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Abstract Transmembrane potentials play important but poorly
understood roles in many biological processes, including signal
sequence-mediated protein translocation across bacterial mem-
branes. In this study we applied Monte Carlo techniques to
simulate the way the potential acts on a signal sequence. The
simulations demonstrate that in the absence of a potential the
signal sequence prefers insertion in both helical hairpin and
transmembrane o-helical conformations. However, in the pres-
ence of a potential only the transmembrane o-helical conforma-
tion is the state of lowest energy for the signal sequence. From
these results it is concluded that the membrane potential stabil-
izes the transmembrane orientation of a signal sequence, ex-
plaining the membrane potential dependence of preprotein
translocation. © 2002 Published by Elsevier Science B.V. on
behalf of the Federation of European Biochemical Societies.
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1. Introduction

Large transmembrane (TM) potentials (Ay) are present
across biological membranes. They feed and control many
biological processes, ranging from energy conversion and
channel gating to protein insertion and translocation. How
the potential acts at the molecular level is a mystery because
so far no experimental systems exist to directly measure the
effect of Ay on the structure and dynamics of the proteins
involved. This calls for the development and application of
computational methods. In this study we use Monte Carlo
(MCO) techniques to analyze voltage-dependent translocation
of preproteins across bacterial membranes. Preproteins con-
tain an N-terminal extension, the signal sequence, which is
both necessary and sufficient to target the preprotein to the
membrane and initiate its translocation. Typically signal se-
quences are around 20 amino acids long and they lack pri-
mary structure homology. They are characterized by a posi-
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Abbreviations: SP+7, the signal peptide of PhoE, elongated with the
first seven amino acids of the mature part of PhoE; SP+7 G(—10)L,
analog of SP+7 with mutation Gly— Leu at position —10; MC,
Monte Carlo; TM, transmembrane; HP, hairpin

tively charged N-terminus, which anchors the signal sequence
to the inside of the membrane, followed by a hydrophobic
core region and the signal sequence processing site. Within
the core region often a Gly or Pro residue is present which
is expected to destabilize an o-helical conformation as has
been observed in nuclear magnetic resonance (NMR) studies
on micelle-associated signal peptides [1-3]. Fig. 1A illustrates
these features for the signal sequence of the well-studied pre-
cursor of the Escherichia coli outer membrane protein PhoE.

Signal sequences interact with many components in the se-
cretory pathway including the translocase components SecA
and SecY and the membrane lipids. Translocation is stimu-
lated by the proton motive force (pmf) which consists of both
a Ay and a ApH component. Mutagenesis experiments sug-
gested an involvement of the pmf early in translocation and
indicated an electrophoretic effect of Ay on the signal se-
quence [4-6]. This suggestion was corroborated by the finding
that Ay could translocate the cleavage site of a prePhoE sig-
nal sequence elongated with seven amino acids of the mature
sequence (SP+7, Fig. 1A) across a bilayer [7].

We have used the SP+7 in our MC simulations because
(1) the results can be directly compared to experimental
data, (2) SP+7 includes the N-terminus of the mature se-
quence which plays a role in the translocation process [5,6]
and (3) SP+7 is small enough to be amenable to simulations.
To assess the lowest energy states of SP+7 in a membrane
environment we used the implicit two-phase solvation model
[8,9]. This theoretical membrane model takes into account the
hydrophobic membrane interior and the membrane interface
and hydration. This model has been proven to well predict the
insertion of a-helical and B-structural polypeptides in a mem-
brane environment [8]. The results demonstrate a profound
effect of the membrane potential which stabilizes the TM-in-
serted conformation of the signal sequence.

2. Materials and methods

2.1. The membrane model

The medium represents a continuum described by an effective sol-
vation potential. The membrane is considered as a ‘hydrophobic slab’
defined by atomic solvation parameters (ASP) for gas—cyclohexane
and gas-water transfer, which mimic the hydrophobic membrane
core, lipid-water interface, and aqueous solution [8,9]. All-atom po-
tential energy function for protein is taken as follows: Eop =
Egcepp/atEsotvt Eay. The term Egpcgppz includes Lennard—Jones, tor-
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sion, electrostatic, and hydrogen bonding contributions [10]. Esoy is
the solvation energy:

N
Esolv = ZAO-I’ ASAi (1)

i=1

where ASA; and Aog; are accessible surface area (ASA) and ASP of
atom 7, and N is the number of atoms. The values of ASPs are taken
from our previous work [11]. Interaction of protein with both aqueous
and membrane environment, is given by Eq. 2, where Ao; depends
on the z coordinate of atom i (axis z is normal to the membrane
plane). It is assumed that apart from the water—-membrane interfaces,
the values of ASPs correspond to those either for bulk water or cyclo-
hexane:

AG[(Z) =

—
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where Ag;™™ and Ao;"* are ASPs for an atom of type i in aqueous
(wat) or hydrophobic (mem) environments, respectively; zo is a half-
width of the membrane (i.e. the hydrophobic layer is restricted by the
planes given by the equation |z| =zg); D =2z is the membrane thick-
ness (30 A), A is a characteristic half-width of the water-membrane
interface (in this study A=1.5 A). The effect of TM potential Ay was
modelled by the term [12]:

N
Eny = (FAy/D) Z%’ zZi (3)

i=1

where ¢; and z; are partial charge and coordinate z of atom 7, and F is
Faraday’s constant. For |z;| > D/2, y(z) = constant.

2.2. MC simulations
Conformational space of peptides was explored via unrestrained
variable-temperature MC search in torsion angles space using the
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modified FANTOM program [13]. At each MC step the structures
were minimized via 50-120 conjugate gradient iterations. To explore
during the simulations all possible orientations of SP+7 with respect
to the membrane, 14 N-terminal dummy residues were attached with
the first one placed in the center of the hydrophobic layer with coor-
dinates (0,0,0). The dummy residues do not contribute to the energy
of the system. All dihedral angles were sampled, except angles @ in
‘real’ residues. The step of variation of each dihedral was chosen
randomly in the range —180°-180°. Non-bond interactions were trun-
cated with spherical cutoff of 25 A. Electrostatic interactions were
treated with distance-dependent dielectric permeability e=4Xr. The
choice of the dielectric screening model was discussed in detail else-
where [11]. Before MC simulations, the structures were subjected to
100 cycles of conjugate gradient minimization. Acceptance of the MC
states was done according to the Metropolis criterion [14]. To cross
the energy barriers between local minima, the adaptive-temperature
schedule protocol [13] was employed. The peptides’ termini, as well as
all ionizable groups, were taken in their charged states. In the absence
of Ay, several independent MC simulations were performed for SP+7
and its Leu mutant with the following starting structures arbitrary
placed in aqueous phase: (1) random coil; (2) entire o-helix;
(3) a-helical hairpin (HP) with the helix break at position —10 of
the sequence. Other details of the computational protocols have
been described elsewhere [8,9]. MC simulations with applied TM vol-
tage (100 mV) were carried out for both peptides starting with the
membrane-bound lowest energy TM and HP states found with Ay =
0 mV, as well as with the o-helix arbitrarily placed in aqueous phase.
To address the convergence problem in MC search, several indepen-
dent simulations with different seed numbers were carried out for each
peptide. It is important to note that the sets of low energy states
obtained for each peptide in all the simulations are quite similar in
total energy and its individual terms, structure, and mode of mem-
brane binding. This provides strong reasons to believe that the essen-
tial sampling of the peptides’ conformational space was reached in
each MC simulation.
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Fig. 1. Insertion of the signal sequence in a heterogeneous membrane model with and without a transmembrane potential. A: Sequence of
SP+7, the signal peptide of PhoE elongated with the first seven amino acids of the mature protein. The replacement of Gly for a Leu at posi-
tion —10 as in the SP+7 G(—10)L mutant is indicated. B-D: Results of MC conformational search for SP+7 and SP+7 G(—10)L mutant pep-
tide. Only the lowest energy HP-like and/or TM states are drawn. The peptide backbone is given in ribbon drawing. Side chains of residues on
the water-membrane interface and Gly —10 or Leu —10 are shown in ball-and-stick presentation. The seven amino acids of the mature se-
quence of PhoE are shown in bold. The membrane (with thickness D =30 A) is shown in gray. The z-axis shows the dimensions of the hydro-
phobic layer and the interfaces separated by dashed lines. Positively and negatively charged sides of the membrane are shown with symbols
‘“++4++’ and ‘—— —’, respectively. B,C: Results of MC conformational search for SP+7 without (Ay=0 mV) and with an applied transmem-
brane voltage (Ay =100 mV), respectively. D: Results of MC conformational search for the SP+7 G(—10)L mutant peptide in the absence of a

transmembrane potential.
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3. Results and discussion

3.1. MC simulations of SP+7 in the absence of Ay

In the absence of a TM voltage the simulation revealed two
very different energetically most favored states of the peptide
inserted into the membrane. These are illustrated in Fig. 1B
and the corresponding energies and some structural parame-
ters are summarized in Table 1. One represents an o-helical
HP state (state 1) with the N-terminal lysines at position —20
and —19 and the C-terminal serines —4 and —6 anchoring the
peptide at the same membrane interface denoted IN. The
mature part is fully in the aqueous phase and is unstructured
towards the C-terminus. The helical segments contain residues
—19 to —11 and —8 to +2 and are inserted almost perpendic-
ularly (74° and 86° respectively) into the membrane. The sec-
ond low energy state is a TM o-helix with the positively
charged side chains of lysines —20 and —19 ‘snorkeling’ to
the IN interface and the tyrosine +4 anchoring the peptide at
the OUT side of the membrane (Fig. 1B, 2). In this orienta-
tion the processing site (between —1 and 1) is in the OUT
interface where the active site of the leader peptidase, the
enzyme that removes the signal sequence during or shortly
after translocation, is located [15]. The helix is tilted with an
angle of 58° to the plane of the membrane.

There is just a small energy difference between the HP
and TM states with the helical HP conformation being only
0.4 kcal/mol more stable. It should be noted that the confor-
mations shown are representative (with the lowest energy) of
two large families of related structures. Both o-helical HP and
TM states exist over wide energy ranges and corresponding
structures might have minor differences in geometry of inser-
tion, hydrogen bonding and so forth. Furthermore, the energy
ranges characteristic for the two states overlap, suggesting
that both structures could be present in equilibrium. Other
states found via the MC search revealed a wide variety of
secondary structures but all of them are at least 15 kcal/mol
higher in energy. The occurrence of most favored HP and TM
states was independent of whether the peptide was initially
present in water or in the membrane or whether the starting
conformation of the peptide was a random coil, a TM helix or
an HP conformation (with a break around glycine —10).

The reason that the drastically different HP and TM states
have similar total energies is the result of different counter-
acting effects. The TM o-helix is more stabilized due to a
larger number of intra-helix hydrogen bonds, while the HP
structure has additional side chain interactions between the
two aligned o-helices, resulting in additional stabilizing van
der Waals interactions and inter-helix hydrogen bonds (such
as between Ser —18 and Ser —6, Fig. 1B, 1). Interactions of
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SP+7 with the membrane interface and hydrophobic layer are
much more favored for the TM state, but are counterbalanced
by the more favorable interactions with the aqueous phase of
the HP states (data not shown).

3.2. Effect of Ay on SP+7

Introducing the potential energy function describing Ay
into the simulations resulted in a dramatically different result.
In the presence of a Ay of 100 mV in the direction as it occurs
in the E. coli inner membrane (positive out) leads to a sub-
stantial decrease in energy of the TM a-helix which now be-
comes the lowest energy state of SP+7 (Fig. 1C, Table 1). The
helix is inserted very similar to the situation in the absence of
the potential (compare Fig. 1B, 2 with 1C). Strikingly, the
potential only causes a marginal decrease in the total energy
of the HP conformations of the signal sequence such that the
TM orientation is preferred by more than 6 kcal/mol over the
lowest energy state HP conformation. It is important to note
that the voltage-dependent energy term (E,,) is small with
respect to the total energetics of the membrane association
of SP+7 and therefore can act to trigger switching of the
signal sequence from HP to TM states. The implication of
this finding for protein translocation is that the positive TM
potential across the inner membrane can switch the HP con-
formation of the signal sequence to a TM conformation,
thereby initiating translocation of the N-terminus of the ma-
ture protein across the membrane. The action of Ay on the
signal is ascribed to the non-uniform distribution of charges
along the sequence with the positively charged N-terminus
(Lys —20, —19) and one positive (Lys +6) and two negative
(Glu +2 and Asp +7) charged residues in its C-terminus. The
direction of the potential (positive OUT) is such that it will
favor the localization of the N-terminus of the mature se-
quence on the OUT side of the membrane. Interestingly, evi-
dence is available that the negatively charged residues at the
extreme N-terminus of mature proteins play a role in the
potential dependence of preprotein translocation [6].

3.3. Simulations of the SP+7 G(—10)L mutant with and
without Ay

In vivo and in vitro experiments have shown that mutating
Gly —10 into o-helix promoting residues strongly reduced the
membrane potential dependence of prePhoE translocation
with the largest effects being observed for the Gly to Leu
substitution [4]. We reasoned that this might be caused by
an increased tendency to adopt the TM state, thereby bypass-
ing the requirement of Ay to stretch the signal sequence. MC
calculations on the SP+7 G(—10)L mutant in the absence of
the potential showed indeed that the lowest energy state cor-

Characteristics of the lowest energy states of SP+7 and its Leu mutant as obtained from MC simulations in the absence and presence of a

membrane potential

Peptide Ay=0 mV Ay=100 mV
State Residues in o-helix & Eiotar (kcal/mol) State Residues in o-helix 6 Eiorar (kcal/mol)
SP+7 ™ =20 to +5 58° —294.1 T™™ —20to +5 60° —-302.6
HP —20 to —12 74° —294.5 HP —20 to —12 76° —296.3
—9to +2 86° —9 to +2 79°
SP+7 G(—10)L TM  —20 to +6 59° —301.2 T™™  —20to +6 61° —306.4
HP —20 to —12 74° —298.5 HP  —20to —12 72° —300.2
—9 to +6 58° -9 to +6 57°

26=angle between o-helical segment(s) and the membrane plane.
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responded to a TM o-helix (Fig. 1D, Table 1). This helix was
slightly more extended than that of the wild-type but other-
wise had a very similar mode of insertion. The energetically
closest HP state had a 2.7 kcal/mol higher energy. Statistical
analysis of the outcome of several MC runs demonstrated that
the number of low energy TM states of the Leu mutant was
much higher than that of the HP states, the reverse being true
for the wild-type peptide (data not shown). This strongly sug-
gests that in the absence of a potential the signal sequence of
the Leu mutant prefers to insert directly into a TM orienta-
tion, thereby initiating translocation of the mature part. In the
presence of a potential of 100 mV the preference to acquire a
TM orientation for the Leu mutant is even further increased
(Table 1).

This study addresses the question why the membrane po-
tential stimulates preprotein translocation across bacterial
membranes. The MC computational approach demonstrates
that the membrane potential exerts a direct effect on TM
insertion of a signal sequence.

The results are in excellent agreement with the in vivo and
in vitro data [4-6] and with studies in which the Ay depen-
dence of translocation of signal sequences was tested in a
model system [7]. The MC results further explain the previ-
ously observed two states of insertion of signal sequences in
lipids [16] and the conformational flexibility of the signal se-
quence as observed in NMR experiments [3].

The results lead to the following model for the initial stages
of preprotein translocation. The signal sequence of the pre-
protein is delivered by SecA to the translocase and inserts
there as a helical HP into the membrane possibly at an inter-
face between the TM parts of SecY, SecE and the membrane
lipids. The TM potential now stretches the signal sequence
which drags the N-terminus of the mature protein into the
aqueous channel of the translocase thereby initiating protein
translocation.

The present study demonstrates the feasibility of studying
by MC techniques the effect of a TM potential on membrane
insertion of a polypeptide. It opens the way to get insight into
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the many effects that the potential has on different membrane
processes and the membrane proteins involved.
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