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Abstract Protein structure formation in the membrane
highlights a grand challenge of sampling in computer
simulations, because kinetic traps and slow dynamics make
it difficult to find the native state. Exploiting increased
fluctuations at higher temperatures can help overcome free-
energy barriers, provided the membrane’s structure
remains stable. In this work, we apply Hamiltonian replica-
exchange molecular dynamics, where we only tune the
backbone hydrogen-bond strength to help reduce the pro-
pensity of long-lived misfolded states. Using a recently
developed coarse-grained model, we illustrate the robust-
ness of the method by folding different WALP trans-
membrane helical peptides starting from stretched,
unstructured conformations. We show the efficiency of the
method by comparing to simulations without enhanced
sampling, achieving folding in one example after signifi-
cantly longer simulation times. Analysis of the bilayer
structure during folding provides insight into the local
membrane deformation during helix formation as a func-
tion of chain length (from 16 to 23 residues). Finally, we
apply our method to fold the 50-residue-long major pVIII
coat protein (fd coat) of the filamentous fd bacteriophage.
Our results agree well with experimental structures and
atomistic simulations based on implicit membrane models,
suggesting that our explicit CG folding protocol can serve
as a starting point for better-refined atomistic simulations
in a multiscale framework.
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Introduction

A thorough understanding of protein-lipid interactions
is a formidable challenge encompassing many length
and time scales. Though membrane-protein crystalliza-
tion remains an arduous endeavor, steady progress is
being made—as witnessed from the exponentially
growing number of structures in the protein data bank
(Bernstein et al. 1977; Caffrey 2003; DeLucas 2009;
Heijne 2011).

While computer simulators need not worry about crys-
tallization issues, they fight against two other major hur-
dles: force-field accuracy (Freddolino et al. 2009; Piana
et al. 2011) and sampling (Grossfield et al. 2007; Freddo-
lino et al. 2010; Neale et al. 2011; Paloncyova et al. 2012;
Neale et al. 2013; Filipe et al. 2014). The latter is severely
amplified when probing a protein in a crowded membrane
environment—a highly ordered and viscous medium that
leaves little room for a protein to move. It should, there-
fore, come as no surprise that simulations of membrane—
peptide folding events reported in the literature have
inspired a variety of protocols to help overcome forbid-
dingly long time scales.

The first such method consists of sampling at elevated
temperatures, where one takes advantage of larger fluctu-
ations and a more efficient sampling of phase space. In this
way, Ulmschneider et al. managed to fold WALP23 (more
below) in atomistic simulations (Ulmschneider et al. 2010).
The higher the temperature, the larger the fluctuations, and
thus the more efficient the method will be. However,
increasing the temperature too much might shift the
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equilibrium state away from what one would obtain at
physiological conditions. Without additional constraints on
the system, the temperature at which one can run the
simulation is limited by the stability of both the peptide and
the membrane.

In order to probe the peptide at its physiological tempera-
ture, one can turn to more sophisticated enhanced-sampling
methods, such as replica exchange (Swendsen and Wang
1986). Replica-exchange algorithms swap copies of the sys-
tem simulated under different conditions (e.g., temperature)
according to a Metropolis—Hastings criterion, ensuring a
coupling between replicas while sampling correct canonical
distributions. When swapping temperatures, replica-exchange
simulations effectively allow high-temperature simulations to
“feed” the lower-temperature replicas, thereby accelerating
the journey toward the thermodynamically stable state (Sugita
and Okamoto 1999). While denaturing the protein at high
temperatures enhances sampling, destabilizing the membrane
structure imposes severe limitations, because the combined
self-assembly of the membrane and the folding of the peptide
requires too much phase-space exploration. In a reported
application of WALP16 insertion and folding from all-atom
replica-exchange simulations, the stability of the membrane
was ensured at all temperatures by restraining the normal
distance of the lipid head groups to the bilayer midplane
(Nymeyer et al. 2005). While not implausible, this constraint
restricts the ensemble being sampled to a potentially biased
subset of the canonical state. Though the authors sampled a
constant-area ensemble, replica exchange at constant pres-
sure, which additionally includes pressure and volume in the
acceptance criterion (e.g., Okabe et al. 2001; Paschek and
Garcia 2004), should be conceivable with this method. We
also point out recent developments toward so-called surface-
tension replica-exchange methods, where each replica sam-
ples states subject to a different lateral tension, applied to a
DPPC membrane and a transmembrane WALP peptide in a
POPC membrane (Mori et al. 2013).

The last method, arguably the most efficient but also
most simplified, does without any explicit description of
the water/membrane environments, but instead describes
each as a background continuum that implicitly affects
local lipid-lipid interactions. By removing all molecular
friction and distinguishing the water from the membrane
environment by different dielectrics, the insertion and
folding of short synthetic peptides—including WALPI16,
WALP19, and WALP23—was achieved (Im and Brooks
2005). In addition, the folding of the longer fd coat protein
(50 residues, more below) resulted in excellent agreement
with structure inferred on the basis of solid-state NMR data
(Im and Brooks 2004). These studies also relied on a rep-
lica-exchange algorithm.

In light of accessing longer time scales, coarse-grained
(CG) models provide a second means to navigate phase
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space more rapidly: by averaging over degrees of freedom,
CG quasi-particles or beads not only reduce the number of
particles in the system, but they also remove some
molecular friction. CG models have enjoyed increasing
attention, due to ever-growing needs to probe long length
and time scales, as well as theoretical advances toward the
development of more accurate models—see Noid (2013),
Ingdlfsson et al. (2014) for extensive reviews on CG
models for biomolecular systems. Though coarse-graining
has already provided much insight into peptide-lipid
interactions (e.g., Baaden and Marrink 2013)—due in no
small part to the MARTINI force field (Monticelli et al.
2008)—this approach has so far contributed little to peptide
structure formation in the membrane. The main factor
hampering CG models’ progress in this direction is the
difficulty to describe secondary structure at the CG level,
especially without explicitly biasing the force field (Kar
and Feig 2014). As an example of a promising strategy, we
point out the recent extension of the PRIMO force field to
account for the presence of a membrane, described here
also as a background continuum (Kar et al. 2014). Fol-
lowing a different approach, the PACE force field describes
peptides atomistically but uses a CG solvent (Wan et al.
2011). While these two force fields have already shown
that they can stabilize various membrane peptides and
proteins, their folding capabilities haven’t yet been docu-
mented. Alternatively, we recently presented a CG peptide-
membrane cross-parametrization that can stabilize different
basic secondary structural motifs (such as o-helices and f-
sheets) dependent on sequence, thermodynamic conditions,
and environment, combined with a systematically coarse-
grained membrane that can both self assemble into a
bilayer and reproduce a number of elastic properties
semiquantitatively (Bereau et al. 2014). Using this model,
we observed insertion and folding of WALP23 into a
transmembrane helix at elevated temperatures. Compared
to the aforementioned models, the peptide-membrane
cross-parametrization describes peptides with less chemical
detail—its ability to fold secondary structure thus stands as
an interesting endeavor.

The observation that we could not get a membrane-
inserted WALP23 to fold at physiological temperature
(Bereau et al. 2014) lead us to question whether the quality
of the CG force field or the sampling methodology was
responsible for this discrepancy. In this work, we rely on
Hamiltonian  replica-exchange  molecular dynamics
(HREMD) (Bunker and Diinweg 2000) to help sample
peptide conformations in the membrane. HREMD stems
from a generalization of temperature-based replica-
exchange (TREMD) simulations, whereby only part of the
Hamiltonian gets altered, instead of a temperature change
that acts on all degrees of freedom concertedly. HREMD
protocols often simply scale down the strength of a number
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of interaction potentials (though counterexamples exist,
e.g., Lyman et al. 2006), and we point out that a uniform
weakening of all degrees of freedom strictly reduces to
TREMD. The coupling of all degrees of freedom in
TREMD makes the number of replicas scale strongly with
system size. Replica-exchange solute tempering (REST)
(Liu et al. 2005) attempts to circumvent this shortcoming
by removing a (possibly large) number of solvent degrees
of freedom from the reweighted acceptance criterion—the
quantity that determines the exchange probability.
HREMD, which by construction couples only the degrees
of freedom the Hamiltonian actually alters, can also benefit
from wider replicas without altering the definition of the
acceptance criterion. HREMD has been applied on a
number of (bio)systems to enhance sampling (see, e.g., Liu
et al. 2006; Affentranger et al. 2006; Mu 2009; Jiang and
Roux 2010). The algorithm was most recently applied to
the folding of the (AAQAA); peptide using an atomistic
polarizable force field (Huang and MacKerell 2014). Nat-
urally, many variants of HREMD exist, because there is no
unique way of biasing a Hamiltonian to enhance sampling,
and thus the question “which degrees of freedom to mod-
ify?” becomes prominent. Singling out the right degrees of
freedom can greatly help equilibrate the system of interest.
In addition, it can provide the means to avoid altering other
degrees of freedom—focus on the peptide and leave the
membrane unaffected. Our initial ansatz will stem from
past observations of long-lived misfolded states (e.g.,
incomplete «-helix) carrying non-native backbone hydro-
gen bonds (H-bonds). We propose to tune the H-bond
strength so that the strongly altered replicas do not stabilize
any significant secondary structure (i.e., a-helix and f-
sheet, mainly).

We apply the method to study structure formation of
simple peptides in a phospholipid membrane. Following Im
and Brooks (Im and Brooks 2004), we avoid the issue of
insertion by starting from stretched peptide configurations
that span the bilayer across its normal. Though the asso-
ciated insertion process holds interest (and most impor-
tantly the insertion/folding mechanism Nymeyer et al.
2005; Ulmschneider and Ulmschneider 2008), it is ham-
pered by the energetic barrier of one capped terminus
moving across the lipid membrane. Moreover, the CG
model does not provide the ability to study folding path-
ways (e.g., “does insertion precede folding?”’), given that
its parametrization only targeted equilibrium properties,
and thus does not ensure the reliability of its dynamics. The
present study thus only focuses on the free-energy minima
the model predicts. We note that we observed insertion of
WALP23 at various temperatures (including physiological)
in our previous work (Bereau et al. 2014). We hereby
focus on the more difficult aspect—folding—and leave the
previously observed insertion aspect aside. The results

presented below illustrate that the folding of a pre-inserted
peptide still requires significant sampling. Using HREMD,
we simulate the three abovementioned WALP peptides and
probe how the peptide affects the membrane during
structure formation. Finally, we show that HREMD also
works efficiently for the 50-residue-long fd coat protein,
where the CG model shows good agreement with the all-
atom simulations with implicit water/membrane (Im and
Brooks 2004), as well as structures proposed on the basis of
NMR measurements (Almeida and Opella 1997; Marassi
and Opella 2003).

Methods
CG Models

In the following, we briefly summarize the two CG peptide
(Bereau and Deserno 2009) and lipid (Wang and Deserno
2010) models, as well as their cross parametrization (Be-
reau et al. 2014).

Peptides are described at the CG level using an implicit-
solvent description (Bereau and Deserno 2009) that
includes amino-acid specificity and can stabilize different
secondary structures using a single parametrization—
without explicit bias toward one conformation. Each amino
acid is represented by four beads, one for the side chain and
three for the backbone, thereby providing the means to
describe backbone dihedrals. Phenomenological interac-
tions were incorporated to include different system prop-
erties of interest, such as hydrophobocity and backbone H-
bonds. Interaction parameters were tuned to reproduce the
Ramachandran plot of tripeptides and fold a de novo three-
helix bundle. Using a unique force field, the model can fold
simple helical peptides and assemble f-sheet-rich oligo-
peptides (Bereau and Deserno 2009). Further applications
of the model include the thermodynamics of helix-folding
transitions (Bereau et al. 2010, 2011) and the formation of
p-barrels at the interface between virus capsid proteins
(Bereau et al. 2012). Though the model lacks chemical
detail to fold more complex protein structures, the use of
stabilizing elastic networks (e.g., Periole et al. 2009;
Globisch et al. 2013) on parts of the protein can help
explore the conformational variability of flexible segments.

For the description of the membrane, we rely on Wang and
Deserno’s lipid force field (Wang and Deserno 2010). This
implicit solvent model maps a 1-palmitoyl-2-oleoyl-sn-gly-
cero-3-phosphocholine (POPC) lipid into 16 beads, distin-
guished in 8 bead types that model different chemical
moieties. [terative-Boltzmann inversion of an all-atom POPC
membrane aimed at reproducing the radial distribution
functions of the CG beads. An additional phenomenological
attractive interaction was included to mimick the confining
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effect of water—coarse-grained out in the implicit-solvent
model. The model can reproduce a number of important
properties of the membrane: self assembly into the bilayer
state, elastic properties (e.g., bending and stretching moduli),
mass density profile, and the orientation of intramolecular
bonds (Wang and Deserno 2010). Furthermore, Wang and
Deserno showed that other neutral lipids could be constructed
from the same set of CG bead types and reached satisfying
transferability in terms of structure, area per lipid, and tem-
perature dependence of the main phase transition (Wang and
Deserno 2010).

The cross-parametrization between the two models
(Bereau et al. 2014) aims to reproduce atomistic potential
of mean force (PMF) curves for the insertion of individual
amino acid side chains into a DOPC bilayer (MacCallum
et al. 2008). Beyond experimental partitioning coefficients,
these PMFs provide additional spatial resolution—normal
to the bilayer plane—to parametrize the cross interactions
between amino-acid side-chain and lipid bead types. A
number of structural properties specific to membrane
peptides were investigated to validate this simple cross-
parametrization, such as tilt and hydrophobic mismatch,
transient pore formation from the cooperative action of
antimicrobial peptides, and folding of WALP23 at elevated
temperature (Bereau et al. 2014).

Simulation Details

The CG units used throughout were constructed from a
length £ = 1A, an energy £ = kgThoay ~ 0.617 kcal/mol
at Tpogy = 310 K, and a mass M. As the two models were
constructed from different values of M (see Bereau and
Deserno 2009; Wang and Deserno 2010), the resulting time
units, ©= L4/ M/E, differ slightly—rt ~ 0.1 ps and
0.06 ps for the peptide and lipid models, respectively. This
difference is further complicated by the reduction of
molecular friction during coarse-graining, where the
speedup gained by the model may not be the same for
different dynamical processes. Case in point: the calibra-
tion of lateral lipid diffusion from the CG simulations hints
at a 10%-fold speedup (Wang and Deserno 2010), while the
peptide folding kinetics of an a-helix and a f-hairpin
suggest 10° (Bereau 2011). As such, we refrain from
extracting dynamical properties observed from the model
and only express timescales in the model’s natural unit, 7.
In any case, for the purpose of our study absolute times are
less relevant than the question whether the simulation has
managed to arrive at equilibrated configurations, and the
latter can be addressed without any time mapping.

We ran all simulations with the ESPResSo molecular
dynamics software package (Limbach et al. 2006). Simu-
lations were done at constant temperature at T = 1.0 £ /kp
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using a Langevin thermostat, with constant lateral tension
and vertical box height (i.e., NXL,T) ensembles system-
atically produced at £ =0 from a modified Andersen
barostat (Kolb and Diinweg 1999) (see Wang and Deserno
2010 for details). While the lipid model allows an inte-
gration time step dz = 0.1 7, the peptide model requires a
smaller value, dr = 0.01 7, used throughout for the entire
system.

Our systems consisted of a (100 A)* patch of 288 pre-
equilibrated POPC lipids. We capped all peptides by ter-
mini, modeled as additional amino acids with specific
interactions (Bereau et al. 2014). Peptide structures were
generated from high-temperature simulations in an aqueous
environment, ensuring the absence of any secondary
structure (see, e.g., Fig. 2a), as monitored by the STRIDE
assignment algorithm (Frishman and Argos 1995). Stret-
ched peptide configurations were inserted across the
membrane such that the two termini were located on
opposite sides of the bilayer. All scripts necessary to pre-
pare, run, and analyze peptide-membrane simulations are
available online (http://plumo.googlecode.com).

Enhanced-Sampling Protocol

The enhanced-sampling protocol carried out here consists
of a Hamiltonian replica-exchange molecular dynamics
(HREMD) methodology (Bunker and Diinweg 2000),
where we solely tune the strength of the peptide-peptide H-
bond strength. In the original CG peptide model, (back-
bone) H-bonds are explicitly modeled using a nonbonded,
angular-dependent Lennard-Jones interaction (Bereau and
Deserno 2009; Bereau 2011) of the form

Vi (r, Un; Oc) = enp [5 (%) 12_6(%) 10}

.
y {cos2 Incos*de, ||, [9c] <90°
0 otherwise

(1)

where r is the distance between the two backbone beads N
and C', representing the amide and carbonyl groups,
respectively, gy, is the equilibrium distance, ¥y is the angle
formed by the atoms HNC' (where H is the amide hydro-
gen) and ¢ corresponds to the angle NC'O (where O is the
carbonyl oxygen). See illustration in Fig. 1.

The strength of the H-bond potential is modulated by an
overall multiplicative prefactor, 4, where 4 < 1. The cou-
pling parameter effectively modulates the depth of the
interaction potential, impacting the overall stability of H-
bonds. HREMD couples copies of the system with different A
values, including the original Hamiltonian, A = 1. As will be
shown below, reducing the H-bond interaction strength by
roughly a factor of 2 is sufficient to lose any trace of helicity.
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Fig. 1 Geometry of the H-bond interaction between two residues
along a peptide chain. Note that the hydrogens were reconstructed
geometrically (Bereau and Deserno 2009). Color code: white
hydrogen; red oxygen; blue nitrogen; cyan carbonyl and alpha
carbons, as well as side-chain beads. Simulation snapshot rendered
with VMD (Humphrey et al. 1996) (Color figure online)

Table 1 Amino-acid sequences of the peptides studied in this work

Name Sequence

WALP16
WALP19
WALP23
fd coat

GWWLA LALAL ALAWW A
GWWLA LALAL ALALA LWWA
GWWLA LALAL ALALA LALAL WWA

AEGDD PAKAA FDSLQ ASATE YIGYA WAMVV VIVGA
TIGIK LFKKF TSKAS

We thus avoid reducing the coupling parameter to zero,
where singularities and numerical instabilities of Lennard-
Jones-type potentials often require the use of soft-core
alternatives (see, e.g., Gapsys et al. 2012).

Results

We list in Table 1 the amino-acid sequences of all peptides
studied in this work.

Folding of WALP16, WALP19, and WALP23

The series of designed WALP peptides has been studied
extensively in both simulations (Im and Brooks 2005; Ul-
mschneider and Ulmschneider 2008; Ulmschneider et al.
2009, 2010; Monticelli et al. 2010; Kim and Im 2010) and
experiments (Planque et al. 1998; Killian 2003; Anglin
et al. 2009; Holt et al. 2010). WALP consists of alanine-
leucine repeat units flanked by tryptophan residues (see
Table 1). WALP16 to WALP23 (the number denoting the
chain length) serve as excellent model systems to study

elementary aspects of transmembrane peptides, such as
hydrophobic mismatch via the helix’ tilt angle (Planque
et al. 1998), but also insertion and folding (Ulmschneider
et al. 2010). Focusing on WALP23, we showed previously
that our CG model is not biased toward a particular
structure: it stabilizes no particular conformation in water,
while in the membrane we observed insertion and folding
at elevated temperature (i.e., T = 1.15&/kg) (Bereau et al.
2014). Furthermore, WALP’s tilt angle distribution, as well
as the average helix-helix distance in the membrane,
sampled at physiological temperature, agree well with
atomistic simulations.

We first compared the structure formation of WALP16
using a plain canonical simulation (i.e., no enhanced
sampling) at T =1.0&/kg with HREMD at coupling
parameters 4 € {0.5,0.6,...1.0}. As such, the most altered
replica uses an H-bond strength that is halfed compared to
the original Hamiltonian, at which point no helicity was
sampled according to STRIDE (data not shown). The initial
peptide conformation used in both cases is shown in
Fig. 2a. Simulations were run for up to 850,000 and
180,000t for the plain canonical and the HREMD runs,
respectively. HREMD swaps between all neighboring pairs
of replicas were attempted every 1,0007. Figure 2c, d show
the secondary-structure timeline as a function of residue for
both sampling methods. While the lowest replica in the
HREMD simulation shows a rapid, persistent increase in
helicity, plain canonical sampling leads to a partially
helical state (residues 8-16), as illustrated in Fig. 2c. The
benefit of HREMD can readily be observed in Fig. 2d,
where the progressive increase in helicity contrasts with the
long-lived non-native structure sampled from the plain
canonical simulation. As a stochastic process, comparing
how fast each method performs would require averages
over many runs. Though we did not attempt to quantify this
difference in the present study, the behavior of the
canonical simulation is symptomatic of its propensity to
remain trapped in non-native states, while HREMD has
allowed us to overcome free-energy barriers and converge
toward equilibrium configurations, as further indicated by
the examples below. The performance of HREMD over the
canonical simulation illustrates the relevance of tuning the
H-bond strength itself: long-lived misfolded states are
primarily stabilized by non-native H-bonds. By coupling
different H-bond-interaction strengths, we help the system
hop out of these metastable states.

Similarly, we ran simulations of WALP19, also initial-
ized in a stretched conformation normal to the bilayer,
using both plain canonical sampling and HREMD at cou-
pling parameters A € {0.5,0.6,...1.0}. Figure 3 shows the
secondary-structure timelines of both simulations, which
run for 1,500,000t and 120,000t for the plain canonical
and HREMD runs, respectively. We also find a quick,
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Fig. 2 Folding of WALP16 in a POPC membrane. Cartoon
representations of a initial, unstructured (¢ = 0) and b equilibrium,
folded conformation (sampled from HREMD; ¢ =150,0007). The
peptide is depicted in orange, where thick and thin ribbons
correspond to the helical and coil states, respectively; the lipids are
color-coded according to their bead type: purple for the hydrocarbon

initial, helix formation for both protocols, though the
simulation without enhanced sampling spends significant
time sampling a partial 7-residue-long helix, as the rest of
the peptide only samples turn and coil structures (Fig. 3a),
until 1,200,000t. The homogeneity of the secondary-
structure timeline during folding highlights how the system
can get stuck in a kinetic trap for long times. On the other
hand, HREMD shows an alternation between structures
forming an «-helix at different positions along the chain.
Excluding fluctuations at the termini, the helix finally
extends throughout the chain to form the folded trans-
membrane conformation at around ¢ =70,0007 (Fig. 3b).

Turning to WALP23, we only investigated folding using
HREMD. A simulation of 150,000t using the same cou-
pling parameters as for WALP19 indeed reached the
transmembrane, fully helical state at 310 K (data not
shown). This not only highlights the robustness of the
method to equilibrate simple helical peptides in the mem-
brane, but it also confirms that the helical transmembrane
state of WALP23 is indeed the equilibrium state at physi-
ological temperature for this CG model—a claim we pre-
viously (Bereau et al. 2014) supported by indirect evidence
but could not demonstrate directly.

To understand better how the peptide affects the shape
of the membrane during the folding process, we monitored
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chains, light pastel colors for the interfacial and head groups.
Timeline of secondary structure as a function of residue for ¢ the
canonical simulation (i.e., no enhanced sampling) and d HREMD—
note the difference in simulation timescales. White, green, and purple
events in the timeline correspond to coil, turn, and o-helical
conformations, respectively (Color figure online)

the distance from the bilayer midplane to each glycerol
bead—a proxy for the monolayer thickness, #, as a function
of its lateral distance to the peptide’s center of mass, as
illustrated in Fig. 4a. Since we are specifically interested in
how partially folded structures affect the membrane, both
initially stretched, unstructured (i.e., no helicity), and late-
stage folded (i.e., helicity ratio larger than 75 %) confor-
mations were discarded, and the data were averaged over
the remaining snapshots. The h(d) profiles of each WALP
peptide are shown in Fig. 4b. They illustrate that the free
energy of partially folded peptides must also contain an
elastic contribution derived from local bending of the host
membrane’s monolayers. We observe that the peptide-
induced membrane deformation relaxes over d ~ 20A.
This length is comparable to monolayer thickness and
suggests that the associated energetics is best described by
local lipid physics (packing, stretching, tilting, etc.; see,
e.g., (Lundbzk et al. 2010) and references therein). A
similar relaxation length scale and profile was observed
from CG simulations of cylindrical model peptides in the
context of hydrophobic mismatch (Venturoli et al. 2005).
Remarkably, we also observe a small dip at significantly
longer length scales (i.e., d ~ 60 A), suggestive of curva-
ture elasticity effects, with their often characteristic
damped oscillatory relaxation. The use of a significantly
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Fig. 3 Folding of WALP19 in a (a) °
POPC membrane. Timeline of
secondary structure as a
function of residue for a the
canonical simulation (i.e., no
enhanced sampling) and b
HREMD—note the difference
in simulation timescales. At the
end of the runs, the plain
canonical and the HREMD
simulations folded to the
equilibrium state. White, green,
and purple events in the

Coil (-sheet [-bridge Turn a-helix 3jp-helix w-helix

timeline correspond to coil,
turn, and o«-helical
conformations, respectively.

¢ Final conformation from the
HREMD simulation (Color
figure online)
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smaller box size would enforce (i) no long-range oscilla-
tion behavior and (ii) a shorter decay, leading to larger
deformation energies. We find here a correlation between
the length of the peptide and the deformation profile (i.e.,
the shorter the peptide the larger the deformation), though
statistics over several independent runs would be necessary
to confirm this behavior. Additional simulations (data not
shown) indicate that although the overall shapes shown in
Fig. 4b are representative of the membrane’s behavior, the
offset deformation close to the peptide depends sensitively
on the folding process, and thus would also require aver-
aging over many folding experiments. Irrespective of a
quantitative analysis, a pronounced membrane thinning
close to the peptide is to be expected due to the role played
by hydrophobic mismatch (Fattal and Ben-Shaul 1993):
The WALP peptides studied here contain hydrophobic
segments that are comparable in length to the membrane
thickness. The formation of any additional turn that ulti-
mately shapes the o-helix will require significant back-
bone distortion, thereby further shortening the distance
between the two polar endgroups, compared to the
hydrophobic region of the membrane. We would like to
remind the reader that the well known mattress model of
Mouritsen and Bloom (Mouritsen and Bloom 1984)
describes the membrane-mediated interaction of trans-
membrane helices that induce hydrophobic mismatch in a
way that is mathematically similar to springs spanning
through (and locally pinching) a mattress. It is worthwhile

(a) h(d)

(b)

LAl

WALP16 —+—
I WALP19 & ]
" 1 WALP23 3

0 10 20 30 40 50 60 70

dIA]

Fig. 4 a Schematic representation of the glycerol bead height 2 above
the bilayer midplane as a function of its lateral distance, d, measured
from the peptide’s center of mass. b h(d) for the three WALP
peptides. Error bars denote the error of the mean. The horizontal,
dashed line is a mere guide to the eye representing the unperturbed
POPC bilayer
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Fig. 5 Folding of the fd coat
protein. a Helical residues from
the CG simulation in water, in
the membrane, and PDBs
1FDM (Almeida and Opella
1997) and 1IMZT (Marassi and
Opella 2003). Any filled bar
represents a helical region
(helical state during at least

80 % of the simulation): blue
for transmembrane, magenta for
interfacial, and black otherwise.
b Early, unstructured and
equilibrium (¢t =1,100,0007)
conformations of the CG
simulation with the membrane.
¢ Equilibrium structure of the
CG simulation in water (the
bead representation is hidden
for clarity). d Timeline of
secondary structure as a
function of residue in the
membrane. White, green, and
purple events in the timeline
correspond to coil, turn, and o-
helical conformations,
respectively (Color figure
online)

to remember that in our case these springs are loaded

(a) AEGDD PAKAA FDSLQ ASATE YIGYA WAMVYV VIVGA TIGIK LFKKF TSKAS

CG: water

CG: membrane
PDB: 1IFDM
PDB: IMZT

(b)

Residue #

120

Time [10% 7]

Folding of the fd Coat Protein

during the alpha-helical folding process, and that, there-

fore, this loading energy must derive from—and is
limited by—the free energy available from secondary
structure formation. Interestingly, we found qualitatively
similar profiles when focusing on membrane deformations
with the folded peptides (i.e., helicity ratio larger than
75 %), though the features were toned down (data not

shown).

@ Springer

The last peptide we study is the major pVIII coat protein
(fd coat) of the filamentous fd bacteriophage. This
50-residue-long protein, which can be found within the
membrane of infected bacteria prior to virus assembly, has
been investigated experimentally by both solution NMR in
detergent micelles (PDB: 1FDM) (Almeida and Opella
1997) and solid-state NMR (PDB: 1MZT) (Marassi and
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Opella 2003). Im and Brooks later folded atomistically fd
coat in implicit water and membrane environments (Im and
Brooks 2004). In all cases, two distinct helices were
identified, one interfacial and one transmembrane, joined
by a short loop in the vicinity of residue 20.

We ran HREMD simulations at coupling parameters 4 €
{0.75,0.80,...1.00} for 1,100,000z, starting from a stret-
ched, unstructured configuration spanning the bilayer nor-
mal. To control against any potential force-field bias from
the CG model, we also ran simulations of the same protein
in the (implicit) aqueous environment (i.e., without the
membrane) using a standard parallel tempering algorithm
(Bereau and Deserno 2009) with six temperatures between
T =1.00€ and 1.30 & for + =200,0007. Averaging over the
last 50,0007, we extracted the per-residue helical ratio of
the protein in each environment. Any residue identified as
helical during at least 80 % of the simulation (at
T = 1.00 £/kp) was marked as such—the results for both
simulations are shown in Fig. 5a. The two simulations
stabilize significantly different folds: In water, we observe
three helices connected by loops (fraction of helicity for
each loop-residue is less than 10 %), formed around the
glycine residues at positions 23, as well as 34 and 38. The
helices tightly pack to minimize hydrophobic exposure to
the surface, see simulation snapshot in Fig. 5c. On the
other hand, the CG simulation in the membrane shows only
two helices (Fig. 5a, b, d), while the other regions showed
negligible helical content (as shown in the timeline of
Fig. 5d). We find that the loop between the two helices in
the membrane simulation occurs at residues 25-28, while
those are helical in the water simulation. As such, we find
that the CG model stabilizes different structures in the
water and membrane environments, as we had observed
previously for WALP23 (Bereau et al. 2014). We refrain
from drawing any further conclusion from the water sim-
ulation, as its accuracy is unclear: atomistic simulations
have not been performed to the best of our knowledge, and
any experimental result would include finite-concentration
effects, likely driving aggregation.

The peptide structure in the membrane consists of four
separate regions: an unstructured N-terminal tail dangling
above the membrane (Alal-Pro6); the interfacial helix
(Ala7-Tyr24); a loop connecting the two helices (Ala25—
Trp26); and the transmembrane helix (Ala27-Lys48). As
seen in Fig. 5a, this compares favorably with both 1IFDM
and IMZT experimental structures. Moreover, Im and
Brooks’ atomistic simulations also folded two helices that
shared common traits with both experimental structures in
their length and relative orientation. While the exact
location of the turn region between the two helices may
require further refinement, we observe that the CG model
can fold and stabilize the two secondary-structure motifs at
roughly the right location in the sequence. Moreover, it

illustrates the robustness of the CG parametrization: while
weaker hydrogen bonds would lead to little or no helix
formation, stronger hydrogen bonds would likely give rise
to one long transmembrane «-helix, or at least an over-
stabilization of the helical extent. Note that our loop is
shorter than 1FDM, but longer than 1MZT. The presence
of the turn to accommodate for both the transmembrane
and the interfacial helices shows that the partitioning of
amino acids between water and the bilayer are, at least to a
certain extent, well imprinted in the CG model, and well
balanced with its hydrogen-bond strength.

Conclusion

Structure formation in the membrane constitutes a major
challenge of sampling in computer simulations. By merely
tuning the strength of backbone H-bonds, the HREMD
protocol aims at shortening the lifetime of long-lived non-
native metastable states. The few degrees of freedom
altered within the HREMD scheme limit the number of
replicas required. Moreover, the weak stability of H-bonds
implies that a relatively small decrease in the H-bond
strength prevents the formation and stabilization of sec-
ondary structure, such that the coupling parameter A need
not be brought all the way to zero. We illustrated the
improved equilibration capabilities of this HREMD pro-
tocol by comparing it with simulations without enhanced
sampling for the structure formation of WALP16 and
WALP19. The folding of WALPI19 without HREMD
demonstrated the efficiency of the enhanced-sampling
protocol and illustrated how a membrane-bound peptide
spends significant times in kinetic traps. This methodology
also allowed us to equilibrate WALP23 from an unstruc-
tured conformation to its transmembrane helical state. In
addition to enhanced peptide-sampling capabilities, we
emphasize the absence of structural restraints on the lipids,
as opposed to previous atomistic simulations (Nymeyer
et al. 2005). Likewise, we do not rely on higher-tempera-
ture simulations to reach equilibrium (Ulmschneider et al.
2010; Bereau et al. 2014). We highlight the agreement with
both experimental results and atomistic simulations in the
structure of the fd coat protein, which consisted of both
interfacial and transmembrane helices. The folding of this
long protein (50 residues) required significant sampling at
the CG level, and was only tackled atomistically using an
implicit membrane model. The strengths of explicitly
modeling the membrane—compared to a dielectric-slab
approach—were illustrated by monitoring peptide-induced
membrane-thickness deformation, as well as the previously
reported transient pore formation due to the cooperative
effect of interfacial peptides (Bereau et al. 2014). Beyond
the robustness of the sampling method, this study illustrates
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the balance in the CG parametrization between hydrogen-
bond strength and amino-acid partioning between water
and the bilayer. It also serves as a demonstration of the
ability for CG models to tackle structure formation in the
membrane. While such an approach is not meant to replace
atomistic simulations of peptides in the membrane, it can
much more efficiently sample phase space (we remind the
reader that the reference atomistic simulation used an
implicit membrane model) and identify relevant confor-
mations, which one can later backmap for subsequent
atomistic simulations (Bereau et al. 2012).
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