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Abstract. Coarse grained (CG) models are widely used in studying
peptide self-assembly and nanostructure formation. One of the recur-
rent challenges in CG modeling is the problem of limited transferability,
for example to different thermodynamic state points and system com-
positions. Understanding transferability is generally a prerequisite to
knowing for which problems a model can be reliably used and pre-
dictive. For peptides, one crucial transferability question is whether a
model reproduces the molecule’s conformational response to a change
in its molecular environment. This is of particular importance since CG
peptide models often have to resort to auxiliary interactions that aid
secondary structure formation. Such interactions take care of properties
of the real system that are per se lost in the coarse graining process
such as dihedral-angle correlations along the backbone or backbone
hydrogen bonding. These auxiliary interactions may then easily over-
stabilize certain conformational propensities and therefore destroy the
ability of the model to respond to stimuli and environment changes, i.e.
they impede transferability. In the present paper we have investigated
a short peptide with amphiphilic EALA repeats which undergoes con-
formational transitions between a disordered and a helical state upon
a change in pH value or due to the presence of a soft apolar/polar
interface. We designed a base CG peptide model that does not carry
a specific (backbone) bias towards a secondary structure. This base
model was combined with two typical approaches of ensuring secondary
structure formation, namely a C,-C,-Cs-C, pseudodihedral angle po-
tential or a virtual site interaction that mimics hydrogen bonding. We
have investigated the ability of the two resulting CG models to repre-
sent the environment-induced conformational changes in the helix-coil
equilibrium of EALA. We show that with both approaches a CG
peptide model can be obtained that is environment-transferable and
that correctly represents the peptide’s conformational response to dif-
ferent stimuli compared to atomistic reference simulations. The two
types of auxiliary interactions lead to different kinetic behavior as well
as to different structural properties for fully formed helices and fold-
ing intermediates, and we discuss the advantages and disadvantages of
these approaches.
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1 Introduction

Molecular simulations can elucidate the molecular processes and driving forces
behind biomolecular structure formation processes such as peptide aggregation,
formation of amyloid fibrils, or peptide-based nanostructures [1-5]. Unfortunately,
simulations at an atomistic level of resolution are often not able to access the length-
and time-scales required for these nanoscale systems. Therefore, quite a large num-
ber of different coarse graining approaches have emerged that share the same goal:
reproducing the essential features of the biomolecular system while extending the
time- and length-scale limits [6-11]. In top-down coarse-grained (CG) models,
interaction functions are parameterized so that known (macroscopic) thermodynamic,
conformational, or structural properties of the system of interest are reproduced. In
bottom-up coarse graining approaches, CG interaction functions are systematically
parameterized so that microscopic properties in atomistic reference simulations are
reproduced. Especially in the context of the latter type of models, the question of
transferability is being discussed as one of the most important challenges to coarse
graining [12]. Because of the reduction of number of degrees of freedom, CG models
are by construction more intimately connected to the state point of reference where
they were parametrized. This means they cannot easily be used at different thermo-
dynamic state points, different phases, different system compositions, etc.

One particular aspect of transferability is the conformational preference of a mole-
cule where molecules adopt different conformational behaviors upon a change in envi-
ronment. One possibility could be the chemical surroundings: a change in pH value or
in salt or co-solvent concentration can drastically affect the conformational preference
of a polymer or biopolymer [13-20]. Another factor that can influence the behavior
of a biopolymer is the presence of a surface, an interface or a growing aggregate (the
latter can be viewed as a microscopic interface) [15,21,22]. Reproducing equilibria
between different conformations is already very challenging for a CG model. Repro-
ducing the shift in such an equilibrium due to a change in the environment of the
molecule is even more problematic. All interactions in the system (bonded and most
importantly nonbonded interactions) need to interplay in a way that the conforma-
tional equilibrium between two states is tipped in either of the two directions when
the environment changes [23]. This implies that the CG model correctly encompasses
the different physical (thermodynamic) driving forces that keep the conformational
equilibrium in place (depending on the environmental conditions).

For peptides and proteins, environment-induced conformational changes are
among the most important phenomena that determine the richness of their struc-
tural landscapes. Molecules that are intrinsically disordered can transform into highly
ordered (3-sheet rich aggregates or into a-helices — depending on their molecular and
chemical environment [24-28].

CG models often resort to auxiliary interactions to reproduce conformational prop-
erties, especially in the case of collective ones such as secondary structures. These
auxiliary interactions take care, that helices form or that the molecule adheres to a
perfect §-sheet structure. Often such interactions cover correlations between underly-
ing atomistic torsional angles that are characteristic for a given secondary structure
element. On an atomistic level, regular backbone torsions are not uncorrelated, and
these correlations are intimately linked to secondary structure formation, as can best
be seen in Ramachandran plots. Unfortunately, many of the physical reasons for these
correlations are lost upon coarse graining and need to be brought back by auxiliary
interactions in CG models such as longer-range pseudotorsion angles. Another type
of frequently used auxiliary interactions that lie at the heart of secondary structure
formation are virtual site interactions which mimic the formation of hydrogen bonds
between amide groups. One problem of such supportive/auxiliary interactions is that
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they are usually parameterized to represent a desired conformational feature of a
given target system, e.g. the formation of a helix, and that they are only a (poor)
substitute for the true physical origin of the conformational behavior. Thus, they
are not necessarily able to represent more delicate conformational changes where the
system responds to a change in environment, e.g. the presence of an interface or a
pH change that perturbs the interactions within the peptide. In the present paper we
try to construct a CG model for a system that exhibits such environment-induced
conformational changes and investigate, under which conditions models with auxil-
iary interactions such as pseudotorsion angles or virtual site interactions represent
the conformational behavior.

We revisit EALA (Ace-EAALAEALAEALAE-Nme), a short peptide that had
been derived from a designed model peptide sequence (the so-called GALA peptide
[29]) which undergoes conformational transitions between a disordered and a helical
state upon several environment changes: Fig. 1 shows the different states of EALA
found in atomistic reference simulations [15]. In bulk aqueous solution at pH5, the
Glutamic acid side chains are protonated, the EALA peptide is overall neutral and
adopts an equilibrium between a-helical and partially unfolded structures. At pH7
and above, the Glutamic acid side chains are deprotonated and the peptide is neg-
atively charged (with a total charge of —4). The resulting electrostatic repulsion
between the side chains tips the conformational equilibrium further towards disor-
dered structures and the overall helical propensity of the molecule is reduced.

Due to its amphiphilic nature, the EALA peptide is interface-active. At soft
polar/apolar interfaces such as the air/water interface, EALA forms a stable a-helix
where the hydrophobic Leucine side chains are neatly partitioned into the air and
the Glutamic acid side chains are immersed in the water phase. At the interface, the
a-helical form of EALA is even stable at pH 7, i.e. when the side chains are depro-
tonated. This means that the partitioning of the side chains that stabilizes the helix
overrides the destabilization due to the electrostatic repulsion. This rather delicate
balance between different driving forces that stabilize/destabilize the a-helix make
EALA a suitable test system to investigate, whether a CG model can reproduce such
environment-dependent conformational transitions.

The aim of this study is to compare different coarse-graining approaches in light of
representing this environment dependence. In particular, we investigate different types
of auxiliary interactions that are used to aid the formation of secondary structures.
Our goal is to compare pseudodihedral (PD) [30,31] and virtual site (VS) [32,33]
interactions in terms of their capability to capture the environment-driven conforma-
tional changes observed in the atomistic system (see Fig. 1) when they are balanced
with the remaining bonded and nonbonded interactions in a CG model for the EALA
peptide. We evaluate the representation of the conformational equilibrium as well as
the dynamic and kinetic characteristics of the peptide system. We aim for a single
CG model with a unique set of interaction potentials, that should be able to capture
the peptide’s conformational behavior in bulk aqueous solution at low and high pH
as well as in contact with a soft polar/apolar interface as observed in the atomistic
system. We address the questions: Can one achieve this at a CG level? Is a pseudo-
torsion or a virtual-site based approach equally well-suited in this respect? Are there
other characteristic differences between the two auxiliary-interaction approaches?

2 Methods

2.1 Computational details

CG molecular dynamics (MD) simulations were carried out with GROMACS 4.5.7
[34]. All nonbonded interactions between the CG beads have been implemented to
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Fig. 1. A) The conformational preference of the EALA peptide depends on the environ-
ment: the disordered structure (bottom-right) found in aqueous solution at pH 7 (labeled as
charged) can be driven towards a partially stable a-helix conformation (bottom-left) at low
pH (labeled as neutral) due to the protonation of the Glutamic acid side chains. Interaction
with a hydrophobic/hydrophilic interface stabilizes the a-helix conformation regardless of
the pH (top left and right). B) The partially stable a-helix structure in bulk water at low
pH displays slow dynamics: random (top) and a-helix (bottom) initial conformations display
microsecond scale transitions as shown with the DSSP[47] analysis of secondary structure
evolution. C) Comparison with an ideal a-helix conformation via native contact analysis
displays the increased helical propensity for the neutral molecule at low pH (black curve:
helical initial conformation; red curve: random initial conformation) compared to the charged
state at pH 7 (blue curve).

GROMACS as tabulated potentials with a cutoff distance of 3.0 nm. Details regarding
the different interaction potentials are given in the following sections. The leap-frog
stochastic dynamics integrator [35] was used with a time step of 2fs. To be able to
correctly sample the vibrations of the stiff bond between the CA and A beads, the time
step was not increased compared to the atomistic model. The system temperature
was maintained at 298 K with a friction constant of 1ps~!. For Hamiltonian replica
exchange simulations, PLUMED 2.1 with the Hamiltonian replica exchange fix and
GROMACS 4.6.7 were used as simulation tools [36,37]. The VOTCA package [38] was
used to map the CG beads onto the atomistic structure and extract the probability
distributions from the CG simulations.

Analysis and the methodology for the MD simulations for all-atom reference
states were already published in our earlier study [15]. Reference simulations of the
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Table 1. Mapping of atoms from the atomistic reference to the CG beads.

atomistic coarse-grained
Cao CcA
backbone C-O-N-H CN

leucine sidechain
alanine sidechain
glutamic acid CH2-CHs
glutamic acid COOH

Q
8ar

Fig. 2. CG mapping of EALA.

EALA peptide (charged and neutral) in bulk aqueous solution and in contact with
an air/water interface were 2 us long and the peptides were initially a-helical un-
less otherwise stated. The atomistic system was simulated on 40 cores (~200ns/day)
amounting to 4650 CPUh per system. For the CG systems, we have accumulated at
least 5 us in single core simulations (/1 us/day). For select systems we have improved
sampling by Hamiltonian Replica Exchange amounting to 60 us. In total the reported
CG simulations sum up to 200 us.

For visualization and production of molecular representations the VMD [39]
package was used and the secondary structures were determined by the STRIDE
algorithm [40].

2.2 Mapping between CG and atomistic resolution

The mapping scheme used for the CG model is listed in Table 1 and the superposition
of the CG model onto the atomistic structure is shown in Fig. 2. The backbone of
the CG model is composed of CA and CN beads. Leucine and alanine side chains
are represented via a single bead (L and A, respectively), whereas glutamic acid side
chains are mapped as G and GO beads, where the latter carries the charge at pH 7.
All CG beads are mapped to the center of mass of their respective atom groups.

2.3 Bonded and nonbonded interactions

The basic, underlying CG interactions (from now on referred to as base model) were
parameterized to reproduce structural descriptors such as bond, angle, torsion distrib-
utions for a generic peptide without a specific secondary structure. Bonded interaction
potentials (bonds, angles, and dihedrals) were obtained by Boltzmann inversion (BI)
of reference distributions [41,42] from atomistic simulations of EALA. Harmonic
potentials were used for the bond-stretching potentials, where the spring constant
and equilibrium position were obtained from a fit to the potential form obtained
from BI. The angular interaction potentials were obtained from BI of the probability
distribution of the angle between the relevant triplet of beads in the atomistic simula-
tion of an a-helical EALA peptide at the air/water interface. All CG beads separated
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Fig. 3. Non-bonded potentials for the base CG model that were subsequently combined
with the PD and VS interactions (see text).

by two covalent bonds interact via an angular potential, and in total nine different
potential types were used.

Dihedral interaction potentials were used for the backbone beads only, whereas the
torsional stiffness of the side chain beads were represented via improper dihedral
potentials. For glutamic acid side chains the GO bead was not connected via a dihe-
dral interaction, since the atomistic reference yields a very broad distribution. In order
not to bias the base CG model towards any secondary structure, the dihedral poten-
tials were obtained from an all-atom simulation of a single neutral EALA peptide in
implicit water. In this simulation nonbonded interactions were used only for atoms
that are part of CG beads which interact in the CG representation, and all other non-
bonded interactions were excluded. In the presence of these exclusions the peptide
samples random conformations, with no bias towards any secondary structure.

In Fig. 3 nonbonded interaction potentials for the CG beads are shown. Hydropho-
bic forces acting on leucine and alanine side chains were represented via Lennard-Jones
cosine potentials (Eqn. 1), which are shown in Fig. 3.

Ze|(9)" = (2)°] 0T < rm

4 r
U= —€cos? [7;((&7—?:@;))} if 7 <7 <1 (1)
0 if r>nr,
where r. = 1.0 is the cutoff value for the nonbonded potentials and r,,;, is the

minimum of the Lennard-Jones potential [43].

For the GO-GO interactions at low pH an attractive Lennard-Jones interaction
was used, shown in Fig. 3. At pH 7, when the GO side chains are deprotonated and
charged, this attractive interaction is replaced with the Debye Hiickel potential

el 677‘/‘5
uij(r) = %‘%’m (2)

where ¢; is the charge of the bead, D is the dielectric constant of the solvent medium
and ¢ is the Debye screening length. Normally D = 80 for dielectric constant of
water at near ambient conditions and £ = 1 nm at physiological salt concentration of
approximately 100 mM. In our simulations ¢;q; = 1 because the glutamic acid side
chains are charged with —1. For all other nonbonded interactions generic repulsive
Weeks-Chandler-Andersen potentials with o = 0.408 were used (see Fig. 3, labeled
as others) [44].
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Fig. 4. A) CG representation of the partitioning effect of the hydrophobic/hydrophilic
interface. The interface between air and water resides at z = 1 nm. B) Interaction potentials
between the CG beads and the wall.

2.4 Representation of the polar/apolar interface

In order to represent an interface which enforces partitioning of the hydrophobic and
hydrophilic residues at the CG level a soft wall was used [45]. Periodic boundary
conditions were used in the z-y plane, and two walls were positioned at the bottom
and top of the box in z direction. In Fig. 4A the wall at z = 0, the position of the
interface at z = 1, and the EALA peptide’s partitioning at the interface are depicted.

The interactions for the hydrophobic and charged particles were kept identical
to the original parametrization of the LK peptide ((LKKLLKL),), that also displays
environment-dependent conformational transition [21,45]. An attractive potential was
used for the L-wall interactions (corresponding to the hydrophobic side chains) and a
(soft) repulsive potential was used for the GO-wall interaction (corresponding to the
hydrophilic side chains). The attractive interaction gradually increases from 0.5 nm
above the interface and remains flat underneath it. The remaining CG beads do not
interact with the interface, except a repulsive potential within 0.5 nm to the wall to
keep the beads inside the simulation box.

2.5 Native contact analysis

The similarity of the CG conformations to an ideal a-helix was quantified by the
number of native contacts between the CN beads within 0.55 nm. The native contact
parameter ¢ is normalized with the contact number for an ideal helix. This normal-
ization resulted in a range of g ~ 0.5 to ¢ &~ 1.0, which correspond to the random and
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a-helix conformations, respectively. CN beads were chosen since the atoms which
participate in backbone hydrogen bonding in the atomistic system are mapped on
to these beads in the CG model. Using the timeline data the folding and unfold-
ing events were monitored and distributions were computed. Figure 1 shows for two
atomistic simulations of the neutral molecule in bulk aqueous solution both a stan-
dard secondary structure analysis (DSSP) and the native contact data. The figure
nicely demonstrates that the native contact analysis is able to distinguish between
fully formed helices, partially formed helices and random coil structures.

For one of the CG simulations of the neutral molecule in bulk water we analysed
in detail which conformations were hidden behind certain g values: Representative
conformations for different ranges of g values in Fig. 5B were obtained by a two stage
clustering. First, by performing the native contact analysis for the 5us simulation
conformations were binned into g-values of width 0.1. Next, the conformations col-
lected under each bin were structurally clustered based on the CA beads’ RMSD. The
structural clustering was performed with the g_cluster tool. Jarvis Patrick algorithm
was used, where a new structure is added to a cluster if it shares at least 3 neighbors
with another structure already present in the cluster. Neighbors are defined as the 10
closest structures. We report the largest representative clusters for all native contact
bins, giving their relative size in percent of the fraction.

3 Results

In this study we compare two alternative methods for construction of a CG model in
order to represent the stability of the helix conformation in EALA in four atomistic
reference states. First, we investigate a CG model which relies on a pseudo dihedral
(PD) potential to stabilize the helix conformation. In the second CG model, the helix
conformation is stabilized by mimicking backbone hydrogen bonding via a virtual site
(VS) interaction. In both PD and VS based CG models, the nonbonded interactions
are tuned in a structural manner, to capture the atomistic system behavior. The
equilibrium position of the potentials is chosen according to the atomistic references,
and the strength is tuned to mimic the four atomistic reference systems.

3.1 The pseudo dihedral CG model in bulk water

The helix propensity of EALA peptide is strongly coupled to the environment as
discussed in the introduction. The slow dynamics and computational limitations in
all-atom simulations do not allow us to obtain an equilibrium probability distribution
for the helix propensity in neither the neutral nor the charged state of the EALA
peptide (see Dalgicdir et al. 2015 [15] and Supplementary Material). However, the
native contact analysis shown in Fig. 1C indicates that the charge repulsion among
Glutamic acid side chains significantly reduce the helix propensity.

In order to construct a CG model which displays a similar dependence on pH
and presence of an air/water interface, we utilized a pseudo-dihedral potential which
acts on four consecutive CA beads in the CG representation, which we will refer to
as CA-CA-CA-CA pseudo-dihedral (PD). As we have demonstrated in our earlier
study [15], the helix conformation is fully stable at the air/water interface. Therefore,
by Boltzmann inversion of the probability distribution for the CA beads (obtained
from the all-atom simulation at the air/water interface) the general form for the PD
potential is obtained (see Supplementary Material). Next, by scaling this dihedral
potential by 0.6 we optimized the bulk behavior of the CG model, such that together
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Fig. 5. The pseudo dihedral CG model captures the pH-dependent conformational change
in bulk water: A) Comparison of the native contacts for the PD-CG model in the neutral
and charged state. The probability distribution for the native contacts (on the right side)
displays the reduced helix propensity for the charged peptide. B) Representative structures
obtained from the clustering analysis of the simulation structures within certain ranges of
native contact values ¢ (see Methods section).

with the bonded and nonbonded interactions (as explained in the Methods section)
the CG model reproduces the pH-dependent helix-propensity change.

The native contact analysis of the PD-CG model for the neutral and charged
EALA molecule is displayed in Fig. 5. During the 5 us simulation the CG molecule
displays rapid changes in the native contacts. The probability distribution shown on
the right hand side, clearly demonstrates the reduced helical propensity in the mole-
cule when the Glutamic acid side chains are charged. Also shown in Fig. 5 is the
clustering analysis of the native contact data. In both the neutral and charged states
the peptide displays a variety of different conformations, ranging from full or
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Fig. 6. CN-CA-CN-CA (panel A) and CA-CA-CA-CA (panel B) dihedral distributions
for the PD-CG model in bulk water. atm-heliz represents the atomistic reference at the
air/water interface where the peptide remains a-helical and atm-bulk refers to the atomistic

case where the charged peptide unfolds and yields a disordered structure. The repulsive
interactions between the glutamic acid beads decrease the helicity.

partially helical structures, to completely unfolded conformations. However, the
neutral molecule clearly has an increased helical propensity in agreement with the
all-atom simulations described in our earlier study [15]. In the charged state a certain
level of helicity remains, but fully formed helices are hardly observed. The destabi-
lization of helical structures in the charged state arises from the Coulomb repulsion
between the Glutamic acid side chains, which is represented by a Debye-Hiickel poten-
tial in the CG model. Note that due to the slow kinetics the all-atom simulations do
not yield the equilibrium probability distributions. Hence, in the absence of a quan-
titative all-atom reference data, our aim is to capture the change in conformational
behavior in a qualitative manner with the PD-CG model. This model has a higher
transition rate between different conformations, which enables a thorough sampling
of the conformational phase space. However, these rapid transitions are potentially
unphysical due to the phenomenological nature of the PD potential.

In addition to the native contact analysis, we also evaluate the backbone confor-
mations via the backbone dihedral angles. In Fig. 6 the probability distributions for
the backbone dihedrals between the CN-CA-CN-CA beads and the pseudo-dihedral
between the CA-CA-CA-CA beads are presented. Unlike the native contact analy-
sis, which provides a global major for the conformational preference, the dihedral
distributions enable a comparison of the all-atom and CG simulations at the local
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Fig. 7. Native contact analyses for the PD-CG model in simulations with an interface.
A) Timeline data for simulations with the PD-CG model for the charged and the neutral
state. B) Native contact distributions for simulations of the PD-CG model with and without
an interface for the charged and the neutral state. In addition atomistic reference data for
a fully-formed a-helix (black curve) and an unfolded/disordered molecule in bulk aqueous
solution (red curve) are given.

structure level. Once again, the all-atom simulation results for the fully-formed helix
and the charged state in bulk are shown to represent the two possible extremes for
the conformational behavior, and not necessarily the equilibrium distribution for the
charged and neutral states of the EALA peptide in bulk water. In this regard, our
PD-CG model also captures the local structural features, and mimics the reduced
helical propensity with these two dihedral angles.

3.2 The pseudo dihedral CG model at the interface

In this section, we turn our attention to the behavior of the PD-CG model at the
interface. As explained in the model section, the interaction potentials between the
peptide and the interface are chosen to mimic the partitioning of the hydrophobic
and hydrophilic residues observed in all-atom simulations [15]. In Fig. 7A the native
contact analysis of the simulations for a single CG peptide at the interface are shown
for the charged and neutral peptide. A comparison of the probability distribution for
the PD-CG model in bulk and at the interface, as well as the atomistic reference
for the helix and the unfolded charged state are also shown in Fig. 7B. Unlike the
bulk behavior, at the interface both the neutral and charged peptides adopt a helix
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Fig. 8. Comparison of the CN-CA-CN-CA (panel A) and CA-CA-CA-CA (panel B) dihedral
distributions in bulk water and in the presence of an interface for the neutral and the charged
cases for the PD-CG model. The atomistic references atm-heliz and atm-bulk refer to the

cases at the air/water interface and in explicit bulk water respectively. In the former case
the peptide is folded into an a-helix, whereas in the latter one it is disordered.

conformation, in agreement with the all-atom results [15]. Figure 8 shows the back-
bone dihedral distributions of the peptide with the PD-CG model in all four states
(charged /neutral; bulk/interface) and further confirms the stabilization of the helical
conformation at the interface. This stabilization is a direct result of the partitioning
effect of the interface, where hydrophobic leucine and alanine residues are attracted,
and hydrophilic GO beads are repelled by the wall. This effect even overcomes the
electrostatic repulsion between the deprotonated Glutamic acid side chains, i.e. the
repulsion between the GO beads in the charged state. The timeline data shown in
Fig. 7 hints at the marginal stability of the helix in the case of the charged molecule,
where frequent drops in the native contact value are observed. On the contrary, the
neutral molecule displays a stable a-helix for the entire 5 us simulation.

3.3 The virtual site CG model (VS-CG)

In the previous section we introduced the PD-CG model of EALA, where the pep-
tide’s conformational behavior and secondary structure propensities are enabled by
the use of a pseudo torsion angle. The PD-CG model successfully represents environ-
ment induced conformational transitions such as pH-induced unfolding of a helix or
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Fig. 9. Tabulated non-bonded potentials between the backbone beads for the VS-CG model.
The H-bead represents the virtual site.

interface induced stabilization of a helix. In the present section we will use the ex-
isting model and replace this supportive/auxiliary pseudo torsion angle by a virtual
site interaction which mimics the hydrogen bond interaction between amide groups.
Here, a virtual site, H; was reconstructed from a non-linear combination of three
beads, CN;, CA; and CA,;_; and out of the plane of these atoms [45]. The position
of the virtual site is calculated using,

re =1 +ar; +bry +c(r; X ry) (3)

where r; is the position of the virtual site, and ¢, j and k represents the beads CN,
CA;_1 and CA; respectively. a = 1.8167, b = 1.6320 and ¢ = 1.6503 [46].

The virtual site, H, has a favorable interaction with the CN backbone beads at
distances typical for a hydrogen bond. Due to the mapping used in our CG model,
the hydrogen bonds between the i’th and ¢ + 1’th residues along the backbone in the
atomistic system correspond to an interaction between virtual site H; and CN;;3 in
the CG model. The initial strength of the VS interaction is shown in Fig. 9. The
remaining sets of CG interactions (i.e. the interactions within the neutral peptide,
the electrostatic repulsion in the case that the side chains are deprotonated, and
the interactions with the interface) have not been modified. With this virtual site
interaction, the EALA peptide forms a very stable helix.

Next, we attempted to fine-tune this interaction strength. Unfortunately, fold-
ing/unfolding transitions become very slow when VS interactions between amide
groups are employed to aid the formation of a helix. Therefore, equilibration prob-
lems impede a careful parametrization of the VS interaction strength in such a way
that the helix is just stable, and that it unfolds when a physically reasonable (electro-
static) repulsion between the side chains is added. Enhanced sampling methods are
required to exactly assess the degree of helicity for those interaction strengths where
the system is (very slowly) folding and unfolding. To this end Hamiltonian Replica
Exchange MD (H-REMD) simulations of the charged peptide have been used. By
turning off the virtual site contribution to the Hamiltonian linearly across 30 replicas,
the range of interaction strengths where the system tips from a fully folded helix to an
unfolded coil structure could be determined. For details and results of the H-REMD
simulations see the Supplementary Material.

Based on the H-REMD simulations we concluded that with a virtual site inter-
action strength around 12kJ/mol one obtains a reasonable level of charge induced
unfolding. Unfortunately, H-REMD could not fully resolve the equilibration prob-
lem: the timescale of H-REMD appears still insufficient, since even with relatively
weak virtual site interactions folding transitions are slow on the timescale available
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Fig. 10. Native contacts timeline data for the VS-CG model in bulk water with different
initial conformations: helical (panel A) and extended (panel B).

to H-REMD simulations. Therefore we carried out long (5us) MD simulations of
the neutral and charged peptide both in bulk water and in contact with the inter-
face at VS interaction strengths around 12kJ/mol, i.e. 11.2, 11.9 and 12.6kJ/mol.
In order to get an impression of the folding/unfolding equilibrium in spite of the
slow dynamics that allows only few folding/unfolding transitions per simulation, for
each system two sets of simulations with different initial conditions were performed,
namely a helical and an extended starting structure. A complete set of results can
be found in the Supplementary Material, showing dihedral distributions and native
contact analysis for all three VS interaction strengths. Here we only present native
contact data for a VS interaction strength of 11.2kJ/mol (black curve in Fig. 9) since
for this value we find phenomenologically the correct level of charge induced
unfolding.

Figure 10 shows that — independent of the starting structure — folding/unfolding
transitions are observed in both peptide states (neutral and charged). This VS-CG
model correctly distinguishes between the neutral and charged states, i.e. the helix is
substantially more stable in the neutral form (possibly more stable than in the com-
parable CG model with pseudo torsion angle). The figure shows that conformational
transitions in the VS-CG model more closely resemble the atomistic behavior than in
the PD-CG model, i.e. transitions are rare (typically on the microsecond scale), sharp,
and often occur via well-defined half-formed helices. This is not entirely unsuspected,
since physical nature (and the resolution) of the short-range H-bond interaction in the
VS-CG model is almost atomistic. One could suspect that cooperativity effects and
collective motions in helix formation are better represented in the VS-CG compared
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to the PD-CG model. Therefore, while the extremely long timescales are a disadvan-
tage compared to the PD approach, the VS approach probably is the more physical
one in terms of transitions and transition states.

Next, the behavior of the peptide with the VS-CG model at the interface reveals
that the VS model in its present form does not fully reproduce the atomistic behav-
ior. Figure 11 shows that for the neutral system, the wall has the expected stabilizing
effect of the helix. The unfolded molecule rapidly folds into a helix and in general
helices, once formed, do not unfold within the probed timescale. The charged system,
however does not fold (or remain folded) at the interface. The data (including the
data for the slightly stronger VS interaction of 11.9kJ/mol that are presented in the
Supplementary Material) suggest that the — already very slow — dynamics is further
slowed down by the interface, possibly the partitioning at the interface hinders
collective moves that are required for conformational transitions in this model. Thus,
it is almost impossible to decide, whether the data at hand correctly reflects the he-
lical propensity/folding equilibrium of the peptide (especially in the charged state
shown in the Supplementary Material) at the interface. By further increasing the VS
interaction strength to 12.58 kJ/mol the helix was observed to be too stable and the
peptide was locked in a helical state (see Supplementary Material).

Summarizing, the VS model correctly represents the conformational helicity
changes upon turning on/off the electrostatic repulsion. However, in its present para-
metrization the model fails to capture the helix stabilization at the interface for the
charged state. Note that so far only the VS interaction strength has been varied,
the remaining CG interactions have been taken from the PD model since the aim
of this study was to compare the behavior of the system and its response to
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environmental changes between the two approaches, not to optimize the models.
Further fine tuning of the VS model by better balancing the relative interaction
strengths (most importantly the ones between the peptide beads and the wall, the
charge repulsion, and the virtual site interaction) could be done. Given the long
timescales, however, this is best done using different types of advanced sampling
methods (e.g. probing the mechanical stability of the peptide by pulling). We are
confident that this parametrization could be successful.

4 Discussion and conclusion

In this paper we present a CG model for the EALA peptide that correctly
represents the conformational response of the peptide to different environmental
stimuli. We combined an underlying base CG peptide model that does not yet carry
a specific (backbone) bias towards a secondary structure with two typical approaches
of ensuring secondary structure formation and investigate their ability to represent
environment-induced conformational changes.

The base CG interactions have been parameterized to reproduce structural
descriptors such as bond, angle, torsion distributions for a generic peptide without
a specific secondary structure. The model was on purpose kept rather generic as
far as non-bonded interactions are concerned, with analytical interaction potentials
that were only moderately tuned to represent system-specific properties (excluded
volume; hydrophobicity /hydrophilicity). Without further auxiliary interactions this
is a generic peptide model without hard-encoded conformational preferences — except
of course for nonbonded partitioning effects due to attractions between the side chains
and electrostatic repulsion in case of the deprotonated side chains. Since neither back-
bone hydrogen bonding nor typical backbone correlations were explicitly accounted
for, one would not expect that the peptide with this base CG model easily adopts
secondary structures, and indeed, it didn’t.

To this base model, two types of auxiliary/supportive interactions were added that
are frequently employed in CG peptide models. We used a CA-CA-CA-CA pseudodi-
hedral potential that adds secondary-structure-related backbone correlations or a
virtual-site interaction that mimics backbone hydrogen bonding. We investigated,
if the CG models with these two auxiliary interactions are capable of reproducing
the shifts in the helix/coil equilibrium of EALA that are induced by deprotonat-
ing/protonating the side chains (i.e. turning on/off electrostatic repulsion) or by the
presence of a soft polar/apolar interface that leads to a strong partitioning of the side
chains.

We found that in both cases, the CG model is in principle capable of reproducing
a shift in the conformational equilibrium. The PD model captures the behavior of
atomistic EALA both in bulk and at the interface, i.e. with one set of CG potentials
one is able to mimic the behavior of the molecule in four different states. The PD
model not only reproduces the conformations of the two extreme cases of the fold-
ing equilibrium, i.e. the fully formed helix and the coil state, it also gives a realistic
depiction of half-helical intermediate states (comparable to the states found in the
atomistic reference ensemble).

We further found that the PD model displays rather rapid transitions between
different conformations of the molecule, i.e. coarse graining leads to a significant
speed-up of the dynamics compared to an atomistic simulation — possibly at the cost
of the conformational transitions not being always physical. The VS model also qual-
itatively correctly represents the shift in the helicity upon turning on/off electrostatic
repulsion. In addition, it captures a further stabilization of the helix conformation
when the protonated (neutral) peptide is in contact with the interface. However, the
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the different coarse graining approaches. CG simulations are shown for a neutral peptide
in bulk water. For comparison the CN;-CN; 3 distances for an atomistic a-helix are shown
(black curve).

model fails to capture the helix stabilization at the interface for the charged state.
Here, a further fine tuning by better balancing the relative interaction strengths —
including those of the base peptide model, that had deliberately not been altered
compared to the PD model — would have to be done and would likely be successful.
This has not been done here, since this was not the primary aim of this study. In
the present parametrization, the dynamics of the VS model is very slow, consider-
ably slower than that of the PD model. Conformational transitions in the VS model
were rare (typically on the microsecond scale) and more distinct compared to the PD
model. Therefore the transitions in the VS model more closely resemble the atomistic
behavior. We suggest that this is due to the fact that the short-ranged, directional
H-bond (VS) interaction more closely resembles an atomistic interaction. The fact
that the PD potential is a “phenomenological fix” to “repair” for missing backbone
correlations on the CG level of resolution does also show in other descriptors that
are sensitive to the precise helical structure. One example is the distribution of the
distance between the CN;-CN;;3 backbone beads (see Fig. 12). These distances are
better reproduced by a model that has a hydrogen bonding term such as the VS
model compared to the PD model.

In summary, the different approaches of the CG models to reproduce the helicity
lead to similar conformational behavior with different dynamics. The dynamics of the
PD-model is faster than the VS-model. The slow folding/unfolding kinetics in the
VS model are a clear disadvantage compared to the PD approach, where obtaining
a well-equilibrated ensemble is easily possible, both in bulk and at the interface. On
the other hand, the VS approach is probably the more physical one in terms of the
transitions and transition states. Still, with both approaches a CG peptide model can
be obtained that is environment-transferable and that correctly represents the pep-
tide’s conformational response to different stimuli. In particular the results related
to the interactions with interfaces are promising since the representation of interface-
induced folding is a necessary prerequisite to use these models for the investigation of
aggregation and nanostructure formation processes. We expect that the methodology
presented here for the parametrization of these auxiliary potentials and the conclu-
sions regarding the extent of transferability are valid beyond the EALA sequence
investigated here.
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