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Abstract Several laboratories have carried out molecular
dynamics (MD) simulations of arginine interactions with
lipid bilayers and found that the energetic cost of placing
arginine in lipid bilayers is an order of magnitude greater
than observed in molecular biology experiments in which
Arg-containing transmembrane helices are inserted across
the endoplasmic reticulum membrane by the Sec61 tran-
slocon. We attempt here to reconcile the results of the two
approaches. We first present MD simulations of guanidi-
nium groups alone in lipid bilayers, and then, to mimic the
molecular biology experiments, we present simulations of
hydrophobic helices containing single Arg residues at dif-
ferent positions along the helix. We discuss the simulation
results in the context of molecular biology results and show

E. V. Schow - J. A. Freites - D. J. Tobias (D<)
Department of Chemistry, University of California, Irvine,
CA 92697, USA

e-mail: dtobias@uci.edu

J. A. Freites - S. H. White
Department of Physiology and Biophysics,
University of California, Irvine, CA 92697, USA

E. V. Schow
Department of Physics, University of California, Irvine,
CA 92697, USA

P. C. Myint
Department of Bioengineering, University of California, Irvine,
CA 92697, USA

S. H. White - D. J. Tobias
Center for Biomembrane Systems, University of California,
Irvine, CA 92697, USA

A. Bernsel - G. von Heijne
Department of Biochemistry and Biophysics, Stockholm
University, 106 91 Stockholm, Sweden

that the energetic discrepancy is reduced, but not elimi-
nated, by considering free energy differences between Arg
at the interface and at the center of the model helices. The
reduction occurs because Arg snorkeling to the interface
prevents Arg from residing in the bilayer center where the
energetic cost of desolvation is highest. We then show that
the problem with MD simulations is that they measure
water-to-bilayer free energies, whereas the molecular
biology experiments measure the energetics of partitioning
from translocon to bilayer, which raises the fundamental
question of the relationship between water-to-bilayer and
water-to-translocon partitioning. We present two thermo-
dynamic scenarios as a foundation for reconciliation of the
simulation and molecular biology results. The simplest
scenario is that translocon-to-bilayer partitioning is inde-
pendent of water-to-bilayer partitioning; there is no ther-
modynamic cycle connecting the two paths.

Keywords Ion permeation mechanisms - Membrane
transport-theoretical or experimental - Voltage-dependent
ion channels - Membrane biophysics

Introduction

Voltage-gated ion channels open and close in response to
changes in transmembrane (TM) electric potential (Hille
2001). The opening and closing of the ion-conducting pore
is coupled to conformational changes in the voltage-sens-
ing domains, which contain the highly charged S4 helix
(Tombola et al. 2006). The charge in the S4 helix is carried
by basic amino acids, the majority being arginine. Crystal
structures have suggested that at least some of the arginine
side chains in the S4 helix are exposed to lipids in the
surrounding membrane (Jiang et al. 2003; Lee et al. 2005;
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Long et al. 2005, 2007). This observation raises the ques-
tion, how can charged arginine side chains be accommo-
dated in a lipid bilayer?

The presence of a nonpolar, fluid hydrocarbon interior is
one of the defining features of a lipid bilayer. The transfer
of a charged amino acid side chain such as arginine from
water to the interior of a membrane is expected to be
unfavorable, primarily because of the high energetic cost of
dehydrating the charge. Indeed, continuum electrostatics
calculations that model the membrane as a slab of low
dielectric material (e.g., oil) sandwiched by a high dielec-
tric material (e.g., water) predict that the energetic penalty
of moving a charge from water into a membrane is on the
order of tens of kcal mol ™! (Parsegian 1969). On the basis
of such calculations, Arg side chains were not expected to
be exposed to lipids. To begin to understand how Arg side
chains can be accommodated in membranes, it is necessary
to take a more detailed look at the membrane.

The complete structure of a lipid bilayer, determined by
joint refinement of X-ray and neutron scattering data,
reveals that only roughly half of the bilayer, the innermost
3 nm or so, is occupied exclusively by hydrocarbon, while
the remainder is a chemically heterogeneous mixture of
lipid polar groups and water molecules (Wiener and White
1992). Consequently, the bilayer—water interface is not an
abrupt boundary between low and high dielectric media,
but rather is a roughly 1.5 nm region over which the
polarity smoothly decreases from the high polarity of water
to the low polarity of liquid hydrocarbon (White and
Wimley 1998). Thus, it is conceivable that the energetic
cost of placing a charged side chain into a membrane could
be greatly reduced if the side chain is located in a region of
the membrane where it is solvated by water and lipid polar
groups.

Indeed, Hessa et al. (2005b) demonstrated, using tran-
slocon-mediated insertion experiments, that a model S4
helix based on the KvAP voltage sensor (which has four
equally spaced arginine residues) can be inserted into the
endoplasmic reticulum membrane with the astonishingly
low free energy penalty of 0.5 kcal mol™'. A subsequent
study showed that the S4 helices of the Shaker and KAT1
channels also have relatively low free energies of translo-
con-mediated insertion (~ 1 kcal mol™") (Zhang et al.
2007). The TM configuration assumed for an isolated S4
helix has been confirmed by oriented circular dichroism
spectroscopy (Fernandez-Vidal et al. 2006) and solid-state
nuclear magnetic resonance measurements (Doherty et al.
2010). In an molecular dynamics (MD) simulation of the
S4 helix in a TM configuration in a palmitoyl oleoyl
phosphatidyl choline (POPC) bilayer, the membrane
deformed in the vicinity of the helix, enabling the charged
guanidinium groups of all the arginines along the length of
the helix to be completely solvated (and presumably
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stabilized) by negatively charged lipid phosphodiester
moieties and water molecules (Freites et al. 2005). Taken
together, the MD simulation and translocon-mediated
insertion studies suggest that it is structurally and ener-
getically feasible to expose arginines to lipids, in large part
due to solvation of the charged guanidinium group by
water and lipid polar groups, particularly phosphates. A
potential functional role for arginine—phosphate interac-
tions was identified by Schmidt et al. (2006), who showed
that KvAP channels function in a variety of membranes
containing phospholipids, but not in membranes containing
a variety of lipids (including negatively charged ones)
lacking phosphodiester groups. Interactions between
phospholipids and voltage-sensing domains were revealed
explicitly in the 2.4 A resolution crystal structure of a
“paddle-chimera” channel in which the helix-turn-helix
motif comprising the S3b and S4 helices in Kv1.2 has been
replaced by the one from Kv2.1 (Long et al. 2007). In
addition, it has been shown via a combination of solid-state
nuclear magnetic resonance and neutron scattering that the
S4 arginines of membrane-embedded voltage-sensing
domains interact directly with water (Krepkiy et al. 2009).

The experiments by Hessa et al. have also shown that
translocon-mediated integration of TM helices into the
endoplasmic reticulum membrane depends not only on the
identity of these residues but also their position within
the sequence. For example, accurate measurements of the
apparent free energy of insertion (AG,p,) were found to be
very sensitive to the location of an Arg residue on an
otherwise hydrophobic helix, with AG,p, showing a
monotonic increase upon moving the Arg from the ends of
the helix to the middle, but the difference in AGapp between
the middle and ends of the helix, ~2.5 kcal mol™}, was
remarkably small (Hessa et al. 2005b). This is in sharp
contrast to continuum electrostatics models, which predict
a large (tens of kcal mol™') free energy penalty for
inserting a charge throughout most of the membrane
(Parsegian 1969).

Free energy profiles (also known as potentials of mean
force, or PMFs) for translocating an Arg side chain (or
analogs such as the guanidinium, methylguanidinium, or
propylguanidinium ions) across lipid bilayers, computed
from MD simulations by several groups using different
sampling protocols and force fields (Dorairaj and Allen
2007; MacCallum et al. 2007; Johansson and Lindahl 2008,
2009; Li et al. 2008; Vorobyov et al. 2008), generally
reproduce the shape of AG,,, versus Arg position in the
sequence TM helix reported by Hessa et al. (2005b). There
is, however, a great disparity in the energy scales: the free
energy required to move Arg (or analogs) from the mem-
brane—water interface, predicted by MD simulations,
15-20 kcal mol ™', is almost an order of magnitude larger
than the change in AG,, for moving Arg from the end to
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the middle of the sequence of a TM helix. In this paper, we
attempt to resolve this discrepancy and reconcile the results
of MD simulations and translocon-mediated insertion
experiments.

We begin by reporting another PMF that is based on
biased atomistic MD simulations of a guanidinium (Gdm)
ion in a POPC lipid bilayer in excess water that, consistent
with previous simulation studies, reproduces the shape of
the free energy profile (AG,pp, vs. Arg position in TM helix)
reported by Hessa et al. (2005b). We observe that the Gdm
ion remains solvated by water and lipid polar groups as it
penetrates deeply into the hydrocarbon region. Then, to
make closer contact with translocon-mediated insertion
experiments, we have also performed MD simulations of
20-residue TM helices consisting of 19 leucines and one
arginine, in a POPC bilayer. Counting from the first leucine
on the N-terminal end, we have placed the single arginine in
the 7th, 10th, and 13th positions. We find, for each position,
that the Gdm group at the end of the Arg side chain snorkels
toward the membrane—water interface, where it is localized
within a narrow free energy well, and surrounded by the
ubiquitous solvation shell consisting of water and lipid
polar groups around the Gdm group in the Arg residues on
the TM helices. As a consequence of Arg snorkeling, the
Arg position in the sequence of a TM helix does not cor-
respond with its preferred location in the bilayer. Thus, the
PMFs computed from MD simulations should not be
compared directly to AG,p,, versus Arg position in sequence
determined in the biological experiments. Accounting for
snorkeling by mapping the Arg center-of-charge positions
from the TM helix simulations onto the Gdm PMF improves
agreement with translocon data, but still leaves a consid-
erable discrepancy. We conclude the paper by providing
arguments that the remaining discrepancy persists because
the MD simulations and biological experiments consider
different thermodynamic processes, specifically, that the
translocon-mediated insertion experiments measure the free
energy of transfer between the translocon and the mem-
brane, and not the partitioning between water and bilayer
modeled by the MD simulations.

Methods

Calculation of the Atomistic PMF for Guanidinium Ion
Translocation

The PMF for moving the Gdm ion from the middle of a
lipid bilayer into water was calculated by thermodynamic
integration using the adaptive biasing force (ABF) method
(Darve and Pohorille 2001; Rodriguez-Gomez et al. 2004)
as implemented by Hénin and Chipot (2004) in the NAMD
2.6 software package (Phillips et al. 2005). Given a

reaction coordinate ¢, the change in free energy between
two states identified by ¢ = &, and & = &, is given by

& ¢
AG,_p = /Wd(f) == / <Fé>5*df (1)
& &
where (Fg) ¢+ denotes the mean-force along ¢ computed at
& = &* (see Darve and Pohorille (2001) and Rodriguez-
Gomez et al. (2004) for details on the correct expression
for (F¢),). In the present case, ¢ is the position (z), along
the TM direction, of the Gdm ion center of mass measured
with respect to the lipid bilayer center. In the ABF method,
uniform sampling along the reaction coordinate is achieved
by the application of an external force to the system that is

equal and opposite to the running average of F: (Hénin and
Chipot 2004; Rodriguez-Gomez et al. 2004):

_ Z?:l Fej
n

(2)

where F; is the force on the reaction coordinate at the ith
step of the n step MD simulation. The reaction coordinate
was sampled from —30 to 30 A in nine nonoverlapping
windows, for 2 ns per window, and using a bin size of
0.1 A.

The initial configuration used in the atomistic PMF
calculations was derived from a simulation of two Gdm
ions in the hydrocarbon core region of a POPC bilayer in
excess water. The ions were placed in a symmetric con-
figuration about the bilayer center, at z = %5 A along the
TM direction, and restrained to those locations by fixing
the position of the Gdm carbon atoms. A solvation shell
involving water molecules and a few phospholipid mole-
cules developed around each Gdm ion during the first few
nanoseconds of the simulation, which was run for 34 ns to
produce stable configurations of both solvation shells. A
system with a single Gdm ion was constructed by choosing
the solvation shell configuration that more closely resem-
bled that of an isolated arginine (R18) in the simulation by
Freites et al. (2005) of the S4 helix from the KvAP
potassium channel. The selected Gdm ion and all of the
molecules participating in the solvation shell were shifted
so that the center of mass of the Gdm ion was at the bilayer
center, and the other Gdm ion and its solvation shell were
eliminated from the system. The resulting system was re-
equilibrated for 2 ns, and the equilibrated configuration
was used to initiate the PMF calculations.

(Feen

Calculation of the Continuum PMF for Ion
Translocation

The conventional continuum electrostatics model for esti-
mating ion permeation in lipid membranes was introduced
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in the classic paper by Parsegian (1969). The lipid bilayer
is constructed as a semi-infinite, homogeneous, and iso-
tropic slab of thickness L with dielectric constant &, sur-
rounded by a homogeneous and isotropic medium
representing water with dielectric constant &y. The elec-
trostatic component of the ion free-energy, as a function of
the ion position z, is given by

(1 1
2a Em Ew

&2 L\’
— = liog(1 =) 1
Tom og(l+¢)+e <2Z>

AG(z)

(3)

where a is the radius of the ion, which is assumed to be
spherical, and ¢ = ey — ey /ew + ey. The origin of the
z-coordinate is placed at the bilayer center, and the refer-
ence state is bulk water. The first two terms on the right-
hand side of Eq. 3 correspond to the ion self-energies in
each medium, and they are given by the Born (1920) sol-
vation formula. The remaining two terms account for the
energy due to the polarization of the slab by a point charge
at z. Here, only the leading term in the charge position is
given. The exact solution to this problem has been reported
several times in the literature (Anderson and Jackson 1974;
von Kitzing and Soumpasis 1996; Allen and Hansen 2003).
In the present membrane model, the large dielectric

T
- i

Fig. 1 The first five panels show snapshots of a guanidinium ion
passing from bulk water to the middle of a phospholipid bilayer (Gdm
blue; water in solvation shell red O, white H; lipid carbonyl orange;
phosphocholines yellow; water purple). The ion center-of-mass
distance from the center of the bilayer along the bilayer normal is
indicated at the bottom of each panel. The rightmost panel shows the
free energy profile (PMF) for the Gdm ion in a lipid bilayer computed
by atomistic MD simulations (solid line), and the electrostatic free
energy (dashed line) in a continuum model of the membrane as a rigid
slab (dielectric constant &, = 1) with sharp interfaces at z = 20 A
with semi-infinite regions of water (eyy = 89), including both the ion
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contrast implies ¢ ~ 1, which justifies considering only the
leading term. Permeation estimates are usually performed
by ignoring the dependence on the ion position, i.e.,
neglecting the second term in the square brackets in Eq. 3.

To calculate the continuum result reported in Fig. 1, we
used Eq. 3 with ey = 89 and ¢y, = 1 (the values reported
for the lipid bilayer hydrocarbon core and bulk water,
respectively, in a dipalmitoyl phosphatidylcholine (DPPC)
simulation using the CHARMM force field; Stern and
Feller 2003), L = 40 A (i.e., the distance between the
peaks in the phosphate distributions in the atomistic model)
for 0 < lzl < L/2 — a, and took AG(z) =0 for Izl > L/
2 + a. The two intervals of z were connected with a cubic
spline. We considered the ion radius a as a free parameter
to be determined by matching the AG at the center of
the bilayer (z = 0) to the atomistic PMF. The atomistic
value, AG(0) = 23 kcal mol ™!, corresponds to a radius
a=57A.To put this value in the context of the atomistic
model, consider that the average distance between C atom
of the Gdm ion and the O atoms of the solvation partners
(water molecules, phosphate and carbonyl lipid groups) is
5.0 A. A similar consideration of the results reported by
Wilson and Pohorille (1996) for Na* in a glycerol mono
oleate (GMO) bilayer suggests that charged groups buried
in lipid bilayers should be assumed to be fully solvated in
calculations of partition energetics.
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self-energy contribution, given by the Born solvation formula, and
that due to the polarization of the slab by the charge. The PMF was
mapped from z = O (bilayer center) to z = 30 A, where it was set to
0. Given the system symmetry, at equilibrium the PMF should be
symmetric with respect to the center of the bilayer. We therefore
reflected the PMF about z = 0 for clarity of presentation. In the
continuum calculation we adjusted the radius of the charge to match
the PMF at z = 0. The resulting value of 5.7 A compares reasonably
well with the average location of the first coordination shell (~5 A
from the Gdm carbon atom) (Color figure online)
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MD Simulations of Arginine-Containing TM
Polyleucine Helices

MD simulations were carried out on three poly-Leu TM
helices containing a single Arg residue. The initial peptide
conformations were constructed as ideal «-helices con-
sisting of 19 Leu residues and one Arg residues with GGPG
segments at each end (to correspond with the experiments
of Hessa et al. (2005a, b). Arg was placed at either position
7, 10, or 13 in the poly-Leu segment. Specifically, the
sequences used in the simulations were GGPGLgRL ;3
GPGG, GGPGLyRL;yGPGG, and GGPGL,RL,GPGG.
The helices were placed in the middle of a pre-equilibrated
lipid bilayer containing 280 POPC molecules in excess
water with a single chloride counterion. After 15 ns equil-
ibration, a production run of 15 ns was carried out for each
system. For the GGPGLoRL,GPGG peptide, two simula-
tions were run to sample positions of the Arg side chain
above (z > 0, referred to as R10 up) and below (z <0,
referred to as R10 down) the center of the bilayer (z = 0).

Calculation of PMFs for Arginine in TM Polyleucine
Helices

The PMFs for moving the center-of-charge of Arg side
chains along z in TM GGPGLRL;GPGG, GGPGLy
RL,,GPGG, and GGPGL,RL,GPGG helices were com-
puted using the ABF method (Darve and Pohorille 2001;
Rodriguez-Gomez et al. 2004) described above. The reac-
tion coordinate & was taken as the z-component of the
difference in the positions of the Arg C; and C, atoms. The
ABF calculations were initiated from the end of the cor-
responding equilibrium simulations of the Arg-containing
poly-Leu helices. The ABF simulations were carried out in
several (8 for R7 and R13, and 9 for each R10 calculation)
1-A windows with sampling bins of 0.1 A, with the win-
dows overlapping by 0.1 A such that there was one com-
mon bin between neighboring windows. Where the
windows overlapped, the applied force in the correspond-
ing bins was similar between windows, and we used the
weighted average of the force in those bins to calculate the
PMF. Because convergence in the ABF method is deter-
mined by uniform sampling, different windows required
different amounts of sampling before achieving uniform
sampling. We sampled between 3 and 9 ns per window, for
an aggregate sampling time of 190 ns across all systems.

MD Simulation Protocols

All of the MD runs were conducted at a constant temper-
ature of 300 K and a constant pressure of 1 atm using the
NAMD software package (Phillips et al. 2005). The
CHARMM?22 force field (MacKerell et al. 1998) was used

for the Gdm ion and the arginine-containing TM helical
peptides, the CHARMM?27 force field for the lipids (Feller
and MacKerell 2000), and the TIP3P model for water
(Jorgensen et al. 1983). The smooth particle mesh Ewald
method (Darden et al. 1993) was used to calculate elec-
trostatic interactions, and the short-range, real-space
interactions were truncated at 11 A by using a switching
function. A multiple-time step algorithm (Grubmiiller et al.
1991; Tuckerman and Berne 1992) was used to integrate
the equations of motion with a time step of 4 fs for elec-
trostatic forces, 2 fs for short-range nonbonded forces, and
1 fs for bonded forces. All bond lengths involving hydro-
gen atoms were held fixed using the SHAKE algorithm
(Ryckaert et al. 1977). A Langevin dynamics scheme was
used for thermostatting, and Nose—Hoover—Langevin pis-
tons were used for pressure control (Martyna et al. 1994;
Feller et al. 1995). Molecular graphics and simulation
analyses were performed using the VMD 1.8.5 software
package (Humphrey et al. 1996).

Results

Energetics of Guanidinium Ion Translocation Across
a Lipid Bilayer

The PMF for translocation of the Gdm ion across a POPC
bilayer computed by atomistic MD simulations (Fig. 1,
rightmost panel, solid line) displays a shallow minimum as
the ion is moved from bulk water into the membrane—water
interface, followed by a monotonic increase as the ion is
moved from the interface into the middle of the membrane.
In contrast, the electrostatic free energy computed using the
continuum model (Fig. 1, right, dashed line) shows a steep
rise at the interface, followed by only a weak dependence on
position within the membrane. The deficiency of the con-
tinuum model is not surprising, because the thermally dis-
ordered and chemically heterogeneous membrane—water
interface spans roughly half the thickness of the membrane
(Wiener and White 1992), and hence is poorly described by
a sharp interface between uniform dielectric slabs.

The relatively slow rise in the atomistic PMF with
extent of membrane penetration is qualitatively similar to
the sequence dependence of AG,,, for translocon-mediated
membrane insertion of an Arg residue on a hydrophobic
TM helix (Hessa et al. 2005b). However, the energetic
scales differ by roughly an order of magnitude: our PMF
predicts a ~20 kcal mol™" penalty for placing the Gdm
ion in the middle of the membrane, while the translocon
experiments suggest that the difference in free energy
between an Arg residue at the end of the TM helix and one
in the middle of the sequence is only ~ 2 kcal mol~'. This
difference in scales will be discussed below.
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Guanidinium Ion Solvation in a Lipid Bilayer

The deformability of the fluid lipid bilayer permits com-
plete solvation of the Gdm ion throughout the membrane
(Fig. 1, snapshots). In the middle of the bilayer, the sol-
vation shell consists of water molecules, and lipid acyl
chains, carbonyl, and phosphate groups (Fig. 2a, upper
row). This configuration persists until the Gdm ion is in the
head-group region of the lipid bilayer (the free energy
minimum in Fig. 1), where the solvation shell consists
primarily of water molecules and lipid phosphates (Fig. 2a,
lower row). Finally, outside the lipid bilayer, the first sol-
vation shell contains only water molecules. The perturba-
tion of the lipid bilayer by the Gdm ion in the hydrocarbon
region is localized and does not distort the lipid bilayer as a
whole. When the ion leaves the hydrocarbon, no waters or
lipid polar groups are left behind, and when it exits the
head-group region and enters the bulk water, the distortion
in the bilayer disappears completely (Fig. 1, snapshots).
The structure of the Gdm ion solvation shell in the vicinity
of the membrane—water interface (Fig. 2a) closely resembles
that of the Gdm ion in aqueous solutions, as described by
Mason et al. (2003a, b, 2005, 2006) on the basis of neutron
scattering experiments and MD simulations. Although the
ion is deep in the lipid acyl chains, its orientation tends to
maximize contact between the nonpolar face of the ion and
the lipid acyl chains, and hydrogen-bond configurations are
constrained to the ion plane (Fig. 2a, upper). The Gdm ion
forms four hydrogen bonds (H-bonds) throughout most of
the membrane except for close to the bilayer center, where
the number of H-bonds drops to three (Fig. 2b). Although the

A g -
e (e

membrane interior

phosphate
b N
(AN

membrane-water interface

7P

Fig. 2 a Predominant solvation shell structure of the Gdm ion
represented by surfaces of equal number density for water O (red,
0.033 A=) and lipid phosphate O (yellow, 0.009 A=3). The upper
row corresponds to the ion in the interior of the membrane
0.0<lz1<25 A), and the lower row to the region of the
membrane—water interface (19.5 < Izl < 21.5 A)A b Average number
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number of H-bonds

ion is located in the bilayer, on average, three H-bonds are
formed with water molecules and one with either a phosphate
or a carbonyl lipid group. This pattern changes when the ion
is located at the free energy minimum (z ~ 20 A) where, on
average, two H-bonds are formed with water and two with
phosphate groups. H-bonding interactions of the Gdm ion
with water and phosphates stabilize the ion and reduce the
free energy penalty for entering the membrane vs. the con-
tinuum model. Decomposition of an atomistic PMF for Arg
translocation have shown that the stabilization due to Arg—
water interactions continues to increase as the ion is moved to
the center of the membrane; Arg—head group interactions
also provide increasing stabilization until the ion reaches
z ~ 10 A, where Arg-head group interactions switch to
being destabilizing (Dorairaj and Allen 2007).

Arginine Snorkeling and Solvation in TM Polyleucine
Helices

To make closer contact with the translocon experiments,
we have performed simulations of TM-helices consisting of
19 leucines and one arginine, flanked symmetrically by
GPGG segments, in a POPC bilayer. Counting from the
first leucine on the N-terminal end, we have placed the
single arginine in the 7th, 10th, and 13th positions. Two
initial configurations were used in the simulations of the
system with Arg in the 10th position, one with R10
pointing in the direction z > 0 (up), and the other pointing
toward z < 0 (down). In each case, we observe that the Arg
side chain snorkels toward the membrane—water interface,
and the bilayer deforms to produce the ubiquitous solvation

BS5

0 | | | | |
0 10 20 30
distance from bilayer center (A)

of H-bonds formed by the Gdm ion with water molecules (red), lipid
phosphate (yellow), and carbonyl groups (orange) as a function of the
ion center of mass position. At any given instant of time, the Gdm ion
forms 3—4 H bonds with water and/or lipid polar groups (Color figure
online)
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Fig. 3 The four leftmost panels depict snapshots of equilibrated helical
TM configurations of GGPGLRL3GPGG (R7), GGPGLRL,GPGG
(R10), and GGPGL ,RL;GPGG (R13) in a POPC bilayer. The peptide
backbone is drawn as a gray ribbon, and the Arg side chains are colored
blue. The lipids and water molecules are colored as in Fig. 1. Two initial
conditions (“up” and “down”) were used for the R10 peptide, in which

shell consisting of water and phosphates around the
guanidinium group (Fig. 3). In addition to the reorientation
of the side chain, we also observed changes in the location
of the peptide center-of-mass. The R7 and R10 peptide
centers-of-mass shift between 1 and 2 A toward the inter-
face. The R13 peptide center-of-mass shifts approximately
4 A, moving at times as much as 7 A toward the interface.
Despite the large displacement, the R13 peptide maintains
a TM helical configuration throughout the simulation.

An important consequence of the Arg snorkeling and the
shift of the peptide center of mass is that the Arg position in the
sequence does not correspond with the position of the center-
of-charge in the membrane (Fig. 3, rightmost panel). For
example, the histograms of the Arg location along the bilayer
normal, plotted in Fig. 3, show that the center-of-charge of
R10is ~7 A away from the middle of the bilayer, even though
residue 10 is in the middle of the 20-residue TM segment of
GGPGLGRL(GPGG. The centers-of-charge of R7 and R13
are also much closer the membrane—water interface than is
implied by their positions in the sequence (7-8 residues from
the ends of the TM segments of GGPGLRL3GPGG, and
GGPGL,RL,GPGG, respectively).

Energetics of Arginine Displacement in TM Helices

To verify that the equilibrium simulations sampled the
preferred location of Arg in the polyleucine helices, we used
the ABF method to calculate the PMFs for Arg displacement
along the bilayer normal for each of the Arg-containing
polyleucine peptides in helical TM configurations. The
PMFs plotted in Fig. 4 all contain narrow wells, consistent
with the sharp distributions in Fig. 3, with the positions of
their minima coinciding with the locations of the peaks in
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the Arg residue is in the middle of the sequence of the TM segment. The
rightmost panel shows histograms of the position of the center of charge
of the Arg centers of charge along the bilayer normal. In each peptide,
the Arg residue snorkels toward the membrane—water interface to
participate in interactions with lipid phosphate groups and water
molecules (Color figure online)
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Fig. 4 PMFs as a function of the position of the Arg center of charge
along the bilayer normal for helical TM configurations of the
GGPGL¢RL3;GPGG (R7), GGPGL4RL,,GPGG (R10), and
GGPGL,RL,GPGG (R13) peptides in a POPC bilayer. Two initial
conditions (“up” and “down”) were used for the R10 peptide, in
which the Arg residue is in the middle of the sequence of the TM
segment. The most stable locations (free energy minima) of the Arg
centers of charge are coincident with the most probable locations in
equilibrium MD simulations (Fig. 3)

the histograms. The steep rise on high Izl side of each PMF
reflects the large energetic penalty of bond stretching that
occurs upon over-extension of the Arg side chains.

Interactions of Arg Residues in Arg-Containing
Polyleucine TM helices

As in the case of the bare Gdm ion, Arg residues at posi-

tions 7, 10, and 13 in the polyleucine TM helices are well-
solvated. Although the simulations of each peptide were
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Fig. 5 Time dependence of the number of H bonds between Arg side
chains and water (red), and lipid phosphate (yellow) and carbonyl
(yellow) groups in helical TM configurations of the GGPGLg
RL3GPGG (R7), GGPGL4RL;,GPGG (R10), and GGPGL,RL;
GPGG (R13) peptides in a POPC bilayer. Two initial conditions

initiated with the Arg Gdm group exposed to the hydro-
carbon core of the bilayer, a neighborhood of polar groups
quickly developed to solvate the Gdm moiety. In the
equilibrated portion of each simulation, the Gdm group is
consistently involved in 3-4 H-bonds (Fig. 5). Similar to
the bare Gdm ion, the solvation shell consists primarily of
water and lipid phosphate groups, with occasional partici-
pation by lipid carbonyl groups (especially for the R7
peptide).

Comparison of MD Simulations with Translocon-
Mediated Insertion Experiments

Our simulations of Arg-containing polyleucine helices
demonstrate that the position of the Arg residue in the
sequence of the TM polyleucine helix is not a good indi-
cator of the Arg position within the membrane. For
example, snorkeling of R10, which is in the middle of the
sequence, places the center-of-charge of the Arg side chain
roughly a third of the way toward the membrane—water
interface relative to the center of the bilayer. Referring to
the atomistic PMF as a function of Gdm position in the
membrane (Fig. 1), the actual position of R10 (~7 A) in
the R10 peptide corresponds to a much lower (by
~10 kcal mol™") free energy than the position of the
center-of-charge (~0 ;\) that would be assumed from the
sequence without taking the snorkeling into account. Thus,
in order to compare more accurately the results of MD
simulations to those of the translocation-mediated insertion
experiments, in Fig. 6a we map the most probable posi-
tions of the Arg center-of-charge in the simulations of the
Arg-containing helices (Fig. 3) onto the atomistic PMF for
Gdm translocation. For comparison, the results of the
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(“up” and “down”) were used for the R10 peptide, in which the Arg
residue is in the middle of the sequence of the TM segment. The Arg
residue participates in 3—4 H bonds at all times in each case (Color
figure online)
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Fig. 6 a The most probable positions of the Arg side chain centers of
charge in the single Arg-containing polyleucine helices (colored circles)
mapped onto the atomistic PMF for Gdm translocation across a POPC
bilayer (solid black curve). b Free energies of insertion, AG,p,, from
translocon-mediated insertion experiments on single-Arg-containing
TM helices (Hessa et al. 2005b). The colored circles correspond to the
simulated systems; the circles for R7 and R13 were placed by linear
interpolation between the two neighboring points (Color figure online)

translocon experiments are plotted in Fig. 6b. It is evident
from Fig. 6 that although the disparity between the MD and
translocon results is greatly reduced when the Arg positions
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in polyleucine helices are mapped onto the Gdm ion PMF,
a substantial discrepancy remains. For example, the dif-
ference in AG,p,, from translocon data on R10 and R7 is
0.3 kcal mol™!, whereas the corresponding difference in
AGpyr from the MD results is ~7 kcal mol™'; for R10
and R13, the difference in AG,y;, is 0.9 keal mol ™!, which
is substantially less than the ~6 kcal mol ™' difference in
AGpyr. Thus, it appears that the MD simulations are still
significantly overestimating the free energy penalty of
placing an Arg residue in a membrane.

Discussion

Two results from our simulations of Gdm ion translocation
across a lipid bilayer are particularly notable: the shape of
the PMF curve and the free energy cost AGpyp of moving
the Gdm ion from water to the center of the bilayer
(Fig. 1). The shape of the atomistic PMF in Fig. 1 appears
to be generic for small cation translocation across
deformable membranes composed of lipids with uncharged
head groups (Vorobyov et al. 2010). Similar PMFs have
been computed by others using different simulation models
and protocols for Na* in GMO and dimyristoyl phospha-
tidylcholine (DMPC) bilayers (Wilson and Pohorille 1996;
Tepper and Voth 2006), Arg side chain analogs in DPPC
and dioleoyl phosphatidylcholine (DOPC) bilayers (Mac-
Callum et al. 2007; Johansson and Lindahl 2008, 2009; Li
et al. 2008; Vorobyov et al. 2008), and an Arg side chain
attached to a polyalanine helix dragged through a DPPC
membrane (Dorairaj and Allen 2007; Li et al. 2008). The
cusp in the atomistic PMF at the center of the membrane in
Fig. 1 is an artifact of symmetrizing the PMF. Careful
sampling in the vicinity of the membrane center leads to a
smooth PMF with only a very slight reduction in the height
of the free energy barrier to ion translocation (Li et al.
2008). A recent simulation study showed that the shape and
magnitude of the free energy barrier are not changed sig-
nificantly upon moving from zwitterionic to either posi-
tively or negatively charged lipids, but the existence of an
interfacial minimum is lipid charge dependent (Johansson
and Lindahl 2009).

The shape of AGpyr approximates well the shape of the
“biological” AG,,, curve determined by Hessa et al.
(2005a, b) for the transfer of designed Arg-containing
leucine-rich TM helices (H-helix) from the Sec61 translo-
con to the mammalian endoplasmic reticulum (ER) mem-
brane (Fig. 6b). The shape differs dramatically from the
curve computed using continuum electrostatics (Fig. 1,
dashed curve). The difference in shape is due to the
interactions of the Gdm group with bilayer interfacial water
and phospholipid phosphates (Fig. 2), which are not
accounted for in continuum calculations. Roughly

speaking, the free energy rises linearly with distance from
the hydrated interface. The magnitude of AGpypr at the
bilayer center, however, agrees well with the continuum
calculation, for a reasonable choice of the solvated ion
radius in the latter.

The great disparity between magnitudes of AGpyr
(~23 kcal mol™") and AG,pp (~0.5 keal mol™!) at the
bilayer center has created considerable controversy (Shen-
tal-Bechor et al. 2006; Andersen 2007; Dorairaj and Allen
2007; Roux 2007). A common suggestion has been that the
biological experiment does not accurately report free
energies, because the engineered “H-helices” containing 19
residues interact with neighboring helices, translocon
components, or other membrane proteins. These possibili-
ties are ruled out by two recent studies. Meindl-Beinker
et al. (2006) demonstrated that helix—helix interactions
within the engineered Lep protein containing the H-helix
contribute little to AG,p,p,. Similar experiments by Xie et al.
(2007), carried out in Escherichia coli, yielded AG,p, val-
ues very similar to those observed in the mammalian ER.
Whereas in the mammalian ER experiments leader pepti-
dase (Lep) constructs containing the H-helix were targeted
to Sec6l translocon, in the E. coli experiments H-helices
were engineered into M13 procoat, which is targeted to the
YidC translocase rather than by SecY (the bacterial equiv-
alent of Sec61). The close agreement of the AG,,, values
between the mammalian Sec61 and the E. coli YidC sys-
tems rules out significant roles for specific interactions
between the H-helices and other membrane proteins.

How can the disparity between AGpyp and AG,y, be
reconciled? The first point of reconciliation is that even
though R10 is in the center of the H-helix sequence
(Fig. 6b), its Gdm group is not physically in the center of
the bilayer. Rather, the Arg side chain snorkels outward
toward the hydrated bilayer interfaces in order to salt-
bridge with the lipid phosphate groups of the locally dis-
torted bilayer (Fig. 3). This snorkeling keeps the Gdm
group away from the peak of the PMF, so that the appro-
priate AGpyr value is about 6-7 kcal mol ™!, rather than
23 kcal mol™" (Fig. 6a).

The second point is that the biological experiment does
not involve the insertion of a single Arg residue into the
bilayer from the aqueous phase. Instead, the translocon
works with whole helices that contain other residues in
addition to Arg, and the partitioning is between translocon
and membrane rather than between membrane and water
(see below). The H-helix in the Hessa et al. (2005a, b)
experiments contained significant numbers of hydrophobic
residues. The 19-residue Ala-based H-helices used for the
experiments summarized in Fig. 6b contained 6 Leu resi-
dues that provided a favorable free energy to oppose the
unfavorable free energy of the lone Arg. This number of
Leu residues was chosen empirically in order to make
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AG,p,, = 0, which is the region of maximum sensitivity of
the biological assay (Hessa et al. 2005a). Consequently, the
peak magnitude in Fig. 6b is rather arbitrary. The most
significant feature of the AG,,, curve is its shape, which is
explained well by the simulation data. The real discrepancy
between the simulation and biological data emerges by
examining how much AG,,, changes as the Arg is shifted
from an end position to the center of the sequence. The
difference between the end and center free energies in the
translocon data is 2.2 kcal mol~', which is considerably
smaller than the ~ 10 kcal mol ™" predicted by the simu-
lation. How can this be explained?

One possible explanation for the discrepancy is simply
that the force fields for the simulations are not accurate.
Although the reasonable consistency between MD results
obtained with different force fields (MacCallum et al. 2007,
Johansson and Lindahl 2008, 2009; Li et al. 2008; Vorobyov
et al. 2008) tends to rule out this possibility, the issue can
only be addressed fully by constructing a physical experi-
ment that exactly mimics the simulated process. The best
experiment in the present context would be to measure par-
titioning of o-helices. Unfortunately, experiments that rely
upon measurements of the partitioning free energies of
nonpolar helices from water to bilayer have so far proven
unfeasible (White and Wimley 1999; Wimley and White
2000a, b; Ladokhin and White 2004). The problem is that any
helix sufficiently hydrophobic to partition directly across a
membrane from water also strongly aggregates in water.

Another possible explanation is repositioning of the
H-helix along the membrane normal in order to move the
Arg closer to the interface (Dorairaj and Allen 2007). That
is, during membrane insertion from the translocon the helix
adopts a TM position that optimizes Arg—phosphate inter-
actions. Figure 6 suggests that a shift of ~7 A would be
sufficient to reconcile the biological and simulation results.
Aware of this possibility, Hessa et al. (2005a) carried out a
second series of experiments (called pair-scans) in which
two Arg residues were moved symmetrically from the helix
ends to the helix center, the idea being that Arg—phosphate
interactions operating simultaneously and symmetrically at
the two ends of the helix would prevent repositioning. In
this case, the H-helix contained 11 Leu residues in order to
keep AG,,, = 0. The change in AG,p, as the two Arg
residues were moved from the helix ends to the center was
the same as for the single-residue scan within experimental
uncertainty. The similarity of the single-scan and pair-scan
results indicates that helix repositioning is not the primary
cause of the disparity between the position dependence of
the biological and simulation free energies.

The most fundamental question bearing on the dis-
crepancy between simulations and biological experiments
is whether the biological experiment measures the free
energy of H-helix insertion relative to water. Although it is
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true that the X-ray structure (Van den Berg et al. 2004) of a
translocon and MD simulations (Gumbart et al. 2005;
White and Von Heijne 2005a, b; Haider et al. 2006;
Gumbart and Schulten 2007; Bondar et al. 2010) show that
the translocon pore is filled with water in the closed state,
the proteinaceous nature of the translocon makes it unlikely
that the molecular environment of a transiting helix is
equivalent to bulk water. The x-ray structure indicates that
the entrance into the bilayer from the pore is formed by two
TM “gate” helices (TM2b and TM7). When the gate is
open, a transiting helix is assumed to sample, through
thermal fluctuations, the environment of the pore and the
lipid bilayer in the immediate vicinity. In other words, a
transiting helix has the opportunity to partition from the
pore into the membrane with some particular probability.
The values of AG,;,, determined in biological experiments
(Hessa et al. 2005a, b, 2007; Xie et al. 2007) are assumed
to measure this probability (White and Von Heijne 2005a,
b; Von Heijne 2007; White 2007). From this perspective,
one can construct the hypothetical thermodynamic process
depicted in Fig. 7 for comparing the simulation and bio-
logical experiments.

enter

N

translocon (tl)

cytoplasm
4_
bilayer (bi)
1/ { exit
Awal ) //
7 7
7 7
: L7 DGy

Fig. 7 Schematic depiction of processes involving helical peptide
partitioning between water (w), bilayer (bi), and translocon (tl). The
horizontal double arrows denote an equilibrium between translocon
and bilayer, with a free energy change AG,,,. This is the process
assumed to be probed by the translocon-mediated insertion experi-
ments. The vertical double arrows denote an equilibrium between
bilayer and water, with a free energy change AGy;. This is the
process considered in simulation studies of Arg (and analogs)
insertion in membranes. The diagonal double arrows denote a
hypothetical process involving equilibrium partitioning of the peptide
between the translocon and water, with a free energy change AG,y.
The entry of the peptide into the translocon and subsequent secretion
(denoted by vertical arrows labeled “enter” and “exit”) are likely
nonequilibrium processes



E. V. Schow et al.: Arginine in Membranes

45

Figure 7 raises fundamental questions. Is there a free
energy difference AGyy between a helix in the aqueous
phase and in the translocon? Can a helix partition sponta-
neously between water and translocon, and does it matter?
Said another way, does the translocon selection process
depend upon the environment or state of the helix before or
after it enters the translocon? There is little experimental
evidence available to answer this question. We consider two
scenarios. In the first scenario, chain passage is only weakly
coupled to chain elongation. In the second scenario, there is
tight energetic coupling between nascent chain elongation
in the ribosome and chain passage through the translocon.

Scenario 1 assumes, in effect, that the transiting helix
partitions between water and translocon rather than being
pushed through as a result of energy expenditure. This sort
of model was considered many years ago by Simon et al.
(1992), who proposed that the nascent chain diffuses
snakelike (reptates) through the translocon driven by
Brownian motion with directionality imposed by the
binding and unbinding of chaperonins on the trans side of
the membrane that prevent net backsliding of the nascent
chain. In other words, they proposed that translocation is
driven by biased random fluctuations, referred to as the
“Brownian ratchet” mechanism. This mechanism was
formalized by Peskin et al. (1993) and expanded upon by
Liebermeister et al. (2001) for the case of eukaryotic
posttranslational insertion in which cytosolic (cis side)
chaperones hand off unfolded chains to a translocon
channel comprised of a supercomplex of Sec62/63 and
Sec61. ATP-dependent BiP molecules on the trans-side
impose directionality. Although it is not clear if this model
is applicable to cotranslational insertion, it provides a
useful counterpoint to Scenario 2 by making AGyyq
important in translocation and insertion. In such a case,
AGyy = AG,pp + AGypi, Where AG,,y; is the difference in
free energy between the helix in water and the helix in the
bilayer. Because AG,,, # —AGyui, scenario 1 requires
generally that AG,,; # 0, meaning that the interior of the
translocon is not equivalent to bulk water. This means, in
turn, that that the discrepancy between the AGpyg of
simulations and the AG,,, of biological experiments cannot
be resolved without measurements of AG,,.

Scenario 2 makes three assumptions about an elongating
nascent chain moving cotranslationally through the tran-
slocon: (1) The helix is driven at a steady rate through the
translocon with sufficient energy from ribosomal GTP
hydrolysis by elongation factors to overcome any free
energy differences between water and translocon. (2) There
is sufficient time for the transiting helix to come into
equilibrium between the bilayer and the translocon. (Typ-
ically, nascent chains elongate at the rate of about 10 amino
acids per second, meaning that a particular helix segment
resides in the translocon for about 100 ms. This is long

compared to the timescale of molecular fluctuations.) (3)
The translocon/membrane partitioning process is indepen-
dent of the disposition of a transiting helix before it enters
and after it leaves the translocon. These assumptions imply
that there are only two relevant equilibria, one between
translocon and bilayer (AG,y,) and one between the bilayer
and water (AGyy,;). About all one can say in this case is that
for a helix to enter the bilayer spontaneously from the
translocon, AG,,, < 0; for it to stay in the bilayer,
AGypi < 0. What can be said about the relation between
AG,p,, and AG,; in this scenario?

Hessa et al. (2007) have recently extended their earlier
measurements (Hessa et al. 2005a) of AG,,, for the Sec61
translocon to include the position dependence of all amino
acids and the dependence on sequence length. These
measurements led to an equation for AG,.q for predicting
AG,,, for a given sequence. Application of the equation to
sequences of proteins that are strictly secreted and those
known to have a single TM span identified unambiguously
the single-span proteins as those with AGp.q < 0 and the
secreted proteins as those with AGpeq > 0 (compare the
blue dots in Fig. 8 with the red dots along the AGp.q axis).
Jayasinghe et al. (2001) showed that the experimentally
determined Wimley—White whole-residue octanol hydro-
phobicity scale (White and Wimley 1999) detects with high
accuracy the TM helices of helix-bundle membrane pro-
teins of known 3D structure. AGyww values for the secreted
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Fig. 8 Correlation of free energies of insertion, AGpq, from a
biological hydrophobicity scale including position dependence (Hessa
et al. 2007) with predictions, AGww, derived from the Wimley—White
whole-residue octanol hydrophobicity scale (White and Wimley
1999) for single-span TM helices (blue dots) and proteins known to be
secreted (red dots). The thick solid line is the fit through the points
described by AGww = —8.79 + 2.56AGpea (kcal mol™'). The
dashed line is the fitted line shifted upward by 8.79 kcal mol ™!
(Color figure online)
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and single-span membrane proteins of Hessa et al. (2007)
are plotted against AGp.q in Fig. 8. The correlation
between the two free energies is strong (R = 0.87), con-
sistent with translocon selection of TM helices being a
physicochemical process. The fitted line through the points
is described by AGww = —8.79 4 2.56AGyq. That is, the
AGww scale predicts that many of the secreted sequences
would be stable in the membrane. This seems unreason-
able. But if the curve were translated upward by
8.79 kcal mol ™! (Fig. 8, dashed line), both scales would
generally agree on which sequences are inserted and which
are secreted. Does it make sense to do this?

The reason that the WW scale was found to be an
accurate predictor of TM helices is that, unlike side chain-
only hydrophobicity scales, it accounts for the high ther-
modynamic cost of dehydrating the H-bonded peptide
bonds of a-helices, estimated by Jayasinghe et al. (2001) to
be 1.15 kcal mol ™" per residue for a polyglycine helix. The
value was validated by assuming that all TM helices of
helix-bundle proteins are independently stable in the
membrane. However, we now know that this is not the case
(Hessa et al. 2007), suggesting that the dehydration penalty
of Jayasinghe et al. is too low. If the penalty were increased
by 0.44 kcal mol™"' per residue to 1.59 kcal mol™', the
—8.79 kcal mol ™' offset would disappear, thus bringing
the modified WW scale into agreement with the AG,p,
scale in terms discriminating between secreted and inserted
helices. This would imply that AGww ~ 2.6AG,pp. This
factor goes a long way toward reconciling the position-
dependent discrepancy between AAG,p, (2.2 kcal mol ")
and AAGpyr (~ 10 keal mol™") for moving an Arg residue
from the end to the middle of a TM helix. Dividing the
simulation free energy value by 2.6 yields 3.8 kcal mol'.
The physical principle underlying the scale factor is not
entirely clear, but is likely related to the chemistry of the
interior space of the translocon.

The free energy of transfer AGww for nonpolar residues
is a manifestation of the hydrophobic effect, which can be
characterized by an atomic solvation parameter (g) of
—23 cal mol™' A2 (Wimley et al. 1996) (water to nonpolar
phase). On the other hand, for partitioning into the complex
phospholipid interface, the value is —12 cal mol™ A2
(Wimley and White 1996), which suggests that the atomic
solvation parameter is a useful indicator of the “polarity”
of the interface. Simplistically, the factor of 2.6 may be a
measure of the polarity of the translocon interior. If that is
the case, then the ¢ for the translocon would be —23/
2.6 = —8.8 cal mol ™' A™2. The transfer free energy to
bilayer center for leucine relative to alanine with a differ-
ence in accessible surface area of 70 A2 (Wimley et al.
1996), would be —1.61 kcal mol™! from water and
—0.62 kcal mol™! from the translocon. The measured
AAG,,, of leucine relative to alanine is —0.66 kcal mol .
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But does such a relation help us understand AG,p, for
arginine? Wimley and White (1996) plotted the phospho-
lipid interface hydrophobicity values against AGww and
found the data to be described well by a linear curve with a
slope of 0.5, irrespective of side chain polarity. There were,
of course, fluctuations around the curve, but they were,
overall, surprisingly small; arginine fell very close to the
line, suggesting the usefulness of the solvation parameter
as means of judging the apparent polarity of the interface.
This implies the possible usefulness of a solvation
parameter for describing the polarity of the translocon.
The simplest measure of polarity is the dielectric con-
stant (&), but Damodaran and Song (1986) have shown that
solubility free energies of amino acid side chains relative to
water are little affected by solvent dielectric constant. For
example, they found water-to-solvent transfer free energy
of leucine to be 2.15 kcal mol™! for ethanol (e = 25) and
2.55 kcal mol™! for N-methylacetamide (¢ = 191). The
values for arginine were 0.784 and 0.624 kcal mol ™',
respectively. Damodaran and Song suggested that the free
energies of transfer in all cases were determined by the
properties of water (e.g., the hydrophobic effect) rather
than the properties of the organic solvent. This implies, for
both the phospholipid bilayer interface and the translocon
interior, that the state of the water in those complex envi-
ronments determines the apparent solvation parameter.
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