. Methods

2.1. Structures and force fields for truncated segments,
protein, and lipids

The EmrE structure with PDB ID 7JK8 (ref. 52) and 110
amino-acid residues was used as the template 3D structure
for all performed simulations and analysis. EmrE chain B
was chosen for the monomer system since subunit B is
experimentally observed to be more dynamic when
embedded inside the lipid bilayer.>> The sequence of the
truncated C-terminal peptide (C-pep) encompassed the first
residue of the fourth solvent-exposed loop to the C-terminal
residue (residues 79-110; illustrated in Fig. 1c). The
truncated N-terminal peptide encompassed the N-terminal
residue to the last residue of the second solvent-exposed loop
(residues 1-31). The truncated N-terminal peptide was
modeled in two sets of simulations: one with a neutral,
protonated E14 (N-pep-neut) and one with a charged,
deprotonated E14 (N-pep-charge). The truncated N-terminal
loop (N-loop) encompassed only the first N-terminal loop that
is exposed to the solvent when EmrE is in its stable
membrane topology (residues 1-4). The EmrE monomer
systems encompassed the complete sequence of 110 residues
with a charged E14 residue.

A single-component 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) lipid bilayer was used to represent
the lipid membrane. DMPC has been widely used as a
model membrane for previous MD simulation studies on
EmrE®*>*® and the chosen EmrE structure was
experimentally determined by solid-state NMR of the EmrE
dimer in DMPC bilayers.”> Using a single-component lipid
bilayer also removes any contributions from different lipid
components to the flipping processes, thereby highlighting
only sequence-encoded characteristics that contribute to the
flipping of EmrE segments. 100 and 99 lipids were added
to each bilayer leaflet (199 lipids total) for the EmrE
monomer system (Fig. S21), 80 lipids were added to each
bilayer leaflet (160 lipids total) for the truncated peptide
systems, and 40 lipids were added to each bilayer leaflet
(80 lipids total) for the N-loop system. The thickness of the
surrounding water layer was set to 4.5 nm, which was
sufficient to model fully hydrated lipid bilayers and avoid
self-interactions due to periodic boundary conditions. All
systems were modeled using the CHARMM36m force
field®*>® with WYF parameters for cation-n interactions
and the TIP3P water model. Molecular structures and force
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field parameters for the peptides and lipid bilayer were
generated using the CHARMM-GUI Input Generator.”’
Acetyl and amide groups were added to cap the N- and
C-termini of all peptides and the proteins to permit apples-
to-apples comparisons between these systems. The
orientation of the inserted segments (and complete
monomer) relative to the DMPC membranes were aligned
with the experimentally characterized EmrE structure using
the PPM server.®" All systems were neutralized with 20 mM
NaCl to match the experimental conditions of the previous
solid-state NMR study.”®> The number of components of
the systems simulated in this work are summarized in
Table S1.}

2.2. Simulation protocol

Equilibration. All systems were energy-minimized using
the steepest descent algorithm until the maximum force
between atoms reached the criterion of <1000 k] mol™ nm™2.
After energy minimization, all systems were equilibrated at
constant NVT for 250 ps then further equilibrated for 20 ns
at constant NPT. The EmrE monomer system was
equilibrated for an additional 500 ns (520 ns in total) at
constant NPT. During equilibration, the temperature was
maintained at 310.15 K using a Berendsen thermostat with a
time constant of 1.0 ps and the pressure was maintained
during NPT equilibration at 1 bar using a semi-isotropic
Berendsen barostat with a time constant of 5.0 ps and a
compressibility of 4.5 x 107> bar™".°*> All MD simulations were
performed using a leapfrog integrator with a 2 fs timestep
using Gromacs 2021.%® Verlet lists were generated using a 1.2
nm neighbor list cutoff, van der Waals interactions were
modeled with a Lennard-Jones potential using a 1.2 nm
cutoff that was smoothly shifted to zero between 1.0 and 1.2
nm, and electrostatic interactions were calculated using the
smooth particle-mesh Ewald method with a short-range
cutoff of 1.2 nm, a grid spacing of 0.14 nm, and fourth-order
interpolation.®* Bonds with hydrogen atoms were constrained
using the LINCS algorithm.*

Steered molecular dynamics. To generate initial
configurations for umbrella sampling, steered MD (SMD)
was performed to pull loops for each of the N-pep-neut, N-
pep-charge, C-pep, N-loop, and EmrE monomer systems
from their equilibrated locations in aqueous solution across
the bilayer. Pulling was performed by applying a harmonic
biasing potential using the cylindrical pull coordinate
geometry implemented in Gromacs with a 0.0005 nm ps™"
pulling rate and 1000 k] mol™ nm™ force constant. The
z-component of the distance between the center-of-mass
(COM) of the bilayer and the COM of the pulled loop, dz,
was used as the reaction coordinate for both steered MD
and umbrella sampling (vide infra). By using the cylindrical
pull coordinate geometry, only the portion of the bilayer
within a cylindrical region around the pulled loop was used
when computing the COM of the bilayer, which is
accomplished by weighting the contribution of each atom
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to the calculation of the reaction coordinate by a factor w;
which is defined in eqn (1):

1 z(ri)2+(ri)4 re<r
-2(— — ), 1
w; = Teyl Teyl L (1)

0, risrcyl

Here, r; is the radial distance between atom 7 and the COM
of the pulled loop in the x-y plane and 7., = 1.5 nm for all
SMD and umbrella sampling simulations. Position
restraints were applied to the z-component of the positions
of the phosphorus atoms of the DMPC lipids with a
harmonic constant of 1000 kJ mol™ nm™ to avoid
unphysical lipid fluctuations or the creation of large bilayer
defects during steered MD.

Since pulling a loop across the bilayer in a single direction
might introduce an orientational bias when using initial
configurations taken from SMD simulations during umbrella
sampling (Fig. S31), and thus potentially hysteresis in the
resulting free energy profiles** (as demonstrated in Fig. S4t),
SMD simulations were performed following a two-stage
protocol in which loops were pulled across the bilayer in both
directions. First, the loops of the N-pep-neut, N-pep-charge,
C-pep, and EmrE monomer were pulled for 5.5 nm across the
bilayer from their initial configurations to ensure the
complete flipping of the pulled loop across the bilayer, while
the N-loop was pulled for 6 nm from one side of the bilayer
to the other. After this first pulling step, additional NPT
equilibration was performed for 5 ns using the same
parameters as initial system equilibration. During
equilibration, the previously applied position restraints on
the lipid phosphorus atoms were removed while the
harmonic bias was applied to the z-component of the
distance between the COM of the bilayer and the COM of the
pulled loop to avoid any deviation of their relative positions.
The second stage of SMD was then performed by using the
same pull parameters from the first stage of SMD except with
the opposite sign of the pull direction, thereby pulling the
loop in the opposite direction across the bilayer. Initial
configurations from both pulling trajectories were then used
to initiate umbrella sampling as described below.

Replica exchange umbrella sampling. Replica exchange
umbrella sampling (REUS), also referred to as Hamiltonian
replica  exchange MD,*® window-exchange umbrella
sampling,®”®® or bias-exchange umbrella sampling,®® was
performed to compute potentials of mean force (PMFs) for the
flipping of different types of truncated EmrE segments and
loops of EmrE monomer across the DMPC bilayer. The
temperature was maintained at 310.15 K using a Nosé-Hoover
thermostat with a time constant of 1.0 ps and the pressure
was maintained at 1 bar using a semi-isotropic Parrinello-
Rahman barostat with a time constant of 5.0 ps and a
compressibility of 4.5 x 107> bar'. Umbrella sampling was
performed using 56-61 windows spaced by 0.1 nm along the
reaction coordinate, which was defined as the z-component of
the distance between the COM of the bilayer and the COM of
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the pulled loop computed using the cylindrical pull coordinate
geometry (defined in the previous section). Initial
configurations for the windows were selected from the two
SMD trajectories that led to pulling across the bilayer in
opposite directions, with configurations from sequential
windows taken from alternating SMD trajectories (i.e.,
windows 1, 3, 5, ... used initial configurations from one SMD
trajectory while windows 2, 4, 6, ... used initial configurations
from the other SMD trajectory). This approach helped
eliminate bias associated with the orientation of the pulled
loop during its initial pulling across the bilayer, as
discussed in the ESIf (Fig. S3 and S4). For the EmrE
monomer, windows 0 to 18 wused initial configurations
exclusively from the first SMD trajectory because the second
SMD trajectory in the opposite direction was unable to
sample configurations from these windows due to steric
hindrance between the pulled loop and rest of the
monomer. All windows were simulated by applying a 1000 kJ
mol™ nm™ harmonic constant to sample the chosen value of
the reaction coordinate. Each window was initially
equilibrated without replica exchange for 1 ns at constant
NPT, then each window for the C-pep and N-pep-neut peptides
was simulated for 200 ns while each window for the N-pep-
charge, N-loop, and EmrE monomer was simulated for 100 ns.
These simulation times were determined based on the
convergence of the resulting PMF curves (Fig. S7-S127).
Replica exchange between adjacent windows was attempted
with a time interval of 10 ps (Fig. S5 and S61).”%”" The initial
10 to 60 ns of the REUS trajectories were discarded as
equilibration depending on the system and convergence
analysis (Fig. S7-S127), and the rest of the trajectories were
used to compute PMFs using the Weighted Histogram Analysis
Method (WHAM) with error estimated using bootstrapping.””
WHAM was performed using 200 bins along the reaction
coordinate and bootstrapping was performed 200 times using
the given histograms with the integrated autocorrelation time,
t, estimated for each umbrella window and then used as a
weight for the respective window with 1/(1 + 2¢/d¢). Complete
simulation details are presented in the ESLf

Unbiased simulations of EmrE monomer and dimer.
Unbiased MD simulations of the EmrE monomer and dimer
systems were performed for analysis of hydrogen bonds (H-
bonds). The system setup for the monomer is described
above; the dimer used the same approach for consistency in
system preparation but with 200 and 203 lipids added to each
bilayer leaflet (403 lipids total) due to the larger area
occupied by the dimer (Fig. S21). The same MD and force
field parameters were also used for the equilibration of these
systems. For NPT production simulations, the temperature
was maintained at 310.15 K using Berendsen thermostat with
a time constant of 1.0 ps and the pressure was maintained at
1 bar using a semi-isotropic Berendsen barostat with a time
constant of 5.0 ps and a compressibility of 4.5 x 10~ bar .
Both the monomer and dimer systems were simulated for
500 ns and system configurations were extracted every 10 ps
during the NPT production simulations.
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2.3. Analysis

The time-averaged densities of water molecules and
phosphorous atoms of the DMPC lipid headgroups were
calculated using MDTraj (v.1.9.7).”* Densities were computed
from and averaged over the entire REUS trajectory per
umbrella sampling window as a function of the z-component
of the distance between the COM of the bilayer and the COM
of the water/phosphorous atoms. Densities were then
histogrammed based upon the z-component value in a range
from -4.0625 nm to 4.0625 nm by using 65 bins (bin width =
0.125 nm). The helicity was defined as the sum of the set of
root-mean-squared distances (RMSDs) between a peptide
configuration (R;) and an idealized a-helical structure (R°)
according to eqn (2) and (3).”*

Helicity = » "n [RMSD ({R,-}l.E o, {R })} )

1- (RMSD/0.1)*

n(RMSD) = 1- (RMSD/0.1)"

&)

The sum runs over all possible segments of a helix (2,) and
measures the number of six-residue segments that have an
o-helical configuration. The helicity was computed by post-
processing trajectories using PLUMED (v.2.8.0)”> and
computing the ALPHARMSD CV (eqn (S4), Fig. S15%).
H-bonds between TMHs of the complete EmrE monomer
and dimer were characterized by using the Visual Molecular
Dynamics (VMD) H-bond analysis tool.”® Only the polar
atoms N, S, O, F were selected for the analysis. The donor-
acceptor distance cutoff was set to 3.5 A and the angle
cutoff was set to 30°. H-bonds for each system were
computed using all the frames of the 500 ns unbiased
trajectory.

3. Results and discussion

3.1. Flipping of the marginally hydrophilic N-terminal loop of
EmrE

The overall goal of this study is to uncover design rules for
sequence features that affect the flipping of TMHs with
polar flanking loops by understanding mechanisms that
promote the flipping of the N-terminal helix of the EmrE
monomer. To do so, we sought to compare the free energy
associated with the flipping of the truncated N-terminal
helix to the free energy associated with flipping other
truncated segments of EmrE to determine factors affecting
flipping free energies. First, we modeled the free energy for
the flipping of a truncated N-loop across the bilayer; this
process could equivalently be called translocation since the
N-loop is not embedded in the membrane. Due to its
simple structure, comprising only four polar amino-acid
residues (Fig. 2a), the PMF for the flipping of the N-loop is
expected to be symmetric with respect to the bilayer since
the lipid composition is identical in both leaflets and the
configurations of the N-loop before and after flipping are
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effectively identical by symmetry, unlike the configurations
of the truncated helices which have distinct configurations
before and after flipping. Computing this PMF permits
analysis of whether the simulation approach correctly yields
a symmetric PMF and establishes a baseline free energy
barrier for the flipping of a hydrophilic loop for
comparison to flipping truncated helices. We then modeled
the flipping of the N-terminal helix with a deprotonated
E14 at the center of the helix and two flanking solvent-
exposed loops (N-pep-charge) to compare the barrier height
and PMF profile to that of the N-loop. Similar comparisons
were made for the truncated C-terminal helix (C-pep) and
truncated N-terminal helix with a protonated E14 (N-pep-
neut), as described below.

Fig. 2a shows the PMF for N-loop flipping computed using
the REUS approach described in the Methods. We performed
REUS to calculate the PMF because hysteresis in the PMF was
observed when using standard umbrella sampling with
windows from either forward or backward steered molecular
dynamics simulations, leading to an asymmetric PMF with
respect to dz (Fig. S4t). Allowing the exchange of
configurations between adjacent windows enhanced the
convergence of the PMF calculations and eliminated
hysteresis. The free energy barrier for flipping (AGg;,) was
defined as the difference between the PMF maximum and
PMF minimum and is the barrier that the N-loop (or
truncated peptide when discussed below) must overcome
during flipping. The N-loop PMF is approximately symmetric,
as expected, with a maximum value near dz = 0 and with
AGgip = 7.5 keal mol™" (Fig. 2a). This value of AGy;p is
relatively small when compared to values of AGg;, computed
for charged ions in previous MD simulation studies (=25 keal
mol™),"® which can be attributed to the short length of the
N-loop and its inclusion of relatively hydrophobic residues
(methionine, M, and tyrosine, Y).

Fig. 2b shows simulation snapshots of configurations at
values of dz corresponding to notable features in the PMF.
Snapshots (1) and (8) show two local PMF minima
corresponding to positions where the N-loop is in solution
near the bilayer-water interface, snapshots (2) and (7) show
two local PMF maxima corresponding to positions where the
N-loop crosses the bilayer head group region, and snapshots
(3) and (6) show global PMF minima corresponding to
positions where the N-loop is embedded in the bilayer head
group region. As expected, configurations for the N-loop are
similar when it interacts with the upper and lower leaflets of
the bilayer, which is consistent with the symmetry of the
PMF. Snapshots (4) and (5) show configurations near the
PMF maximum. These snapshots illustrate the local
deformation of the bilayer to facilitate solvation of the
hydrophilic loop as it reaches the center of the bilayer. In
addition, the orientation of the loop inverts between
configuration (4) and (5), which is a consequence of the
REUS protocol; this change in orientation is necessary to
avoid an incorrectly asymmetric PMF** (Fig. S41) and is a key
benefit of the REUS methodology.
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Fig. 2 Analysis of flipping for the truncated N-terminal loop (N-loop). (a) Potential of mean force (PMF) as a function of the z-component of the
distance between the COM of the N-loop and the center of the membrane, dz. The amino-acid sequence of the N-loop is in the top-left inset.
The midplane of the membrane is at dz = 0 nm. The blue shaded area indicates the standard deviation computed by bootstrapping. (b) Simulation
snapshots of N-loop flipping. Each numbered snapshot corresponds to a representative configuration for the value of dz marked by a green
arrowhead and corresponding number on the PMF curve in (a). The N-loop is gray, phosphorus atoms of lipid head groups are orange, water
molecules are blue dots, and lipid tails are not shown to aid visualization. (c) Heatmap of water molecule number densities as a function of dz.
Each point in the heatmap shows the density of water molecules with the specified z-component of the distance from the membrane midplane
averaged over time and over all x-y positions. Densities are computed using configurations from the umbrella sampling trajectories with the value
of dz (i.e., the distance of the N-loop from the membrane midplane). The red dashed lines indicate the distances from the center of the membrane
that correspond to the maximum average densities of phosphorus atoms from (d). (d) Heatmap of phosphorus atom number densities as a function
of dz. Each point in the heatmap is computed as described for (c). Red dashed lines indicate the maximum average densities of phosphorus atoms.

Fig. 2c and d present analysis of membrane water content
and bilayer structure to quantify the observed bilayer
perturbation and explore the mechanistic origin of the PMF
profile. Fig. 2c shows the average water density as a function
of the z-component of the distance from the bilayer midplane
computed from the REUS trajectories for different values of
dz; the y-axis thus plots the distance used to compute water
densities, while the x-axis indicates the distance of the N-loop
from the membrane midplane. There is little variation in the
water density for dz < —1.0 nm and dz > 1.0 nm since these
values correspond to configurations in which the N-loop
remains in solution or near the membrane head group region.
For -1.0 nm < dz < 1.0 nm, a range in which the PMF
increases as the N-loop crosses the hydrophobic core of the
membrane, there is an increase in water density at regions
close to the membrane midplane. These data are consistent
with the water content visualized in snapshots (4) and (5) and

This journal is © The Royal Society of Chemistry and IChemE 2025

indicates the formation of water defects that solvate the
N-loop. Fig. 2d similarly quantifies the density of phosphorus
atoms as a function of the same variables to indicate
perturbations to the bilayer structure. Like the water density,
there is an increase in intra-membrane phosphorus density
for values of dz coinciding with the increase in the PMF.
These results show that while small water defects were
observed from the windows with the N-loop biased at the
center of the membrane (Fig. 2b and c), no sizable membrane
perturbation was captured from the same windows (Fig. 2d)
due to the only marginal hydrophilicity of the N-loop.

3.2. Flipping of the marginally hydrophobic N-terminal
helical domain of EmrE

Next, we tested how the addition of the marginally
hydrophobic N-terminal TMH1 to the N-loop contributes to
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both mechanistic and energetic differences in the flipping
of the truncated N-terminal peptide. Fig. 3a shows the
sequence of the truncated TMH1 and its two flanking
loops. We first investigated the flipping of a truncated
N-terminal peptide with a deprotonated (and hence
charged) E14 residue, which we refer to as “N-pep-charge”.
Considering both the expected pK, of E14 (ref. 77) and that
E14 residues alternate their protonation states during the
efflux of drug-like molecules,”™’® we also compared this
analysis to a peptide with protonated E14 residue (“N-pep-
neut”), as described below, to investigate the role of the
protonation state of the membrane-exposed residue on
flipping. Since TMH domains in typical IMPs have
compositions containing primarily hydrophobic
residues,””®® EmrE's comparatively hydrophilic TMH1 due
to the membrane-exposed E14 residue (Fig. S1f) was
considered as one of the potential key factors that
promotes the flipping of the N-terminal TMH1 when EmrE
is in its monomer state.
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Fig. 3b shows that the PMF profile for the flipping of the
N-pep-charge peptide exhibits pronounced asymmetry
compared to the N-loop (Fig. 2b). The global PMF minimum
at dz = -1.2 nm corresponds to the peptide in a
transmembrane state with its flanking loops exposed to
solvent on either side of the bilayer. The corresponding
snapshot (1) in Fig. 3c shows that at the PMF minimum
water molecules enter the bilayer to solvate the charged E14
residue. Flipping then brings the N-loop from the lower
leaflet (dz < 0) to the upper leaflet (dz > 0), with a maximum
at dz = 0.7 nm. During this process, the N-terminal loop of
the peptide crosses the bilayer while the helical segment
mostly retains its initial orientation observed at the PMF
global minimum. AGyg;, of the N-pep-charge was ~5.4 keal
mol " which is smaller than AGg, of the N-loop (7.5 keal
mol ™). After the N-terminal loop crosses the bilayer (dz > 0.7
nm), the helical segment then flips across the bilayer while
partial unfolding is observed, especially at G17 (shown
visually in Fig. 3¢ and quantified based on changes to helicity
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Fig. 3 Analysis of flipping for the truncated N-peptide-E14-charged (N-pep-charge). (a) Amino-acid sequence of N-pep-charge. The index of each
amino acid with respect to the whole EmrE monomer sequence is shown above the residue. The transmembrane helix (TMH) of the peptide is
highlighted with the pink box. Residues colored in blue and red are positively and negatively charged, respectively. E14 is charged in this sequence.
(b) Potential of mean force (PMF) as a function of the z-component of the distance between the COM of the N-terminal loop and the center of
the membrane, dz. The midplane of the membrane is at dz = 0 nm. The blue shaded area indicates the standard deviation computed by
bootstrapping. (c) Simulation snapshots of N-pep-charge flipping. Each numbered snapshot corresponds to a representative configuration for the
value of dz marked by a green arrowhead and corresponding number on the PMF curve in (b). The N-pep-charge is gray, positively charged amino
acids are blue, negatively charged amino acids are red, phosphorus atoms of lipid head groups are orange, water molecules are blue dots, and lipid
tails are not shown to aid visualization. The termini of the truncated peptide are labeled with green “N” and “C”. (d) Heatmap of water molecule
number densities and (e) heatmap of phosphorus atom number densities as a function of dz, following the same definition as Fig. 2.
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in Fig. S157). Partial unfolding at G17 continued until the
PMF local minimum at dz = 1.3 nm which corresponds to a
state in which the helical segment was embedded in only the
upper bilayer leaflet (Fig. 3c and S157). The energy barrier for
the N-terminal loop to flip back, or “flop,” to its initial
structure with a global PMF minimum at dz ~ -1.2 nm was
AGgop = 2.6 keal mol ™, which is even smaller than AGg;;, and
substantially smaller than AGg;; of the N-loop. These
substantially reduced free energy barriers for flipping and
flopping indicate the impact of the helical segment on the
local chemical environment.

Distinct differences in water content and membrane
structure (Fig. 3d and e) were observed during the flipping of
the N-pep-charge peptide compared to the N-loop.
Examination of the water densities and phosphorus atom
densities for dz < -1.2 nm (i.e., prior to flipping) shows that
both water and phosphorus densities have increased values
closer to the bilayer midplane than for the N-loop system,
indicating that the average thickness of the DMPC bilayer
was smaller in the N-pep-charge system than in the N-loop
system. This difference can be attributed to electrostatic
interactions between the charged E14 of the helical segment
and water molecules and phosphorus head groups, leading
to local membrane disruptions even at the global PMF
minimum as shown in Fig. 3c. As a result, although the water
density near the bilayer midplane increases with dz during
flipping because some water molecules are dragged into the
membrane, there is no large and sudden increase in the
amount of water in the membrane as observed for the
N-loop. Consequently, the value of AGy;;, is smaller for N-pep-
charge than N-loop since the deformation of the bilayer
during flipping is reduced because of the pre-existing water
defect and deformation promoted by the embedded helical
segment. The snapshots in Fig. 3c similarly illustrate the
N-loop accessing the pre-existing water defect near E14
during flipping. These observations are similar to
deformations in membrane structure and water content that
were previously observed for a simple TMH with a charged
residue at its center,”” which exhibited a sizable decrease in
the free energy barrier for translocation depending upon the
protonation state of a central aspartate residue due to
stabilization of water defects.*®*® Such deformations, along
with the partial unfolding of the TMH1, may effectively
stabilize water defects during the flipping process so that
AGy;p of the N-pep-charge with 31 residues can be smaller
than AGg;, of the N-loop with only 4 residues. These results
suggest that it is the relative hydrophilicity of TMH1 that
promotes its flipping in the EmrE monomer.

3.3. Flipping of the hydrophobic C-terminal helical domain
of EmrE

Since the prior analysis suggests that N-terminal TMH1
flipping is promoted by the marginal hydrophobicity of its
helix, we next characterized the flipping of a truncated
segment mimicking the C-terminal TMH4 of EmrE, which is

This journal is © The Royal Society of Chemistry and IChemE 2025
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more hydrophobic (and thus typical of TMHs) and was not
experimentally observed to flip.** Fig. 4a shows the sequence
of TMH4 and its two flanking loops that comprise the
truncated C-terminal segment (C-pep). Fig. 4b shows that the
PMF for the flipping of C-pep is a monotonically increasing
function of dz with only small, comparable local minima at
dz ~ 1.0 nm and dz =~ 2.2 nm. The global minimum
corresponds to the transmembrane state as expected given
the hydrophobicity of TMH4; we attribute the lack of a deep
minimum for positive values of dz to the strong preference
for transmembrane embedding for the hydrophobic helix
(Fig. S11). AGai, was ~12.1 keal mol !, which is significantly
larger than AGg;, for either the N-loop or N-pep-charge. The
segment remained helical and continuously tilted during the
flipping process (Fig. 4c and S15%).

The simulation snapshots in Fig. 4c reveal that flipping
leads to the formation of a large bilayer defect at the PMF
maximum. Fig. 4d and e indicate that the average thickness
of the membrane of C-pep system remained larger than the
case of N-pep-charge prior to flipping, likely because the
bilayer structure was not affected by the hydrophobic TMH4.
Therefore, flipping of the TMH requires the sudden
permeation of a large number of water molecules into the
center of the bilayer as the hydrophilic charged C-terminal
loop drags solvent molecules along its pulled trajectory
(Fig. 4c and d). Consequently, compared to the previous cases
of N-loop and N-pep-charge systems, a more sizable
membrane perturbation that resembles transient pore
formation was observed during the flipping of C-pep
(Fig. 4c and e). Both the intrusion of a large amount of water
and the associated disruption of the membrane would
account for the higher free energy barrier for flipping for
C-pep. Therefore, multiple mechanistic changes that were
energetically unfavorable occurred during the flipping of the
truncated C-pep across the bilayer which is consistent with
the stable topology of the C-terminal TMH4 domain of the
EmrE monomer.

Based on the high flipping free energy barrier for the
hydrophobic C-pep, we hypothesized that protonating the
E14 residue in the N-terminal TMH1 (to increase its effective
hydrophobicity) might similarly increase its flipping free
energy barrier. Fig. S131 shows the resulting PMF, simulation
snapshots, and water/phosphorus atom number densities for
the flipping of a segment of the N-terminal TMH1 with a
neutral E14 residue (N-pep-neut). These results are similar to
those of C-pep; as TMH1 loses its charged residue at the
center of the helix, the free energy barrier for flipping is more
comparable to the barrier for flipping of the C-pep, no local
minimum is observed for positive values of dz indicating a
strong preference for the transmembrane state, and the
mechanistic features captured during the flipping resemble
those of C-pep, including the formation of a transient pore in
the membrane to allow a substantial influx of water
molecules and lipid phosphate groups into the hydrophobic
core of the bilayer. Such a dramatic change due to only the
protonation of E14 corroborates the hypothesis that, rather
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Fig. 4 Analysis of flipping for the truncated C-terminal peptide (C-pep). (a) Amino-acid sequence of C-pep. The index of each amino acid with
respect to the whole EmrE monomer sequence is shown above the residue. The transmembrane helical (TMH) domain is highlighted with the pink
box. Residues colored in blue and red are positively and negatively charged, respectively. (b) Potential of mean force (PMF) as a function of the
z-component of the distance between the COM of the C-terminal loop and the center of the membrane, dz. The midplane of the membrane is at
dz = 0 nm. The blue shaded area indicates the standard deviation computed by bootstrapping. (c) Simulation snapshots of C-pep flipping. Each
numbered snapshot corresponds to a representative configuration for the value of dz marked by a green arrowhead and corresponding number
on the PMF curve in (b). The C-pep is gray, positively charged amino acids are blue, negatively charged amino acid is red, phosphorus atoms of
lipid head groups are orange, water molecules are blue dots, and lipid tails are not shown to aid visualization. The termini of the truncated peptide
are labeled with green “N” and “C”. (d) Heatmap of water molecule number densities and (e) heatmap of phosphorus atom number densities as a
function of dz, following the same definition as Fig. 2.

than the marginally hydrophilic N-loop, it is the marginally
hydrophobic TMH1 of EmrE that primarily accounts for the

smaller flipping free energy barrier than either its isolated
N-terminal loop or a more hydrophobic C-terminal peptide

observed flipping of the N-terminal of the monomer, with
E14 playing the critical role in determining the
hydrophobicity of TMH1 via its protonation state.
Specifically, the charged E14 residue promotes the
deformation of the local membrane thickness and promotes
the permeation of water molecules into the membrane prior
to flipping, thereby decreasing the free energy cost associated
with creating a water defect,%3%447,48,81,82

3.4. Flipping of N- and C-terminal loops of the complete
EmrE monomer.

The results of sections 3.1-3.3 indicate that the truncated
N-terminal peptide with a deprotonated E14 residue has a

576 | Mol Syst. Des. Eng., 2025, 10, 567-584

(with charged flanking loops). Analysis of water content and
bilayer deformation suggests that this lower barrier could be
attributed to the E14 residue, which confers some
hydrophilicity to the TMH and promotes higher membrane
water content and pre-existing membrane deformation when
the TMH is in its initial transmembrane state prior to
flipping. We next sought to understand what sequence
features affect flipping in the more complex chemical
environment near the complete EmrE monomer to see to
what extent the presence of other TMHs influences flipping.
We thus performed the same enhanced sampling simulations
and analysis for the flipping of both the N- and C-terminal
TMHs of the complete EmrE monomer system to compare
against the truncated segments.

This journal is © The Royal Society of Chemistry and IChemE 2025
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Fig. 5 shows that analysis and observations for the EmrE
monomer are largely consistent with the thermodynamic and
mechanistic patterns observed for the truncated segments.
The free energy barrier for flipping (Fig. 5a and c) is much
larger for the C-terminal (=18.8 kcal mol™) than for the
N-terminal (=9.2 kcal mol™) TMH, noting that E14 was
treated as deprotonated and thus charged. The overall shapes
of the PMF plots for the flipping of each terminal resemble
those from the truncated systems (Fig. 3b and 4b). Pre-
existing deformations in water and membrane structures are
observed in both cases (Fig. 5b and d and S14}) due to the
charged E14 residues, with greater deformation at the upper
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leaflet. We attribute this asymmetry in deformations to a pre-
existing pore-like local environment at the upper leaflet
formed by TMH1, TMH2, and TMH3 in their initial
transmembrane topology. The magnitude of this deformation,
in terms of the average membrane thickness, is larger in the
EmrE monomer than in the truncated peptide systems,
presumably due to the asymmetry in the transmembrane
topology of EmrE compared to the truncated single helices.
Only the N-terminal TMH crosses through this pre-existing
water defect during flipping, however; this difference in local
chemical environment leads to the significant difference in
the energetic profiles for N- and C-terminal loop flipping.
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Fig. 5 Analysis of flipping for the N- and C-terminal loops of EmrE monomer. (a) Potential of mean force (PMF) as a function of the z-component
of the distance between the COM of the N-terminal loop and the center of the membrane, dz. The midplane of the membrane is at dz = 0 nm.
The blue shaded area indicates the standard deviation computed by bootstrapping. (b) Simulation snapshots of EmrE N-terminal TMH1 flipping.
Each snapshot corresponds to a representative configuration for the value of dz marked by a green arrowhead on the PMF curve in (a). The EmrE
monomer is gray, TMHL1 is red, phosphorus atoms of lipid head groups are orange, water molecules are blue dots, and lipid tails are not shown to
aid visualization. The termini of the protein are labeled with green “N” and “C”. (c) PMF as a function of the dz of the distance between the COM
of the C-terminal loop and the center of the membrane. The midplane of the membrane is at dz = 0 nm. The blue shaded area indicates the
standard deviation computed by bootstrapping. (d) Simulation snapshots of EmrE C-terminal TMH4 flipping. Each numbered snapshot corresponds
to a representative configuration for the value of dz marked by a green arrowhead and corresponding number on the PMF curve in (c). The EmrE
monomer is gray, TMH4 is red, and other visualizations follow same as (b).
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Similar to the truncated peptide systems, these results indicate
that the charged E14 residue minimizes further deformation
in water and membrane structures during the flipping of the
N-terminal loop due to the pre-existing water deformation
around TMH1, while no such local environment is provided
for C-terminal flipping.

While the shape and trends in the PMFs for the EmrE
monomer are the same as truncated segments, the barriers
to flipping and flopping are larger for the N- and C-terminal
TMHs compared to the equivalent truncated segments, which
we attribute in part to variations in the local membrane
environment due to the larger monomer. We also
investigated another feature of the local chemical
environment that is unique to the EmrE monomer:
interhelical H-bond networks. Unlike in the truncated
segment, N-terminal loop flipping for the monomer requires
TMH1 to break stable H-bonds that are formed with other
helices when in the transmembrane state (Fig. 6a, with
simulation snapshots shown in Fig. 5b). Notably, among
interhelical H-bonds with TMH1, the H-bond between TMH1
and TMH2 (Fig. 6a) is the most stable interaction when EmrE
is embedded inside the membrane. Since interhelical
H-bonds are known to stabilize the transmembrane topology
of IMPs,**® it is somewhat surprising that the flipping of
the N-terminal helix, which forms a stable H-bond with an
adjacent TMH, requires a much smaller free energy change
than the flipping of the C-terminal helix, which shows almost
no H-bonds with other helices (Fig. 6b, with simulation
snapshots shown in Fig. 5d). Changes in the monomer's
conformations and local chemical environments observed
during each flipping process can explain this unexpected
pattern in flipping barrier. Specifically, the simulation
snapshots show that the stable H-bond between TMH1 and
TMH?2 does not significantly hinder the flipping of the EmrE
N-terminal loop because TMH2 tilts with TMH1 while TMH1
partially unfolds into the loop during the flipping (Fig. 5b).
This relaxation of the whole monomer helps lower the
energetic barrier for the process. The decrease in H-bonding
between TMH1 and TMH2 is partially compensated by the
formation of an H-bond between TMH1 and TMH3 after
flipping occurs, leading to only a small decrease in overall
H-bonding. However, this change in interhelical H-bonding
likely still contributes to the greater energetic barrier for
flipping of the N-terminal loop of the EmrE monomer than
the truncated loop (Fig. 2a) or the peptide with TMH1
(Fig. 3b). These results point to potential design rules for
influencing flipping processes by introducing functional
groups capable of forming intramembrane H-bonds,
particularly for larger synthetic materials like nanoparticles
or polymers.

3.5. Quantitative analysis of hydrogen bonds between
transmembrane helices of EmrE

The analysis in the preceding section indicates that
interhelical H-bonds can affect flipping in the EmrE
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Fig. 6 Interhelical hydrogen bonding patterns of flipping for the N-
and C-terminal loops of EmrE monomer. (a) Time-averaged number of
hydrogen bonds between TMH1 and other helices for the N-terminal
loop flipping as a function of dz. The legend “H1-H2” indicates
H-bonds between TMH1 and TMH2 and other legends follow the same
definition. The red dashed line indicates all interhelical H-bonds of
TMH1. (b) Time-averaged number of hydrogen bonds between TMH4
and other helices for the C-terminal loop flipping as a function of dz.
The legend “H1-H4” indicates H-bonds between TMH1 and TMH4 and
other legends follow the same definition. The red dashed line indicates
all interhelical H-bonds of TMH4.

monomer. Since interhelical H-bonding has been
demonstrated both experimentally and computationally to be
one of the essential driving forces that facilitates the
association of hydrophobic TMHs in lipid bilayers,***® we
hypothesized that H-bonding between TMHs could be
particularly relevant to stabilizing the EmrE dimer to inhibit
the ability of the N-terminal helix to flip, as observed
experimentally, due to its association with other helices. We
further hypothesized that the protonation state of the
membrane-exposed E14 residue, previously shown to
promote flipping, could also affect interhelical H-bonding,
thereby providing new insight into potential design rules for
tuning the stability of transmembrane segments. To
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investigate these hypotheses, we compared the time-averaged
number of H-bonds between the TMHs of EmrE for the
membrane-embedded monomer and dimer states (Fig. 7a).
The protonation states of the E14 residues in the EmrE dimer
were considered to change as a pair since the functional
dimer is known to simultaneously alternate the protonation
state of E14 of each monomer, whether both protonated or
deprotonated, to perform the efflux of drug-like molecules
coupled with proton import.>*”%%

For the EmrE monomer in its equilibrated state (Fig. 7b,
Table S2t), multiple but transient interhelical H-bonds
between TMHs were observed (thin green lines in Fig. 7b)
when E14 was deprotonated (i.e., charged), while a relatively
persistent H-bond between TMHs, particularly between the
side chain of TMH1 E14 and the carbonyl oxygen of TMH3
W63 (Table S31), was observed when E14 was protonated
(thicker green lines in Fig. 7b). For the E14-deprotonated
monomer, although the time-averaged number of H-bonds
between TMH1 and TMH2 is relatively high (~0.971; see
Table S2t) compared to other interhelical H-bonds, this
number consists of numerous transient H-bonds compared
to the case when E14 is protonated with a persistent H-bond
between TMH1 E14 and TMH3 W63 (Table S3t). These
multiple but transient H-bonds may not significantly stabilize
the transmembrane topology of the EmrE monomer (Fig. 6a),
thereby allowing the flipping of the N-terminal loop. We
expect that this difference in interhelical H-bonding
depending on the protonation state of E14 would further
exacerbate the energetic difference in flipping of the EmrE
monomer when E14 is deprotonated vs. protonated (Fig. 3b
and S13bf) since both the higher flipping barrier and
persistent interhelical H-bonds would inhibit the flipping of
TMH1 if E14 is protonated. This analysis again points to the
charge of E14 of EmrE as critical to promoting flipping.

For the EmrE dimer in its equilibrated membrane-
embedded state (Fig. 7c, Tables S4 and S5%), persistent
H-bonds between TMH1 of chain A and TMH3 of chain B,
predominantly residues E14 and Y60 (Table S6t), were
observed for the dimer with deprotonated E14 residues (thick
green lines in Fig. 7c). These interactions weakened
significantly when E14 residues were protonated (Table S77).
Notably, a persistent H-bond between TMH3 of chain A and
TMH1 of chain B, with the same residue pair Y60 and E14,
was observed for the dimer with protonated E14 residues
(Fig. 7c, Tables S5 and S7t). Similar to the EmrE monomer,
persistent interhelical H-bonds within each monomer, with
the same residue pair E14 and W63, were observed when E14
residues of the dimer were protonated (Fig. 7c, Tables S4 and
S7t). These patterns in interhelical hydrogen bonding were
also found to persist when using steered MD simulations to
force the flipping of the N-terminal helix of either the EmrE
monomer or dimer (Fig. 6a and S16, Tables S8 and S9t). The
observation that E14 plays the critical role in interhelical
H-bonding for EmrE in its monomer and dimer state agrees
with previous findings that polar residues at the center of
transmembrane helices have the most significant per-residue

This journal is © The Royal Society of Chemistry and IChemE 2025

View Article Online

Paper

[TMH4]
&

‘ Chain B

‘ Chain A .
(b)

E14-charged E14-neutral

@e® QQ‘
S

(c)
E14-neutral

Fig. 7 Interhelical hydrogen bonding patterns in EmrE. (a) Structures
of the EmrE monomer (left) and dimer (right) viewed from above the
membrane. Chain A is in red, chain B is in blue, and phosphorus atoms
are in orange. Topological maps of TMHs corresponding to each
structure are shown below with helices numbered by the order in
which they appear in the primary sequence. (b) Topological maps of
interhelical hydrogen bonds for the EmrE monomer with E14
deprotonated (E14-charged, at left) or protonated (E14-neutral, at
right). Green lines connecting the TMHs represent hydrogen bonds
and the line thickness quantifies their persistence based on the time-
averaged number of the bonds during a 500 ns simulation (values in
Table S27). (c) Topological maps of interhelical hydrogen bonds for the
EmrE dimer with E14 deprotonated (E14-charged, at left) or protonated
(E14-neutral, at right). Green lines connecting the TMHs represent
hydrogen bonds as in (b). Both intra- and intermonomer hydrogen
bonds are marked (numerical values in Tables S4 and S57).
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contribution to the free energy of helix association as a
function of helix-helix distance due to strong interhelical
interactions.®**%% Based on the strength of these interhelical
H-bonds, and the prior analysis of the effect of H-bonding on
flipping in the EmrE monomer, we conclude that
dimerization likely arrests flipping by promoting the
formation of persistent H-bonds between TMHs.

4. Conclusions

In this work, we use molecular simulations to investigate
what sequence features affect the flipping of the N-terminal
helix (TMH1) of EmrE across a single-component lipid
membrane, and why flipping is inhibited upon dimerization,
in order to suggest bioinspired design rules for enhancing
membrane translocation. Comparing free energy barriers for
flipping systematically truncated EmrE peptides indicates
that the lowest free energy barrier for flipping is observed for
the marginally hydrophobic TMH1 with a deprotonated
(charged) E14 residue. Conversely, protonating E14 to
increase TMH1 hydrophobicity leads to a free energy barrier
similar to that of the more hydrophobic C-terminal helix,
which is experimentally not observed to flip. Charged E14
stabilizes the water defect caused by the flipping of TMH1 to
minimize the deformation to the membrane and avoid
transient pore formation, as is observed for the other
truncated segments. Additionally, quantitative analysis of
interhelical H-bonding for the EmrE monomer and dimer
indicates that increased hydrogen bonding upon
dimerization would inhibit flipping. These results suggest
multiple bioinspired design rules for synthetic materials
capable of flipping hydrophilic or charged groups across the
bilayer: (1) introducing hydrophilic, and particularly charged,
membrane-exposed functional groups can promote flipping
by stabilizing water defects, (2) tuning the hydrophobicity of
a transmembrane domain (e.g., modulating the protonation
state of membrane-exposed functional groups) can impact
flipping thermodynamics more substantially than tuning the
hydrophilicity of the group that is flipping, and (3) adding
functional groups capable of intra-membrane H-bonding can
inhibit flipping, or alternatively stabilize membrane-
embedded states. We expect that these design rules will be
valuable for engineering the properties of synthetic
peptides,'®™® nanomaterials,"® or polymers*® with multiple
functional  groups, particularly for applications in
intracellular delivery.

Beyond these design rules, these findings also provide
biophysical insight into factors affecting topological changes
in naturally occurring IMPs. While folding in true biological
membranes likely involves factors including membrane
asymmetry, protein chaperones, or other membrane
components such as lipopolysaccharides,””* our findings
highlight the importance of the marginal hydrophobicity of
the N-terminal TMH1 as an intrinsic factor that facilitates the
flipping of the EmrE monomer. Considering the paucity of
glutamate  residsues  observed in  transmembrane
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a-helices,”®" both the presence of E14 itself and its location
at the center of TMH1 may create a synergy that confers the
unusual dynamic membrane topology to EmrE monomers.
Our results further indicate that the protonation state of E14
shifts the H-bonding patterns between TMHs in EmrE;
similar shifts have been shown experimentally to introduce a
kink or conformation change to helices.”> Therefore, the
H-bonding pattern of the EmrE monomer with the
deprotonated E14 may confer considerable flexibility into
TMH1 that permits the transient kink at G17 (Fig. 3c) and
lowers the energetic barrier for the dynamic flip-flop of the
N-terminal helix. After dimerization, however, the shifted
hydrogen bonding pattern of EmrE significantly stabilizes its
whole structure regardless of the protonation state of E14 so
that the dimer losses its dynamic membrane topology. The
identification of these behaviors for a naturally occurring
transmembrane protein suggests that flipping may also be
important to the folding and topogenesis of other naturally
occurring proteins. For example, the folding and unfolding of
various bacterial outer membrane proteins in synthetic,
neutral, single-component lipid vesicles is kinetically
controlled by factors similar to the ones that affect charge
translocation, including membrane thickness® and the
presence of membrane defects,” indicating that folding may
require charged or hydrophilic groups to cross the
membrane.”®> These results may thus inspire future
investigation of the extent to which marginally hydrophobic
domains are associated with topology changes in diverse
proteins as part of protein folding pathways. Future work will
also build upon this study's investigation of flipping in a
single-component DMPC lipid membrane to consider the
impact of membrane composition on flipping behavior,
recognizing that biological membranes include a large
number of components and can be asymmetric in
composition.’®
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