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Chapter 1
Introduction to coarse-grained models and
multiscale methods

A beginning is the time for taking the most delicate care that the
balances are correct. This every sister of the Bene Gesserit knows.
To begin your study of the life of Muad’Dib, then take care that
you first place him in his time: born in the 57th year of the
Padishah Emperor, Shaddam IV. And take the most special care
that you locate Muad’Dib in his place: the planet Arrakis. Do not
be deceived by the fact that he was born on Caladan and lived his
first fifteen years there. Arrakis, the planet known as Dune, is
forever his place.

Dune I, Frank Herbert

1



2 CHAPTER 1. INTRODUCTION

1.1 Simulating the real world

In the book Simulating the real world 1 by H.J.C Berendsen a nutshell defini-
tion of what is necessary for computer simulations is given:

Computer simulations of real systems require a model of that re-
ality. A model consists of both a representation of the system and a
set of rules that describe the behaviour of the system.

In molecular simulations usually atoms or groups of atoms are used to represent
the system. A set of rules that defines interactions between atoms is called a
forcefield. Various algorithms are used to evolve the initial state of the system
and sample phase space, i.e. space in which all possible states (positions and
momenta of atoms) are represented. This can be the molecular dynamics (MD)
method, in which Newton’s equations of motion are solved in time or the Monte
Carlo (MD) scheme, where the system is sampled randomly and moves are ac-
cepted or rejected according to a metropolis criterion. Langevin dynamics (and its
modifications e.g. dissipative particle dynamics (DPD)), which employs stochas-
tic differential equations to impose friction in the system, is also one of very
popular simulation methods. Additionally numerous methods allow to enhance
sampling of the phase space.2,3,4,5,6,7 As an outcome of simulation a statistical
ensemble of configurations, distributed according to the partition function of the
system, is obtained. From this ensemble, macroscopic properties can be derived
using statistical mechanics. One of the main challenges is to represent the system
with enough detail to allow realistic predictions, but at the same time optimize
the rules such that the phase space can be sampled adequately.

In this thesis new algorithms for simulating biophysical processes are de-
veloped in order to meet this challenge. To understand the presented work two
topics are important: coarse-graining and multiscale simulation methods. The art
of coarse-graining aims to reduce the complexity of the system and thus enhances
the sampling of phase space. However, this reduction comes with two inevitable
disadvantages: firstly information about the fine details is lost and secondly the
remaining description of a system is not necessarily realistic. Therefore, to com-
bine quality with efficiency, a new class of multiscale computation methods has
emerged, where part of the system of interest is characterized with a detailed
model and remaining elements are smeared out. In the following paragraphs
(section 1.2) theory of coarse-graining and standard methods to construct coarse-
grained models are presented. In section 1.3 multiscale methods are briefly dis-
cussed with emphasis on methods that combine atomistic and coarse-grained lev-
els of resolution.
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1.2 The art of coarse-graining

Coarse-grained (CG) models aim to remove details that are not important
for the problem of interest. This way spatial and temporal limits of simulations
are moved further away, compared to detailed, e.g. all-atom (AA), models. New
scales can be explored, making this methodology very popular in polymer physics
and rheology where systems of µm size are considered small and detailed simula-
tions are computationally prohibitively expensive. In the last decade a vast devel-
opment of biophysical CG models has also been observed. Phenomena such as
protein folding,8,9 protein aggregation,10 raft formation in multicomponent mem-
brane systems,11 just to mention a few, can be studied with such ease as never
experienced before. Flexibility of CG models is one of the important features.
A system can be reduced in multiple ways and the so-called mapping defines
how much detail is retained and which elements are removed. This procedure
can be performed manually5,12,13 or using one of numerous techniques, which
help to select appropriate degrees of freedom, e.g. in spirit of normal modes
analysis.14,15,16 Additionally there are ready to use forcefields, such as the MAR-
TINI forcefield, in which both mapping and interaction potentials are defined for
a large set of molecules (the MARTINI mapping for a typical lipid molecule is
presented in Figure 1.1). Appropriate interaction potentials are of central impor-
tance to any CG model and constitute the most difficult task. Methods to derive
CG forcefields have one common objective: to minimize deviation from the real
physics of the system, that it models. This is the so called consistency condition,
and the various ways of deriving CG forcefields are discussed next.

1.2.1 Consistency conditions for CG models

Let us define a detailed reference system, which is described for example on
the atomistic level. The Hamiltonian of such a system is

H(rn,pn) =
n

∑
i=1

1
2mi

p2
i +u(rn), (1.1)

where rn = {r1, . . .,rn} and pn = {p1, . . .,pn} are Cartesian coordinates and mo-
menta of the n atoms and u its potential energy. Next we can define in the same
way the Hamiltonian of a CG system, which is

H(RN ,PN) =
N

∑
I=1

1
2MI

P2
I +U(RN), (1.2)

where RN = {R1, . . .,RN} and PN = {P1, . . .,PN} are Cartesian coordinates
and momenta of the N CG beads and U is CG potential energy. Positions of
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Figure 1.1: Coarse-grained representation of a dipalmitoyl phosphatidyl choline
(DPPC) lipid with mapping employed in the MARTINI model. Approximately
four heavy atoms are grouped into one CG bead.

the CG beads and corresponding atoms from the high resolution description
can be connected with each other through a linear mapping operator
MN

R(rn) = {MR1(rn), . . . ,MRN(rn)} of the form

MI
R(rn) =

n

∑
i=1

cIiri f or I = 1, . . . ,N, (1.3)

where cIi is a mapping coefficient. CG momenta are defined in a similar way by
the mapping operator MN

P (pn):

MI
P(pn) = MI

n

∑
i=1

cIipi/mi f or I = 1, . . . ,N. (1.4)

A consistent CG model is such a model that the equilibrium joint probability
density of CG coordinates and momenta is equal to that implied by the mapped
atomistic probability density.17 This is represented by the two following equa-
tions:

exp(−U(RN)/kBT ) ∝

Z
drnexp(−u(rn)/kBT )×δ(MN

R(rn−RN) (1.5)
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exp(−
N

∑
I=1

P2
I /2MIkBT ) ∝

Z
dpnexp(−

n

∑
i=1

p2
i /2mikBT )×δ(MN

P (pn−PN) (1.6)

Here the kB denotes the Boltzmann constant and T the temperature. For a CG
model to be consistent in configurational space, only equation 1.5 has to be true.
If both equations 1.5 and 1.6 hold, then a CG model is consistent with an atom-
istic model in phase space, i.e. ideally representing the underlying physics.

1.2.2 Techniques to obtain CG models

Methods that are used to construct CG potential energy functions aim to gen-
erate consistent CG models, at least for configurational space. However usually
already by construction CG models are only approximate. First, as it is shown
in references18,19 the CG potential is a many body potential of mean force that
cannot be exactly represented by pair interaction potentials, which are usually
used in CG simulations for practical reasons, i.e. efficiency. Further complica-
tions arise as a result of transferability. When distributions or forces from atom-
istic simulations are used to derive effective CG potentials,20,17, the resulting
potentials are only accurate at the specific state conditions used for their deriva-
tion. This also means that it is difficult to study new phenomena with such CG
forcefields, since by definition they should already be included in the underlying
atomistic data set. In addition, the derivation procedure can become computa-
tionally very demanding, when accurate potentials are desired.21 On the other
hand manual parametrization of CG forcefields based on experimental data often
includes transferability but can be cumbersome and time consuming. Hence new
methods are continually designed to overcome mentioned problems and to opti-
mize the parametrization procedure. In the next section a few representative tech-
niques, namely force matching (FM), iterative Boltzmann inversion (IB), gener-
alized Yvon-Born-Green (YBG) theory and the MARTINI forcefield are briefly
reviewed. Except of YBG, these methods are used throughout this thesis

Iterative Boltzmann inversion In structure based coarse-graining, a CG po-
tential is determined in such a way that predefined target functions, which struc-
turally characterize the system, are reproduced in the CG simulation. In the it-
erative Boltzmann inversion method22 radial distribution functions, gre f (r), are
the target functions. The gre f (r) can be obtained either from experiment or from
atomistic simulations. Through the simple Boltzmann inversion

VPMF (r) =−kBT lngre f (r) , (1.7)
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where kB denotes the Boltzmann constant and T the temperature, the potential of
mean force VPMF between pairs of CG particles can be obtained. Unfortunately,
this potential of mean force cannot be directly used in a CG model, because
part of it represents multibody contributions from all the particles in the system.
Therefore, an iterative procedure is used:

Vk+1
CG (r) = VCG

k + kBT ln
[

gk (r)
gre f (r)

]
. (1.8)

The procedure is initiated with the VPMF potential from the simple Boltzmann in-
version. The subscript k denotes the iteration number. According to the Hender-
son23 theorem the IB method should give a unique two body CG interaction for
the given gre f (r). However, in practice the convergence is difficult to achieve and
varies in different parts of the potential.21,24 Especially attractive parts require an
extensive number of iterations whereas repulsive parts converge relatively fast.
To enhance the convergence during the iteration procedure the CG potential can
be modified to reproduce the target pressure. For example, a correction to the
potential scaling linearly with the pressure difference can be applied25,26

∆V (r) = A
(

1− r
Rc

)
, (1.9)

where Rc is a user defined cut off for the pair interaction potential and A can be
defined as

A =−|(∆P) |kBT f , (1.10)

with ∆P being the pressure mismatch and f a scaling factor. The main advan-
tage of the IB method is its simplicity and ease to construct potentials that rel-
atively well reproduce desired distribution functions. However construction of
converged IB potentials is very expensive. Moreover, all correlations present in
the atomistic representation and omitted during construction of the IB CG force-
field, will be poorly reproduced in CG simulations. The IB potentials are gener-
ally not transferable i.e. cannot be used at conditions (e.g. temperature, density)
different from the ones used during parameterization.

Force matching Force matching17,19 is another technique to construct CG po-
tentials. It also uses information from reference atomistic simulations to con-
struct the effective CG interaction. However, force matching does not rely on
pair correlation functions, i.e. pair potentials of mean force, but matches forces
on the CG interaction sites with the forces at the AA level. Thus it aims at re-
producing the multibody potential of mean force with a set of CG interaction
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functions, e.g. with effective pair interaction functions.19 Note that the CG force-
field can be of arbitrary form, e.g. defined as a vector in an abstract vector space
{(F1(R), . . . ,FN(R)}, that specifies the force on each CG site i in each CG con-
figuration R.

In order to evaluate FM CG potentials, first reference forces on CG beads are
calculated as a sum of atomistic forces fi

Fref
I = ∑

i
fi, ∀ i ∈ NI, (1.11)

where NI is the atomic cluster mapped to one CG bead. Note that equation 1.11
is only correct for the center of mass mapping. In other cases mapping coeffi-
cients cIi have to be included into the CG reference force calculation.19 Next a
model is constructed in which the CG forcefield depends linearly on M parame-
ters g1, . . . ,gM, e.g. coefficients of cubic splines used to tabulate the CG forces.
Subsequently a fitting procedure is performed, which in essence involves a solu-
tion of the following set of N×L equations :

Fcg
Il (g1, . . . ,gM) = Fre f

Il , I = 1, . . . ,N, l = 1, . . . ,L. (1.12)

Here N is the number of CG beads and L the number of frames from the AA
trajectory used for coarse-graining. L should be large enough to make the set
of equations overdetermined. The calculation is usually repeated for a number
of smaller parts of the trajectory and the final result is constructed as an average
over the set of solutions, making the procedure less time consuming. Potentials
are obtained by integrating tabulated force functions. Additional constraints dur-
ing the optimization procedure are necessary to include information about the
reference pressure.27,28

The main advantage of the FM method is that it approximates the multibody
potential of mean force with effective pair potentials. Thus not only two body
correlations can be reproduced in a CG ensemble but also higher order corre-
lations, which usually are omitted with the IB method. The disadvantage is its
high sensitivity to the accuracy of reference forces and limited transferability,29

which comes as a side effect of the applied optimization procedure, that focuses
on matching forces from the particular state of a system. Potentials that approx-
imate the many body potential of mean force with lower accuracy may signifi-
cantly improve transferability.29

Generalized Yvon-Born-Green theory The generalized Yvon-Born-Green
theory is a related method, recently published by Mullinax and Noid.30,31,32 This
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method provides a framework for determining interaction potentials for complex
molecules, e.g. proteins, directly from structural correlation functions. This
very unique property allows to construct forcefields, CG as well as AA, without
carrying out expensive simulations, as it was hitherto necessary with structure
based techniques, like IB or FM. Thus, approximately consistent models can be
derived using distribution functions extracted from e.g. the Protein Data Bank or
the Nucleic Acid Database, simulating proteins and nucleic acids, respectively.
The method is presented as an extension to the force matching technique, since
it produces the same potentials for a given atomistic equilibrium ensemble and a
given mapping, and it uses the same techniques to find the optimal forcefield in a
given abstract space of possible forcefields. Here the CG forcefield is expressed
as

F = ∑
ζ

Z
dzφζ(z)Gζ(z), (1.13)

where ζ indicates a particular type of interaction, φζ is a force function

φζ(z) =−
dUζ(z)

dz
, (1.14)

that corresponds to the potential Uζ and a scalar coefficient for the force field
vector G, that specifies a force on each site I in each configuration according to:

GI,ζ(R;z) = ∑
λ

δψζλ(R)
δRI

δ(ψζλ(R)− z). (1.15)

ψζ in equation above is a scalar variable representing a physical configuration,
e.g. dihedral angle, being itself a function of the Cartesian coordinates for set λ

of CG sites. For such a representation of the CG forcefield Mullinax and Noid
proved that force functions φζ can be determined for all combinations of ζ poten-
tials and z values, solving a system of coupled linear equations for each ψζ(z):

bζ(z) = ∑
ζ′

Z
dz′Gζζ′(z,z

′)ψζ′(z
′), (1.16)

where Gζζ′ is a structural correlation function describing the correlation between
the ζ and ζ′ basis vectors and bζ(z) is solely expressed in terms of structural
correlation functions gζ and Lζ sampled from a canonical ensemble:

bζ(z) = kBT
(

dgζ(z)
dz

−Lζ(z)
)

. (1.17)

The full derivation of gζ and Lζ is presented elsewhere .30,18 The calculated force-
field is a projection of the mean force field onto the specified set of force field
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basis vectors G. This is an optimal approximation, which minimizes deviations
from the many body CG Potential of Mean Force, exactly the same as in the force
matching method.

The presented framework gives a very flexible tool to generate CG forcefields
on various levels of detail. The input data can be taken from atomistic simula-
tions as well as other sources, e.g. databases. Additionally the forcefield can be
optimized with a set of predefined ψ(z) values, making it possible to mix existing
forcefields, e.g. the MARTINI forcefield, for parts of the system where structural
information is not accessible with YBG potentials.31 The same principle may be
used for mixing potentials where thermodynamic properties are the most impor-
tant (i.e. not obtained with the YBG theory), with potentials carefully derived
from structural data, e.g. for the protein backbone bond, angle and dihedral in-
teractions. This way transferability issues, that could be as problematic for YBG
potentials as in case of FM potentials, may be significantly reduced.

The MARTINI forcefield Unlike the methods introduced above the MAR-
TINI33 force field does not focus on reproducing structural details at a partic-
ular state point for a specific system, rather the aim is the thermodynamic trans-
ferability between different solute environments. This is achieved by extensive
calibration of the building blocks of this CG force field against thermodynamic
data, in particular water oil partitioning coefficients, similar to the methodology
used to parametrize the 53a5/6 set of the AA GROMOS force field.34 The dis-
tinct feature of the model is its simplicity, expressed through the use of standard
interaction potentials and few parameters. Only four main bead types are de-
fined: polar, non-polar, apolar and charged. Polar sites represent neutral groups
of atoms that would easily dissolve into water, apolar sites represent hydropho-
bic moieties and non-polar groups represent mixed blocks, which are partly polar
and partly apolar (e.g. propanol). Charged sites are reserved for ionized species.
The Lennard-Jones (LJ) potential is used to model nonbonded interactions

VLJ (r) = 4εIJ

[(
σ

r

)12
−
(

σ

r

)6
]
, (1.18)

where I,J denotes interaction sites, σ is the bead size and the strength of interac-
tion is defined by εIJ . In addition to the LJ interaction, charged groups interact
via the standard electrostatic Coulombic potential. Both interactions are cut off at
a distance of 1.2 nm. To reduce the cutoff noise the LJ is shifted to zero between
0.9nm and 1.2nm in such a way that both potential and force vanish at the cutoff
distance35. The Coulombic interaction is also shifted, with the shift affecting the
potential from 0.0 nm to 1.2nm. Shifting of the electrostatic potential mimics
the effect of a distance dependent screening. Uniform dielectric screening ε = 15
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is additionally introduced, to compensate the lack of explicit screening in polar
solvents. Bonded interactions are described with standard harmonic functionals.

The original MARTINI forcefield parametrization was aimed for lipid and
surfactant systems.5 The subsequent papers introduced parameters for peptides
and proteins36 and carbohydrates.37 Recently a polarizable version38 of the CG
MARTINI water model was also introduced. The large number of available po-
tentials makes the MARTINI forcefield very simple to apply and use. The MAR-
TINI interaction potentials are generally less sensitive to transferability problems,
since this was accounted for during parameterization procedure. The main issue
in the current setup of the forcefield is the use of a too steep, Lennard-Jones 6-
12, interaction functional which causes overstructuring in the system39 and may
enhance freezing of water molecules in vicinity of phase boundaries.

1.2.3 Introducing dynamics into CG models

As stated before, most CG potentials are based on consistency with respect
to configurational space, i.e. they aim to correctly represent structural and/or
thermodynamic properties. Dynamic properties like diffusion or, more gener-
ally, time correlations, are not necessarily recovered from a simple molecular
dynamics simulation with such CG potentials. The reason for this failure is that
a coarse-graining procedure eliminates degrees of freedom that should appear in
the coarse-grained dynamics in the form of dissipation and thermal noise.40 The
generalized Langevin equation, could be used to incorporate dynamics as well.14

This approach, although exact, is difficult to use as a computational tool since
appropriate construction of formulas for a studied problem as well as subsequent
integration procedure are complicated. Therefore different methods are explored.
The simplest is to renormalize time of MD simulation,41 like it is done in the
MARTINI model,5 or to introduce additional friction.42 However, the friction
coefficient depends in principle on all neighborhood (positions and momenta) in
a non trivial way. Recently Hijon and coworkers40 showed that DPD43 equa-
tions can be employed to approximate correct dynamic behavior. The distance
dependent γIJ(R,P) friction coefficient, derived from atomistic simulations, is
introduced to the standard DPD equations of motion:

dRI

dt
=

PI

MI
(1.19)

dRJ

dt
= FI +∑

J
γIJ

(
PI

MI
− PJ

MJ

)
+ kBT ∑

J

δγIJ

δPJ
+ηI, (1.20)

where FI is a conservative and ηI appropriate stochastic force. In the standard
DPD model the γ is constant and the third term in Equation 1.20 disappears. Tests
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carried out for a polymer melt proved that the large discrepancy in velocity auto-
correlation functions between CG MD simulations ( γ in Equation 1.20 is set to
zero ) and atomistic simulations can be reduced when the distant dependent fric-
tion coefficient γIJ is employed. Hence not only structural (or thermodynamic)
properties can be well preserved in a CG simulation but also dynamic properties
when appropriate evolution equations are used. Nevertheless the applicability
of such a method in a non-homogeneous environment, i.e. a biological system,
would be problematic due to changing distant dependency of the friction coeffi-
cient.

1.3 Combining efficiency and accuracy with multiscale
algorithms

The general definition of multiscale techniques is clearly presented by E.
Weinan44:

We are given a system whose microscopic behavior, with state
variable u, is described by a given microscopic model. This micro-
scopic model is too inefficient to be used in full detail. On the other
hand, we are only interested in the macroscopic behavior of the sys-
tem, described by the state variable U . U and u are linked together
by a compression operator Q:

U = Qu. (1.21)

The difficulty stems from the fact that the macroscopic model for U
is either not explicitly available or it is invalid in some parts of the
computational domain. Our basic strategy is to use the microscopic
model as a supplement to provide the necessary information for ex-
tracting the macroscale behavior of the system. Our hope is that if
this is done properly, the combined macro-micro modeling technique
will be much more efficient than solving the full microscopic model in
detail.

A variety of algorithms belongs to such a broadly defined “multiscale” area, span-
ning an extensive range of scales and problems. Many of them can be grouped
into the “isolated defects” category. Near an isolated defect the macroscopic
model is invalid, whilst elsewhere it is sufficient. These can be for instance
cracks, dislocations and triple junctions in solids or enzymatic reaction regions in
biomolecules. One of such methods is Macro Atomistic Ab initio Dynamics45, a
triple scale simulation technique, that was successfully applied to simulate crack
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propagation in silicon, with seamless coupling between finite elements away from
the crack tip, molecular dynamics around the crack tip and tight-binding at the
crack tip. The tight-binding was chosen as a simple model to describe bond
breaking and the MD method was used to allow the proper description of the
dislocation of silicon fragments around the crack. Another example is the cou-
pled continuum – CG MD simulation of release of content from a pressurized
liposome through a mechano-sensitive protein channel, embedded in a liposo-
mal membrane.46 Mean-field force approximation boundary potentials were used
here to mimic the hypo-osmotic conditions under which the net flux of water into
the liposome can cause its rupture. This is prevented by the gating of the protein
channel which, together with lipids and water, is simulated in a CG representa-
tion. A number of other CG–AA multiscale techniques, described in a separate
section below, also belong to this category.

In many multiscale techniques the macroscopic model is not explicitly avail-
able and is inferred from the underlying microscopic model during the actual cal-
culation. One of the most famous examples of such a type is the Car-Parrinello
method,47 in which the interaction potential used to evolve an atomistic system
is calculated on the fly employing density functional theory. A related idea is
used in the Quasi-Continuum method,48 where the macroscopic deformation of
a material is simulated without using an empirical energy functional. Instead the
atomic potential is used to represent the average energy of a single macroscopic
cell which is subsequently used in the macroscopic update step. Procedures to
obtain CG potentials can be also viewed as multiscale methods, where the macro-
scopic CG model is derived from the microscopic AA description, however these
calculations are not performed on the fly.

1.3.1 Multiscale atomistic – coarse-grained algorithms

In this thesis only a very specific area of multiscaling is considered. We look
for algorithms to connect the atomistic description of a system with the coarse-
grained one, in which a few atoms are described as one bead. In recent years this
focus area has rapidly evolved and many inspiring ideas and studies can be found
in the literature.49,50 Four main groups can be distinguished among atomistic
– coarse-grained multiscale methods, namely back-mapping methods, interface
methods, “constant λ” techniques and fixed resolution methods.

Back mapping51,52,53,54,55,56,57,58,59 allows to switch back to the detailed de-
scription, i.e. reconstruct an atomistic structural ensemble that underlies a CG
representation. This procedure is popular in polymer simulations and also re-
assembles techniques used to derive atomistic protein structures from low reso-
lution density maps.

In the interface methods60,61,62 molecules change their levels of description
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Figure 1.2: Schematic representation of the AdResS multiscale method. Coarse-
grain (CG) and fain-grained (FG) domains are coupled employing the so-called
transition region, where molecules change resolution on the fly. The represen-
tation of a molecule in this region is determined by the weighting function w
(red).

on the fly when moving between spatially localized high resolution domains and a
lower resolution surrounding. One promising method is developed by Praprotnik
et al. and called the adaptive resolution scheme (AdResS)61. In Figure 1.2 a
graphical illustration of the AdReSs interface method is presented. In AdReSs
three regions of a simulated system are distinguished: the coarse-grained domain,
the transition region and the atomistic domain. Molecules crossing the transition
region change their representations according to a position dependent switching
function. The force between centers of mass of two molecules α and β is of the
following form:

Fαβ = w(Xα)w(Xβ)FAA
αβ

+[1−w(Xα)w(Xβ)]FCG
αβ

, (1.22)

where w is a position dependent switching function and FAA
αβ

is defined as a sum
of all atomistic interactions:

FAA
αβ

= ∑
iα, jβ

FAA
iα jβ. (1.23)

Thus, for w = 0 the molecule is presented on a coarse-grained level and for w = 1
in a full atomistic detail. The system does not have a defined Hamiltonian, and
the description is kept on the force level. We note that when potentials are used
instead of forces to define interactions, Newton’s 3rd law is no longer valid in the
system and spurious forces appear due to the position dependency of the switch-
ing function. Of further concern with interface methods is the change in free
energy occurring when a particle changes resolution, due to a change in the num-
ber of degrees of freedom. This causes deviation in density profiles and spurious
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fluxes across level boundaries, which is unfortunately difficult to remedy.63 Also
reintroduction of atomistic details before the transition zone is problematic, since
this procedure should be performed on the fly. Therefore the interface methods
were mostly tested on very simple systems, with one recent exception.64

With the “constant λ” techniques,65,66,67 molecules are described constantly
on both levels of resolution, which are mixed with a specified λ ratio. Thus the
description of the system is very similar to the one in the transition region of
interface methods. However, as the coupling parameter λ does not depend on po-
sition, many of the problems encountered with the interface methods disappear.
The constant λ approach is especially useful in Hamiltonian exchange simula-
tions, in which the different λ levels are coupled.

In the last class of methods, i.e. fixed resolution methods, molecules (or
parts of molecules) at different levels of resolution exist in the same system, in-
teracting with each other. The resolution of a given molecule remains constant
during the simulation, resembling the idea behind QM/MM methods.68 Interac-
tions between sites of different resolutions in such a multiscale system can be
defined with special mixing rules,69 or through complete reparameterization of
all AA–CG cross interactions.70 In the work of Neri et al.,71 only a protein sys-
tem is considered with an explicit interface region located between the AA and
CG parts in order to bridge the discontinuity between the two models.

1.4 Overview

The rest of the this thesis is organized as follows. We set out to introduce a
novel back mapping algorithm and we validate it on a number of small molecules
in Chapter 2. Subsequently, in Chapter 3, we use this back mapping method
to study toroidal pores formed in lipid bilayers by the action of antimicrobial
peptides. This allows us to study these pores at the atomistic level of resolution,
after long relaxation simulated using the MARTINI coarse-grained forcefield.
We proceed in Chapter 4 with a fixed resolution method, which we test with
various CG potentials on simple, one and two component, systems. In Chapter 5 a
“constant λ” method is carefully derived and tested on a liquid hexadecane system
represented with either the MARTINI forcefield or IB potentials. In Chapter 6 the
thesis is summarized and the impact of the work presented here, as well as future
applications, is shortly discussed.



Chapter 2
Reconstruction of atomistic details from
coarse-grained-structures

This chapter is based on the manuscript:
Reconstruction of atomistic details from coarse-grained structures by Andrzej J.
Rzepiela, Lars V. Schäfer, Nicolae Goga, H. Jelger Risselada, Alex H. de Vries

and Siewert J. Marrink. Journal of Computational Chemistry, 2010, 6, 1333.

How often people speak of art and science as though they were
two entirely different things, with no interconnection. An artist is
emotional, they think, and uses only his intuition; he sees all at
once and has no need of reason. A scientist is cold, they think,
and uses only his reason; he argues carefully step by step, and
needs no imagination. That is all wrong. The true artist is quite
rational as well as imaginative and knows what he is doing; if he
does not, his art suffers. The true scientist is quite imaginative as
well as rational, and sometimes leaps to solutions where reason
can follow only slowly; if he does not, his science suffers

The Roving Mind, Isaac Asimov

15
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2.1 Abstract

We present an algorithm to reconstruct atomistic structures from their cor-
responding coarse-grained representations and its implementation into the freely
available molecular dynamics program package GROMACS. The central part of
the algorithm is a simulated annealing molecular dynamics simulation in which
the coarse-grained and atomistic structures are coupled via restraints. A num-
ber of examples demonstrate the application of the reconstruction procedure to
obtain low-energy atomistic structural ensembles from their coarse-grained coun-
terparts. We reconstructed individual molecules in vacuo (including tripeptide, a
phospholipid and cholesterol), bulk water, and a transmembrane peptide embed-
ded in a solvated lipid bilayer. The first examples serve to optimize the param-
eters for the reconstruction procedure, whereas the latter examples illustrate the
applicability to condensed-phase biomolecular systems.

2.2 Introduction

Molecular dynamics (MD) simulations have been successfully used to inves-
tigate biomolecular systems, such as proteins, DNA, or lipid membranes.72,73,74

The huge computational effort involved in conventional atomistic MD simula-
tions currently limits accessible simulation times to hundreds of nanoseconds
and length scales to tens of nanometers. However, most biomolecular processes
occur at slower time scales and, at the same time, often involve larger length
scales. To study such processes, coarse-grained (CG) models, in which several
atomistic particles are grouped together into effective beads, have recently gained
more and more popularity in the field.75 The main benefit of these models is their
computational efficiency due to the reduced number of interaction sites. In this
way, many CG methods allow probing the structural dynamics of large systems
on time scales up to milliseconds and length scales up to hundreds of nanometers.
This large gain in efficiency, however, comes at the cost of a reduced accuracy
compared to atomistic (or all-atom, AA) models due to the inherent simplifica-
tions. Thus, tools are desirable that allow switching between the different levels
of resolution, i.e., to back-map the atomistic structural ensemble that underlies
a CG representation, thereby combining the efficiency of CG with the accuracy
of AA models. This would allow CG models to live up to their full potential by
applying them to explore large regions of phase space, followed by zooming in
on the atomistic details of interesting configurations.

In this chapter, we present our recent implementation of an algorithm to re-
construct AA structures from their corresponding CG representations into the fast
and freely available MD program package GROMACS.76,77 The basic idea of the
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reconstruction algorithm is to carry out a simulated annealing (SA)6 molecular
dynamics simulation of an atomistic system that is coupled to its corresponding
CG system via restraints. During the SA, the system is cooled down from a high
initial temperature to a desired target temperature, thus allowing the system to
cross energy barriers and optimize under the restraints. Finally, the coupling is
gradually removed to ensure a smooth relaxation of the final AA structure.

By means of a number of example applications presented in this work, we
systematically and extensively tested the reconstruction procedure for different
molecule types. Proper reconstructed ensembles were obtained using optimized
parameters. Furthermore, although the applications presented in this contribution
are based on the MARTINI CG force field5,33,36 and the GROMOS96 AA force
field,78,34 the algorithm is general and can be applied in a straightforward manner
to a wide range of force fields and molecule types, because it does not rely on
libraries of predefined fragments.

A number of techniques to reconstruct atomistic details from coarse-grained
structures have been proposed in the literature.52,53,54,55,56,57,58,79,80 Most of these
methods differ from the approach presented in this work by using libraries of
predefined fragments to construct the initial atomistic structure, followed by a
minimisation and equilibration protocol. Additionally, these methods were of-
ten optimized only for the specific application at hand and may therefore not be
generally applicable and transferable to other molecular systems and force fields.

The rest of this paper is organized as follows. We set out to describe the
methodological basis of the algorithm and detail the implementation. Addition-
ally, we present details of the user interface. Subsequently, a number of ex-
amples will serve to illustrate the application of the algorithm, optimization of
simulated annealing parameters, and generation of unbiased distributions. As a
first example, the reconstruction algorithm was applied to obtain atomistic struc-
tural ensembles of different biomolecules in vacuum: the NCQ tripeptide, the
dipalmitoylphosphatidylcholine (DPPC) lipid molecule (1.1), and cholesterol.
Then, a box of atomistic water was reconstructed from CG water. Finally, a sys-
tem comprised of the WALP20 transmembrane peptide embedded in a solvated
DPPC bilayer was reconstructed from its CG representation. The latter examples
demonstrate the suitability of the reconstruction algorithm to condensed-phase
biomolecular systems. A short conclusive section ends this paper. In the ap-
pendix, we give a list of GROMACS commands used to carry out the reconstruc-
tion simulations.



18 CHAPTER 2. BACK MAPPING METHOD

2.3 Methods

Our goal is to generate a low-energy atomistic (AA) ensemble that under-
lies its corresponding coarse-grained (CG) system. This is achieved by means
of a three-step reconstruction algorithm. Initially, AA particles are positioned
close to their reference CG beads. Then, a simulated annealing (SA) procedure
is employed, during which the AA system is coupled to the CG system via har-
monic restraints. Finally, the restraints are gradually removed to yield a relaxed
atomistic system. As a prerequisite, the reconstruction algorithm requires the
definition of a mapping of the AA structure to the CG structure, i.e., a prescrip-
tion of which AA particles are represented by which CG beads. The mapping can
be, e.g., defined via the center of mass of AA particles (as done in this work, see
below), or via the positions of the Cα atoms in an amino acid chain.

2.3.1 Initial placement of atomistic particles

To generate a starting configuration, the AA particles are randomly positioned
within a sphere around their corresponding CG beads. In the MARTINI coarse-
grained force field, on average four heavy atoms are mapped onto one CG bead.
For the applications based on the MARTINI force field presented in this work, the
radius of the sphere was chosen as rCG= 0.3 nm, which roughly corresponds to
the typical van der Waals radius of a MARTINI bead. Such an initial placement
of AA particles close to their expected final positions significantly speeds up the
reconstruction procedure for condensed phase systems.

2.3.2 Restrained simulated annealing

The central part of the reconstruction algorithm is a simulated annealing MD
protocol. During the annealing, a restraining potential keeps the center of mass of
groups of AA particles close to their reference CG beads. The complete potential
U tot is described by eq. (2.1)

U tot = UAA +U restr, (2.1)

where UAA represents the atomistic force field, and U restr is a harmonic potential,

U restr =
n

∑
i=1

k
2

(
rCG

i − rAA,com
i

)2
. (2.2)

In eq. 2.2, rCG
i is the position of the reference CG bead i, rAA,com

i the center of
mass of the AA particles that are mapped to this bead, n is total the number of
CG beads, and k a restraining force constant. The rAA,com

i are updated at every
simulation step.
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Employing this restraining potential, a simulated annealing MD procedure is
used to generate low-energy structures. The temperature is gradually decreased
from a high starting value to the desired target temperature, thus allowing the
system to rapidly cross energy barriers and find a low-energy minimum at the
end of the simulation. The crucial parameters are the starting temperature and
the cooling rate; too low initial temperatures or too rapid cooling will not yield
properly equilibrated final structures.

Because the AA particles are initially placed randomly around the
corresponding CG beads, very large forces will occur at the beginning of the
simulation and cause numerical instabilities. To ensure a stable simulation,
these forces are reset to a specified threshold; this threshold is then linearly
increased during the annealing simulation to increase the sampling. This is
possible because the system optimizes in the course of the simulation, and thus
large forces occur less frequently. The initial value for the force threshold,
Fcap,0= 15,000 kJ mol−1 nm−1, and its increase rate, Fcap = Fcap,0 + At, with
A= 100 kJ mol−1 nm−1ps−1, were chosen high enough to ensure that the
relevant energy barriers are crossed, and at the same time low enough to avoid
instabilities.

2.3.3 Release of the restraints

At the end of the simulated annealing, the resulting atomistic structure is still
coupled to the CG structure (cf. eq. 2.2). However, in general, the (mapped) AA
and CG minimum-energy structures will deviate due to the inherent differences
between the force fields. Therefore, to release the strain on the AA structure,
U restr is smoothly removed at the end of the reconstruction procedure to yield the
final low-energy AA configuration.

The restrained simulated annealing simulation is carried out in the NVT en-
semble, i.e., without pressure coupling. Simulating at constant volume prevents
an expansion of the simulation box due to high initial forces. Any differences
in the densities of the coarse-grained and atomistic systems can be taken into
account at the end of the reconstruction by switching on pressure coupling af-
ter the release of the restraints. For coarse-grained systems simulated with the
MARTINI force field, this difference is usually small.

2.3.4 Reconstruction of solvent

A special situation arises for the reconstruction of solvents in which several
small molecules are mapped to one CG bead, such as e.g. water in the MARTINI
model, where one CG water bead encloses four atomistic water molecules. To
avoid water molecules diffusing away from their associated CG bead, a potential
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of the form

U restr,W
j =

{
0 for ri j ≤ rCGW
kW
2 (ri j− rCGW )2 for ri j > rCGW

(2.3)

is employed in addition to the restraining potential described in eq. 2.2. In
eq. 2.3, ri j is the distance between the oxygen atom of AA water j and the center
of mass of the four AA waters that belong to CG bead i, rCGW the cut-off radius,
and kW the restraining force constant. Thus, every AA water molecule that moves
out of the cut-off radius is driven back towards the center of mass. To ensure that
the additional external force does not lead to a net center of mass movement of
the four AA water molecules, a counter force is distributed among the remaining
three water molecules such that ∑

4
j=1 Fj = 0. This procedure is iteratively applied

to every water molecule.

2.4 Implementation

We implemented the reconstruction algorithm into the program mdrun (v3.3),
which is the main molecular dynamics engine of the program package GRO-
MACS.76 The conversion between the AA and CG structures is done with the
program g_fg2cg, which reads in both the AA and the CG topologies. Here, in
the AA topology file, an additional mapping section is included that describes
the correspondence between the two levels of resolution. With this information,
g_fg2cg can either generate a CG structure from a given atomistic structure (in
this case, the former is uniquely defined by the latter through the mapping), or
generate an initial atomistic structure for the simulated annealing reconstruction
simulation. The input parameters (cf. Table 2.1) for the restrained simulated an-
nealing simulation are added to the MD-parameter (mdp) file and are read in by
the GROMACS pre-processor (grompp). During the restrained simulated anneal-
ing simulation, the forces due to the external restraining potentials (Eq. 2.2 and
2.3) are computed at each integration step and are added to the forces derived
from the original atomistic potential.

To simplify the mapping of large complex molecules, such as proteins
or poly-carbohydrates, we have modified the program pdb2gmx, which uses
database files to generate a topology from a structure file. In these database files,
now also the CG/AA mapping is defined for each building block, such as the
individual amino acids.

Dihedral angle states that are separated by high energy barriers can lead to
problems during the reconstruction, because the system might be trapped in the
unwanted minimum. Such an unwanted minimum can be, for example, the cis
rotamer of an amide bond in a polypeptide backbone. A possible solution is to
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Parameter mdp-option recommended value
Initial capping force Fcap,0 cap_force 15,000 kJ mol−1 nm−1

Capping increase rate A cap_a 100 kJ mol−1 nm−1 ps−1

Restraining force constant k fc_restr 12,000 kJ mol−1 nm−2

Radius of CG water rCGW r_CGW 0.21 nm
Water restraining force constant kW fc_restrW 400 kJ mol−1 nm−2

Nr of steps to release restraints rel_steps 5000
Annealing method annealing single
Annealing time annealing_time 60 ps
Initial annealing temperature annealing_temp 1300 K

Table 2.1: Mdp-parameters for reconstruction simulation.

add dihedral angle restraints to the topology. This can be done with the program
g_dihfix, which processes the structure and topology files and selects those di-
hedral angles with a high energy barrier. The user can define a threshold for the
dihedral angle force constant and thereby select certain dihedrals; each selected
dihedral can then be restrained to a desirable value, for example, the one observed
in the x-ray crystal structure of a protein. The code described in this work can be
downloaded from our web page under www.cgmartini.nl together with a tutorial.

2.5 Simulation details

All simulations were carried out using the GROMACS simulation package
(version 3.3.1),76 and the implementation of the reconstruction algorithm de-
scribed in this work. In the coarse-grained simulations, version 2 of the MAR-
TINI forcefield5,33,36 was used together with a 20 fs integration time step. The
other simulation parameters were set to the standard values described in the orig-
inal publications.33,36

The atomistic simulations were carried out with a 2 fs integration time step,
and the temperature was controlled by coupling to a Nose-Hoover thermostat
(τT = 0.1 ps).81 Due to the random initial placement of the atomistic particles
(see Methods), no constraints were applied in the reconstruction simulations, ex-
cept for SPC water. For the simulations of the NCQ tripeptide, the 53a6 parameter
set of the GROMOS united atom force field34 was used. For DPPC, we used the
parameters published by Berger et al.82 The force field parameters for cholesterol
were taken from Ref..83 In the vacuum simulations, no cutoffs for the nonbonded
interactions were applied. The WALP20 peptide84 was represented by the 43a2
parameter set of the GROMOS force field,78 and solvated with SPC water.85 The

http://www.cgmartini.nl
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Figure 2.1: NCQ peptide. The coarse-grained structure is represented by grey
spheres; an ensemble of four atomistic structures is shown as colored sticks. The
N- and C-termini are capped with −NH2 and −COOH groups, respectively.

system was simulated with periodic boundary conditions. Nonbonded interac-
tions were calculated using a triple-range cutoff scheme: interactions within 0.9
nm were calculated at every time step from a pair list which was updated every 20
fs. At these time steps, interactions between 0.9 and 1.5 nm were also calculated
and kept constant between updates. A reaction-field contribution86 was added to
the electrostatic interactions beyond this long-range cutoff, with εr = 62. In the
simulations of bulk SPC water, a twin-range cutoff scheme was used, with a sin-
gle cutoff at 0.9 nm and a pair list updated every 20 fs. A long-range dispersion
correction was applied in addition to the reaction field.

2.6 Example applications

2.6.1 NCQ peptide

As a first application of our algorithm, we reconstructed atomistic structures
of an NCQ tripeptide in vacuum from coarse-grained structures. NCQ is shown
in Figure 2.1 and is composed of the amino acids asparagine, cysteine and glu-
tamine. The application to NCQ has a twofold aim: i) to find optimal parameters
for the annealing procedure, and ii) to verify that proper ensembles are generated.

Parametrization of annealing procedure Two sets of reconstruction simula-
tions were carried out: The first set (Set1) was initialized from a structure taken
from an equilibrium atomistic simulation at 300 K. To generate a reference CG
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structure for the definition of the restraints (see eq. 2.2), the atomistic structure
was converted to its CG representation using the MARTINI mapping. The sec-
ond set of reconstruction simulations (Set2) started from a snapshot taken from
an equilibrium MARTINI CG simulation at 300 K. For each combination of pa-
rameters, 1000 independent annealing simulations were carried out to generate
an ensemble of reconstructed structures.

First, we investigated how the properties of the ensemble of reconstructed
atomistic structures depend on two crucial parameters of the simulated anneal-
ing: the total annealing time, ttot , and the initial temperature, Tinit . In Figure
2.2A, the average potential energy of the ensemble of final structures of Set1 is
plotted as a function of the length of the annealing simulation. As expected, Epot

decreases with ttot and reaches a minimum at about −400.1 kJ mol−1 after 60
ps (standard deviation = 20.8 kJ mol−1, std error = 0.7 kJ mol−1). For compar-
ison, the average Epot obtained from a 400-ns equilibrium atomistic MD simu-
lation is −392.8 kJ mol−1 (standard deviation = 19.4 kJ mol−1, standard error =
0.8 kJ mol−1). For short simulation times, the average energies are higher and
the distributions are broader due to a number of high-energy structures within the
ensemble. For longer simulation times, there are no such high-energy structures.
The corresponding average energies are lower and the distributions are narrower,
suggesting that the structures within the ensemble are similar to each other. In-
deed, as shown in the inset, the rmsd with respect to the reference structure (i.e.,
the structure taken from the equilibrium atomistic simulation, see above) reaches
its minimum value of 0.05 nm for simulation times longer than 60 ps. To obtain
such a converged ensemble, the initial temperature Tinit needs to be chosen high
enough to overcome the relevant energy barriers during the simulation. Figure
2.2B shows that low-energy ensembles are obtained for Tinit ≥ 1300 K, which
was thus chosen for the simulations shown in Figure 2.2A.

Figure 2.2C shows how the potential energy of the reconstructed ensemble
depends on the force which couples the atomistic to the CG system. For Set1,
the potential energy of the reconstructed ensemble depends only weakly on the
restraining force constant (dashed line). Very weak force constants do not limit
the sampling to only the lowest-energy regions of the potential energy landscape,
thus leading to a slightly higher Epot . For Set2, i.e., the reference structure taken
from the equilibrium CG simulation, a lower force constant yields ensembles
with lower energies as compared to those obtained at higher force constants (solid
line). This observed strain energy is due to the different regions of phase space
sampled at the CG and AA levels of resolution. The larger this mismatch, the
higher the strain. Thus, an atomistic system that is only weakly coupled to the
CG system is allowed to sample lower energy configurations which might be
further away from the CG structure to which it is restrained.
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On the one hand, the aim is to generate an atomistic ensemble that is close to
its reference CG structure; on the other hand, strained structures should of course
be avoided. This can be achieved in a two-step approach: First, an ensemble is
generated using a rather high restraining force constant during the simulated an-
nealing. Then, in a second step, the strain energy is released. Figure 2.2D shows
the time-evolution of the potential energy (solid line) and the rmsd with respect to
the reference structure taken from the equilibrium CG simulation (dashed line).
First, a 60-ps simulated annealing was carried out, followed by 20 ps equilibra-
tion at the final temperature of 300 K under the restraints. Then, after 80 ps, the
restraining potential was removed within a time period of 10 ps. During this time,
the system releases its strain energy in the fast degrees of freedom by relaxing to
a local minimum (drop in Epot), which is structurally further away from the ref-
erence structure (rise in rmsd). To release the additional strain energy in slow
degrees of freedom or in degrees of freedom that involve high energy barriers
requires more extensive sampling.

Our results suggest that simulated annealing times larger than 60 ps and initial
temperatures of 1300 K are sufficient to generate equilibrated atomistic structures
from a coarse-grained NCQ peptide. In addition, possible differences between
AA and CG force fields should be taken into account to genuinely choose the
restraining force constant and to smoothly release the strain energy at the end of
the reconstruction procedure.

Properties of reconstructed ensembles Next, we more closely characterized
the properties of the reconstructed atomistic ensembles of the NCQ peptide. In
particular, we were interested in how much information at the atomistic level
can be retrieved back from CG structures. To that end, we carefully analyzed
the distributions of dihedral angles and Epot , as well as their dependence on the
mapping scheme and the starting structures used for the reconstruction. The dif-
ferent mapping schemes applied were an amino acid-to-1 mapping, i.e., each CG
bead represents a complete amino acid; the MARTINI mapping, in which on av-
erage 4 heavy atoms are mapped onto one CG bead; and a 2-to-1 mapping, i.e.,
each CG bead represents two heavy atoms. Additionally, also a 1-to-1 mapping
was applied. In all simulations, an initial temperature of 1300 K was used, and
the simulated annealing time was 80 ps. Figure 2.3 shows the distributions of
the H−N−Cα−C dihedral angle within asparagine (DihA, shown in the inset
of Figure 2.3C) and of the consecutive N−Cα−C−N dihedral angle (DihB,
shown in the inset of Figure 2.3D) as two representative examples; similar results
were obtained for other dihedral angles (not shown).

Figure 2.3A shows the distributions of DihA obtained from 1000 reconstruc-
tion simulations initialized from a single AA structure (Set1, see above). The
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Figure 2.2: Reconstruction of NCQ peptide. A: Average potential energy Epot

of ensemble of final structures of Set1 versus length of simulated annealing sim-
ulation, during which the temperature was decreased from 1300 K to 300 K.
Inset: All-atom rmsd of final structures with respect to reference structure. B:
Epot of final structures versus initial temperature Tinit of simulated annealing sim-
ulation (80 ps each). Each data point in A and B represents the average of 1000
independent simulations; the standard deviation divided by 5 is plotted as er-
ror bars. C: Potential energy as a function of restraining force constant. Solid
line: Restraints defined relative to structure taken from equilibrium CG simu-
lation (Set2). Dashed line: Restraints defined relative to structure taken from
equilibrium atomistic simulation (Set1). Each data point represents an average
over 50 independent simulations; the standard deviation is shown as error bars.
The starting temperature was 1300 K, and the simulation length 80 ps. D: Time
evolution of Epot (solid line) and rmsd with respect to reference structure (dashed
line), averaged over 50 trajectories. Three phases of the reconstruction simulation
are indicated by the dashed vertical lines: (i) simulated annealing (SA), (ii) con-
stant temperature equilibration under the restraints, (iii) relaxation of the system
by removing the restraining potential.
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black dotted line indicates DihA in the reference structure, which is at about -80
degrees. The coarse amino acid-to-1 mapping yields an ensemble in which three
dihedral states are populated (magenta curve): the reference state at DihA = -60
degrees, the next minimum at +60 degrees, and a third state at 180 degrees. In
contrast, with the MARTINI mapping (blue dotted curve) and the 2-to-1 mapping
(red dot-dashed curve), only the two dihedral states at +/- 60 degrees are popu-
lated. As expected, with the 1-to-1 mapping (red solid curve), only the reference
dihedral minimum is populated, because the restraining does not allow for the
population of a different state in this case.

In Figure 2.3B, the distributions of Epot obtained from Set1 are shown for the
different mapping schemes. The reference potential energy of the single struc-
ture taken from the equilibrium AA simulation is plotted as a dashed grey line
at −380 kJ mol−1. The distribution obtained using the amino acid-to-1 mapping
(magenta curve) is centered at −370 kJ mol−1, which is higher than the refer-
ence value. MARTINI mapping yields a distribution with an average potential
energy of −400 kJ mol−1 (blue curve). This is lower than the reference energy
of −380 kJ mol−1, which, however, falls into the tail of the distribution.The dis-
tributions obtained with the 2-to-1 (dashed red curve) and 1-to-1 mapping (solid
red curve) have even lower average energies and are very sharp. Here, the re-
straining potential limits the accessible phase space to a confined region that has
a lower average energy as compared to the one sampled in a free simulation, as
schematically illustrated in Figure 2.3B, inset.

The question is whether the observed population of the dihedral states is cor-
rect, i.e., represents the equilibrated ensemble for the AA force field, or might
be an artifact of the reconstruction procedure. To address this question, a 400-ns
atomistic equilibrium simulation was carried out at 300 K. The dihedral angle
distributions obtained from the two 200-ns halves of this trajectory are virtually
identical (data not shown), indicating that the simulation is converged in this re-
spect. The black solid line in Figure 2.3C shows that all three dihedral states are
populated. Here, the dihedral state at +60 degrees has the highest population. We
initialized 1000 reconstructions from equally-spaced snapshots taken from the
first half of the 400-ns atomistic equilibrium trajectory. The distributions shown
in Figure 2.3C show that all three dihedral states are populated, irrespective of
the mapping. The relative populations of these three states are in agreement with
the atomistic equilibrium simulation.

As described above, we have optimized the reconstruction procedure for the
MARTINI mapping, and found that it also works well for finer mapping schemes.
However, a coarser mapping (i.e., a lower number of restraints) could lead to ar-
tifacts, because the system is allowed to sample high-energy regions in configu-
rational space, where it can become trapped. This is observed for the reconstruc-
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Figure 2.3: Dihedral angle and potential energy distributions of NCQ, obtained
using various mapping schemes. Black solid line: data obtained from atom-
istic equilibrium simulation; red solid line: 1-to-1 mapping; orange dot-dashed
line: 2-to-1 mapping; blue dotted line: MARTINI mapping; magenta dotted line:
amino acid-to-1 mapping. The dashed grey line indicates the reference structure.
A: Distributions of dihedral angle DihA (C, inset) within ensemble of 1000 struc-
tures; all reconstructions were started from a structure taken from an equilibrium
atomistic simulation. B: Potential energy distributions for the ensembles shown
in A. Inset: Distributions in a local potential minimum (black line) with and with-
out restraining potential (grey and orange distributions, respectively; the red line
depicts U restr) are schematically depicted. C: Distributions of DihA; 1000 re-
constructions were initialized from equally spaced snapshots taken from a 200 ns
equilibrium atomistic simulation. D: Distributions of DihB (inset); initial struc-
tures the same as in C.
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tions of NCQ using the amino acid-to-1 mapping, which yields an ensemble with
a high Epot (see magenta dotted curve in Figure 2.3B). This pitfall becomes also
evident from an analysis of DihB (Figure 2.3D), where the amino acid-to-1 map-
ping fails to capture the minimum at -120 degrees and strongly overpopulates the
dihedral minima at +/- 30 degrees. A slower annealing procedure might rescue
the problem; however, we do not investigate this issue in more detail here.

To summarize, the reconstructed atomistic ensembles correctly represent the
possible dihedral states and energy minima. The reconstruction procedure does
not pose any bias on the obtained distributions and yields proper ensembles of
atomistic structures.

2.6.2 DPPC and Cholesterol

Our next goal was to investigate whether and how the parameters of the recon-
struction procedure that were optimized for the NCQ tripeptide can be transferred
to other molecules as well. To this end, we chose DPPC and cholesterol as two
typical examples for lipids and sterols, respectively. The reference structures for
the definition of the restraints during the reconstruction simulations were taken
from atomistic equilibrium MD simulations of the single molecules in vacuum;
the CG representations were constructed via MARTINI mapping.

The potential energies of the reconstructed ensembles of DPPC and choles-
terol are shown in Figure 2.4 and Figure 2.5, respectively. Epot drops with in-
creasing simulation time, similar to NCQ (cf. Figure 2.2A). However, the energy-
plateau is reached already after about 30 ps of simulated annealing, which is
about 2 times faster as compared to NCQ. This difference is expected, because the
energy barriers that have to be overcome during annealing of DPPC and choles-
terol are lower, inter alia, due to the absence of hydrogen bonds.

A special situation arises for cholesterol: It has two stereocenters at C10 and
C13, where the chiral carbon atom is connected to four different neighboring
groups (Figure 2.5B). Due to the random initial placement of the atoms close to
their reference CG beads (see Methods), there is a chance that, e.g., the methyl
group bound to C10 is initially on the “wrong” side of the plane spanned by
the other three bound groups. This methyl group would have to tunnel through
this plane to end up on the correct side and thus overcome a high energy barrier.
Thus, although this process is possible during the reconstruction due to the ap-
plied force capping, for too fast annealing, one (or both) of the stereocenters can
be trapped in the wrong configuration, as shown in Figure 2.5B, yellow structure.
For a short annealing time of 14 ps, the final ensembles can be subdivided into
three populations (Figure 2.5A, inset): in most of the cases, correct structures
with a low potential energy were obtained. In about 8% of the cases, a structure
was obtained in which one of the two stereocenters is inverted, whereas a struc-
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Figure 2.4: Reconstruction of a single DPPC molecule in vacuo. A: Average
potential energy Epot of final structures versus length of simulated annealing sim-
ulation (Tinit= 1300 K). For each annealing time, 1000 independent simulations
were carried out; error bars represent the standard deviation divided by 5. B:
MARTINI (grey spheres) and atomistic (yellow sticks) representations of DPPC.

ture with both stereocenters inverted occurred at a probability of only 2%. For
annealing times longer than 30 ps, no such incorrect structures were generated.

There are other means to tackle the problem of inverted stereocenters. For ex-
ample, we applied soft-core interactions, which basically introduces two different
force capping thresholds for the bonded and the nonbonded forces, because only
the latter are affected by the soft-core interactions. By this means, a proper en-
semble of reconstructed cholesterol molecules was generated even within shorter
annealing times and from lower initial temperatures (data not shown). Other au-
thors have suggested similar reconstruction procedures, where initially only the
bonded interactions are used and the nonbonded interactions are gradually intro-
duced during the course of the reconstruction.53,87,88

To summarize, we found that the annealing parameters optimized for NCQ
can be transferred to DPPC and cholesterol as two representative examples for
lipid and sterol molecules, respectively. For these molecules, annealing times of
about 30 ps are sufficient, which is about a factor of two faster as compared to
the NCQ peptide.

2.6.3 Water

Typical biomolecular simulation systems contain large amounts of water;
thus, the generation of an atomistic water configuration from a coarse-grained
representation is an important step to investigate. We have reconstructed an SPC
water box starting from a pre-equilibrated box of 400 MARTINI water beads,
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Figure 2.5: Reconstruction of a single cholesterol molecule in vacuo. A: Aver-
age potential energy Epot of final structures versus length of simulated annealing
simulation (Tinit= 1300 K). For each annealing time, 1000 independent simula-
tions were carried out; error bars represent the standard deviation divided by 5.
Inset: The potential energy of the final structure obtained after 14 ps of simulated
annealing is plotted for each individual simulation. B: MARTINI (grey spheres)
and atomistic (yellow and blue sticks) representations of cholesterol. The blue
structure is correct, whereas the yellow structure has an inverted stereocenter at
C10.

i.e., 1600 SPC water molecules at 300 K. The systems were simulated within the
NVT ensemble, and the box size was 48.4 nm3, corresponding to a density of
988.7 kg/m3. The reconstruction simulation was started at an initial temperature
of 400 K, and the annealing time was 60 ps. A CG water radius rCGW = 0.21 nm
and a water restraining force constant kW = 400 kJ mol−1 nm−2 were used (see
Table 2.1 and eq. 2.3). The restraining potential was kept on during the entire
simulation. For analysis, the reconstruction simulation in the constraint ensemble
was extended to 100 ns at 300 K. For comparison, a 20-ns NVT simulation of the
same SPC water box without restraints was carried out.

In Figure 2.6, the oxygen-oxygen radial distribution functions (RDFs) ob-
tained from the restrained and free SPC water simulations are compared. Both
RDFs coincide very well with each other, showing that the restraining to the CG
system does not perturb the local packing of water. However, as shown in Figure
2.7, the dipole moment distributions of the two systems are different: the cor-
relation between individual dipoles of water molecules that are restrained to the
CG system yields a dipole distribution (dashed line) that is slightly shifted with
respect to the one of free SPC (solid line). The average dipole moment of four
restrained water molecules is 5.1 Debye, whereas it is 4.3 Debye for free SPC. As
a consequence, the dielectric constant of the restrained system is εr= 72, which
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Figure 2.6: A: The oxygen-oxygen radial distribution functions of restrained
(dashed blue line) and free SPC water (solid black line) overlap. A zoom on the
central region of the RDF is shown in the inset. B: Four SPC water molecules
(blue) are restrained to one MARTINI water bead (grey sphere).

is slightly higher than εr= 65 for free SPC.85,89 These values can be compared to
the experimental value of εr= 78 at 298 K.

Our results show that the structural properties of reconstructed atomistic wa-
ter that is still restrained to the CG system correspond to those obtained from free
atomistic simulations, and that the dielectric constant of the reconstructed wa-
ter is inbetween that of free SPC and experiment. Similar results were obtained
from reconstruction simulations that were run at a constant final temperature of
300 K (results not shown), because of the low energy barriers involved in the
reorganization of water hydrogen bonds. Note that the simulations were carried
out in the NVT ensemble, i.e., at constant box volume. Applying the reconstruc-
tion approach within an NPT simulation would yield a too condensed system due
to a negative contribution to the overall pressure from the additional restraining
potential that keeps the water molecules together. This can be remedied by a
reparameterization of the atomistic water model used, if required.90

2.6.4 WALP peptide in solvated DPPC bilayer

In the previous sections, we have tested and optimized a set of parameters
for the restrained annealing simulations, which turned out to be well-suited for
a number of different biomolecules in the gas phase and for bulk water. Finally,
our aim is to demonstrate that our reconstruction procedure can also be applied
to a real-life problem, i.e., a condensed-phase biomolecular system with several
components. Here, we chose the WALP20 peptide embedded in a solvated DPPC
bilayer as a typical application.
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Figure 2.7: Comparison between dipole moment distributions of restrained
(dashed line) and free SPC water (solid line), analysed in groups of four water
molecules.

The WALP20 peptide (Figure 2.8A) is an α-helical transmembrane peptide
composed of a hydrophobic central repeat of alanine and leucine residues, flanked
by two tryptophans (W2− (AL)8−W2).84 To generate a starting structure for
the subsequent reconstruction simulations, a 40-ns CG simulation (MARTINI
force field) of a system containing a WALP20 peptide embedded in a membrane
bilayer composed of 113 DPPC lipids, solvated by 1186 water beads, was carried
out at T = 323 K in the NPT ensemble (p= 1 bar). During this simulation, the
helical structure of the peptide was maintained by means of additional dihedral
restraints.36

For each annealing time, ten reconstruction simulations were started from the
above structure, during which the temperature was linearly decreased from 1300
K to 323 K. In the reconstruction simulations, the amide bonds were restrained
to the trans conformation (see Implementation). Figure 2.8 shows a part of the
simulation system before (B) and after (C) the reconstruction. In Figure 2.9, the
helicity of the reconstructed WALP20 peptides is plotted as a function of the
annealing time. For simulation times longer than 20 ps, the helicity reaches a
plateau at about 17 residues. The same value was obtained from a free 10-ns
atomistic simulation of the same system. Although the helical structure of the
peptide is already fully formed in about 20 ps, the potential energy of the system
(dashed line in Figure 2.9) indicates that also in this case, simulation times longer
than about 60 ps are required to obtain a low-energy structure.

The reconstruction of a large system composed of a WALP peptide embed-
ded into an explicitly solvated DPPC bilayer confirms that the method can also
be successfully applied to larger systems. Another successful reconstruction was
performed for a number of different lipid membranes in the presence of the anti
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A B C

Figure 2.8: WALP20 transmembrane peptide in a solvated DPPC bilayer. A:
Atomistic (ball and sticks) and MARTINI (grey and yellow spheres) representa-
tion of WALP20. B: CG (MARTINI) representation of the system. The WALP
peptide is shown as a yellow α-helix; lipid tails and head groups as grey sticks
and red spheres, respectively; water molecules are colored blue.C: Reconstructed
atomistic system, obtained after 80 ps of restrained simulated annealing. Color
scheme same as in B.

microbial peptide magainin, as described in Chapter 3 It might at first sight seem
surprising that it is possible to apply the reconstruction procedure that was opti-
mized for single molecules in vacuo to a condensed phase system without further
adjustments to the parameters. However, the initial placement of the atomistic
particles close to their reference CG beads limits the reconstruction to a local
sampling problem, and the interactions with the surrounding atoms do not signif-
icantly slow down the reconstruction.

2.7 Summary and Conclusions

In this work we describe the implementation of an algorithm to reconstruct
atomistic details from coarse-grained structures into GROMACS, a free and
highly efficient molecular dynamics program package. A three-step approach is
employed to optimize low-energy ensembles: First, the atomistic particles are
positioned close to their reference coarse-grained beads. Second, a simulated
annealing molecular dynamics procedure is employed, during which the
atomistic and coarse-grained systems are coupled via restraints. Third, the
coupling is gradually removed to ensure a smooth relaxation of the reconstructed
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Figure 2.9: Helicity (solid line) of WALP20 peptide and potential energy (dotted
line) of simulation system as a function of annealing time. The helicity was ob-
tained by means of the DSSP program.91 Each data point represents the average
over 10 reconstruction simulations; the potential energy was evaluated for the last
snapshot of each simulation.

atomistic ensemble.
We systematically tested and optimized the reconstruction procedure for sin-

gle molecules in the gas phase, such as the NCQ tripeptide, the DPPC lipid,
and cholesterol. In addition, we reconstructed bulk atomistic water from coarse-
grained water. These reconstructions yielded proper low-energy atomistic ensem-
bles underlying the coarse-grained representations. Finally, a system composed
of a WALP20 transmembrane peptide embedded in a solvated DPPC bilayer was
transformed from a coarse-grained to an atomistic representation. The peptide
adopts its α-helical secondary structure when reconstructed within the membrane
bilayer. In these examples, the MARTINI coarse-grained force field was used in
combination with the GROMOS96 atomistic force field. However, since it does
not rely on libraries of predefined fragments, our reconstruction algorithm can be
straightforwardly applied to a wide range of force fields and molecule types.

From the applications presented in this work, we conclude that, to be on the
safe side, annealing times of about 60 – 80 ps in conjunction with initial temper-
atures of 1300 K should be used for obtaining low-energy ensembles of recon-
structed structures. These simulation times may be considered long, but may be
speeded up by applying non-linear temperature annealing schemes. Additionally,
since the annealing is merely used to optimize low-energy structures, and not to
calculate dynamic properties of the system, the mass of the hydrogen atoms can
be increased, which would allow for a larger integration time step.

Because of the loss of information inherent to transforming an atomistic to
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a coarse-grained structure, the reverse transformation can not be expected to al-
ways yield a single atomistic structure, but rather an ensemble of structures that
all correspond to the same coarse-grained structure and occur according to their
Boltzmann probabilities. Thus, as demonstrated in this work, it is important that
the reconstruction is carried out several times to generate such an ensemble.

By unraveling the atomistic details underlying a coarse-grained structure, the
reconstruction algorithm allows to switch between the different levels of resolu-
tion. In some applications, it might for example be useful to temporarily switch
from a coarse-grained to an atomistic representation to investigate special events.
By this means, the reconstruction method allows to check and validate the results
and predictions obtained with coarse-grained models against atomistic models,
thereby combining the efficiency of the former with the accuracy of the latter.

2.8 Appendix: List of commands to run reconstruction
simulation

1. Topology preparation for atomistic system. Here, aa.gro is an atomistic
structure, for example of the NCQ peptide. The [mapping] section will be
included in the output topology aa.top.

• pdb2gmx -ignh -missing -f aa.gro -p aa.top

2. Definition of dihedral angle restraints for certain dihedrals within the pep-
tide. Here, every dihedral with a force constant larger than 10 kJ/mol (-fc
option) is listed in the [dihedral_restraints] section in the new topology
aa_restr.top.

• g_dihfix -c aa.gro -p aa.top -fc 10 -o aa_restr.top

3. Initial placement of atomistic particles around the corresponding CG
beads. When option n is set to 1 and an atomistic structure is used as an
input, the program calculates positions of the CG beads from the positions
of the underlying atomistic particles. When n is 0 and a CG input structure
cg.gro is provided, a random atomistic structure aa_random.gro is
generated. Note that both, CG and AA topologies (cg.top and aa_restr.top,
respectively) have to be provided.

• g_fg2cg -pcg cg.top -pfg aa_restr.top -c cg.gro -n 0
-o aa_random.gro

4. Restrained simulated annealing simulation using aa_random.gro as the in-
put structure. In the sa.mdp file, the parameters from Table 2.1 should be
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included. Note that if dihedral restraints are used, the user has to addi-
tionally define “dihre = simple” in the mdp file, and specify the dihedral
restraints force constant (e.g., via “dihre_fc = 100”).

• grompp -p aa_restr.top -f sa.mdp -c aa_random.gro

• mdrun -coarse cg.gro



Chapter 3
Membrane Poration by Antimicrobial
Peptides Combining Atomistic and
Coarse-Grained Descriptions

This chapter is based on the manuscript:
Membrane Poration by Antimicrobial Peptides Combining Atomistic and

Coarse-Grained Descriptions by Andrzej J. Rzepiela, Durba Sengupta, Nicolae
Goga and Siewert J. Marrink. Faraday Discussions, 2010, 144, 431.

Otóż przekonałem się - ciągnął niskim głosem - przekonałem się, że nie istnieje i
nie może istnieć żaden taki system etyczny, żaden uniwersalny, spójny wzorzec
zachowania, mniej lub bardziej rozwinięty zbiór przykazań... których stosowanie
gwarantowałoby człowiekowi pewność słusznego wyboru. Zawsze, prędzej czy
później, ale zazwyczaj naprawdę szybko - zawsze stajesz w sytuacji, do której
system się nie stosuje albo też daje sprzeczne zalecenia.

Well, I realized - he continued in a low voice - I realized that there does not exist
and there can not be such an ethical system, universal, consistent pattern of
behavior, or collection of commandments the use of which would guarantee to man
a comfort of a right choice. Always, sooner or later, but usually really fast - you find
yourself in a situation to which the system does not apply or give contradicting
recommendations.

Perfekcyjna niedoskonałość, Jacek Dukaj

37
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3.1 Abstract

Antimicrobial peptides (AMPs) comprise a large family of peptides that in-
clude small cationic peptides, such as magainins, which permeabilize lipid mem-
branes. Previous atomistic level simulations of magainin-H2 peptides show that
they act by forming toroidal transmembrane pores. However, due to the atom-
istic level of description, these simulations were necessarily limited to small sys-
tem sizes and sub-microsecond time scales. Here, we study the long-time relax-
ation properties of these pores by evolving the systems using a coarse-grain (CG)
description. The disordered nature and the topology of the atomistic pores are
maintained at the CG level. The peptides sample different orientations but at any
given time, only a few peptides insert into the pore. Key states observed at the CG
level are subsequently back-transformed to the atomistic level using a resolution-
exchange protocol. The configurations sampled at the CG level are stable in the
atomistic simulation. The effect of helicity on pore stability is investigated at the
CG level and we find that partial helicity is required to form stable pores. We
also show that the current CG scheme can be used to study spontaneous poration
by magainin-H2 peptides. Over-all, our simulations provide a multi-scale view
of a fundamental biophysical membrane process involving a complex interplay
between peptides and lipids.

3.2 Introduction

Antimicrobial peptides (AMPs) exhibit a wide range of antimicrobial
and antifungal activity and have attracted significant interest as potential
antibiotics.92,93,94 Although the details of the many modes of action of AMPs are
still unclear, a large number of AMPs function by inducing transmembrane pores
that lead to cell death.95,96,97 The peptides bind to phospholipid bilayers and
above a threshold concentration induce local defects in the bilayer.98,99,100,101

A well studied example of an antimicrobial peptide is magainin, found in the
skin of the African clawed frog Xenopus laevis.102,99 The peptide is cationic
and unstructured in solution but adopts a predominantly α-helical structure
when bound to lipid bilayers.103 At peptide lipid ratios of about 1/40, magainin
peptides have been suggested to permeabilize the lipid matrix, forming
water-filled, nanometer-sized toroidal-shaped pores.102,98 Poration is associated
with an increase in lipid flip-flops and the translocation of peptide across the
membrane.104

The main characteristic of a toroidal pore is that it is hydrophilic and the
peptides are believed to stabilize the pore by interacting strongly with the lipid
headgroups that line the pore.95,96,97 However, the exact structure of the pore,
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in particular the arrangement of the peptides and lipid molecules in the pore is
still debated. The classical model of the toroidal pore postulates a regular struc-
ture lined with lipid head-groups and peptides.96,97 All peptides associated with
the pore are thought to remain α-helical and line the pore in a transmembrane
orientation. This model of the toroidal pore assumes that peptides are orien-
tated along the membrane surface before poration and perpendicular to the mem-
brane in the porated state. The model does not include pore-formation by pep-
tides with low helicity or beta-strand peptides. Alternative models such as the
micelle-like aggregate model,94 disordered-toroidal pore model105 and chaotic
pore model106,107 have been proposed. These models have helped to interpret
recent NMR108 and fluorescence data109 and are compatible with kinetic stud-
ies.106 These models all propose that there exists a higher degree of disorder in
the pore state than had been previously assumed.

Atomistic simulations of magainin had provided the first direct evidence
on the disordered nature of the toroidal pore model.105 The simulation results,
though compatible with previous experimental data, pointed to only a few
peptides inserting into the toroidal-shaped pore and the other peptides lining
the pore edge. Similar pores were also observed in extensive simulations of
melittin interaction with DPPC bilayers.110 The term disordered toroidal pore
was coined to describe such pores. In both studies, pores were observed only
above a critical peptide to lipid ratio and required local aggregation of peptides.
In the two sets of simulations, the peptides showed significant loss of α-helicity
and pore formation does not appear to require that the peptides remain helical.
However, whether the peptides remain partially unfolded or refold in the
pore state can only be addressed by longer simulations. The simulations also
shed light on the possible mechanisms and driving forces of pore formation.
Removing the positive charges on the AMPs blocked pore formation,110 pointing
to a mechanism similar to electroporation events. The role of electrostatic
interactions in AMP action has also been studied in other simulation studies,111

see review.112 However, a framework allowing a comprehensive study of related
peptides and lipids to analyze the driving forces of this process is difficult to
achieve with atomistic simulations.

Coarse-grain (CG) force-fields allow sampling larger systems at longer time
scales and thereby allow faster analyses of different systems (see75 and Chapter
1). CG simulations are still in their early stages but have already been success-
fully applied to analyze lipid-peptide interactions. A simple solvent-free CG sim-
ulation technique was used to study interactions between amphipathic peptides
and bilayers and to explore the different conditions leading to desorbed, adsorbed
and inserted configurations of the peptide.113 The action of other AMPs have
been studied using force-fields based on the MARTINI force-field.36 A study on
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the interaction of maculatin on large vesicles concluded that the peptides disrupt
the lamellar structures but do not form water-filled channels.114 Alamethicin, im-
plicated to form regular barrel-stave shaped pores, has been studied in a combined
atomistic/CG simulations.115 The authors used CG simulations to equilibrate the
distribution of alamethicin within the membrane and then converted the coarse-
grained simulation to atomistic to investigate the details of water permeation.
The simulations observed quite irregular structures, contrary to the current mod-
els in literature that postulate a highly ordered protein channel. Simulations of
a synthetic peptide, LS3 have shown that it assembles in a dehydrated barrel-
stave pore.116 Spontaneous poration and water permeation has been observed in
coarse-grain studies for related pore-forming molecules such as dendrimers.117

These studies show that CG models can be used to study the interplay between
peptides and lipids over larger length and time scales; however, at the same time
atomistic detail is lost and it remains questionable how realistic the configura-
tions sampled at the CG level are. To fully understand the driving forces of this
process, a multi-scale approach is required.

Here, we study the pore-forming propensity of AMPs at multiple scales com-
bining coarse-grain and atomistic simulations. We focus on a member of the mag-
ainin family of antimicrobial peptides, magainin-H2 interacting with zwitterionic
phosphatidylcholine membranes. The long-time relaxation properties of AMP-
pores are studied by evolving pores formed in atomistic descriptions105,110 with
a CG representation using the MARTINI model.33,36 To test the predictions, key
states observed in the CG simulations are subsequently back transformed to an
atomistic description using the resolution-exchange protocol described in Chap-
ter 2. Similar approaches have been used recently by a number of other groups
to study membrane-protein interactions.57,115,55,118,58 Over-all, our simulations
provide a multi-scale view of a fundamental biophysical membrane process in-
volving a complex interplay between lipids and proteins.

3.3 Methods

3.3.1 Simulation protocol and force field

The molecular dynamics simulations were performed using the GROMACS
program package119 under periodic boundary conditions. The temperature was
weakly coupled (coupling time 0.1 ps) to T = 323 K using a Berendsen thermo-
stat.120 The pressure was weakly coupled (coupling time 1.0 ps, compressibility
5X10−5 bar−1) using a semi-isotropic coupling scheme in which the lateral (P|)
and perpendicular (Pz) pressures are coupled independently at 1 bar,120 corre-
sponding to a tension-free state of the membrane.

The atomistic system was described using the GROMOS 43a2 force field121
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for the peptide interactions and the Berger parameters from a previous study122

for the lipid interactions, identical to our previous work.105,110 A group-based
twin range cutoff scheme (using cutoffs of 1.0/1.4 nm and a pair-list update fre-
quency of once per 10 steps) including a reaction field (RF) correction123 with a
dielectric correction of 78 to account for the truncation of long-range electrostatic
interactions was used. We also tested an alternative model where the electrostatic
interactions were treated using particle mesh ewald (PME) summation and found
that the pores formed using RF were also stable with PME. The water was de-
scribed using the SPC model.85 A time step of 2 fs was used. Bond lengths were
constrained using the LINCS algorithm.124

The MARTINI lipid force-field33,36 was used to describe the coarse-grain
system. The forcefield is based on a four-to-one mapping, i.e. on average four
non-hydrogen atoms are represented by a single interaction center. The forcefield
has been parametrized based on the reproduction of partitioning free energies be-
tween polar and apolar phases and allows an accurate representation of the chem-
ical nature of the underlying atomistic structure. In this force-field, the backbone
parameters (backbone bonded terms) are dependent on the secondary structure of
the beads but independent of the amino acid. Four different systems with vary-
ing helicity - 100%, 65%, 40% and 0% were modelled. Secondary structure was
imposed by including a dihedral potential between backbone atoms. The force
constant used in the system with 100% and 40% helicity was the standard MAR-
TINI parameter of 400 kJ/mol. The force constant used in the system with 65%
helicity was reduced to 70 kJ/mol. The value was chosen to to allow greater
conformational flexibility as dictated by our previous results from atomistic sim-
ulation105,110. In line with the decreased helicity, the polarity of the backbone
bead was increased to a P5-particle, similar to the the polarity of the fully-coil
system. The back-bone bead (in the helical stretch) of the fully-helical and 40%-
helical peptides was of type N0. The LJ interactions were treated with a switch
function from 0.9 to 1.2 nm (pair-list update frequency of once per 10 steps) and
PME was used to treat long-range electrostatics. The use of PME is non-standard
in the MARTINI forcefield since it was parametrized using a shifted potential.
However, in simulations of membrane poration events by dendrimers, it has been
shown that the use of a PME scheme117 is required. Test simulations performed
for our systems also indicated that membrane pores are more stable and more
similar to the pores observed with atomistic models when long range electrostatic
interactions are taken into account. Importantly, we found that the use of PME
does not significantly affect the equilibrium properties of pure lipid bilayers, in-
cluding the area per lipid. In all CG simulations, a time step of 30 fs was used.
The simulation times reported in the remainder of this manuscript are effective
times obtained by the multiplication of the actual simulation time by a factor of
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four based on the speed-up achieved for diffusion of water and lipids.33,36

3.3.2 Resolution-exchange

Two types of exchange were used, either increasing or decreasing the resolu-
tion. The latter case is more trivial; here the CG lipids and peptides were mapped
from the atomistic structure using the center of mass to define the CG bead posi-
tions. CG water beads were reintroduced to the system afterwards and the system
was equilibrated. The case of introducing atomistic detail into a CG system is
more demanding. Here we used the resolution-exchange protocol which is de-
scribed in Chapter 2.

3.3.3 System setup

Two different setups studying the interaction of magainin-H2 (IIKKFLHSIW
KFGKAFVGEI MNI) peptides with a phosphatidylcholine lipid bilayer were
simulated. The first set focused on the properties of the pore at a multi-scale
level in which the resolution of the atomistic and CG structures was exchanged
using the above described protocol. The starting atomistic simulations containing
4 magainin-H2 peptides and 128 DPPC lipid molecules were taken from Ref..105

The CG representation of the porated state was then mapped from the atomistic
system. We mapped the 50-atom DPPC molecule to a 10-bead CG representation
with 3 beads in each tail. Note that the standard MARTINI model maps DPPC to
four bead tails. The precise mapping is somewhat arbitrary, however. We found
that the thickness of the bilayer with three tail beads is more similar to the atom-
istic representation of DPPC bilayer at the relatively high hydration level used in
the atomistic studies. The second set of simulations studied poration propensity
of the peptides in a CG representation. To study poration after association within
the bilayer, 4 magainin-H2 peptides were placed in a transmembrane orientation
inside a pre-equilibrated bilayer containing 122 lipids. To study spontaneous pore
formation mimicking a biological system, 14 peptides were placed in the aqueous
phase close to a bilayer consisting of 304 lipids. Two lipid types were tested - the
three tail-bead lipid as described above and a two tail-bead lipid molecule, repre-
senting a short-tail lipid. Multiple simulations were performed for each system,
starting from different initial random velocity distributions.
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Figure 3.1: The structure of the toroidal pore formed by magainin-H2 peptides
in DPPC bilayers at multiple scales.A: The toroidal pore in an atomistic repre-
sentation taken from Ref..105 B: A snapshot of the CG representation mapped
from A. C: The CG pore after evolving the system from B for 24µs. D: Snapshot
of the atomistic representation mapped from C by using the resolution exchange
protocol. E: The toroidal pore after evolving with atomistic resolution for 50 ns.
All figures are prepared using VMD.125
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3.4 Results and Discussion

3.4.1 Comparing the atomistic and coarse-grain pores

To explore the possibilities of the CG model to study pores formed by AMPs,
CG representations of the starting atomistic pore configuration were obtained
and evolved with the MARTINI forcefield. We focus on the pores formed by
four magainin-H2 peptides in a 128 lipid DPPC bilayer. Snapshots of the starting
atomistic structure (taken from the simulations reported in Ref.105), the mapped
CG system, and the system evolved for 24µs are shown in Fig 3.1 A,B and C. Dur-
ing the CG simulations, a water channel was maintained through the membrane
in contrast to previous CG studies on the action of AMPs.114,115,116 The topology
of the porated state, in particular its disordered nature was also preserved. In the
CG representation, lipid molecules and a few peptides continued to line the wa-
ter channel. The remaining peptides associated with the membrane at the mouth
of the pore and did not insert into the pore. The size of the pore, however, was
somewhat reduced at the CG level compared to the original atomistic simulation.
Toward the end of the CG simulation, after 24µs, we increased the resolution
of the system back to the atomistic level. During the subsequent 50 ns simula-
tion at the atomistic level, the pore remained similar to the transformed atomistic
structure (snapshots shown in Fig 3.1D,E).

In general, comparing the atomistic to CG pore structure, a number of impor-
tant points become apparent from our multi-scale approach. The first is that the
MARTINI model predicts similar type of pore as seen by the atomistic model, i.e.
a fully hydrated, toroidally shaped, pore lined by lipids and peptides. Second, as
expected, the two models are not fully compatible; quantitative differences exist,
evidenced for instance by the size of the pore. The third point which becomes
apparent is the limited sampling which can be obtained with the atomistic model.
Based on our inverse transformation from the CG level back to the atomistic
level we find that the configuration sampled in the CG model, being different
from the starting atomistic structure, is also stable at the atomistic level. It sug-
gests that these configurations are either meta-stable states requiring much longer
relaxation times or are equilibrium states not sampled in previous atomistic sim-
ulations. On the accessible nanosecond time scale the peptide/lipid complex is
almost frozen, pointing to the importance of a multi-scale approach.

3.4.2 Characteristics of the CG pore

At the longer time scales probed in this multi-scale study, the disordered
toroidal pore maintained its structure and topology. The main feature of the dis-
ordered toroidal pore, a term coined from our atomistic simulations,105,110 is the
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Figure 3.2: A: The density of water and the phosphate bead of the lipids in CG
simulations of a pure DPPC bilayer (4 and - - - respectively) and in a porated
membrane with 4 magainin-H2 peptides (◦ and —, respectively). B: Zoomed
central region of Figure A clearly shows the higher water density in the bilayer
in the presence of the peptides.

presence of some surface-aligned peptides as opposed to only transmembrane
orientations. We observe that the peptides did not all insert into the pore and con-
tinued to line the mouth of the pore stabilizing the membrane curvature. This pore
structure varies considerably from the classical model of a toroidal pore in which
the peptides all align along the membrane normal inside the pore and maintain
their helicity. Our multi-scale simulations reconfirm that the disordered nature of
the pore may be a more realistic model than the classical toroidal pore.

The extended simulation time reached with the CG model allows for a more
quantitative analysis of the structure of the pore. Fig 3.2 shows the density profile
of water and the phosphate bead of the lipid during the simulation in the porated
state, compared to a pure bilayer. From the inset, it is clearly seen that water
is present within the membrane in the porated state. The toroidal pores formed
in the CG study are therefore hydrated, and a water flux through the pore was
observed. Though a water channel is maintained through the bilayer, the flux
through the pore is not constant. Large fluctuations were also seen in the position
of the lipid head-groups. At a given time, only a few lipid molecules inserted
into the pore. The lipid molecules flip flop through the pore from one leaflet to
another as observed in other simulations.126,127,74 Twelve flip-flop events were
counted over the 30µs trajectory. At the microsecond time scale, the peptides
sampled different orientations and transitions between the transmembrane and
surface aligned states are observed (Fig 3.3). It is seen that one out of the four
peptide remains surface-bound on the same leaflet. Another peptide translocates
through the pore from an inserted state to the other leaflet. The remaining two
peptides insert into the pore from a surface-aligned orientation. Although sig-
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Figure 3.3: The center of mass of the four peptides (dashed and dotted lines) in a
toroidal pore evolved with a CG representation. The bold line shows the density
profile of the phosphate beads of the lipid head-groups during the simulation.

nificant peptide movement is observed, especially compared to motions probed
in the atomistic simulations, it appears that a microsecond time scale is still not
sufficient to sample equilibrium orientations of the peptides.

3.4.3 Effect of helicity on pore stability

In the CG peptide model, secondary structure is imposed on the peptides and
the choice of defining the helicity in the peptides was somewhat arbitrary. In the
atomistic simulations, widely differing helicity was observed ranging between
30% and 70%. In the first scenario we imposed 65% helicity on all peptides
which is slightly higher than the average helicity observed in the atomistic sim-
ulations. The pore was stable in this case and the pore state was maintained as
described above. Increasing the helicity to full helicity, decreased the stability
of the pore. Fewer lipid molecules inserted into the pore and the water flux also
decreased substantially. In four independent simulations (starting from differ-
ent random velocities), the pore closed on a microsecond time scale. Similarly,
decreasing helicity completely (fully coil state) or to 40% decreased the stabil-
ity of the pore, although the pore remained open in these cases. Fig 3.4 shows
the density of water inside the pores, for different peptide helicity. The water
contained within the pore was the highest for the first peptide model (65% helic-
ity) and decreased in the other peptide models. Thus, partial helicity is required
for stabilizing pores formed by magainin-H2 peptides in membranes. This is in
line with experimental data showing that increasing helicity in synthetic peptides
decreased antimicrobial activity.128 Note that even for the fully unstructured pep-
tides, amphipathicity is maintained and they bind to the membrane.
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Figure 3.4: The density profile of the water beads in the center of the bilayer in
the CG simulations at varying peptide helicity: fully helical (dot-dashed), 65%he-
licity(solid line), 40%helicity (dotted) and fully flexible(dashed). The data was
fitted with a Bezier curve.

The release of secondary structure allows the peptides to sample a broader
range of conformations. This is reflected by the radius of gyration, Rg shown in
Fig 3.5. The radius of gyration for the fully helical peptide is the largest, with
lowest fluctuations, and that of the fully coiled and 40% helical peptides are the
lowest with the largest fluctuations. The peptides with 65% helicity have a ra-
dius of gyration and fluctuations intermediate to the two. Note that the dihedral
potentials applied in this scenario were lower than the standard MARTINI po-
tential applied to the fully helical and 40% helical peptides. It appears that this
level of flexibility of the peptide is ideal i.e. it can span the membrane in an
extended configuration and at the same time favorably interact with the curved
membrane, stabilizing a porated state. The current simulations provide evidence
that an optimum helicity is required for membrane poration by AMPs.

3.4.4 Spontaneous pore formation in CG models

The CG models in the previous sections were biased towards the starting
atomistic structures and we carried out further tests to determine the equilibrium
structures predicted by the CG model. Two sets of simulations were performed,
either with the peptides pre-inserted into the membrane or with the peptides ini-
tially placed randomly in the aqueous phase. In the first set-up, four magainin-
H2 peptides, constrained at 65% helicity, were inserted into the membrane in a
transmembrane orientation as shown in Fig. 3.6A. The peptides were observed
to diffuse laterally in the membrane to assemble into aggregates of three or more
peptides, in four independent simulations. A snapshot of the simulation at the
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Figure 3.5: Radius of gyration, Rg of the four peptides in CG simulations with
peptide helicity A: 100% B: 65% C: 40% and D: 0%.

beginning of the aggregation is shown in Fig. 3.6B. The peptide aggregates per-
turbed the lamellar state considerably and large fluctuations in the lipid head-
group positions were seen.

The peptides along with the fluctuations in the bilayer eventually initiated a
water channel and opened a pore (Fig. 3.6C). In the pore, a few peptides lined
the pore and the remaining peptides were surface-aligned. Clear transitions were
seen between the transmembrane and surface aligned orientations. The structure
of the pore is essentially the same as obtained from the resolution transformation
(section 3.4.1). We also tested cases with peptides constrained at 0%, 40% and
100% helicity. The fully helical structures assembled in the bilayer and opened
a water channel with very low water density in the membrane core, reminiscent
of the dehydrated barrel-stave pore observed in the simulations of synthetic pep-
tides.116 No lipid head-groups were inserted into the core of the membrane and
lipid flip flop did not occur. The peptides with 40% helicity and fully coiled pep-
tides induced a fluctuating toroidal-shaped water channel through the membrane.
However, the flux through the membrane was lower than in the case of the 65%
helical peptides. Partial helicity appears to be a criterion to initiate and stabilize
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Figure 3.6: The time course of events when four magainin-H2 peptides are in-
serted into a DPPC bilayer modeled at the CG level. A: Top view of the starting
structure. Note that the peptides are inserted in a transmembrane orientation. B:
Top view of the system after 20ns. C: Snapshot of the toroidal pore after 5µs. The
phosphate beads of the lipids are shown in red and the four peptides in purple,
yellow, orange and blue. The tails of the lipid molecules and the water is not
shown for clarity.

pore formation in the coarse-grain model, in agreement with our results for the
resolution transformation simulation (section 3.4.3).

In the second set-up, simulations were performed with the peptides initially
placed in water close to one leaflet of the bilayer. This setup is similar to the
atomistic simulations and mimics the actual biological process of spontaneous
pore formation by the AMPs. The setup comprised of 304 lipids and 14 magainin-
H2 peptides (modeled with 65% helicity). The peptides remained membrane
bound at the 4 µs simulation period and did not insert into the membrane. Large
fluctuations were seen in the head-groups of the lipids but no pore formation
occurred. It appears that the barrier associated with opening of a water channel is
relatively high in the CG model preventing pore formation even at the high P/L
ratio. Therefore, a two tail-bead lipid model was also tested representative of a
short tail lipid. The time course of the simulation is depicted in Fig 3.7. The
peptides adsorbed at the surface of the membrane within 10 ns. The peptides
associated only after adsorption to the membrane surface. After association, they
once again induced fluctuations in the head-groups of the lipid molecules and in
contrast to the thicker three tail-bead membrane, spontaneous opening of a water
pore was observed. In fact two pores were formed, a larger one containing nine
peptides and a smaller one with five peptides (see Fig 3.7D). The structure of the
pores was similar to the pores described above. The pores remained stable over
the 3 µs simulation. Note that a pure two tail-bead CG bilayer is stable, so the
poration is caused by the peptides. The results in this section point out that, even
with a CG description, one may easily end up in meta-stable states and sampling
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remains incomplete on the microsecond time scale.

D

Figure 3.7: The time course of events when fourteen magainin-H2 peptides are
placed initially in water close to the surface of a short tail PC bilayer. A: Side
view of the starting structure, B: The system after 200ns, C: The toroidal pore
after 3µs. The phosphate beads of the lipids are shown in red and the peptides in
yellow. The tails of the lipid molecules and the water are not shown for clarity.
D: The toroidal pore in C shown in more detail. The lipid chains are shown in
green and the water in blue.

3.5 Summary and Conclusions

The work presented here is one of the first examples of using a multi-scale
simulation framework to study membrane poration by antimicrobial peptides.
Using a CG model we are able to approach time-scales compatible with experi-
mental studies of pore formation, whereas a model with atomistic resolution pro-
vides a useful check to the accuracy of the CG model. We find that the pore struc-
ture obtained with the CG model is similar to the disordered pore seen in atomistic
simulations. The pore retains its disordered character and lipid flip flop as well
as water permeation through the pore is observed. At a µsecond time scale, pep-
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tides translocate via the pore to the other bilayer leaflet and both surface aligned
and transmembrane orientations are seen in the porated state. Subsequent back-
transformation of the newly generated CG structures reveal their stability also
at the atomistic level of resolution. From our multi-scale simulations it appears
that the disordered nature of the pore is a more realistic model than the classical
toroidal pore. However, there remain some problematic sampling issues. Even
the microsecond range probed by the CG model is not sufficient to sample the
possible peptide orientations inside the pore. Despite these limitations, the CG
model opens the way to explore the structure/activity relationship in a systematic
way. Here we tested the effect of different peptide helicities on pore stability. We
conclude that partial helicity is required to form and stabilize pores. Spontaneous
poration events can also be studied at a CG level. Starting from a well separated,
transmembrane orientation the peptides associate and induce disordered toroidal
pores. A few peptides translocate to either leaflet pointing towards the impor-
tance of surface aligned peptides in stabilizing membrane curvature. Mimicking
the biological situation, we simulated the attack of magainin-H2 peptides from
water. Poration in this case is observed only when the energy barrier is lowered
by decreasing the thickness of the bilayer. The high energy barriers to sponta-
neous pore formation in the CG model is presumably due to the lack of electro-
static screening and polarization effects in the current MARTINI water model.
Nevertheless, the sequence of events leading to pore formation, as well as the
structure and size of the pore are similar to those observed in atomistic studies.
The current work on the action of magainin-H2 peptides on membranes provides
a multi-scale view of a fundamental biophysical membrane process involving a
complex interplay between peptides and lipids.





Chapter 4
Hybrid Simulations: Atomistic Molecules
in Coarse-Grained Solvent

This chapter is based on the manuscript:
Hybrid Simulations: Combining Atomistic and Coarse-Grained Force Fields
using Virtual Sites by Andrzej J. Rzepiela, Martti Louhivuori, Christine Peter

and Siewert J. Marrink. Physical Chemistry Chemical Physics, 2011, 13, 10437.

Klapaucjusz myślał, myślał, wreszcie zmarszczył się i rzekł:
– Dobrze. Niech będzie o miłości i śmierci, ale wszystko to musi być wyrażone
językiem wyższej matematyki, a zwłaszcza algebry tensorów. Może być również
wyższa topologia i analiza. A przy tym erotycznie silne, nawet zuchwałe, i w
sferach cybernetycznych.

Klapaucjusz thought, thought, and finally said frowning:
- Right. Let it be about love and death, but all this must be expressed in the
language of higher mathematics, especially algebra tensors. It may also be higher
topology and analysis. And at the same moment sexually powerful, even
audacious, and in the areas of cyberspace.

Cyberiada, Wyprawa Pierwsza A, czyli Elektrybałt Trurla, Stanisław Lem
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4.1 Abstract

Hybrid simulations, in which part of the system is represented at atomic reso-
lution and the remaining part at a reduced, coarse-grained, level offer a powerful
way to combine the accuracy associated with the atomistic force fields to the
sampling speed obtained with coarse-grained (CG) potentials. In this work we
introduce a straightforward scheme to perform hybrid simulations, making use
of virtual sites to couple the two levels of resolution. With the help of these
virtual sites interactions between molecules at different levels of resolution, i.e.
between CG and atomistic molecules, are treated the same way as the pure CG–
CG interactions. To test our method, we combine the Gromos atomistic force
field with a number of coarse-grained potentials, obtained through several ap-
proaches that are designed to obtain CG potentials based on an existing atomistic
model, namely iterative Boltzmann inversion, force matching, and a potential of
mean force subtraction procedure (SB). We also explore the use of the MARTINI
force field for the CG potential. A simple system, consisting of atomistic butane
molecules dissolved in CG butane, is used to study the performance of our hy-
brid scheme. Based on the potentials of mean force for atomistic butane in CG
solvent, and the properties of 1:1 mixtures of atomistic and CG butane which
should exhibit ideal mixing behavior, we conclude that the MARTINI and SB
potentials are particularly suited to be combined with the atomistic force field.
The MARTINI potential is subsequently used to perform hybrid simulations of
atomistic dialanine peptides in both CG butane and water. Compared to a fully
atomistic description of the system, the hybrid description gives similar results
provided that the dielectric screening of water is accounted for. Within the field
of biomolecules, our method appears ideally suited to study e.g. protein-ligand
binding, where the active site and ligand are modeled in atomistic detail and the
rest of the protein, together with the solvent, is coarse-grained.

4.2 Introduction

Molecular dynamics (MD) is a well established technique to simulate the
structure and dynamics of soft matter in general, and of biomolecular systems
in particular.72,73,74 However, the huge computational effort involved in conven-
tional all-atom (AA) MD simulations currently limits accessible time and length
scales. To overcome these limitations, coarse-grained (CG) models, in which
several atoms are grouped together into effective interaction sites (CG beads), are
currently being developed by many groups (for an overview, see75,49,129,74,14,8).
The sampling efficiency is increased up to several orders of magnitude with these
CG models. Nevertheless, this large gain comes at the cost of a reduced accuracy,
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due to the inherent simplifications. Thus, in many instances it would be advan-
tageous to combine high resolution AA and low resolution CG descriptions in a
multiscale approach. Indeed, several of such hybrid schemes have recently been
proposed, falling into four classes: back-mapping methods, interface methods,
“constant λ” techniques and fixed resolution methods. A short overview of the
development of multiscale techniques and numerous applications is presented in
the Introduction chapter of this thesis. In this chapter we introduce a simple hy-
brid model, which belongs to the fourth, i.e. fixed resolution class of multiscale
methods implying we consider a system in which a predefined part is represented
in full detail, and the remainder at the CG level. The coupling is provided by
the atomistic molecules which carry additional, virtual interaction sites, through
which they interact with the CG surroundings using standard CG potentials. The
simplicity is the main advantage of our model, making it possible to use it with
generic CG and AA forcefields and standard simulation packages. Our approach
is therefore more general and requires only few additional parameters. However,
mixing of resolutions is not trivial. For instance, it remains to be seen how the in-
teraction between two atomistic molecules is affected by the surrounding of a CG
solvent compared to the "normal" atomistic surrounding. The expectation is that
"multiscale" CG models, i.e. CG models that are directly derived from the atom-
istic model, are particularly suited for such a hybrid method. Here we test the
performance of our hybrid method, combining the GROMOS 53a5/6 atomistic
force field and several CG representations: either a heuristic MARTINI potential
or "multiscale" CG potentials obtained using the iterative Boltzmann inversion
method (IB), force matching (FM), or the subtraction method (SB). We study the
performance of the model on two systems, namely liquid butane and dialanine
dissolved in butane or water. We show that the simple hybrid model can con-
nect the two resolution scales, most seamlessly with the SB method. Efficient
resolution mixing is also observed with the MARTINI model.

The rest of this article is organized as follows. We set out to describe the
methodological basis of the hybrid model. Subsequently, we introduce the prin-
ciples of the applied methods to derive the CG potentials, and provide a detailed
description of the simulation and analysis procedures. We proceed with a pre-
sentation of the results on the performance of the hybrid model, first for the pure
butane system and next for the peptide/solvent systems. A short conclusive sec-
tion ends this article.
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4.3 Methods

4.3.1 Hybrid model

In the hybrid model, essential parts of the system, for example solute
molecules, are represented at a detailed atomistic resolution, while the
remaining elements, for example solvent molecules, are modeled using a
lower, coarse-grained resolution. An example of a hybrid system consisting of
atomistic butane solutes solvated by coarse-grained butanes is depicted in Figure
4.1. Both interactions between solvent–solvent pairs and between solvent–solute
pairs of molecules are described with the potentials from a low resolution CG
forcefield while the remaining interactions, that is interactions between atomistic
molecules, are computed in full detail. To couple an atomistic molecule with
a coarse-grained environment so called virtual sites are defined, positioned at
the center of mass of the group of atoms they represent (cf. Figure 4.1). This
positioning of the virtual sites corresponds to the mapping scheme between CG
and atomistic models. The force Fi from CG interactions acting on the virtual
site i is spread over the corresponding atoms, according to the equation

fγ =
mγ

Mi
Fi ∀γ ∈ Ni, (4.1)

where Mi = ∑γ∈Ni mγ is the total mass of the atomic cluster Ni constituting the vir-
tual site, mγ is the mass of the γth atom, and fγ is the force acting on it. Important
features of our scheme are the following: i) no specific interactions between AA
and CG beads need to be parameterized as is done in other boundary methods,70

making the method easily applicable to any system of interest, ii) no position
dependent resolution transformation is required, therefore a well defined Hamil-
tonian exists without violating Newton’s 3rd law, two conditions not met with
other, dynamic exchange, approaches,130 and iii) the method naturally combines
the advantages of FG models (accurate description of the molecule, or part of
molecule, of interest) and CG models (explicit treatment of the surroundings at a
speed 2-3 orders of magnitude larger compared to AA models). Furthermore, the
proposed method is general in the sense that it can, in principle, combine any two
force fields provided that the molecule of interest is parametrized at both levels
of resolution.

4.3.2 Coarse-grained potentials

The applicability of our hybrid model will depend on the compatibility
between the CG and AA force fields. There is, however, no unique method to
construct CG potentials from AA potentials.131 Even when the pair correlations
are well described, other properties such as the pressure or solvation free energy
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Figure 4.1: Hybrid model using virtual sites. Coarse grained beads are repre-
sented as gray spheres. Atomistic molecules are depicted as yellow sticks and
virtual interaction sites are colored red. Atomistic molecules interact with the
low resolution environment through virtual sites and with each other as in a stan-
dard atomistic system. Coarse grain beads interact both with each other and with
the atomistic components via CG potentials.

will be off. In this work we tested four different methods to construct the CG
potentials: the iterative Boltzmann (IB) inversion method,22,20,24 the force
matching (FM) method,17,19 a modification of the subtraction procedure (SB)
originally described by Villa et al.132, and the MARTINI force field.5,33 In each
case, the resolution of the coarse-grained models is given by a 4 to 1 center of
mass based mapping principle, in analogy to the standard mapping scheme
used in the MARTINI model. A pressure correction is applied to the potentials
to match the pressure of the reference atomistic system. Although the relation
between pressure on the CG and AA level is non-trivial (for instance, one
cannot simultaneously reproduce both pressure and compressibility133,27,134),
we decide here on the pressure, in a similar way the adaptive resolution methods
do, because we want to combine atomistic and CG models and they should have
the same pressure. Details of the IB, FM methods and MARTINI model are
presented in the Introduction chapter of the thesis. The subtraction procedure is
described here, since modification that we introduced to the method allowed us
to obtain potentials useful for the multiscale hybrid model and this modified SB
procedure is considered as one of the results of this work.

The subtraction method To overcome sampling problems in dilute solutions,
where g(r) for solute–solute pairs converges very slowly, a new method to con-
struct CG potentials was introduced recently by Villa and coworkers.132,135 In
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this approach, which we will call here the subtraction (SB) method, the PMF
between two solute molecules V AA

PMF in a solvent box is calculated. Then, to re-
move the solvent contributions from the PMF the calculation is rerun without
direct solute–solute interactions to obtain a correcting potential VPMF,excl . This
VPMF,excl is subtracted from the V AA

PMF and an effective two body solute–solute CG
interaction is obtained:

VCG
SB = V AA

PMF −VPMF,excl. (4.2)

In the original SB method by Villa et al. this is done by computing VCG
PMF,excl on

the CG level. This means a PMF between two CG solute molecules is computed
where the direct solute–solute interaction is turned off, while the interactions be-
tween the solute particles and the surrounding solvent and the solvent–solvent
interactions are CG interactions that had previously been determined, for exam-
ple by iterative Boltzmann inversion. Note that this subtraction method is not
limited to IB. It just means one assumes a set of CG interactions in the environ-
ment of the solutes and subtracts the PMF between two noninteracting solutes in
this environment from the atomistic target PMF. The resulting VCG

SB is an effective
solute–solute pair interaction which if added to the set of CG environmental inter-
actions (solvent–solvent and solute–solvent) reproduces the target solute–solute
PMF (at infinite dilution). In the present case the subtraction method is modified
to target at a CG–CG interaction that is particularly suited in the present hybrid
approach. Therefore one subtracts the PMF between two noninteracting solute
molecules in atomistic environment from the atomistic target PMF.

VCG
SB = V AA

PMF −V AA
PMF,excl (4.3)

Since this means one subtracts the atomistic multibody effects of the environ-
ment from the target PMF, this modification of the procedure permits to obtain
an effective two body VCG

SB CG interaction in an otherwise atomistic medium.

4.3.3 Simulation setup

To construct the CG butane–butane potentials (see below), reference simula-
tions of pure butane were performed at the AA level. This system consisted of
750 butane molecules. Corresponding CG simulations were carried out in sys-
tems of the same size. To test the hybrid model, simulations were performed for
two types of systems, namely a pure butane system and a mixture of dialanine
and either water or butane. For the butane system, the set-up consisted of i) two
AA butanes dissolved in a box of 748 CG butane (calculation of association con-
stants) or ii) a box consisting of 375 AA butanes and 375 CG butane molecules
(calculation of solvation parameters). For the dialanine containing systems, phase
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separation was studied in a box containing 370 AA dialanine molecules mixed
with 1120 CG solvent beads. For the calculation of the interaction energy be-
tween two dialanine peptides, a system consisting of two dialanines and 1050
solvent beads was additionally simulated. Fully atomistic systems were also sim-
ulated for reference.

All simulations were performed using the GROMACS simulation package77

(version 4.0.5). Atomistic simulations and atomistic parts of hybrid systems were
represented with the 53a5/6 parameter set of the GROMOS forcefield.34 For the
pure butane systems, different CG potentials were used as explained below. The
systems containing dialanine peptides were only simulated using the MARTINI
CG potentials (version 2.033). All of the simulations were performed in a peri-
odic cubic box with dimensions longer than twice the cut-off distance. A cut-off
distance for nonbonded interactions was set at 1.4 nm for pure butane systems
and 1.2 nm (MARTINI potentials) or 1.4 nm (AA, atomistic part of mixed sys-
tem) for two component solvent–alanine systems. For the MARTINI potential
the standard shift function was applied from 0.9nm or 1.2nm for cut-off values
1.2 and 1.4 nm respectively. For the hybrid two-component systems, the elec-
trostatic potential was shifted between 0 and the cut-off distance, and a relative
screening with εr = 15 was applied in line with the standard screening used in
MARTINI. The effect of changing εr on the behavior of these systems was also
evaluated.

In all simulations a leapfrog integrator with 2 fs time step was used with a
neighbor list updated every 5 steps. Bond distances in atomistic molecules were
constrained using the LINCS algorithm.124 Stochastic temperature coupling,136

with a time constant of 1.0 ps and a reference temperature of 270 K (butane sys-
tems) or 320 K (systems containing water), was applied. A Berendsen barostat120

was used to equilibrate atomistic and hybrid two component systems at 1 bar be-
fore constant volume production runs. Most of the simulations were between
40-100 ns long. To equilibrate the two component systems consisting of butane
and dialanine molecules, simulated annealing simulations (SA) were performed
before the production runs. During the SA, the temperature was decreased lin-
early from 600 to 270 K over a period of 100 ns.

Construction of CG potentials To calculate IB and FM potentials the
VOTCA26 package was used. First we performed 100 ns long atomistic
simulation of about 750 butane molecules under 1 bar pressure in temperature
of 270 K. From this simulation reference molecular radial distribution functions
and forces were used to generate numerically tabulated potentials with IB
and FM method, respectively. In the IB procedure a 200 ps coarse-grained
simulation was performed at each iteration. The pressure correction was applied
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Figure 4.2: Root mean square deviation of g(r) and gre f (r) in function of num-
ber of iterations.

at every cycle and the convergence (Figure 4.2) was measured as a root mean

square deviation

√
∑g(r)−gre f (r)

n
(where summation runs over all distance

bins and n is the number of bins) between reference and calculated radial
distribution function. After 175 iterations the obtained potential was additionally
pressure corrected and used in the subsequent calculations. For each force
match calculation 35 frames from the reference simulation were used. The final
tabulated force function was calculated as an average of all functions fitted to the
fragments of the atomistic trajectory. As the last step a pressure correction of the
form presented in Equation 1.9 was iteratively applied, to tune the pressure to the
reference atomistic value. Strictly speaking, this type of pressure correction is
not formally correct in the case of force matching. Pressure correction for force
matching does exist,27,28 it is however not implemented in the VOTCA package.

To construct the V AA
PMF,excl component of the SB potential, a constraint method

was applied:

VPMF (r) =−
Z rc

r

[
〈 fc〉s +

2kBT
s

]
ds, (4.4)

where 〈 fc〉 is an average force exerted on two particles separated by a fixed
distance s and rc is the interaction cut-off. The second term in the integral re-
moves entropic contributions, that are different for consecutive distances because
of larger volumes sampled at larger separations. The LINCS method124 was used
to fix the distances between the two evaluated molecules. The separation for
constrained molecules was varied with 0.02 nm increment, from 0.22 nm up to
rc. The V AA

PMF component was obtained by simply inverting the RDF of the fully
atomistic system according to Equation 2. The resulting VCG

SB potential was addi-
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tionally pressure corrected to the reference pressure of 1 bar, using the iterative
pressure correction procedure (Equation 1.9).

For the current aim of using the MARTINI model in hybrid simulations, the
MARTINI potential for the liquid butane system was modified slightly to better
represent the molecular gre f (r) from the reference atomistic simulation. Partic-
ularly, the bead size was increased by 0.25 Å to match the position of the first
peak in the gre f (r). Subsequently the value of ε was increased by 5% to match
the atomistic pressure. The modified potential will be named MARTINI* in the
rest of the paper and the standard interaction, used in the peptide systems, will be
referred to without the “*” sign.

4.3.4 Analysis details

Kirkwood-Buff integrals: To analyze the behavior of the systems in the hybrid
representation we analyzed the preferential solvation parameters δCG = GCG,CG −
GCG,AA and δAA = GAA,AA − GCG,AA. These parameters are calculated using
Kirkwood-Buff integrals137:

Gi, j = 4π

Z Rcut

0
[gi, j (r)−1]r2dr, (4.5)

where gi, j(r) is the radial distribution function between the centers of mass of
molecule i and j and Rcut is the distance beyond which the integrand vanishes.
The calculated quantities are used to describe the affinities between molecules
modeled at different resolutions and to predict (micro)phase separation.

Association constants: In order to assess strength of interactions between
atomistic molecules in the hybrid model we calculate the association constant
Ka, which are directly linked to the above Kirkwood-Buff integrals. Ka is given
as

Ka = 4π

Z Rcut

0
exp
(
−VPMF

kBT

)
r2dr, (4.6)

with VPMF denoting the potential of mean force between the two molecules and
Rcut being a specified cut-off distance.

Solvation free energy: Comparison of thermodynamic properties of the con-
structed CG potentials was assessed via the free energy of solvation ∆G, which
we calculated using the thermodynamic integration138 procedure. For each cal-
culation 21 simulations of 1 ns length at equally spaced λ values between 0 and
1 were performed. The last 800 ps were used for analysis. A soft core method
was used to remove singularities during the calculations. Integration over the λ

variable was performed using a trapezoidal rule.



62 CHAPTER 4. FIXED RESOLUTION HYBRID METHOD

4.4 Results and Discussion

4.4.1 Comparing CG potentials for butane

To test the hybrid model we chose a simple system of liquid butane. The
butane molecule, which is modeled as a chain of four united carbon atoms by
the GROMOS forcefield, is represented by a single bead on the coarse-grained
level. In Figure 4.3A CG potentials for the butane–butane interaction are shown.
The CG potentials were obtained either with iterative Boltzmann inversion, force
matching, or subtraction method, or with the MARTINI* model. Substantial
differences between the potentials are apparent. Notably, IB and FM potentials
are shallow and have significant interaction energy contributions from the sec-
ond neighbors as evidenced by an additional repulsive region (FM) or long range
attraction (IB). Furthermore both IB and FM potentials have a softer repulsive
part at short distances compared to SB and particularly to the MARTINI* LJ
potential. Both the MARTINI* and SB potentials are of comparable shape, espe-
cially considering the attractive region beyond 0.7 nm. MARTINI* butanes are
however more repulsive at short distances and have a slightly deeper minimum.
In spite of these discrepancies, IB, FM and SB potentials, when employed in a
coarse-grained simulation of pure butane, generate a very similar g(r) as shown
in Figure 4.3B. Note that this result is not trivial as the different methods to con-
struct the CG potentials, while relying on the same atomistic reference sampling,
have different targets. Only IB was optimized to reproduce the atomistic RDF.
FM is optimized to reproduce a multibody PMF, that means it targets at the pair
RDF, but at the same time also at higher order correlation functions and depend-
ing on the "basis set" of CG interaction functions (in this case pair potentials)
has to make compromises as far as the pair RDF is concerned. The SB methods
targets indeed at the pair RDF (in the form of the pair PMF) but since we do
not iterate and do not subtract V IB

PMF,excl but V AA
PMF,excl we do not by construction

match the RDF. With the MARTINI* potential the phase in g(r) is preserved but
the amplitude is too high. This means that molecules are more ordered than in
the reference atomistic liquid butane system, a consequence of using of a 12-6
Lennard-Jones interaction functional which results in a very steep repulsion at
short distances.

Although structurally the IB, FM and SB potentials generate similar equilib-
rium ensembles, this does not imply that the thermodynamics is described equally
well. To quantify this, we calculated the free energy of solvation ∆G (transfer of
one molecule from vacuum into its solution) for each of the four models. In Table
4.1 the results are shown together with the average potential energies and results
for the reference atomistic system. Regardless of the distinct g(r) for MARTINI*
with respect to the other potentials, ∆G for the MARTINI*, IB and SB potentials
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Figure 4.3: Coarse-grained butane–butane potentials. In panel A, CG potentials
constructed with the four methods are shown, namely iterative Boltzmann (IB,
red), force matching (FM, green), subtraction method (SB, orange), and MAR-
TINI* model (blue). Panel B displays the molecular radial distribution functions
for liquid butane, simulated with each of the four CG potentials. A reference
radial distribution function from a fully atomistic simulation (black dashed line)
is also presented.

is very similar and close to the reference atomistic ∆Gre f . The ∆G obtained with
the FM potential is substantially lower. As we will see later, this is a problem in
hybrid simulations as it will result in preferential solvation effects.

4.4.2 PMFs for AA butane in CG solvent

In this section we examine the properties of hybrid systems simulated with
the different CG potentials. To this aim we calculated potentials of mean force
(PMFs) between two atomistic butane molecules solvated in coarse-grained bu-

Representation ∆G;(kJ/mol) Ka

AA, Gromos 53a5 -13.6 +/- 0.7 17.1
CG, IB -11.3 +/- 0.7 18.6
CG, FM -7.1 +/- 0.5 18.3
CG, MARTINI* -11.6 +/- 1.6 16.6
CG, SB -10.3 +/- 1.0 17.3

Table 4.1: Free energy of solvation, ∆G, of a CG butane molecule dissolved into
its own bulk. Results obtained with each of the four CG potentials are shown,
together with the free energy for an AA system. Association constants Ka of two
atomistic butane molecules dissolved in CG butane are also shown.
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tane. The constraint method, described in section 4.3.2, was used to compute the
PMFs. The setup for each experiment was identical, except for the interactions
between CG–CG and CG–AA pairs of molecules which were represented with
either one of the four CG potentials (IB, FM, SB, and MARTINI*). Figure 4.4A
shows the resulting PMFs including a reference PMF calculated in a fully atom-
istic butane system. Neither of the CG approaches yields a hybrid model, where
the two atomistic molecules show the same pair interaction as if they were in a
fully atomistic environment. Overall, the MARTINI* and SB PMFs resemble the
reference PMF the most, although the attractive and repulsive regimes are more
apparent in both cases. This effect is much more pronounced in case of the IB
PMF. Atomistic molecules in the IB solvent are strongly attracted to each other
at short distances but effectively repel themselves when outside the first solvation
shell. The FM potential exhibits an enhanced attraction over the entire range of
the calculated interaction. We can quantify the total interaction strength by means
of the association constant Ka. Here we integrate the PMF up to a cutoff distance
Rcut of 1.6 nm to obtain Ka, using Equation 4.6. Results are summarized in Table
4.1. The association constants are similar for all four CG potentials. However,
the calculated Ka depends on the integration interval, and differences are larger
when a smaller Rcut is chosen (Figure 4.4B), showing largest deviations for the
IB and FM potentials. Since the target of the hybrid approach is that the inter-
action strength between two atomistic molecules in the CG environment should
reproduce the one in a fully atomistic system, it appears from these results that
the SB and MARTINI* potentials are the most promising candidates for use in
such a hybrid model. This assumption is further tested below.

4.4.3 Preferential solvation in mixed AA/CG butane

In order to confirm our observations from the potential of mean force calcula-
tions, we simulated liquid butane systems in which half of the butane molecules
are represented as coarse-grained particles and half of them atomistically. Equi-
librium ensembles were generated with Langevin dynamics as described in the
Methods section. As before, we performed calculations for all four CG poten-
tials. To assess the mixing of the AA and CG butane molecules we computed
the radial distribution functions gi, j(r) between AA–AA, AA–CG, and CG–CG
(i,j) butane pairs. The results are shown in Figure 4.5A-D. In the ideal scenario
molecules do not know the resolution of their neighbors and therefore do not have
any preference of one representation above the other. Since we use the same CG
potential for CG–CG and AA–CG pairs we would expect identical gi, j(r). That
is not the case for IB and FM systems, where we see different preferences in the
first and second shell or clustering of atomistic molecules, respectively. In the IB
system atomistic molecules, which strongly attract each other on a short distance,
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Figure 4.4: Performance of different CG potentials in the hybrid model. Panel
A: Potential of mean force between two AA butane molecules dissolved in CG
butane. Panel B: Association constant as a function of integration cut-off for
the two AA butane molecules. Results obtained for CG potentials constructed
with the four methods are shown, namely iterative Boltzmann (IB, red), force
matching (FM, green), subtraction method (SB, orange), and MARTINI* model
(blue). Results for a reference atomistic systems are shown with a thick black
line.

favor neighbors of the same type. Interaction on the longer distance, however, is
more favorable with the unlike type, since the CG potential is deeper in that po-
sition (cf. Fig. 3A). This causes formation of transient structures, e.g. atomistic
butane wires or small clusters. The clustering is even more pronounced in the
FM system due to lower solvation free energy of AA butane in CG butane than
in itself (Table 4.1).

The clustering effect can be quantified with preferential solvation parame-
ters δi that we calculate by integrating gi, j (r) using Eq. 4.5. In Table 4.2 the
preferential solvation results are summarized. Indeed we can see an increased
preferential solvation for alike molecules in the FM system. In the IB system this
is not so clear, since Kirkwood-Buff integrals are calculated over three solvation
shells and the differences are averaged out. Therefore we additionally computed

preferential solvation parameters δ
R 1

2
CG using a cut-off R 1

2
= 0.8 nm. Large positive

numbers for the first shell (and large negative for the rest) support the distance
dependent solvation preferences discussed above. In the MARTINI and SB sys-
tems the δAA and δCG values are much closer to zero, implying that there is no
significant preferential solvation. This is also clear from the overlapping RDFs
for CG–CG and CG–AA pairs (Figure 4.5C,D).

In panel E of Figure 4.5 the gAA,AA(r) from IB, FM, SB and MARTINI* hy-
brid systems are compared to gre f (r) obtained from a fully atomistic simulation.
The RMSD of all four gAA,AA(r) to gre f (r) is shown in Table 4.2. A larger de-
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Figure 4.5: Even mixture of AA and CG molecules. A,B,C,D panels: molec-
ular radial distribution functions gAA,CG(r) (long dashed line), gAA,AA(r) (dotted
line) and gCG,CG(r) (full line) for IB, FM , MARTINI* and SB potentials, respec-
tively. In panel E atomistic molecular radial distribution functions gAA,AA(r) are
shown. Black line represents gre f (r) , red line: CG component is described with
iterative Boltzmann inversion, green line: force matching, orange line: subtrac-
tion method, blue line: MARTINI* model. In panel F carbon radial distribution
functions are presented for atomistic part of SB hybrid model (long dashed line),
MARTINI* (dotted line) and reference atomistic simulation (full line).
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CG potential δ
Rc
AA δ

Rc
CG δ

1
2 Rc
AA δ

1
2 Rc
CG RMSD

IB -118 -111 220 202 0.182
FM 902 684 348 274 0.109
SB 61 8 49 69 0.101
MARTINI* -17 -32 -32 -8 0.099

Table 4.2: Preferential solvation parameters δi obtained from equal mixtures of
AA and CG butane molecules. The CG part of the systems is represented with
one of the four CG potentials. Results obtained with two cut-off distances, Rc

and 1
2 Rc, are presented. The last column shows the RMSD of the molecular g(r)

from the hybrid system to the molecular gre f (r) of a reference atomistic system.

viation is apparent for the IB potential, whereas the three other models show a
similar agreement with the reference g(r). Overall, the performance of the SB
potential is considered best, since all gi, j (r) are very much alike (Figure 4.5D).
Additionally all of them resemble gre f (r). This would make the SB potential the
optimal choice for the hybrid model. Nevertheless, in the MARTINI* hybrid sys-
tem, where gCG,CG(r) and gAA,AA(r) are different, we do not observe preferential
solvation and the atomistic part of the system reproduces the reference molecular
radial distribution function gre f (r). That suggests that the thermodynamic accu-
racy of the CG potential, more than the structural one, is essential for the proper
mixing of resolutions.

Although the structural and thermodynamic analysis presented above indi-
cates that the hybrid model performs well, provided that a suitable CG potential
is used, our analysis so far has mainly concerned the behavior at the CG level.
Whether the atomistic degrees of freedom are also unperturbed is investigated
next. In Figure 4.5F, radial distribution functions for carbon atom pairs are pre-
sented, for the SB, MARTINI* hybrid systems as well as the purely atomistic
reference system. We limited our analysis to the SB and MARTINI* potentials,
since the performance of these potentials in the hybrid model is best. The dis-
cussion, however, is general and concerns all four cases. Despite the similar
gAA,AA(r) and gre f (r) at the CG level (cf. Figure 4.5E), there is a noticeable
overstructuring of the carbon pair correlation functions. This effect we attribute
to the partly missing interactions of the carbon atoms with their coarse-grained
neighbors, which could lead to a change in the alignment of the butane chains
in atomistic surrounding compared to the CG (spherical particle) surrounding.
As can be seen in Figure 4.5F the effect is rather small; importantly the global
structure is not affected (cf. Figure 4.5C,D).
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4.4.4 Association of AA dialanine in CG solvents

In addition to the tests performed on pure liquid butane here we validate the
mixed model on two component systems composed of dialanine dissolved either
in liquid butane or in water. These uncommon systems were chosen here first
because of higher complexity than the pure butane case: each time there are two
CG bead types and two distinct CG interaction potentials. Moreover, Coulombic
interactions are introduced between atomistic molecules. Second we would like
to know, if the MARTINI forcefield, without any modifications, could be used as
a default CG representation in hybrid simulations. Standard MARTINI potentials
are used to represent effective interactions between butane-butane, butane-alanine
and alanine-water pairs of molecules. The dialanine molecule is described by two
beads on the CG level and therefore two virtual sites are constructed, each repre-
senting the center of mass of the single alanine aminoacid. The butane molecule,
as previously, is represented with one CG bead. Four atomistic water molecules
are also represented by a single CG bead. All interactions between dialanine
molecules are computed atomistically. For the electrostatic interactions, it is not
clear on the forehand whether or not a screening of the charges should be applied.
In fully atomistic systems, such a screening is not necessary as the solvent per-
forms the screening explicitly. In the MARTINI model, however, most solvents
(including water) are modeled as a simple LJ fluid lacking electrostatic interac-
tions. Coulombic interactions are therefore scaled with a uniform dielectric con-
stant ε = 15 to account for the absence of explicit screening. Here we tested both
approaches, i.e. either screening the atomistic peptide-peptide interactions with
εr=15, or no (εr=1) or limited (εr=2) screening. For reference, fully atomistic
systems were also simulated. See section 4.3.3 for details.

With butane as solvent, clear phase separation is observed between butane
and dialanine, as illustrated in Figure 4.6A,B. The density of the peptides across
the box is shown in Figure 4.6C. The width of the layer and the density of diala-
nine molecules inside the layer are similar between the hybrid and fully atomistic
systems. Also the sharpness of the interface is comparable in both cases. The
results shown in Figure 4.6A-C pertain the situation in which the electrostatic in-
teractions were screened with εr=15; similar results were obtained in the absence
of screening. Replacing the apolar butane solvent by a polar solvent like water,
we also observe phase separation (Figure 4.6 D,E,F) in both atomistic and hybrid
models. However, in this case phase separation is only observed with unscreened
electrostatics and mixing occurs for εr=15 (not shown).Even with unscreened
electrostatic interactions, the phase separation in the hybrid model is not as pro-
nounced as in the fully atomistic system (Figure 4.6F) We also calculated the
PMF for two atomistic dialanine peptides in CG solvent. Results are shown in
Figure 4.7A for butane as a solvent, and 4.7B for water. In a qualitative sense,



4.4. RESULTS AND DISCUSSION 69

 0

 250

 500

 750

 1000

 0  1  2  3  4  5  6

D
en

si
ty

 (
kg

/m
3 )

x (nm)

MARTINI
AA

 0

 270

 540

 810

 1080

 1350

 2  3  4  5  6  7  8  9

 

x (nm)

A D

B E

C F

Figure 4.6: Mixing of atomistic dialanine peptides in coarse-grained solvents.
The solvent is either water (A,B,C) or butane (D,E,F). Snapshots from an atom-
istic simulation (A,D) are compared to MARTINI hybrid simulations (B,E). Bu-
tane is depicted as grey spheres, water as blue spheres, and the peptides with
yellow carbon and red oxygen atoms. Panels C and F show the density profiles
of the dialanine peptides for atomistic (full line) and hybrid (long dashed line)
systems.
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the hybrid model reproduces the effect of the solvent on the peptide-peptide in-
teraction: an apolar medium like butane strongly promotes dimerization, whereas
in the aqueous environment the interaction strength is at the level of kT . How-
ever, it turns out that the alanine-alanine interactions are too weak in the hybrid
system when using the standard screening εr=15 of the MARTINI model. This
is apparent from the comparison of the hybrid PMF to that of the fully atomistic
reference system. In the case of butane, this screening is way too strong. Bet-
ter performance is obtained lowering the dielectric constant to a value between
1 and 2 (Figure 4.7A). In case of water, lowering of the dielectric constant also
improves the results with the best agreement to the reference potential at a value
in the range between 4 to 6.
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Figure 4.7: Potential of mean force between two atomistic dialanines in CG
solvent using MARTINI. Results for butane are shown in panel A, for water in
panel B, using long dashed lines. The effect of different screening constants εr=1,
2, and 15, is also included. The reference atomistic system is shown with a solid
line.

4.5 Summary and Conclusions

In this work we designed and tested a straightforward hybrid model to bridge
atomistic and coarse-grained representations of an arbitrary system. We focused
our efforts on the coarse-grained description, assuming it to be a crucial element
for the hybrid model to function. Three procedures to construct CG potentials
were tested: iterative Boltzmann (IB) inversion, force matching (FM), and a sub-
traction (SB) method. In addition, the pre-parameterized MARTINI force field
was used. We simulated two systems to explore the performance of the hybrid
model: pure liquid butane molecules and dialanine peptides dissolved either in
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an apolar solvent, butane, or a polar solvent, water.

Using the first system, i.e. pure butane, we showed that only with MAR-
TINI and SB CG potentials both structural and thermodynamic properties of the
hybrid system remain close to those of a fully atomistic reference system. For
these potentials, no preferential solvation effects were observed implying that the
molecules do not know their resolution, mixing equally well with both AA and
CG neighbors. The potentials obtained with IB or FM are less effective, caus-
ing distinct preferential solvation effects. We do not claim that better potentials
could not be obtained also with IB and FM approaches (for example by apply-
ing additional thermodynamic constraints during the parameterization), however,
two ingredients of the CG potential appear crucial: i) reproducing the solva-
tion free energy of the atomistic model, and ii) a correct balance between short
range and long range forces. In case of the FM potential, the solvation free en-
ergy is too low, and in case of the IB potential an additional repulsive regime is
present. Both lead to non-ideal mixing of the AA and CG molecules. An accurate
representation of the structural pair correlations is not essential, as can be con-
cluded from the good performance of the MARTINI potential. Small deviations
of the intra-bead atomistic degrees of freedom is observed irrespective of the CG
potential used. It seems unavoidable in this kind of hybrid simulations that the
internal atomistic degrees of freedom are somewhat perturbed, especially for sys-
tems with a low density of AA particles. Butane may be a worst-case scenario,
however, due to its small size. Overall, the best results are obtained with the SB
method that was recently developed by Villa et al..132,135 The SB CG potentials
show an accurate energy of solvation, correct representation of the pair correla-
tion functions, and well-balanced overall shape of the potential, which results in
the lack of preferential solvation effects in the hybrid simulations. Whether this is
generally the case might depend on the complexity of the multibody interactions
present in the system. An indication that butane is possibly less complicated than
other systems is that IB, FM, and SB yield very similar pair RDFs. This would be
very different, e.g., for water due to important 3-body interactions. Further tests
on parameterizing the optimal CG potentials for our hybrid approach are clearly
required.

Advantage of the use of the MARTINI force field is that MARTINI potentials
are readily available for a large range of biomolecular systems.5,36,37 We used the
second system, i.e. dialanine peptides mixed with either butane or water, to test
how well the hybrid MARTINI model performs with more complicated cases
involving electrostatics. From calculations of the PMF between two atomistic
dialanine peptides in CG solvent, we conclude that the effect of the solvent is
captured in a qualitative sense; the peptides are attractive in the apolar solvent
and are rather neutral in polar solvent. Better quantitative agreement with the full
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atomistic system is obtained when the dielectric constant is chosen as a free pa-
rameter. For the apolar butane solvent, best matching is obtained with εr between
1 and 2, for water at a value around 5. However, in the case of the 1:1 mixture
of dialanine and water, a screening of 1 is required to reproduce the phase sepa-
ration seen in the fully atomistic system. More testing is required to see whether
these values are generically valid, and how the effective screening depends on the
density of CG versus AA sites. Preliminary results from our group indicate that
atomistic water (in the form of bundled SPC90) and CG MARTINI water mix ho-
mogeneously when using a dielectric constant of 2. Nevertheless, even with the
standard εr=15 value of the MARTINI force field, we showed here that a system
in which a large amount of dialanine peptides is mixed with butane phase sepa-
rates with the layer thickness and density of molecules the same in atomistic and
hybrid representations. In an aqueous environment, the use of the recently param-
eterized polarizable MARTINI water model38 might improve the performance of
the hybrid model as it is capable of explicit screening.

Overall we conclude that the proposed hybrid scheme appears to work, at
least for the simple systems considered so far. We are currently exploring its
range of applications, considering for instance the binding of an enzyme to a
protein with only the binding pocket and ligand in full atomic detail, or the as-
sociation of proteins in which only the surface of the protein is modeled in full
detail.
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For instance, on the planet Earth, man had always assumed that he
was more intelligent than dolphins because he had achieved so
much - the wheel, New York, wars and so on - whilst all the
dolphins had ever done was muck about in the water having a
good time. But conversely, the dolphins had always believed that
they were far more intelligent than man - for precisely the same
reasons.

The Hitchhiker’s Guide to the Galaxy, Douglas Adams
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5.1 Abstract

In multiscale molecular dynamics simulations the accuracy of detailed mod-
els is combined with the efficiency of a reduced representation. For several appli-
cations it is desirable to combine all-atom and coarse-grained approaches into a
single hybrid approach with an adjustable mixing parameter. We present a hybrid
method for mixing the two representation layers using a Lagrangian formalism
and including two thermostats with different reference temperatures for the two
representations. Applying the method to liquid hexadecane, we show that the
same coarse-grained configurational entropy is reached faster when more coarse-
grained character is present. However, the method conserves thermodynamic
properties of the system only for moderate λ values.

5.2 Introduction

Molecular dynamics (MD) simulations give invaluable insights into the atom-
istic details and dynamics of molecular systems. Unfortunately the time scales
and system sizes realistically within the reach of classical, all-atom MD simula-
tions are rather limited. These limits can be eased at the expense of molecular
detail by grouping a number of atoms together into coarse-grained particles. Not
surprisingly then, the main disadvantage of a coarse-grained model over a fine-
grained (AA) model, is exactly that the precise atomistic details are lost. In many
applications it is important to preserve atomistic details for some region of special
interest, while for the remainder of the system a CG approach suffices. In other
applications it may be desirable to switch temporarily to a AA description when
special events occur, or when the validity of a CG treatment is to be assessed.

The question how to combine the strengths of both of these approaches in
a, so called, hybrid or multiscale MD simulation has received a lot of attention
recently and is reviewed in the introduction of this thesis. In the pioneering ap-
proaches of Christen and van Gunsteren65 and Praprotnik et al.130 all particles
are represented both in fine-grained and in coarse-grained detail. These two rep-
resentations are then coupled through a mixing parameter λ. The multiscale in-
teraction forces are computed as a weighted λ sum of the interactions on AA and
CG levels. Christen and van Gunsteren use a constant λ for the whole system
whereas Praprotnik et al. use a position-dependent λ.

If the λ-scaling is applied to AA bonded interactions in an almost fully CG
system, i.e. λ ≈ 0, the bonded forces are not strong enough to keep bonded AA
particles in correct relative positions. Christen and van Gunsteren propose there-
fore to scale all interactions apart from the fine-grained bonded interactions that
are left unscaled. Even though this ad hoc proposal solves the practical problem
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of AA particles losing their coherence it certainly leaves room for improvement.
It is inconsistent to leave AA bonded potentials unscaled while scaling all the
other AA potentials since this means that the more coarse-grained a system is the
more the bonded interactions dominate at the fine-grained level. By keeping the
AA bonded interactions intact even in a “completely” CG system, one is in fact
considering transitions between a AA system and CG system with AA bonded
interactions and not a pure CG system. This is clearly not an ideal situation,
especially if one prefers to use a pure coarse-grained model.

In order to overcome these problems we propose to describe the system by
generalized coordinates, which consist of CG coordinates and relative AA co-
ordinates, and solve the Lagrangian equations of motion1 under additional con-
straints prescribed by the definition of the CG coordinates. Thus there is one
Lagrangian system consisting of a CG and a AA subsystem, with a potential
that is a linear combination of (1−λ)-scaled CG and λ-scaled AA components.
In order for the AA subsystem to maintain a proper Boltzmann distribution, it
must be maintained at a λ-scaled temperature. This is accomplished by using
two different thermostats for the CG and the AA subsystems. As we will show
this solves both of the aforementioned problems and can be readily applied to a
broad range of systems. The model is applied to liquid hexadecane, combining
the Gromos AA forcefield34 with either the MARTINI CG forcefield33 or a CG
forcefield obtained using the iterative Boltzmann (IB) procedure. In both of the
CG forcefields the motion of the centers of mass of four consecutive methylene
groups are united. Evaluation of the configurational entropy of the system shows
that the sampled phase space is similar for all levels of λ for the MARTINI force-
field, however for the IB forcefield the accuracy of sampling is maintained only
for moderate values of λ. This result, together with results described in Chapter 4
is encouraging for the use of the MARTINI forcefield in multiscale applications.

This Chapter is organized as follows. Section 5.3 presents the theoretical
ingredients used for building up an improved multiscaling MD model at constant
λ. Section 5.4 gives the results for the application to hexadecane, emphasizing
the intramolecular configurational entropy of the CG distribution. Section 5.5
draws conclusions and hints at future applications.

5.3 Multiscaling theory

This section is constructed in the following way. Section 5.3.1 presents the
theory related to the derivation of forces at constant λ. Section 5.3.2 describes
the coupling of the relative velocities with the temperature.
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5.3.1 Derivation of forces

System description We describe a system on two levels: AA (fine-grained)
particles (positions r) with atomic detail, and CG (coarse-grained) particles (po-
sitions R), each representing a number of AA particles. Each CG coordinate
vector Ri is determined by the Center of Mass (c.o.m.) of a number (this may
differ per CG particle) of AA particles:

MiRi = ∑
k

mikrik (5.1)

Mi
def= ∑

k
mik (5.2)

The system moves under a linear combination of AA and CG potentials; the AA
potential contributes a fraction λ and the CG potential contributes a factor 1−λ.
For the time being the factor λ is a fixed constant.

Generalized coordinates It is convenient to define generalized coordinates that
include the CG coordinates R. In this way there is only one system and the CG
system is part of its description. As generalized coordinates we choose
a) the CG positions Ri

b) the relative AA positions sik
def= rik−Ri.

These generalized coordinates have 3N degrees of freedom too many, where
N is the number of CG particles. However, these are compensated by the 3N
constraints that follow from (5.1) and (5.2):

σi(s)
def= ∑

k
miksik = 0, i = 1, . . . ,N (5.3)

The equations of motions must be solved while these constraints remain satisfied.
The constraints involve only the coordinates s.

Lagrangian In order to derive the equations of motion, we use the Lagrange
formalism. The Lagrangian L is defined as a function of coordinates and their
time derivatives and equals the kinetic energy (K) minus the potential energy (V ):

L(R,s, Ṙ, ṡ) = K−V (5.4)

Here, the kinetic energy is a function of velocities only:

K(Ṙ, ṡ) = ∑
i

∑
k

1
2

mik(Ṙ+ ṡ)2 (5.5)

= ∑
i

1
2

MiṘ2 +∑
i

∑
k

1
2

mikṡ2
ik (5.6)
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[the cross products vanish as a result of (5.1)]. The kinetic energy therefore is
the sum of the kinetic energy of the CG particles and the kinetic energy of the
relative coordinates.

The potential energy is a function of coordinates only and is chosen as a
mixture of CG and AA contributions:

V (R,s) = λV AA(R,s)+(1−λ)V CG(R). (5.7)

This is the basic assumption. From here we wish to derive consistent equations
of motion, assuring that the CG potential is thermodynamically consistent with
the AA potential.

Generalized momenta In the Lagrangian formalism the generalized momen-
tum, conjugate to a specific generalized coordinate, is the derivative of the La-
grangian with respect to the velocity of that coordinate. We denote the momen-
tum conjugate to Ri with Pi and the momentum conjugate to rik with pik.

Pi =
∂L
∂Ṙi

= MiṘi, (5.8)

pik =
∂L
∂ṡik

= mikṡik. (5.9)

Equations of motion For a system with constraints, the Lagrangian equations
of motion are (for any pair of conjugated coordinates and momenta qi, pi):

ṗi =
∂

∂qi
[L(q, q̇)+∑

n
µnσn(q)]. (5.10)

Here the index n numbers the constraints and the coefficients µn are Lagrange
multipliers which follow from the constraint equations σn(q) = 0. In our case the
equations of motion become specifically:

Ṗi = −∂V (R,s)
∂Ri

(5.11)

ṗik = −∂V (R,s)
∂sik

+µi
∂

∂sik
∑
k

miksik. (5.12)

Defining the CG and AA forces as follows:

FCG
i

def= −∂V CG(R)
∂Ri

(5.13)

FAA
ik

def= −∂V AA(r)
∂rik

, (5.14)
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and using (5.8) and (5.9), eqs (5.11) and (5.12) become

MiR̈i = (1−λ)FCG
i +λ∑

k
FAA

ik (5.15)

miks̈ik = λFAA
ik +µimik (5.16)

These are the practical equations of motion. The Lagrange multipliers µi (each
of which are 3-D vectors) are to be determined such that the constraint equations
(5.3) remain satisfied. This means a simple shift of the individual accelerations
s̈ik by a constant vector Fc

ik/mik, thus compensating the displacement of the c.o.m.
Here Fc

ik is the constraint force acting on the (ik)-th particle:

Fc
ik =−λ

mik

Mi
∑
k

FAA
ik (5.17)

Alternatively, in the spirit of SHAKE,139 one may in the Verlet algorithm first
compute the displacements without taking the constraints into account, yielding
coordinates s′ik, and then displace each of the coordinates with a vector such that
(5.3) is satisfied:

sik = s′ik +∆si, (5.18)

with

∆si =−∑k miks′ik
Mi

(5.19)

The latter method is more robust, as the constraints remain exactly satisfied. Ap-
plying constraint forces as from (5.17), the c.o.m. of the AA particles may slowly
drift away from the CG position.

5.3.2 Temperature

AA and CG temperatures The system contains two subsystems: the CG posi-
tions R with velocities Ṙ and the relative AA positions s with velocities ṡ. If the
coupling between the two systems is not very strong, the thermal equilibration
within each subsystem may well be faster than the thermal exchange between the
subsystems. In that case it makes sense to speak of two separate temperatures:
T AA for the AA subsystem and T CG for the CG subsystem. One may artificially
maintain two different temperatures by coupling the subsystems to two different
temperature baths. The situation is somewhat similar to the ab-initio MD method
of Car and Parrinello,47 where the nuclear motions have a temperature T while
the subsystem of electronic wave functions is simultaneously maintained at a very
low temperature.
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The two temperatures are defined by the kinetic energy and the number of
degrees of freedom (d.o.f.) of each subsystem. For the CG subsystem with N
particles there are 3N d.o.f. and the temperature is given by

T CG = ∑i Mi(Ṙi)2

3NkB
. (5.20)

The AA subsystem has 3(n−N) d.o.f. when there are n AA particles. Hence the
temperature is given by

T AA = ∑i ∑k mik(ṡik)2

3(n−N)kB
. (5.21)

Statistical-mechanical considerations Ideally, a CG description of a system
preserves the thermodynamic quantities of the AA description. In particular, for
a well-designed CG potential, the distribution of equilibrium configurations w(R)
of CG-positions should be the same for the full AA system (λ = 1) and the full
CG system (λ = 0):

wCG(R) ∝ exp[−βV CG(R)]; (5.22)

wAA(R) ∝

Z
exp[−βV AA(R,s)]δ(σ)ds (5.23)

wCG(R) ≈ wAA(R) (5.24)

In (5.23), δ(σ) is a shorthand notation for a product of delta functions

δ(σ) = Πiδ(σi(s)) (5.25)

that take care of the constraints in the integration over all allowed s coordinates.
Note that (5.22) - (5.24) imply that

V CG(R) =−kBT ln
Z

exp[−βV AA(R,s)]δ(σ)ds+ const., (5.26)

that is, the CG potential is a potential of mean force with respect to the s co-
ordinates. In practice, since the CG potential is not usually derived from AA
simulations and a simplified description is used, the actual CG potential may not
exactly fulfil (5.26). In that case also (5.24) is not exactly fulfilled.

Now, what will be the distribution function of R, generated by a mixed sys-
tem with parameter λ? Assuming that the AA subsystem is equilibrated at a
temperature T AA = (kBβAA)−1, this distribution will be

wλ(R) ∝

Z
exp[−β

AA
λV AA(R,s)]δ(σ)ds. (5.27)
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It is clear that this distribution is compatible with (5.23) only if

β
AA

λ = β (5.28)

meaning that the AA temperature must be

T AA = λT. (5.29)

This is not surprising, since we wish the distribution of AA particles to be given
by the AA potential, irrespective of λ. Thus, if we scale V AA, we should also
scale T AA to keep the Boltzmann factor the same. Conversely, if we would scale
the AA potential without scaling the temperature, the AA subsystem would tend
to an ideal gas at low values of λ, with a behavior that would deviate radically
from the required distribution and with the AA particles flying wildly throughout
the system.

5.4 Configurational entropy of liquid hexadecane at
fixed λ points

In order to investigate whether the mixed systems sample a similar configu-
rational space as the pure CG or AA systems, the intramolecular configurational
entropy was measured. This entropy can be determined approximately from the
covariance matrix of the distribution of internal coordinates,140 either for the CG
coordinates (for all λ ∈ (0,1)) or for the AA coordinates (for λ > 0). When the
sampled space for two simulations is comparable, at least their configurational
entropies should be similar. A large discrepancy indicates a large difference in
probability distribution and therefore unreliable thermodynamic properties.

Below we present results for two types of CG forcefields. First, properties
of the mixed systems with the MARTINI forcefield employed to describe CG
interactions are analyzed. Second the iterative Boltzmann procedure22 is used to
construct an effective CG forcefield from distributions calculated from atomistic
simulations.

5.4.1 Simulation details

The system consisted of 284 hexadecane chains. The simulations were per-
formed using our modified version 3.3.1. of the GROMACS software package.76.
The parameters for fine-grained hexadecane were taken from the united-atom
GROMOS forcefield parameter set 53A6.34 At the coarse-grained level either
the MARTINI forcefield33 or a forcefield obtained with the iterative Boltzmann
procedure was used.
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Figure 5.1: Effective potentials for CG hexadecane obtained with the iterative
Boltzmann procedure. Shown are bonded potential (A), angle potential (B), di-
hedral potential (C), and the nonbonded potential (D).
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To construct the IB potentials, a 50 ns long atomistic simulation was per-
formed. From this trajectory bond, angle, dihedral and radial distribution func-
tions were obtained and subsequently used to construct the effective CG force-
field for hexadecane (IB procedure detailed in Section 1.2.2). The mapping
scheme was the same as in the MARTINI model. During the procedure about
20 iteration cycles were performed for each interaction, starting with optimiza-
tion of the bonded potentials and refining the nonbonded interaction at the end.24

The quality of the potentials was measured using RMSD criteria, as explained
in Section 4.3.3. The nonbonded interaction was additionally tuned to match the
reference atomistic pressure. The final potentials are presented in Figure 5.1.

Newton’s equations of motion were integrated using the leapfrog algorithm7

with a 2 fs time step at both levels. At the fine-grained level, all Lennard-Jones
interactions within the 0.9 nm short-range cut-off were evaluated every time-
step, based on a pair list recalculated every 10 steps. The Lennard-Jones po-
tentials within the long-range cut-off distance of 1.4 nm were calculated simul-
taneously with each pair list update, and assumed constant in between. Note
that in the united-atom model, the electrostatic interactions are zero. With the
MARTINI coarse-grained model, a shifted Lennard-Jones potential was used to
calculate non-bonded interactions (beyond next nearest neighbors), calculated us-
ing a twin-range cut-off scheme with short-range and long-range cut-offs of 0.9
and 1.2 nm, respectively. A cut-off of 1.4 nm was applied for the nonbonded IB
interactions. Constraints were not used at either levels of description. The forces
and positions of the CG beads and of the AA atoms were calculated as described
in Section 5.3. The simulations were carried out in a cubic box of dimension 5.27
nm with an isothermal (NVT) ensemble, using a Berendsen thermostat,120 with
a coupling constant τT = 0.01 ps. At the CG level, the temperature was always
coupled to a bath at a reference temperature of 300 K. The reference tempera-
ture for coupling to the AA level was scaled with λ as described in Section 5.3.
For analysis, the atomic coordinates were saved every 2 ps. The MD data were
analyzed using standard and adapted GROMACS tools.

The configurational entropy of the chains was calculated at both the AA and
the CG level from the mass-weighted covariance matrix D in the quasi-harmonic
approximation due to Schlitter:140

Strue ≤ S =
kB

2
ln det(I+

kBTe2

~2 D) (5.30)

Here, S is the calculated upper bound to the true configurational entropy, kB

the Boltzmann constant, I the unit matrix, T the absolute temperature, e the base
to the natural logarithm, and ~ Planck’s constant divided by 2π. Before calcula-
tion of S, overall translation and rotation of the molecules during the simulation
is removed by shifting the center of mass of each configuration to the origin of
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λ CG: 10 ns CG: 25 ns AA: 10 ns AA: 25 ns
0.0 175 175 n.a.
0.2 166 854
0.5 167 865
0.8 169 169 859 859
1.0 170 170 832 835
Lit.141 176 824

Table 5.1: Configurational entropies (in J K−1 mol−1) of hexadecane molecules
according to Schlitter’s quasi-harmonic approximation calculated from the mass-
weighted covariance matrix after 10 and 25 ns of simulation (500 and 1250 con-
figurations, respectively. Only selected simulations were continued up to 25 ns
simulation time). CG description of the system was represented with the MAR-
TINI model.

the simulation volume and performing a best rotational fit of the atoms to the
average structure. This procedure and application to AA and CG hexadecane has
been described previously.141,142

5.4.2 Results for the MARTINI CG model

Configurational entropies The final values of the configurational entropies at
AA and CG levels after 10 and 25 ns of simulation averaged over 32 randomly
chosen molecules are given in Table 5.1.

In accord with previous results, the configurational entropies are nearly con-
verged after 10 ns of simulation, in particular at the CG level. The build-up curves
of the configurational entropy as a function of simulation time are shown in Fig-
ure 5.2. The build-up curves are similar to the ones reported previously at fully
AA and fully CG descriptions.141 The final values agree within a few percent
with earlier reported values. Note that the absolute values of the configurational
entropies of AA and CG descriptions are different because the number of atoms
(16 at AA level) and beads (4 at CG level) from which the number is calculated
differs. The results presented in Table 5.1 show that the configurational entropy
of the hexadecane chains is not strongly dependent on the value of λ. The config-
urational entropy of the CG system decreases somewhat upon increasing λ, i.e.
upon adding AA character to the mixed description. Nearer full AA character,
the configurational entropy of the CG system approaches the full CG value again.
The configurational entropy at the AA level appears to be somewhat higher when
CG character is present. The latter can be explained by the fact that at lower AA
character, the interactions between AA atoms are diminished and the chain be-
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λ CG: λs AA: λs CG: 1−λ2
s AA: 1−λ2

s
Mean ± St. dev Mean ± St. dev

0.0 1.00000 - +2.4×10−7±4.3×10−4 -
0.2 1.00012 0.99794 −2.4×10−3±7.9×10−3 +4.0×10−3±8.0×10−4

0.5 1.00056 0.99951 −1.1×10−3±3.0×10−3 +9.3×10−4±1.1×10−3

0.8 0.99990 0.99995 +1.7×10−4±1.5×10−3 +1.2×10−4±1.3×10−3

1.0 - 1.00000 - +1.0×10−6±1.0×10−4

Table 5.2: Observed scaling factors λs for Berendsen thermostats in simulations
of liquid hexadecane at constant values of λ. CG description of the system was
represented with the MARTINI model.

comes more flexible. The reason for the behavior of the CG entropy as a function
of λ is not clear. An exact agreement is not to be expected, since the CG parame-
ters have not been derived as a potential of mean force from detailed simulations,
but rather were adjusted to thermodynamic properties. Especially the dihedral
distributions from the CG forcefield are known to be different compared to those
obtained from a mapping from the AA to the CG representation,141 and radial
distribution functions tend to be more structured.142

The results presented here for hexadecane show that the configurational
spaces sampled during a simulation at mixed levels are similar to each other.
Figure 5.2 also suggests that the conformational space at the AA level is searched
more quickly when CG character is mixed into the simulation. At λ = 0.5,
the estimate of the entropy has reached 800 J K−1 mol−1 after 200 ps (inset of
Figure 5.2); a similar value is reached after only 4 ns when the simulation
is run at the fully AA level. It is this property that is used in replica exchange
simulations where λ is used as parameter connecting different instances of the
system, rather than temperature.65,66,67 Looking at Figure 5.2 suggests that it
may not be necessary to extend such a simulation to the full range of λ values,
but at least for this system, one need not go further than a λ of 0.5.

Heat flow from thermostats As additional assessment of the compatibility be-
tween CG and AA levels of description, the heat flow between the temperature
baths of CG and AA subsystems was monitored. In the simulations, constant
temperature was maintained by using Berendsen thermostats,120 coupling to CG
and AA subsystems separately. The thermostat acts by scaling the velocities of
all particles in a subsystem in each step by a factor λs, depending on the devia-
tion of the temperature of the subsystem from the required temperature. It effec-
tively drives temperature deviations to zero through a first-order process with a
time constant τT . If temperature is perfectly maintained, λs = 1 at each step; if
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Figure 5.2: Average configurational entropy of AA hexadecane (CG description
of the system was represented with the MARTINI forcefield) as function of time
for several values of λ, (red, 1; yellow, 0.75; blue, 0.5; orange, 0.25 ).

the subsystem tends to heat up, λs < 1 on average. Usually, noise due to small
cut-off errors tends to produce a slight heating of the system, which is then coun-
teracted by the thermostat. The average values of λs for CG and AA subsystems
for the simulations of hexadecane at several values of λ are reported in Table 5.2.
The severity of the systematic cooling or heating of subsystems is better seen
when monitoring the quantity 1−λ2

s , which is a measure for the deviation from
strict energy conservation. This quantity, if multiplied by the ratio of coupling
constant and time step (here equal to 5), is equal to the relative deviation of the
system temperature from the bath temperature. The mean and standard deviation
from the mean of this quantity is also given in Table 5.2. It is seen from Table 5.2
that there is net heat flow between the bath and subsystems in the mixed CG/AA
simulations, which is not observed in the pure CG and pure AA simulations. At
the lower values of λ, heat flows from the thermostat out of the AA subsystem
and into the CG subsystem, meaning that heat flows internally from CG to AA
subsystems. This internal flow is expected because the AA system is kept at a
lower temperature. However, the average internal heat flow is very small and
drowns in the random fluctuations; temperature deviations from the bath values
are only about 1% for λ = 0.2. At λ = 0.8 the internal flow is negligible as the
bath absorbs heat from both CG and AA subsystems. The general trend appears
to be that the net flow of heat is higher at lower λ (but vanishes at the pure CG
level).
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Figure 5.3: A: Average configurational entropy of AA hexadecane as a function
of time for several values of λ. B: Angle distribution for hexadecane molecule
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Angle values were calculated on the CG level. CG description of the system was
represented with the forcefield obtained through iterative Boltzmann procedure.

5.4.3 Results for the iterative Boltzmann model

To test the impact of the type of CG forcefield on the extent of heat flow from
the CG to the AA degrees of freedom, we performed additional experiments with
the IB potentials employed to represent the coarse-grained part of the model. The
same set of configurational entropy calculations as for the MARTINI model was
performed for the new IB forcefield. In Figure 5.3A, the build-up of configura-
tional entropy over simulation time is shown for four λ values. Similar to the
MARTINI case, the convergence is faster with the mixed scheme, and the final
values are somewhat higher for λ points 0.75 and 0.5. However, the entropy for
the λ 0.25 simulation is significantly lower. To explain the drop, we calculated
CG angle distributions for all λ points. In Figure 5.3B the results are summa-
rized. Hexadecane chains become elongated when the λ value is set to 0.25. This
is similar to the effect of decreasing temperature, although the temperature of
the CG part of the system is maintained close to 300K, similar to the MARTINI
simulations. After visual inspection of the simulation, we could observe the “fly-
ing ice cube” effect, i.e. the low frequency motions were accumulating most of
the kinetic energy from the system and equipartition was not maintained. Tak-
ing all the observations into account we deduced that the higher rate of kinetic
energy exchange, comparing to the MARTINI simulations, is the reason for the
artifacts when a low λ value is used. Seemingly the “resonance” between the hy-
brid parts simulated with the MARTINI and GROMOS potentials was lower (due
to the larger forcefield mismatch compared to the IB potentials) and the thermo-
stat did not have to compensate for large temperature deviations (cf. Table5.2).
With the IB potentials, the thermostat injects a large amount of energy to the CG
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system (data not shown), but selectively to the low frequency modes (since the
high modes are constantly cooled down by the AA part) and the “flying ice cube”
effect occurs. Thus only moderate λ values can be used in order to preserve a
Boltzmann distribution. Local thermostatting, e.g. with the Langevin method,
can be used as a remedy for these artifacts, though large friction coefficients must
be used to maintain the desired temperature. This can significantly suppress dy-
namics in the system.

5.5 Summary and Conclusions

In this Chapter we have presented and tested a novel approach to multi-scaled
MD simulations with a constant mixing parameter λ. The mixing of the two rep-
resentation layers is done using a Lagrangian formalism with constraints and ap-
plying separate thermostats to the CG and AA subsystems. The AA subsystem
is coupled to a λ-scaled bath temperature. With this method one can achieve ar-
bitrary levels of mixing from a pure fine-grained system to a pure coarse-grained
system, however only when the heat flow between levels is low.

In the first section, where the CG MARTINI potential was employed, we
have shown that the structural properties of liquid hexadecane are not affected
by the multiscaling. We have also shown that the AA conformational entropy
of hexadecane builds up faster when using a mixed AA/CG system rather than a
pure AA system. It is therefore possible that a substantial gain in the sampling
speed of a conformational space can be achieved by using a mixed representation.

In the second section, where the iterative Boltzmann potential was employed,
we found that mixing does significantly affect properties of liquid hexadecane
especially at low λ values. In that case the heat flow between the two levels is
extensive and the thermostat cannot compensate the difference without bias. This
phenomenon is likely to be system and potential dependent and cannot be easily
remedied.

Overall, taking into account results from Chapter 4, the MARTINI forcefield
seems to be very suitable for multiscale simulations as it generates reasonable
CG ensembles and remains decoupled from the atomistic part.





Chapter 6
Summary and Epilogue

Summary

Multiscale techniques bridge what is often mutually excluding in computer
models: accuracy and efficiency. The large complexity of studied phenomena
requires very specific methods, aimed at the particular problem. Therefore in
recent years very many new multiscale algorithms, which couple atomistic and
coarse-grained representations of the system, have appeared. However there is
still lack of simple and easily applicable methods for biomolecular systems.

In this thesis we developed, tested and presented applications of three novel
multiscale methods for biomolecular simulations. The focus was on multiscale
simulations in which the MARTINI coarse-grained forcefield was employed.
This forcefield, primarily based on experimental thermodynamic data, has a
broad range of applicability but lacks structural specificity and is therefore
ideally suited for use in multiscale methods. Other coarse-grained forcefields
were probed as well, notably those obtained with the force matching, the
iterative Boltzmann inversion and the subtraction methods. The emphasis was
put on the accuracy of the multiscale methods: possible artifacts and deviations
were carefully analyzed and the effects on the overall performance of the
model was determined. Less attention was given to implementation issues and
optimization of the algorithms.

In Chapters 2 and 3 the back mapping method59 to reconstruct atomistic
structures from their corresponding coarse grained representations was intro-

89
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duced. The method allows to sample slow processes with a less accurate tech-
nique and subsequently reintroduce the detailed, atomistic, representation to ex-
tract information that was lost upon coarse-graining. The central part of the al-
gorithm is a simulated annealing molecular dynamics simulation in which the
coarse grained and atomistic particles are coupled via restraints. An ensemble of
atomistic structures that corresponds to a given coarse grained structure is usu-
ally generated. In Chapter 2 we tested and optimized the method on a number of
simple systems, i.e. tripeptide, phospholipid and cholesterol molecules in vacuo.
Subsequently, in Chapter 3, more complex systems were modeled: toroidal pores
formed in a lipid bilayer by action of antimicrobial peptides are reconstructed
after long ( many µs) relaxation simulated using the MARTINI coarse-grained
model.143 The configurations sampled at the CG level proved to be stable in the
atomistic representation and were compared to structures from earlier atomistic
calculations and experimental work.

One of the drawbacks of the back mapping method results from the fact that
coarse-grained forcefields have a different level of accuracy for various molecules
or even between parts of molecules. This affects the quality of the reconstructed
atomistic representations. Moreover reconstructed snapshots have to be relaxed
in high resolution representation to validate the structures obtained. It would
therefore be also useful to multiscale a system in such a way that only part of it
is represented in a lower resolution and the crucial ,or most interesting, details
are kept at high resolution. In Chapter 4 a straightforward scheme to perform
such simulations, was introduced.144 For this so-called hybrid approach, virtual
sites are used to couple the two levels of resolution in such a way that interac-
tions between molecules at different levels of resolution are treated analogously
to the pure CG–CG interactions. A simple system, consisting of atomistic bu-
tane molecules dissolved in CG butane, was used to study the performance of the
hybrid scheme with four types of CG interaction potentials. The type of the CG
potential was found to be of primary importance for the hybrid method to perform
well. In particular the combination of the MARTINI CG model or the newly de-
veloped subtraction potential with the atomistic force field turned out to be very
efficient. Initial tests on complex systems showed that the dielectric screening of
coarse-grained interactions has to be correctly accounted for; the use of polariz-
able coarse-grained forcefields might in fact be advantageous. Additional tests
of this approach are clearly necessary, however, compared to the more elabo-
rate interface methods the proposed hybrid scheme seems to be straightforwardly
applicable to multiscale studies of biomolecular processes.

In Chapter 5 the “constant λ” hybrid method was introduced.145 In this
method all atomistic degrees of freedom are present explicitly in the system,
but the potential has a mixed atomistic – coarse-grained form, where the level
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of coarse-graining is characterized with the λ parameter. The computational
efficiency of such a simulation is higher compared to a normal atomistic
simulation due to the smooth energy landscape of a CG forcefield, which
enhances sampling of the configurational space. Proper description of the
system required two thermostats with different reference temperatures for the
two representations, i.e. the temperature of the atomistic degrees of freedom is
scaled with the λ parameter. The method was applied to liquid hexadecane, and
indeed the same coarse-grained configurational entropy is reached faster when
more coarse-grained character is present. However, due to different temperatures
of CG and AA degrees of freedom, the method conserved thermodynamic
properties of the system only for moderate λ values. This approach can be
used to enhance sampling in biomolecular systems combined with parallel
tempering techniques, where states are exchanged between a number of λ hybrid
simulations.

Epilogue

It has been important for me that the methods and tools I developed were use-
ful to my colleagues. Hence the back mapping and λ methods were implemented
in a user friendly way into the GROMACS simulation package. The back map-
ping method was subsequently used by several colleagues: i) Lars Schäfer intro-
duced atomistic details to bilayers containing lipid raft domains and model mem-
brane peptides,146 ii) Cesar Lopez used the back mapping tool to parametrize
the MARTINI forcefield extension for carbohydrates,37 iii) Manuel Nuno Melo
is curently using it to reconstruct bilayer pores created by various antimicrobial
peptides, in spirit of the study presented in Chapter 3. The method has already
been cited several times and the program has been downloaded from the cgmar-
tini.nl web page by many colleagues to whom I gave assistance. The ongoing
development of the “λ” method has not yet resulted in a scientific publication,
however, the master thesis of Stefania Costache and Gabriela Solomon, super-
vised by Nicolae Goga, were written based on this topic and a new Dissipative
Particle Dynamics thermostat method147 was introduced as an effect of this work.
Finally the new derivation of the λ method was recently proposed by Herman
Berendsen. Only one reference temperature is used in this method and the cou-
pling of atomistic and coarse-grained representations takes place through con-
straints scaled with the λ parameter. The new method is currently being tested
and compared to the algorithm presented in Chapter 5. The work on the hy-
brid multiscale method presented in Chapter 4 gave me the opportunity to visit
the Polymer Theory Group in MPI Mainz, where I spent 3 months and worked
with Christine Peter. The possibility to apply this method to more complicated
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biomolecular systems is currently explored by Lars Schäfer, Martti Louhivuori
and Tsjerk Wassenaar. The most interesting applications concern simulations of
proteins in water and lipid environment requiring mixing of atomistic and coarse-
grained lipid molecules in lipid bilayers as well as mixing of water molecules
represented on the two levels of resolution. This is currently being investigated
and the first results are very promising.

In the final sentence I would like to express my hope that present and future
members of the Molecular Dynamics Group will continue the multiscale project
to which I had opportunity to contribute during my doctoral studies in Groningen.

Samenvatting

Multiscale technieken overbruggen wat vaak onverenigbaar is bij computer-
modellen: nauwkeurigheid en efficiëntie. De grote complexiteit van de fenome-
nen die bestudeerd worden vereist zeer specifieke methoden die speciaal gericht
zijn op het betreffende probleem. Als gevolg hiervan zijn er de laatste jaren een
groot aantal nieuwe multiscale algoritmen verschenen die een koppeling realis-
eren tussen atomistische en coarse-grained representaties van het systeem. Des-
ondanks is er nog sprake van een gebrek aan eenvoudige en makkelijk toepasbare
methoden voor biomoleculaire systemen.

In dit proefschrift hebben we toepassingen van drie nieuwe multiscale meth-
oden voor biomoleculaire simulaties ontwikkeld en getest. De nadruk lag hier-
bij op multiscale simulaties waarin het MARTINI coarse-grained krachtenveld
wordt gebruikt. Dit krachtenveld, dat in de eerste plaats gebaseerd is op experi-
mentele thermodynamische data, heeft een breed toepassingsgebied en is door het
ontbreken van structurele specificiteit ideaal geschikt voor gebruik in multiscale
methoden. Andere coarse-grained krachtenvelden zijn ook onderzocht, met name
velden verkregen door middel van kracht-matching, de iteratieve Boltzmann in-
versie en de subtractiemethoden. De nadruk lag op de nauwkeurigheid van de
multiscale methoden: mogelijke artefacten en afwijkingen zijn zorgvuldig ge-
analyseerd en ook de effecten op de totale prestaties van het model zijn bepaald.
Minder aandacht is besteed aan implementatie kwesties en optimalisatie van de
algoritmen.

In hoofdstukken 2 en 3 wordt de backmapping methode59 geïntroduceerd.
Met deze methode kunnen atomistische structuren uit hun corresponderende
coarse-grained representaties worden gereconstrueerd. De methode maakt
het mogelijk om langzame processen met een minder nauwkeurige techniek
te samplen en vervolgens de gedetailleerde atomistische representatie te
herintroduceren om informatie verloren bij de coarse-graining te herwinnen.
De kern van het algoritme is een simulated annealing moleculaire dynamica
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simulatie waarin de coarse-grained en atomistische deeltjes zijn gekoppeld door
middel van restricties. Meestal wordt hierbij een ensemble van atomistische
structuren gegenereerd die correspondeert met de coarse-grained structuur. In
hoofdstuk 2 testen en optimaliseren we de methode voor een aantal eenvoudige
systemen, nl. tripeptide, phospholipide en cholesterol moleculen in vacuo.
Vervolgens worden in hoofdstuk 3 meer complexe systemen gemodelleerd.
Toroïde poriën, gevormd in een lipide bilaag door antimicrobiële peptiden,
worden gereconstrueerd na lange (vele µs) relaxatie, gesimuleerd met het
MARTINI coarse-grained model143. De configuraties gesampled op het CG
niveau bleken stabiel in de atomistische representatie en zijn vergeleken met
structuren uit eerdere atomistische berekeningen en experimenteel werk.

Een van de nadelen van de backmapping methode is dat er bij coarse-grained
krachtenvelden een verschil in nauwkeurigheidsniveu bestaat tussen moleculen of
zelfs delen van moleculen. Dit beïnvloedt de kwaliteit van de gereconstrueerde
atomistische representaties en betekent ook dat de gereconstrueerde snapshots
moeten worden gerelaxeerd in de hoge resolutie representatie om de verkregen
structuren te valideren. Het zou daarom nuttig zijn multiscaling zodanig toe te
passen dat slechts een deel van het systeem wordt gerepresenteerd in lage res-
olutie en de essentiële, of meest interessante, details worden behouden in hoge
resolutie.

In hoofdstuk 4 wordt een eenvoudig schema geïntroduceerd om op een
dergelijke wijze de simulaties uit te voeren.144 Voor deze, zogenaamde hybride,
aanpak worden virtuele sites gebruikt om de twee resolutieniveaus zodanig te
koppelen dat de interacties tussen de moleculen op de verschillende niveaus
vergelijkbaar met pure CG-CG interacties worden behandeld. Een eenvoudig
systeem, bestaande uit atomistische butaanmoleculen opgelost in CG butaan,
wordt gebruikt om de prestaties van het hybride schema te bestuderen voor
vier typen van CG interactiepotentialen. Het type van de CG potentiaal
bleek van primair belang voor een gunstige prestatie van de methode. Met
name de combinatie van het MARTINI CG model, of de nieuw ontwikkelde
subtractiepotentiaal, met het atomistische krachtenveld bleek zeer efficiënt.
Eerste testen met complexe systemen laten zien dat de diëlectrische screening
van coarse-grained interacties correct in acht genomen moet worden; het gebruik
van polariseerbare coarse-grained krachtenvelden zou daadwerkelijk voordelig
kunnen zijn. Hoewel verder testen van deze aanpak noodzakelijk is, lijkt het
voorgestelde hybride schema in vergelijking tot de meer uitgebreide interface
methoden eenvoudig toepasbaar in multiscale studies van biomoleculaire
processen.

In hoofdstuk 5 wordt de "constante λ" hybride methode145 geïntroduceerd.
Bij deze methode zijn alle atomistische vrijheidsgraden expliciet aanwezig in het
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systeem maar heeft de potentiaal een gemengd atomistische coarse-grained vorm.
Het niveau van de coarse-graining wordt gekarakteriseerd met de λ parameter.
De computationele efficiëntie van een dergelijke simulatie is groter dan van een
normale atomistische simulatie door het gladde energielandschap van een CG
krachtenveld, met een betere sampling van de configuratieruimte. Een geschikte
beschrijving van het systeem vereist twee thermostaten met verschillende referen-
tietemperaturen voor de twee representaties; de temperatuur van de atomistische
vrijheidsgraden wordt geschaald met de λ parameter. De methode is toegepast
op vloeibaar hexadecaan, waarbij dezelfde coarse-grained configuratie-entropie
inderdaad sneller wordt bereikt bij een sterker coarse-grained karakter. Door
de verschillende temperaturen van de CG en AA vrijheidsgraden, conserveert
de methode de thermodynamische eigenschappen van het systeem echter slechts
voor niet te grote waarden van λ. De aanpak kan gebruikt worden om het sam-
plen in biomoleculaire systemen te verbeteren in combinatie met parellelle tem-
pereringstechnieken, waarbij toestanden uitgewisseld worden tussen een aantal λ

hybride simulaties.
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