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Zusammenfassung

Wie jedes andere wissenschaftliche Modell, ist das Gebiet der Moleküldynamiksimulation
einem iterativen Prozess der Validierung und Verbesserung unterworfen, mit dem Ziel,

genauere, zuverlässigere und effizientere Modelle zu entwerfen. In diesem Zusammen¬

hang gibt es zwei llauptarten von Fehlerquellen, die die Genauigkeit und Präzision der

generierten Daten limitieren: (i) der Propagator, und damit die Grösse des generierten

Datensatzes (Ensemble) und (ii) das Kraftfeld, dessen funktionale Form und Parameter

das System zu einem spezifischen Zeitpunkt charakterisieren. Dementsprechend bestellt

Kapitel 1 aus einer kurzen Einleitung in das Gebiet der klassischen statischen Mechanik,

unter besonderer Berücksichtigung der klassichen Moleküldynamik. Kapitel 2 illustriert

die Anwendung der klassischen Moleküldynamik beim Design eines Licht-schaltbaren ß-

Ilairpins. Kapitel 3 diskutiert einen neuartigen adaptiven Integrator der darauf abzichlt.

auf generische Art und Weise eine optimale Balance zwischen Genauigkeit und Effizienz

zu bieten. Kapitel 4 besteht aus einer detaillierten Validierung eines kürzlich entwickelten

GROMOS-kompatiblen Kraftfeldes für Kohlenhydrate, sowie einer breit gefassten Analyse

der Struktur, Dynamik und Thermodynamik von Monosacchariden in wässriger Lösung.

Kapitel 5 beschreibt das Verhalten eines Proteinfragments, das unter stark denaturieren¬

den Bedingungen Reststruktur aufweist und damit wohl charakteristisch für die ersten

Schritte des Proteinfaltungsprozesses sein könnte. Kapitel 6 und 7 befassen sich mit der

Simulation von DNA, einer detaillierte Analyse unter Verwendung verschiedener approxi¬

mativer Elektrostatik-Modelle und Vergleiche mit experimentellen Daten. Kapitel 8 disku¬

tiert einen Versuch zur quantitativen Analyse von Periodizitats- und Cutoff- Artefakten in

biomolekularen Simulationen.
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Summary

Like any other model, molecular dynamics (MD) simulation is subject to an iterative vali¬

dation and improvement process aimed at providing a more accurate and reliable, but also

more efficient representation of the modelled system. In this context, two main sources of

errors can be identified: (i) propagators and the size of the generated ensemble, defining

the quality of the obtained data from a statistical point of view and (ii) the force-field

(both the functional form and the corresponding parameter set) which characterize the

instantaneous physical behavior of the system. A short introduction to statistical classical

mechanics, in particular as it relates to classical molecular dynamics, is therefore provided

in Chapter 1. Chapter 2 discusses the use of molecular dynamics simulation in the specific

context of the design and structure refinement of a photoswitchablc /3-hairpin. Chapter

3 presents a novel multiple-timestep integrator aimed at striking an optimal balance be¬

tween accuracy and efficiency. Chapter 4 consists of a detailed validation of a recently

developed GROMOS-compatible carbohydrate force field, investigating in detail the struc¬

ture, dynamics, energetics and solvation of selected monosaccharides in solution. Chapter

5 investigates the behavior of a protein fragment which exhibits residual structure under

denaturing conditions. Chapter 6 and 7 present a detailed analysis of the behavior of DNA

using different functional forms for the (long-range) electrostatic interactions, as well as a

thorough validation of a recently developed GROMOS-compatible nucleic acid force field

against experimental data. Chapter 8 presents a quantitative analysis of the effect of dif¬

ferent functional forms for the (long-range) electrostatic interactions on the behavior of a

/3-heptapeptide in differently charged states.
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Chapter 1

Introduction

When it comes to the appeal of computer simulation, the phrase "Reality Simulation -

Observe While It Happens" coined by Berendsen [1] probably sums it up in the best way.

Under ideal circumstances, model-building approaches allow us to generate new insights
based on already available data, by simulating the system of interest on the appropriate

spacial- and time-scales - for example, to observe individual water molecules as they pass

through a membrane channel protein in an atomistic molecular dynamics simulation [2].

Computational power will always limit simulation approaches. In order to be as mean¬

ingful as possible, simulation models must therefore strike a balance between detail and

scope. The simulator must choose a finite number of degrees of freedom to be explicitly

represented, and decide on how (if at all) to account for the effect of the corresponding

implicit degrees of freedom. This imposes natural limits on the time and length scales ac¬

cessible to classical molecular simulations: as one zooms in on molecular systems, going to

very short distances and time-scales (high frequencies), one has to account for their funda¬

mentally quantum mechanical behavior. In this case, details of electronic structure start to

play an important role and electronic degrees of freedom must be explicitly treated. On the

other hand, classical atomistic simulations attempting to obtain statistically meaningful

(thermodynamical) data on bulk systems, hit very significant limitations with respect to

the number of particles (typically between 103 and 106) and time-scales (ns to /j,s typically,

corresponding to 106 to 109 sampling steps) that may be simulated.

As the name implies, classical molecular mechanics simulations operate just above the

quantum-mechanical limit. The particles that form the building blocks such simulations

(atoms and molecules) are themselves governed by the quantum-mechanical behaviour of

their internal degrees of freedom. However, in their energetic ground state, these particles

may often be well described classically, as point masses coupled via bonded (i.e. involving
covalent linkages between limited sets of particles) and non-bonded (Coulombic and van

der Waals) interactions. This description is particularly well suited for the simulation of

(bio-)macromolecules, where atomistic simulation may lead to the correct prediction of

complex structural features and correlated dynamics.
Classical molecular mechanics simulation is highly complementary to experiment. It, is

standardly used for the refinement of experimental crystallographic (X-ray) and solution

(NMR) structures of biomolecules. Chapters 2, 5, 6 and 7 present applications of this kind,

providing insight info the structure and dynamics of oligo-peptides and oligonucleotides in

1



2 Chapter 1. Introduction

solution and a comparison to the corresponding experimental structural information from

NMR.

Another important strength of molecular simulation is its ability to perform ''digital

alchemy", i.e. carry out transformations which are difficult or impossible to accomplish

experimentally, but straightforward to perform in a computer. These typically consist

of a possibly large number of small chemically feasible modifications, such as inserting a

methylene group, replacing a bromine by an iodine or inverting a stercocenter (see Chapter

2 for an application). The ability of simulations to investigate even non-physical systems

is now standardly exploited in free energy calculations, where free-energy differences are

determined using (most often non-physical) intermediate states (see Chapter 4 for an ap¬

plication).
Like any other model, classical mechanics simulation is subject to constant change and

critical (re)assessment, aiming at an iterative improvement of the methodology. Of particu¬

lar importance in this context is the development of better force fields, the improvement of

propagation schemes such as steered dynamics, the better representation of dissipative sys¬

tems as well as the more efficient aproximate representation of the system Hamiltonian and

its derivatives. Along these lines, Chapter 3 discusses a generalization of the twin-range

scheme to an arbitrary number of ranges (effectively introducing a new non-symplectic

multiple timestep integrator), Chapters 6 and 8 present a critical analysis of the effect of

different representations of electrostatic interactions under periodic boundary conditions

on the structure of an oligoniclcotide and a /3-heptapcptide. respectively, in solution.

1.1 From the Microscopic to the Mesoscopic

In classical particle simulations, a microstate of the system under investigation is com¬

pletely defined by the particle positions q and the corresponding impulses p, as well as a

(real-valued) energy function (Hamiltonian1) 7i(q, p. t) describing the interaction between

the particles. Here, q and p are commonly defined to be Atf-dimensional row vectors, where

A" is the number of particles in the system, and d (typically three) is the number of dimen¬

sions per particle. The corresponding microstate x wll be defined as the 2A<i-dimensional

row vector obtained by concatenating q and p.

It is however often generally possible to meaningfully describe a macroscopic system in

terms of its microstates. For example, it is highly inconvenient (though perfectly correct)
to talk about a glass of water in terms of its (time-dependent many-particle) quantum-

mechanical state. A more appropriate description for mesoscopic and macroscopic systems

is found by discussing average properties, such as the pressure, the volume, the tempera¬

ture, or the entropy.

To this end, one must introduce the concept of a phase space 4?, which is a vector space

with the same dimensionality as x. Every microstate x can be represented as one point

in <fr. A set of M points in phase space is referred to as an ensemble[4] E — {xW'=i,,M}
of microstates x^ and for any observable *A(x), one can determine an ensemble average

A = M_i J2i A(x.(l)). If the number of microstates in the ensemble becomes sufficiently

]The Hamiltonian H is equal to the energy £ T -\- V, in a system at rest with only conservative forces

and only skleronomie, holonomie constraints [3[.
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large to densely fill phase space (or some subdomain of it), it becomes advantageous to

introduce a phase space density p(x) = 5p/5x, where 6x is a small phase space volume

element around x and op is the probability of finding a system in a microstate corresponding

to this volume element. We then note that when going to infinitesimal volume elements,

and assuming that M is equal to the total number of microstates in <£, it can be expressed

in terms of p as M =- [^ ,y(x)dx. Similarly, ensemble averages can be recast in an integral-

form as S,^4(xw) — [^ „4(x)p(x)dx. Since the phase-space density is typically required

to satisfy the normalization condition

/p(x)dx = 1 (1.1)

one obtains for the phase-space average (A)

(A) - [ A(x)p{x)dx (1-2)

With these concepts at hand, it becomes clear that particle simulation must address the

following key issues, in order to correctly reproduce experimental macroscopic observables:

(i) the generation of a sufficiently large ensemble fulfilling the same boundary conditions as

the experiment (e.g. a well-defined energy or temperature), (ii) the selection of the mini¬

mum necessary (but no less) number of simulated degrees of freedom (preferably involving

a bounded or periodic phase space so that the simulated system can be considered quasi-

macroscopic), and (iii) an appropriate functional form for the microscopic (instantaneous)
observables associated with specific macroscopic (experimental) quantities.

1.1.1 Generating Ensembles

The approaches to generate the required ensembles of physically relevant structures may

be classified according to the extent in which they rely on either available experimental

data or on an accurate representation of the underlying physics of the system. In the

extreme form of the former former case, knowledge-based scoring functions of an essentially

arbitrary form are typically used. The paramctrization of these scoring function relics on

the availability of large unbiased data sets. This approach, while inherently problem-

specific and therefore non-transferrable, is used with considerable success, for example in

enzyme-ligand docking studies[5] or in the prediction of RNA secondary structure motifs

[6]. In the extreme form of the latter case, quantum-mechanically based spectroscopic force

fields are used to accurately reproduce the geometries and vibrational properties of small

molecules in the gas phase [7].
Atomistic simulations, typically start out with a small ensemble of initial microstates

(often just one, but simulations with thousands of starting states have also been reported

|8|), which is then propagated through phase-space using a physically motivated propaga¬

tor. The theoretical underpinning of this approach is provided by the ergodicity hypothesis,

which states that the trajectory-average of a property A over an infinitely long trajectory
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is equal to its phase-space average 2, thereby relating instantaneous properties of homoge¬

neous macroscopic systems to the average behavior of a microscopic observable. Propaga¬

tion via the equations of motion, which is used nearly exclusively in this thesis, is probably

the most physically meaningul approach in this context, and presents the additional advan¬

tage that not, only statistical, but also dynamical properties of the system are accurately

represented. It has the disadvantage, however, that even for infinitely long trajectories, the

system may fail to visit specific regions of phase-space [9]3. Alternative schemes involve

stochastic processes. Two of the most widely used stochastic propagators are stochastic

dynamics (a special case of Langevin dynamics), where random and frictional forces are

introduced in addition to the forces arising from the Hamiltonian equations of motion,

and Monte-Carlo methods, where the propagation is a purely stochastic process. Tn the

latter case, a propagation step consists of a random trial move which is either accepted or

rejected based on some acceptance criterion. While Monte-Carlo propagators may at best

approximately describe the system's dynamical properties (since time must be introduced

in an ad-hoc fashion), their advantage lies in the fact that boundary conditions on the

generated ensemble average are easily enforced by modifying the form of the acceptance

criterion.

1.2 The Equations of Motion

1.2.1 Non-dissipative Systems

Newton's equations of motion [10] are probably the first and most intuitive rigorous de¬

scription of particle motion. Assuming a Cartesian phase space [3], they may be written

for a system with dissipation as

f = Ma--W(r,Pl0-ft(p,t) (1-3)

where M is the Ad-dimensional diagonal matrix containing the particle masses, r are the

positions (corresponding to q) in the Cartesian coordinate system, v are the velocities

(corresponding to M_1p) in the Cartesian coordinate system, f — mv is the force vector,

a — r is the acceleration, V(r, p,t) is the potential energy, which is often independent

of p, and 'R(p,t) is a friction term which dissipates the (kinetic) energy. An important

implication of Eq. (1.3) is that, in the absence of friction4, particles with non-zero mass

are inert, i.e. they don't spontaneously accelerate. The latter postulate may be rigorously

formulated as the d'Alembert principle^}, which is equivalent to the principle of least action

|3,11], from which the Newtonian, but also the Lagrangian and Hamiltonian equations of

2This hypothesis is motivated by the Poincarr recurrence theorem which states that for bounded phase-

spaces, all trajectories generated by a volume-conserving propagator emanating from a finite neighborhood

around a given starting point eventually return arbitrarily close to the starting point [9]. If the trajectory

lias filled all of phase space over one such period, the ergodicity hypothesis is true. More generally speaking,

a system is ergodic exactly if time-averages along trajectories are the same as phase-space averages over

Lhe region explored by the trajectories [9].
3As a trivial example of such a failure, consider a particle in a symmetric two-well potential with an

energy barrier that is larger than the particle's energy (assumed to be constant).
4Or, more rigorously, in the absence of rheonomic and ntm-holonomic constminttfi].
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motion can be derived [3]. The latter two are valid in generalized coordinate systems, and

the Hamiltonian equations of motion may be written as

&H
.

clH

dpi dqi

with the kinetic energy T, the Lagrangian C, and the Hamiltonian Ti defined as

;i.4)

T - -vMv' (1.5)

C = T-V (1.6)

H = qp*-£- (1-7)

Using the previously defined state vector x, one can rewrite Eqs. (1.4) as

Jx - -Vxft(x.t) , (1.8)

where J is called the symplectic matrix and has the form

JJ = ( °f I ) (L9)

da
l u\,u

—

two observables / and g as

Adopting the shorthand d\,a =

|f as used in [9], one can define the Poisson bracket of

If, 9] = [/^Up-^^W-Ö^/'. (1-10)

As a particular case of this definition, one easily derives expressions for the fundamental
Poisson brackets [3]

fa, Qj] ^ \Pi,Pj\ = °
, fa, Pj] = ~ \p*, Qj] - an , (1-11)

which, when written in matrix form, afford

[x*,x] = J. (1.12)

One of the motivations for introducing the Poisson brackets is that for any observable

/(M)

~ - djdttf - dçfdtp1 K%f (1.13)

- d^fd^-dp/d^n1 \-i\f (i.i4)

- [fiH] + dtf. (1.15)

Thus for a system with a time-independent Hamiltonian, properties which are not explicitly

time-dependent are conserved exactly if their Poisson bracket with the Hamiltonian is zero.
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1.2.2 Canonical Transformations

Transformations for which Hamilton's equations of motion still hold are called canonical

transformations [3,9,12]. i.e. transformations from a phase space coordinate x to a new

coordinate x —> X(x, t), such that

x -> X(x,t) (1.16)

Jx - -Vxft(x,*) (1.17)

JX = -Vx/C(X,i) (1.18)

where we only require that there exists a new Hamiltonian JC, such that Eq. (1.18) holds.

Canonical transformations are important because they conserve a number of quantities and

the propagation of a state x through the Hamiltonian equations of motion is a canonical

transformation [3]. The following statements are equivalent:

1. A transformation x —> X is canonical.

2. There exists a generating function T{x, X. t) such that5

AT

pqf -U - PQ*-/C + -j~. (1.22)

3. The (fundamental) Poisson brackets are conserved 6

[^X]x,X-tXi-X]x,x-^X]x;x-J (L23)

4. the (linear) transformation is symplectic, i.e. it fulfills the symplectic condition7

J - TJT* (1.25)

T - <9XX
, (1.26)

"Since a Hamiltonian system iulfills the principle of least action

6S - ö f'cdl = 0 (1.19)
•In

where 5 denotes a virtual [3] variation ot the trajectory with fixed end points, we find

S [
'

(pq' - H) df = 0 - S I
'

(PQ' - fc) dr. (1.20)

iron) which it follows that

C Pqf - -H = c (pQ' - Xs) -+ ~F (1.21)

where c can, without loss of generality [3] be taken to be equal to 1. The integral over the variation ot

^J7 must disappear, because F is defined by the (fixed) end points.
GThis is obvious for [£,,£,] and [Xt, Xj]p Q.

The pioof for [X,,Xj] = StJ is a bit lengthy, See [12]

lor an intuitive one, and [13] toi a rigorous one. The conservation of the fundamental Poisson brackets is

equivalent to the conseivation ot all Poisson brackets [13].
7This may be seen by noting that

T,J(T'), = [Xi)XJ] j„ (1.24)
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where in the case of discretizcd integration of the equations of motion, the Jacobian

T corresponds to the / --> I \- St map propagating a state vector x through time.

Note that the above definition implies that (i) T = —T* = —T_1, since iL is a special

unitary matrix8, and (ii) the composition of symplectic transformations is also a

symplectic transformation.

5. The Poincaré integral invariants (the symplectic form) are conserved [9,12].

The above statements have numerous important implications.

• If the transformation x —> X is continuous in a parameter c (typically taken to be

the time f), there exists an e-dependent shadow Hamiltonian or Karmltonian /C, such

that the ^-propagation of x under K generates X [M]9. This implies that the approx¬

imate but symplectic integration of the equations of motion for the Hamiltonian Ii is

equivalent to the exact integration of the equations of motion for a "nearby" shadow

Hamiltonian /C.

• The time-evolution of systems with a non-time-dependent Hamiltonian conserves

energy (the Poisson bracket of the Hamiltonian with itself is zero) and indeed all other

properties which correspond to a symmetry of the Hamiltonian [3,14] (e.g. center-

of-mass momentum, if the Hamiltonian depends only on relative particle coordinates

and angular momentum, if the Hamiltonian has a spherical symmetry).

• The phase-space volume (but not shape) and density is conserved under Hamiltonian

time-evolution (a prerequiste for the Liouville theorem), since the propagator is uni¬

tary |3|. This statement is particularly relevant to molecular dynamics simulation,

since it implies that there are no "density sinks"' (stable fixed points or attractors in

the lingo of chaos theory [15]), i.e. no microstates from which the system cannot

escape once they have been reached.

• Hamiltonian dynamics is time-reversible, i.e. the transformation q —» q, p —» —p

is a canonical transformation which reverts the flow of the Hamiltonian system (Eq.

1.8).

• Hamiltonian dynamics takes place in a 27VW-dimensional phase-space and is subject

to at least Nd constraints (corresponding to the conservation of the fundamental

8Unitary matrices have a determinant of ±1, special unitary matrices have1 a determinant ol 1. Proof

that T is a special unitary matrix:

Pf(TJT') - (lel(T)Pl(J) (1.27)

is an identity for Pfaffiavs (determinant s of skew-symmetî u mati k es), implying det(T) - 1. since TJT' = J

and Pf(Jf) - 1.

,JThe proof in [14], p. 398 fi. reiers only to an infinitesimal transformation undei e. It may however

obviously be generalized to finite t, if t is continuous and the Iranslormation is continuous in t. It is then

found that the modified Hamiltonian takes the form K(e) — H(t) + dtF(e.t).
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Poisson brackets). The time-evolution of a system may therefore be entirely defined

e.g. in terms of the time-evolution of its positions or its conjugate momenta10 [3].

• The recurrence theorem for phase-space conserving propagators suggests that the

time-evolution of a system with a bounded phase-space and a time-independent or

periodically time-dependent Hamiltonian always generates a well-defined (though not

necessarily thermodynamically meaningful) ensemble.

• An approximate (discretized) integration of the equations of motion for a time-

independent Hamiltonian can not at the same time be exactly symplectic and exactly

energy-conserving, since the corresponding shadow Hamiltonian is time-dependent.

Approximate symplectic integrators are therefore particularly susceptible to spurious

energy fluctuations on the scale of the integration step size [16].

1.2.3 Numerical Integration of the Equations of Motion

The actual numerical integration of Hamiltonian systems is typically accomplished by an

algorithm known (sometimes in slight variations) as either Verlet-, Stornier-, Leapfrog- or

explicit midpointAntegrator. Interestingly, there exists evidence that it was already known

to, and used by, Isaac Newton[17,18]. It may be formulated as follows:

p(t I- h/2) - p(t - h/2) - WqV(x(t), t) + 0(h2) (1.28)

q(f 4 h) = q(t) + hM ^(t 4 h/2) -f 0(h3) . (1.29)

In other words, it consists of two separate, asynchronous stages - a transfer of momentum

at time t + h/2 (frequently called the kick-stage [17]), followed by an update of the positions

at Lime /, \--h (correspondingly called the drift-stage). The leapfrog algorithm is symplectic

and time-reversible [17]. The error incurred in the discretization is of ö(h3). Additionally,

it is easy to implement and requires only one (expensive) force evaluation per time-step.

The algorithm is therefore particularly efficient. See Chapter 3 for a more in-depth review

of current integration algorithms.

1.2.4 Geometric Boundary Conditions

Only tens to hundreds of thousands of particles can be simulated on current hardware.

Without imposing additional constraints, this corresponds to simulating a gaseous state,

or a microscopic condensed system subject to severe surface effects. Two main approaches

currently exist, which address this problem of simulating a realistic condensed-phase system

which is sufficiently small to be computationally tractable: reflective boundary conditions

[19] and periodic boundary conditions [20].
Under reflective boundary conditions, the coordinates q are constrained to a subdomain

of the phase-space by extending the Hamiltonian with a term which is dependent on the

10This provides one rationale for generating an ensemble purely in the q-subspace of $, which is usu¬

ally done in non-dynamical simulations, such as Monte-Carlo simulations or knowledge-based structural

approaches.
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absolute values of the coordinates (while typical terms depend only on the relative positions

of the particles). The treatment of the system boundary then plays an important role.

Specifically, it is important to eliminate the effect of the boundary on the primary region

under consideration. In Ref. [19], which may serve as an example of a current algorithm

employing reflective boundaries, the system is divided into three regions. A core region, in

which particles are treated explicitly using molecular dynamics, a boundary region, in which

particles are treated explicitly using stochastic dynamics, and a deformable boundary,

whose forces on the particles in the core and boundary regions arise from the average

"structure" of the system beyond the boundary.

Under periodic boundary conditions [20], the coordinate subspace of phase space is

taken to be periodic. 1. e. all particles arc placed in one, small computational box (the
central box), which is surrounded by space-filling replicas of the central box, with identical

content. If a particle leaves the central box through one face, it re-enters the central box

through the opposing face. This very elegant trick enables the simulation of a surface-

free system with a computationally tractable number of particles. However, a simulation

of a non-periodic condensed-phase system is thereby effect ivcly turned into a simulation

of a periodic crystal lattice, and significant periodicity artifacts are found for very small

box sizes [21,22]. A number of space-filling (and interconvertible [20]) box geometries

are available, with the most popular being the cubic box (due to its simplicity) and the

truncated octahedron, which, being more spherical, increases the minimal nearest-image

distance (the distance between a particle and its closest periodic copy) for a given number

of particles.

1.2.5 Thermodynamic Boundary Conditions and Extended Sys¬

tems

Most experiments are not carried out under constant energy conditions (microcanonical en¬

semble), but at constant temperature and pressure (isothermal-isobaric or NPT ensemble).
While this distinction is irrelevant in a truly macroscopic system, since there the energy,

pressure and temperature may all be time-independent, in microscopic systems, uncon¬

strained thermodynamic observables may be subject, to undesirably large fluctuations. For

comparison with experiment, the simulated system is therefore commonly extended with

a thermostat and a barostat.

The use of a thermostat requires the definition of an instantaneous temperature T(tf).
A common definition11 involves the total kinetic energy T(t) as

where kß is the ßoltzmann constant and Ajf the total number of degrees of freedom and

is typically equal to ND plus some symmetry correction. Similarly, the instantaneous

pressure V(t) of the system can be defined via the kinetic energy and the virial YV(t) as

n) ~ Wi)|r(i)
" w{t)] ' °-31)

1 'Alternative definitions are available, which differ from the present definition by a vanishing equilibrium

average.



10 Chapter 1. Introduction

where V(t) is the instantaneous volume and

N N

1=1 j>i

Y^ being the vector connecting particle i to particle j and fii? being the force exerted

by particle j on particle z. While the calculation of these thermodynamic quantities is

relatively straightforward, the derivation of a thermostatting or barostatting algorithm

may be far from trivial, especially if a symplectic or otherwise non-stochastic propagator

is desired [23,24].
A large number of thermostatting algorithms are available, for the sake of brevity, only

two will be discussed in the present text: the Berendsen (weak-coupling) thermostat |25],
because it is highly intuitive and used throughout the remaining chapters, and the extended

system thermostats, leading up to the development of the Nosé-Poincaré-thermostat [26],
because the latter seems to be a particularly promising recent development. The interested

reader is referred to detailed reviews on existing thermostat algorithms [23,24],
In the Berendsen (weak-coupling) thermostat [25] the temperature relaxation is set to

obey an exponential function. This relaxation is implemented via a uniform scaling of the

momenta (introduced after the kick-step, Eq. (1.28)) by

•«> " ^H('-i) (133)

where Z0 is a reference temperature and r is an adjustable parameter determining the

strength of the coupling to the heat bath. This algorithm, while physically motivated12,
has a number of weaknesses. It does not generate a canonical ensemble [27]. The resulting

propagator is non-symplectic, and corresponds to a first-order (low in the momentum part

of phase-space, suggesting that fixed points exist |15j. Indeed a conditionally stable fixed

point corresponding to a state where all kinetic energy has been absorbed by the center-

of-mass translalional degrees of freedom is well-known in the simulation community as the

flying icecube [28].
In recent years, so-called extended-system approaches have also been successfully ap¬

plied to thermostatting. These are based on the observation that systems described by

a time-dependent Hamiltonian may be recast in terms of a time-independent Hamilto¬

nian with an exLra degree of freedom [9,29-31]. A close relative of this family of meth¬

ods was independently discovered and introduced to the field of molecular dynamics by

Nose [32], whose algorithm can be shown to sample the canonical ensemble if the system

is ergodic. The original Nose algorithm can be formulated via an "extended Hamilto¬

nian" 7Yixi(q, p, s,ps) including the additional (fictitious) coordinate s and its conjugate

momentum pb, given by

WN(q,p,,s,p,)-~qpt + V(q) + ^- I (Ndf + i)kBT Ins
, (1.34)

12In the sens«1 that spontaneous relaxation processes following small perturbations commonly obey an

exponential law.
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where Qs is a "mass" associated with the s variable. The variable s effectively leads to

scaling of the time coordinate by a factor .9 l, which implies that the trajectory is sampled

at uneven time intervals. Because of this scaling, Eq. (1.34), does not correspond to a

Hamiltonian in the real-time system, but only in the scaled-time system [29]. Integration

of the respective equations of motion is therefore not symplectic [26, 33].
An extension to the Nose-Hoover formalism, the Nosé-Poincaré thermostat, was recently

proposed [29], and has the form

Hw-(Hk-H0)s, (1.35)

where the constant Ho is the initial value of 7YN. This approach allows for homogeneous

time sampling and has a real-time Hamiltonian associated with it, allowing for a sym¬

plectic integrator. The Nosé-Poincarc thermostat samples from a canonical ensemble and

extensions to a chain-like algorithm have also been proposed [26].
The algorithms used for barostaLLing in molecular simulations are typically of the same

type as (or a subset of) the above methods, and will not be presented in detail here.

1.3 The Hamiltonian in Classical Molecular Mechan¬

ics

In molecular mechanics simulation (usually performed in Cartesian coordinates), it is typ¬

ically assumed that the Hamiltonian is time-independent and of potential form, i.e.

H - V(q) + T(p) (1.36)

and that the potential energy V(q) can be decomposed as a sum of bond stretching, bond-

angle bending, bond-dihedral torsions, out-of-plane or out-of-tctrahedron distortions and

non-bonded interactions [34], The terms describing non-bonded interactions typically in¬

clude a Coulombic 7*_1 potential [35] to account for electrostatic interactions and a 6-12

Leimard-Jones (LJ) interaction [36-38] to account for van der Waals interactions (the latter

choice being largely due to computational efficiency).
An example of a typical biomolecular force-field is given by the CROMOS96 [39] po¬

tential energy function. Here, the following potential energy terms are used. Quartic terms

are used for representing covalcnt bond-stretching (a quartic term, rather than a harmonic

term is used for computational efficiency)

Vbond(r.t,r?.) - ^[rj-6g]2 (1.37)

ry = Tj -r, , rij - |r^| . (1.38)

A cosine-harmonic term is used to account for the bending of a bond-angle 0 formed by
three atoms i, j and k as (a cosine-harmonic, rather than a harmonic term is used for

compufaLional efficiency)

^(r.r^rfc) = ~K0[cosO - cosfl0]2 (1-39)

COS0 ^
rjfk, (1.40)
T]ir]k
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Dihedral (torsional) angle terms are used to represent the potential energy profile of rota¬

tions around covalent bonds, and are defined by four atoms i, j, k and / as

ydihedral^ ^ ^ f;j = K^ + & CQS m 0j ( L4i)

<Se{-l,l},mG{l).,6},^-sign(0)axcco8(^) (1.42)

rmi - rji
- rj42trjk , rnl = rkl - ^-rJk , sign(</>) - sjgn(r„(rjfc x r,fc)*). (1.43)

where the sign-function is necessary since 0 < arccos(</>) < n. Similarly, an improper

dihedral-angle term is introduced to enforce the planarity of specific atom groups or the

inversion barrier for trigonal-pyramidal centers defined by the four atoms i, j, k and /

V1^,^,^) = \kx[x-X»\2 (1-44)

X = sign(x) arccos I Jrn ka

J , rjm = rJt x rjk , vkn = rlk x rlk , (1.45)

sign(A') = sign(r;,4n) . (1.46)

Lennard-Jones terms [36-38] account for the van der Waals interactions as

VLJ(r.ri) - §§-§ (1-47)
12 -,6

C6 / Ci2

4 • c12 V cfi
;i.48)

with the pairwise parameters c^ and ct2 defining the depth e of the energy minimum and its

location 21//6o\ Coulombic terms should in principle describe the electrostatic interactions

VCb(r„r;.)^-^~. (1-49)
47rf0r„

In practice, this form cannot be used as such and the treatment of electrostatic interactions

requires special care.

1.3.1 Electrostatic Interactions in Molecular Dynamics Simula¬

tion

Since molecular dynamics simulations are typically carried out under periodic boundary

conditions, the number of interactions to be considered in Eqs. (1.47), and (1.49) is in

principle infinite, which is clearly unacceptable. Real-world simulations therefore introduce

a cutoff distance, beyond which the explicit particle-particle interactions are replaced by a

suitable analytical approximation. Tn the case of Lennard-Jones interactions, this analytical

approximation is typically taken to be zero. This is reasonable (for large enough, yet

computationally tractable cutoff distances), since the interactions arc inherently short-

ranged. Interactions between point charges are, however, of a long-ranged nature, and

sophisticated methods have been developed to model them as accurately and efficiently as
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possible. Eor the sake of conciseness, we will only provide a short overview of prototypes

of the two methods used in the remainder of this text (see Chapter 6 for a comparison

of the two methods in the context of a specific biomolecular system): the Barker-Watts

react ionficld method [40,41], and the Ewald lattice-surn method [42,43]. A concise but

more complete overview of the available methods can be found elsewhere [44].
In the Barker-Watts reactionfield method[40,41], the surrounding of a given particle is

split into two domains. A spherical inner domain of radius R (the cutoff radius), filled with

a set of point charges is surrounded by a dielectric medium with a relative permittivity e3,

which is typically taken to be that of the solvent. Under the requirements that the potential

is continuous at the boundary, the normal component of the dielectric displacement is

continuous across the domain boundary, and that the potential goes to zero at infinity,

the resulting potential energy term may be recast in an two-body term involving only the

particles in the inner domain:

VCbM(r,,r,) - II(R-rl3)^
(

1

r%:>

VT

;i.50)

(2es + 1)

where II (x) is the Heaviside step-function. Here, the term indicated as a corresponds to

the direct Coulomb interaction, b accounts for the response of the surrounding medium

to the two point charges, and c is a potential shift introduced to make the interaction

go to zero at the cutoff distance. The Barker-Watts reaction field method is physically

motivated, highly efficient (C(R3N)), and easy to implement. However, cutoff artifacts

may be encountered in highly charged charged systems, especially when charge pairs are

located near the cutoff distance [45], or in systems where the assumption of a homogeneous,

polarizable surrounding of the cutoff sphere is not justified, such as crystals, or in the inside

of large biomolecules.

The basic idea of the Ewald lattice-sum method is introduce a potential splitting func¬

tion ,/(r), to exploit the identity

l_MllzM. 0.52)
7'

Defining /(r) to take a value between zero and one on a spherical domain around the origin

(or around periodically spaced grid points in periodic systems), and a value of zero outside,

we see that f(r) effectively splits the interaction into two parts. A (singular but short-

ranged) part (a) bounded by a cutoff R, which may be efficiently evaluated as a direct sum.

and a (smooth but long-ranged) part (b) which may (for periodic systems) be evaluated

efficiently in reciprocal space using Fourier series. The overall electrostatic interaction

within a fully periodic system may then be obtained using a simple ö(N2) algorithm[42, 43],
or down to Ö(NS/2) using an optimized algorithm |46|. In fact, since the long-ranged part is

smooth, it may be accurately represented using a discrete periodic grid. The corresponding
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discretized equations may then be (exactly) solved using fast Fourier-transforms, affording

algorithms scaling as Ö(N+M logM), where M is the total number of grid points [47,48].
Further scalability improvements may be obtained by only approximately solving for the

(discretized) reciprocal-space contribution, affording algorithms scaling as Ö(N + M) [49—

51]. Ewald-type methods can in principle provide the exact solution of the Poisson equation

under periodic boundary conditions. However, since periodicity is typically only introduced

in the simulation system to avoid surface artifacts (unless crystals are simulated) this may

not always be desirable, when using Ewald-type methods and care must be taken to avoid

unwanted periodicity artifacts [21,22].



Chapter 2

Use of Molecular Dynamics in the

Design and Structure Determination

of a Photoinducible /?-Hairpin

2.1 Summary

The study presented here consists of three parts. Tn the first, the ability of a set of dif¬

ferently substituted diazobenzene-based linkers to act as photoswitchable /3-turn building

blocks was assessed. A twelve-residue peptide known to form /i-hairpins was taken as the

basis for the modelling process. The central (/i-turn) residue pair was successively replaced

by six symmetrically ((0,0), (m,m) or (p,p)) substituted (aminomethyl/carboxymethyl or

aminoethyl/carboxyethyl) diazobenzene derivatives leading to a set of peptides with a

photoswitchable backbone conformation. The folding behavior of each peptide was then

investigated by performing molecular dynamics simulations in water (4 ns) and in methanol

(10 ns) at room temperature. The simulations suggest that (0,0)- and (m7m)-substituted
linkers with a single methylene spacer are significantly better suited to act as photoswitch¬

able /3-Lurn building blocks than the other linkers examined in this study. The peptide

containing the (m,m)-substituted linker was synthesized and characterized by NMR in its

cis-configuration. In the second part of this study, the structure of this peptide was refined

using explicit-solvent simulations and NOE distance restraints, employing a variety of re¬

finement protocols (instantaneous and time-averaged restraining as well as unrestrained

simulations). We show that for this type of system, even short simulations provide a

significant improvement in our understanding of their structure if physically meaningful
force fields are employed. In the third part, unrestrained explicit-solvent simulations start¬

ing from either the NMR model structure (75 ns) or a fully extended structure (25 ns) are

shown to converge on a stable /3-hairpin. The resulting ensemble is in good agreement with

experimental data, indicating successful structure prediction of the investigated hairpin by

classical explicit-solvent molecular dynamics simulations.

15
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2.2 Introduction

Molecular fragments that act as "switches" can be introduced into protein structures in

order to trigger selective and reversible conformational changes. Moieties that undergo

structural change upon irradiation with monochromatic light, "photoswitches", are espe¬

cially interesting in this regard [52]. A generally applicable strategy for the use of such

photoswitches requires the conformational regulation of a common, well-defined and com¬

pact structural building block in proteins, such as the ß-turn.

Here, we investigate the replacement of the central amino acid pair of a ß-turn by a

diazobenzene-containing linker (Fig. 2.1). Diazobenzene is known to exist in two con¬

formations, trans and eis, the trans form being thcrmodynamically more stable. The eis

isomer can be generated from the trans isomer by irradiation with monochromatic light in

the high-frequency visible range, and then spontaneously reverts back via thermal isomer¬

ization with a half-life at room temperature ranging from seconds to days depending on

the substitution pattern of the phenyl rings [53|.

H„N
Jn L I^CO H

Figure 2.1: Structure and isomerization of the diazobenzene-based photoswitchable linkers

considered in the present study. The linkers considered are symmetrically substituted in the

ortho, meta or para positions ((o, o)-, (m, m)- or (p, p)-linkers), and involve either one

or two methylene spacers between the phenyl ling and the corresponding functional group.

A number of diazobenzene-containing linkers have already been incorporated into pep¬

tide backbones and sidechains, and their isomerization was found to be well-suited to the

induction of reversible conformational changes in proteins [54-56]. The structure of di¬

azobenzene suggests that an appropriately substituted fragment involving the eis isomer

could emulate the backbone of a ß-turn. The /5-turn-like structure would then be disrupted

upon conversion to trans, leading to a photoswitchable turn.

In this article, we report on the use of molecular dynamics (MD) simulations at dif¬

ferent stages throughout the design and characterization process of a photoswitchable

diazobenzene-containing /^-hairpin. The study consists of three parts. In the first, MD

simulations are used to assess the relative abilities of a set of six differently substituted

linkers to act as /3-turn replacements (Figure 2.1). The linkers considered consist of a di¬

azobenzene moiety which is symmetrically ((o,o), (m,m) or (p,p)) substituted with cither

aminomcthyl/carboxymethyl or aminoethyl/carboxyethyl groups. For conciseness, the dif¬

ferent linker geometries will be abbreviated as VOO, VMM, VPP, WOO, WMM and WPP,

where V and W indicate the presence of one (V) or two (W) methylene spacer units and
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the last two letters specify the phenyl ring substitution pattern. In the peptide sequence

RWQYVDPGKFTVQ-NH2 (where DP stands for D-Proline), which is known to form ß-

hairpins in aqueous solution 157-59], the two central residues of the /5-turn segment (DPG)
were replaced by the different linkers in a as conformation. The six resulting peptides

were subjected to unrestrained molecular dynamics simulations in water and in methanol

at room temperature, starting from extended initial structures. The relative tendencies of

the different peptides to assume a /3-hairpin-like conformation was then assessed by ana¬

lyzing the hydrogen-bonding and conformational patterns adopted during the simulations.

These simulations indicated that the peptides involving the VOO and VMM linkers

in the eis conformation possessed a high propensity for hairpin formation. The VMM-

containing peptide was synthesized and characterized [60] by NMR, confirming the predic¬

tion that this linker could serve as a suitable /3-turn building block.

In the second part of this study, molecular dynamics simulations were used in the

refinement of the preliminary structure obtained for the VMM-containing peptide using

only NOE distance restraints, bonded interactions and repulsive van der Waals interactions.

Typically, in MD refinement of structures using NMR data. 3
J-coupling constant re¬

straints and NOE distance restraints are used in two separate artificial potential energy

functions that restrain the structure so as to satisfy the experimental input data dur¬

ing the simulation [61]. Unfortunately, such potential energy functions usually model the

solution structure as a single conformation, with little concession to the fact that NMR

measurements really reflect a time-average. This is particularly troubling in the case of

small biopolymcrs, where the global fold is not necessarily sufficiently determined by sets

of local restraints, or where the structure may be sufficiently flexible to allow for sets of

NOE restraints that may not be met at the same time, but only as a time-average.

An alternative approach involves a restraining function which only requires the re¬

straints to be fulfilled over the course of a pre-defined averaging time (usually a few ps)

[62]. The ability of this method to sample a larger conformational space while satisfying

the experimental data has highlighted the importance of analyzing whole MD trajectories,

rather than single structures [63]. This method, however, comes with a significant draw¬

back, which is the appearance of large, spurious forces along restraints that have not been

satisfied over the course of a whole averaging period [64]. Here, we briefly evaluate dif¬

ferent restraining protocols (instantaneous restraining and time-averaged restraining with

two different averaging times) for the structure refinement of the VMM-containing peptide,

and attempt to provide additional insight concerning the effect of the respective restraining

potential energy terms by using the end points of the restrained MD trajectories as starting

points for free simulations.

In the third part of the present study, we present long, unrestrained simulations starting

from either extended or NMR-derived model structures. Here, experimentally derived

NOE restraints arc used only to validate the generated trajectories, thereby avoiding the

ambiguities brought about by the use of non-physical potential energy functions. After

20 ns, both simulations express the same canonical /3-hairpin, showing that the system of

interest to this study can be described in atomic detail solely by MD simulation using a

physically meaningful, internally consistent force field.
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H5^ _,C6 ,N2 N3 C11 ^H12

^C5 C7 C8 ^C12

I II I! I

H3^ ^C2 H4 H9 ^f^ Hl°

I T
JDA C14

I II
H O

Figure 2.2: Atom naming scheme employed for the VMM-linker. Only atoms present in

the GROMOS Jr3AI united-atom force field [39, 66] are shown.

2.3 Computational Details

2.3.1 Simulations

All simulations were carried out using the CROMOS96 [39,65] package of programs with

the GROMOS 43A1 united atom force field [39,66]. The force field parameters of the

linkers were derived by analogy with the cv-amino acid parameters of the GHOMOS96

force field, together with some experimental data [67] (see Tab. 2.1). Water was modelled

using the simple-point-charge (SPC) model [681 and for methanol a GROMOS-compatible

model was used [69].
In all simulations, solute and solvent degrees of freedom were independently coupled

l,o a heat bath at 300 K, with a relaxation time of 0.1 ps [25]. The box size was coupled

to a pressure bath [25] at 1 atm, with a relaxation time of 0.5 ps and an isothermal

compressibility of 45.75-10-5 (Id mol_1nm 3)_i. All bond lengths were constrained using

the SHAKE algorithm [70] with a relative geometric tolerance of 10"4. The equations

of motion were integrated using the leapfrog scheme and a timestep size of 2 fs. The

nonbonded interactions were handled using a twin-range cutoff scheme with cutoff radii of

0.8 and 1.4 nm [39] and a pairlist update frequency of 5 timesteps. To account for the mean

effect of electrostatic interactions beyond the long-range cutoff radius, a reaction-field force

[4J] with a relative dielectric permittivity of 54 [71] was used. The center of mass motion

was removed every 1000 steps. Coordinates (solute only) were saved for analysis every 0.2

ps, and energies were saved every 10 ps.

Structural Probing

The folding propensities of the six cis-diazobenzene-containing peptides were examined by

performing molecular dynamics (MD) simulations in water (4 ns), as well as in methanol

(10 ns). The latter solvent allows for improved sampling at reduced computational costs

due to its lower density and viscosity. Three additional simulations in water (-1 ns) were

carried out, involving the VMM-containing peptide with the linker in its eis configuration

but different initial peptide conformations (VMM2, VMM3) and with the linker in its trans

configuration (VMMt).
Initial solute coordinates were obtained by constructing fully extended peptides and

performing an energy minimization using the Insight II software package. The solute
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atoms van der Waals

integer atom code

partial charge [e]

diazo-nitrogens
«-carbons

8

11

-0.1

0.1

bond bo [nm #6 [10~6kJ mor_1nm-4;

N=N

C«-N

0.123

0.147

16.6

8.71

angle 0o Ideg] Ke [kJ mol"1 ]

CrCa-N
Ca-N^N

120

121

390

685

dihedral cos(5) m K4> [kJ mol"1"

CrCa-N=N

CrCa-N=N
Ca-N=N-Ca

(eis)
(trans)

-1

-1

-1

2

2

2

7.11

41.8

41.8

Table 2.1: Force field parameters used for the different diazobenzene-based linkers. Only

parameters differing from (or nonexistent in) the GROMOS Jt3Al force field [39, 66] are

reported. First rows: GROMOS van der Waals integer atom codes and atomic charges.

Second rows: reference bond lengths (bo) and corresponding (quartic) force, constants (Kb).
Third rows: reference bond angles (0q) and corresponding (harmonic in the angle co¬

sine) force constants (Kß). Bottom rows: phase shifts, multiplicities (m) a,nd interaction

strengths (K^) for dihedral angle potential energy terms. For the simulation involving the

linker in its trans configuration (VMMt), a staffer dihedral angle potential was used around

the bonds linking the rings and the diazo group.

(bearing positive charges at the N-terminus, and at the arginine and lysine sidechains) was

placed at the center of a truncated octahedral box based on a cubic box with a minimum

distance of 1.0 nm between any solute atom and the box wall. No counterions were included

in order to avoid the very long relaxation times involved in equilibrating and sampling the

counterion distribution. Moreover, the three (positive) charges present in the solute can

be expected to be very effectively screened by the high-dielectric solvents. The box was

then filled with solvent molecules preserving a minimum solute-solvent distance of 0.23

nm. The resulting solute-solvent systems were fully relaxed by a steepest-descent energy

minimization with a convergence criterion of 0.1 kJ/mol, followed by 10 ps equilibration

MD simulations.

Refinement of the NMR Model Structure

Since the structures obtained from the initial NMR refinement |60| showed no appreciable
differences in terms of NOE violations, one of them was selected arbitrarily as the initial

structure for the explicit-solvent MD simulations. The solute (charged at the N-terminus,
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Linker type Number of Box edge Linker

solvent molecules length [nm] configuration

Simulations in water

VOO 2621

VMM 2620

VPP 2971

VMM2 2608

VMM3 3642

VMMt 3217

WOO 2784

WMM 2618

WPP 2624

Simulations in methanol

VOO 2394

VMM 2387

VPP 2698

WOO 2533

WMM 2386

WPP 2378

Table 2.2: Summary of the systems considered in the different probing simulations. The

length of each simulation is 4 ns (water) or 10 ns (methanol). The box size refers to the

initial edge length of the cube from which the truncated octahedral box is derived.

as well as the arginine and lysine residues) was placed in a truncated-octahedron box based

on a cube with a minimum solute-to-wall distance of 1.6 nm, and hydrated by 3089 water

molecules. To relax the system, a steepest-descent energy minimization with positionally

constrained solute atoms was performed, followed by short MD runs (total 64 ps), with

gradual increase of the temperature up to 300 K and decrease of the solute positional

restraining force constant from 2.5 • 104 kJ mol-1nm-2 to 10 kJ mol^nm-2.

A total of five simulations was performed. The first three simulations were initiated

from the NMR model structure (see above) and performed using either (i) instantaneous

distance restraints [39, 61] with a force constant of 1000 kJ mol""1 nm"2 and a linearization

cutoff of 1 nm (simulation T, 1 ns of simulation); (ii) time-averaged distance restraints

[62] with the same force constant and linearization cutoff, and an averaging time of 50 ps

(simulation T, 1 ns of simulation); (iii) time-averaged distance restraints with an averaging

time of 300 ps (simulation TL, 7 ns of simulation). The final configurations of simulations

I and T were then used as starting points for two unrestrained simulations Fj, Ft (1
ns of simulation each). NOE-dcrived upper bound distances were obtained from the raw

experimental data by applying the appropriate pseudo-atom and virtual-site corrections

[39.72] (Tables 2.3, 2.4).

5.45 CIS

5.45 eis

5.66 eis

5.47 eis

6.05 eis

5.81 trans

5.57 eis

5.45 eis

5.45 eis

5.45 eis

5.45 eis

5.66 eis

5.57 eis

5.45 eis

5.45 eis
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NOE Residue Names Atom Names Upper Bound

Index Experimental GROMOS / nm

a b a b a b

1 1R 11Q HE HA HE CA 0.380 0.380

2 1R 11Q HE II HE H 0.460 0.460

3 2W 4Y HE3 IIB+ HE3 CB 0.580 0.741

4 2W 4Y HZ2 HB+ HZ2 CB 0.580 0.741

5 2W 4Y HE1 HE+ IIE1 CZ 0.570 0.850

6 2W 4Y HE3 HE+ HE3 CZ 0.620 0.906

7 2W 4Y HZ2 HEl 11Z2 CZ 0.620 0.906

8 2W 8F 1IE3 H HE3 II 0.550 0.550

9 2W 9T HE1 1IG2+ HEI CG2 0.770 0.955

10 2W 10V HE1 HG* HEI CB 0.730 1.204

11 2W 10V HE3 HG* HE3 CB 0.660 1.110

12 2W 10V H HG* 11 CB 0.740 1.218

13 2W 10V H H H H 0.650 0.650

14 2W 10V HZ2 HG* I1Z2 CB 0.720 1.191

15 3Q 8F H II H H 0.430 0.430

16 3Q 9T HA HG2+ CA CG2 0.540 0.679

17 3Q 9T HA H CA H 0.430 0.430

18 3Q 9T HG+ H CG H 0.650 0.820

19 3Q 10V HB+ HG* C13 CB 0.790 1.505

20 4Y 5V IIA HA CA CA 0.490 0.490

21 4Y 5V HD+ HA CG CA 0.550 0.827

22 4Y 5V HDl- HG* CG CB 0.620 1.368

23 4Y 5V HE+ HG* cz CB 0.700 1.489

24 4Y 6X HD+ 1IA1+ CG CA 0.480 0.749

25 4Y 6X HE-f HA1+ CZ CA 0.460 0.726

26 4Y 8F HE-r HD+ CZ CG 0.490 1.037

Table 2.3: NOE distance upper bounds used in the simulations (see Figure 2.2 for the

atom, naming scheme employed for the linker). The fourth, fifth and eighth column list

information characterizing the NOE upper bounds as obtained from, the NMR experiment.

Heir., the site labels may correspond to well-defined protons or groups of indistinguishable

protons (a
"

+
"

indicating one unknown index and an
"*" indicating two unknown indices).

The experimental NOE upper bound is increased by 10 % compared to the actual NOE dis¬

tance to account for experimental uncertainties. The sixth, seventh and ninth column list

information characterizing distance upper bounds employed in the molecular dynamics sim¬

ulations. Here, site labels may correspond to well-defined protons, or to carbon atoms if the

corresponding protons are indistinguishable or absent in the GROMOS J,.3al united-atom

force field. In the latter case, pseudo-atoms or virtual sites are used in the NOE calculation

and appropriate corrections are added to the experimental upper bound distances.
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Structure Prediction

Two MD simulations were performed. In the first (NMR), the final configuration of

the simulation FT was used as starting configuration, and another 74 ns of simulation

using conditions identical to FT were performed, affording a total of 75 ns of unrestrained

simulation. The second simulation (EXT) was started from an extended configuration

generated and relaxed analogously to the ones used in the probing simulations affording a

system with 4317 water molecules and a box edge length of 6.46 nm. Here, a total of 25

ns of simulation was gathered.

2.3.2 Analysis

A conformational cluster analysis [73-75] of the trajectories was performed based on confor¬

mations sampled at 2 ps intervals, using a least-squares fit of the backbone atomic positions

(C, CQ, N) and a cutoff criterion of 0.13 nm. Tnterstrand backbone hydrogen bonds were

monitored, the existence of a hydrogen bond being defined by a maximum distance of 0.25

nm between the hydrogen and the acceptor atoms, and a minimum angle of 135° between

the donor, hydrogen, and acceptor. For the refinement and the long, unrestrained simu¬

lations, NOE distance upper bound violations were calculated. Here NOE-derived upper

bound distances were obtained from the raw experimental data by applying the appro¬

priate pseudo-atom and virtual-site corrections [39,72] (sec Tables 2.3, 2.4). The average

interatomic distances were calculated using a r~3-averaging for the refinement simulations,

and a r_(,-averaging for the long, unrestrained simulations.

2.4 Results

The results of the simulations in terms of occurrences of hydrogen bonds and of repre¬

sentative structures and populations of the most populated conformational clusters are

presented in Figures 2.2-2.5, 2.7 and 2.8.

For later comparison to the simulation results, the hydrogen-bonding patterns expected

for a canonical ^-hairpin consists of a pairing of either the 2W/10V, 4Y/8F and 6X—>6X

residues (X denoting the linker), termed A-type, or of the 1R/11Q, 3Q/9T and 5V/7K
residues (B-type), see Figure 2.9. Here, a slash denotes the formation of a ß-type hydrogen-

bond pair while an arrow denotes a single hydrogen bond.

Structural Probing

The VOO simulation is characterized by the formation of ß-hairpin-likc structures both

in water and in methanol. In water, a kinked hairpin (1R/10V, 3Q^8F and 5V/7K) is

formed after about 1.5 ns and appears to be very stable (most populated cluster with 63 %

occupancy along the trajectory). In methanol, a hydrogen-bonding pattern closer to that

of a canonical /5-hairpin (1R^>11Q, 3Q--*10V, 5V/7K and 9T->3Q) is found at the very

end of the simulation. These configurations belong to the most populated cluster with 20

% occupancy along the trajectory.
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Figure 2.3: Interstrand backbone hydrogen bond formation as a function of time for the

different probing simulations (V: methylene spacer; W: ethylene spacer; O/M/P: substitu¬

tion pattern). Only hydrogen bonds occurring in at least 1% of the configurations during

the corresponding simulation are reported. The labels of individual hydrogen bonds indicate

a hydrogen bond between the NH-group of the first residue and the CO-group of the second

one. The three graphs correspond to simulations in water (left), simulations in methanol

(center) and control simulations in water (right). The latter simulations correspond to dif¬

ferent initial structures (VMM2, VMM3) or a linker in the trans-configuration (VMMt).

Among the simulations with the VMM linker in a eis configuration in water, the peptide

is found to fold into stable (>40 % along the trajectories) /3-hairpin-like structures in two

out of three cases (simulations VMM and VMM3), and a globular structure in one simula¬

tion (VMM2). Both VMM (1R/11Q, 3Q/10V and 5V/8F) and VMM3 (1R<-11Q, 4Y/9T
and alternative formation of 6X^>6X or 6X—>7K) show out-of-rcgister hydrogen-bonding

patterns compared to a canonical /5-hairpin. In methanol, the same peptide does not form

a stable structure, although a few transient hydrogen bonds are observed. The simulation
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VOO VMM VPP

VMM2 VMM3 VMMt

WOO WMM WPP

Figure 2.4: Backbone structures of the five most different members belonging to the pri¬

mary (most populated) cluster (maximum, backbone RMSD of 0.13 nm,) for the different

probing simulations in water (for labelling, see caption Fig. 2.3). All, shown structures

were superimposed using the Vmdrmsd program, J76] a,nd a backbone (C, Ca, N) least-

squares fit to enforce a similar orientation. The occurrence of the primary cluster during

the different simulations is: VOO: 63%, VMM: J+5%, VPP: 53%, VMM2: 30%, VMM3:

43%, VMMt: 25%, WOO: 20%, WMM: 27%, WPP: 9%.
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VOO VMM VPP

WOO WMM WPP

Figure 2.5: Backbone structures of the five most different members belonging to the pri¬

mary (most populated) cluster (maximum backbone RMSD of 0.13 nm) for the different

probing simulations in methanol (for labelling, see caption Fig. 2.3). All shown structures

were superimposed using the Vmdrmsd program, J76J and a backbone (C, Ca, N) least-

squares fit to enforce a similar orientation. The occurrence of the primary cluster during

the different simulations is: VOO: 20%, VMM: 9%, VPP: 2%, WOO: 7%, WMM: 20%,

WPP: 9%.

involving the VMM linker in a trans configuration in water (VMMt) is characterized by

disordered structures possessing at most one interstrand hydrogen bond (2W->6X). but

lacking any hairpin-like shape.
The peptide containing the VPP linker in water quickly folds into a stable structure,

involving a single, non-canonical hydrogen-bond (3Q^6X). In methanol, the peptide docs

not fold at all.

The WMM simulations are characterized by a persistent canonical hydrogen bond pair

(5V/7K in water; in methanol, 5V^7K is replaced by 5V—>6X after about 2 ns), but only

occasional hydrogen bonding (2W—s-llQ, 11Q—>3Q) is observed further away from the
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/ Fj QNS

Figure 2.6: Backbone structures of the five most different members belonging to the pri¬

mary (most populated) cluster (maximum backbone RMSD of 0.13 nm) for the different

refinement simulations. All shown structures were superimposed using the Vmdrmsd pro¬

gram [76] and a backbone (C, Ca, N) least-squares fit to enforce a similar orientation.

The occurrence of the primary cluster during the different simulations is: T: 74%, Ft-

55%, TL: 27%, I: 98%, F/: 76%. Bottom right: Starting structure (derived using QNS)

employed in the refinement simulations.

linker. The WPP simulations show a single persistent hydrogen bond in water (7K-->5V)
and the transient formation of a hydrogen bonded pair (3Q/7K) in methanol, concurrent

with the sampling of its most populated cluster. The WOO simulations do not show any

persistent hydrogen bonds. None of the peptides with two methylene spacers in the linker-

fold into a stable hairpin structure. In many of these simulations, the C-terminal strand

of the peptide samples a wide variety of secondary structure elements, including /3-turns

(Figures 2.4, 2.5).

Refinement of the NMR Model Structure

As can be seen in Figure 2.6, all simulations sample similar regions of backbone-conformational

space corresponding to /?-hairpin motifs. A pairwise combined clustering analysis (data
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Figure 2.7: NOE violations during the refinement and long, unrestrained simulations.

The average interatomic distances were calculated using r"3' -averaging for the refinement

simulations and r~ö-averaging for the long, unrestrained simulations. The results are sum¬

marized in Table 2.2. For the definitions of the NOE indices, see Tables 2.3, 2.4-

not shown) confirms this observation, indicating a very significant overlap in the sampled

configurations. In addition, Figure 2.6 and Table 2.5 show that all simulations are charac¬

terized by limited violations of the 53 NOE distance restraints (see Tables 2.3, 2.4). The

sum of positive NOE violations increases in the order T: 0.485 nm, i": 0.591 nm, TL: 0.688

nm, FT: 1.317 nm, Fr: 2.079 nm.

A closer look at the violated NOE distances (Table 2.5) reveals two interesting features.

First, half of the violated NOE's involve the 5V residue, with three out of these four viola¬

tions involving the atom Wß. The fact that these restraints are violated even in the strongly
restrained T- and /-runs suggest that these restraints cannot be fulfilled simultaneously
with each other and with the other restraints, indicating considerable mobility around this

residue. Second, one should note the large violation found for restraint 15 in Ft, which
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Figure 2.8: Time.-dependent properties of the two long, unrestrained simulations start¬

ing from the NMR model structure[60] (NMR, 75 ns) or from, an extended configuration

(EXT, 25 ns). Top: Canonical interstrand backbone hydrogen bond formation (black:

NMR; red: EXT). Only hydrogen bonds occurring in at least 1% of the configurations

during the corresponding simulation are reported. The labels of individual hydrogen bonds

indicate a hydrogen bond between the NH-group of the first residue and the CO-group of the

second one. Bottom: Backbone atom-positional (C, Ca, N) RMSD. Black: NMR, RMSD

from the NMR model structure; blue: NMR, RMSD from the central structure of its pri¬

mary cluster; red: EXT, RMSD from the NMR model structure; orange: EXT, RMSD

from the central structure of the primary cluster of the NMR-simulation.
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NMR primary NMR secondary

EXT primary EXT secondary

Figure 2.9: Backbone structures of the five most different members belonging to the pri¬

mary (most populated) and secondary clusters (maximum backbone RMSD of 0.13 nm) for

the two long, unrestrained simulations. All shown structures were superimposed using the

VMDRMSD program [76[ and a backbone (C, Ca, N) least-squares fit to enfoice a similar

orientation. The occurrence of the respective clusters during the different simulations is:

NMR, primary: 87%, NMR, secondary: 7%, EXT, primary: 41%, EXT, secondary:

25%. The central configuration of the primary cluster of the simulation starting from an

extended structure is sampled after 12.5 ns.

implies that the formation of a canonical A-type /5-hairpin is apparently incompatible with

this restraint.

The hydrogen bonding patterns (Table 2.6) vary widely between the different simula¬

tions and a number of different hairpin-like conformations are actually visited (Figure 2.6).

Still, of the two canonical hydrogen bonding patterns, the A-type one is clearly dominating,

with the pair 4Y/8F present in about 50 % of all sampled configurations. In particular,

this pattern is present in the configurations of the primary cluster of simulation Ft, with

only the 6X~-»6X hydrogen bond being replaced by 7K^5V.
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W H
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Figure 2.10: The hydrogen bonding pattern expected for a VMM-containing canonical ß-

hairpin consists of a pairing of either 2W/10V, 4Y/BF and 6X^6X (top), termed A-type

ß-hairpin or a pairing of 1R/11Q, 3Q/9T and 5V/7K (bottom), termed B-type ß-hairpin.

Structure Prediction

The unrestrained simulation starting from the NJMR model structure [60] maintains a stable

A-type /3-hairpin over more than 90 % of the trajectory (Figures 2.8 and 2.9, Table 2.6),
with only minor fluctuations in the terminal region, where the W2/Q11 hydrogen bonding

pair is found to be competing with the canonical W2/V10 (Figure 2.8). While the number

of violated NOE upper bounds as compared to the starting ensemble ET decreases from six

to two, the magnitude of the remaining violations increases significantly (Figure 2.7, Table

2.5). It is noteworthy that these restraints are obviously not compatible with a canonical

/3-hairpin (Tables 2.3, 2.4).
The unrestrained simulation starting from an extended structure undergoes a rapid (6

ns) initial folding process (Figure 2.8) affording a short-lived (0.5 ns) A-type /3-hairpin.

This is followed by a rearrangement of the C-terminal strand, which folds back onto itself

forming the simulation's primary cluster (Figure 2.9) while maintaining canonical A-type

hydrogen bonding in the linker region (Figure 2.8). This type of back-bending of the ex¬

terminai strand is also found in the WOO and WMM simulations in water (Figure 2.4).
After 13 ns, the simulation converges with the simulation starting from the NMR model

structure (Figure 2.8), and shows comparable NOE violations as well (Figure 2.7, Table

2.5).

2.5 Discussion

2.5.1 Structural Probing

Assuming that the tendency of a peptide to quickly fold into a hairpin-like structure is cor¬

related with the stability of the corresponding hairpin, the molecular dynamics simulations

presented here reveal some clear trends in the relative abilities of diazobenzene-containing

linkers to act as /3-furn replacements.
In the original peptide sequence, a hydrophobic cluster formed by the sidechains (2W,
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4Y, 8F, 10V) is believed to play a crucial role in the stabilization of the hairpin structure

[57,59]. Formation of a hairpin structure is therefore to be expected if two conditions

are satisfied: a) a thermodynamically stable linker geometry allows hairpin nucleation; b)
solvent and linker permit the formation of the hydrophobic cluster.

A number observations made in the present simulations can be rationalized based on

the first condition (a). First, linkers with ethylene spacers do not lead to stable hairpins,

even though one of them (WMM) exhibits substantial interstrand hydrogen bonding in the

expected turn region. This may be due to a comparatively greater flexibility of the linker,

which involves eight rotatable bonds in the W-linkers, compared to six in the V-linkers

but only four in the original ^PG residue pair. Second, para-substituted azobenzenes

are not good candidates to emulate /3-turn building blocks. For these linkers, only the

VPP-simulation in water showed the formation of a stable structure, which remained fairly

globular and lacked significant hydrogen bonding. With this substitution pattern, hydrogen

bonds in the turn region could in principle only be formed if linkers with ethylene spacers

are used. Third, the simulation of a VMM-containing peptide in the irans-configuration

did not sample hairpin-like structures, suggesting that the cis-trans isomerization could

indeed be a suitable conformational switch for this system.

A number of other observations can also be rationalized based on the second condition

(b). First, the stability of hairpin-like structures is substantially reduced in the simulations

in methanol, which is likely due to destabilization of the hydrophobic cluster in a less polar

solvent. While in these simulations the effect of methylene versus ethylene spacers on

hairpin stablility can no longer be distinguished, a para,para-substitution of the linkers is

still clearly unfavorable. Second, additional interactions between the hydrophobic cluster

and the aromatic rings of the linker are probably partially responsible for the lack of

hairpin formation in the simulations involving linkers with ethylene spacers in water. This

phenomenon would also explain the lack of hairpin formation in the WMM simulation in

methanol, where persistent interstrand hydrogen bonding in the turn region is observed.

Among the linkers examined in the present study, the VOO- and VMM-substituted

azobenzenes are the most likely to form stable /?-hairpins (in water). Characterization by

NMR of the VMM-containing peptide in its as and trans configurations [60] confirmed

the above prediction, leading to a photoswitchable peptide that forms a highly flexible

canonical /9-hairpin with the linker in its cis-configuration, while forming an insoluble

aggregate in the ^aras-configuration. Note, however, that only symmetrically substituted

linkers have been considered here. Linkers with asymmetric ring substitution patterns

or asymmetric numbers of methylene spacers might also be good candidates for inserting

photoswitchable /3-turns into peptides.

2.5.2 Refinement of the NMR Model Structure

All resulting trajectories fulfil the experimental restraints within reasonable boundaries,

with violations mostly involving the V5 and 8F residues, indicating significant mobility in

the turn region. Removal of the restraints (simulations Ft and Fj) results in a sudden

increase in the number of NOE upper bound violations indicating significant strain due to

this non-physical potential energy term.

For the generation of the initial NMR model structure, only covalcnt and repulsive van
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der Waals potential energy terms were used in addition to experimental distance restraints.

An improved picture of the hydrogen bonding patterns is therefore the main result of the

restrained explicit-solvent MD simulations presented here. While considerable qualitative

differences in the resulting hydrogen bonding patterns arc observed, an A-type hydro¬

gen bonding pattern is generally preferred. It is interesting to note that for the original

sequence, Espinosa & Gcllman[58] proposed a B-type hairpin, while in our simulations,

hydrogen bonds of this type are only found between non-aromatic residues in the relatively

unrestrained FT and TL simulations.

It is concluded that conformations corresponding to a canonical .4-typc /3-hairpin may

contribute significantly to the overall ensemble. However, it is also found that simulations

of this timescale arc not sufficiently converged to obtain a clear and unique picture of the

system's conformational distribution and dynamics, and that the application of experi¬

mental restraints may have led to the sampling of overly strained and therefore unphysical
conformations.

Structure Prediction

Both, the simulation starting from the NMR-derived model structure [60] and the simu¬

lation starting from an extended structure quickly (within 20 ns) converge to a canonical

A-type (inter-strand hydrogen bonds 6X^6X, 4Y/8F, 10V/2W) /3-hairpin which shows

the typical right-hand twist, and, once formed, is stable throughout the trajectory. The

trajectory starting from the NMR model structure fulfils 51 out of the 53 experimental

NOE distance bounds, indicating that the structure adopted by the examined sequence

may indeed be classified as an /1-type /3-hairpin. The simulation starting from the ex¬

tended structure quickly (after 6 ns) forms a short-lived (0.5 ns) A-type /3-hairpin, which

then rearranges into a stable intermediate (13 ns retention time) involving a back-bending

of the C-terminal strand, before it again assumes the expected /3-hairpin fold, which is

stable throughout the rest of the simulation (5 ns).
Overall, the system may be characterized as a stable A-type /3-hairpin. However, the

violation of specific NOE distance upper bounds, the formation of a stable intermediate,

and structural data gathered for the original peptide sequence[58| indicate that fairly stable

alternative conformations exist which are, not well sampled at the time scales reached in

the simulation.

It seems that unrestrained molecular dynamics simulations using a physically meaning¬

ful and internally consistent force field form a straightforward and reliable tool to investi¬

gate the structure and dynamics of the examined sequence at an atomic level of detail.
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NOE Residue Names Atom Names Upper Bound

Index Experimental GROMOS / nm

a b a b a b

27 4Y 8F HE+ HE+ CZ CZ 0.550 1.113

28 4Y 8F 1IB+ H CB H 0.450 0.595

29 AY 9T HD+ HG2f CG CG2 0.710 1.197

30 4Y 9T H IIG2+ H CG2 0.590 0.739

31 4Y 9T HB| HB CR CB 0.540 0.696

32 5V 6X HG* H14+ CB C14 0.670 1.123

33 5V 6X IIA H10 CA H10 0.410 0.410

34 5V 6X IIB H3 CB H3 0.480 0.480

35 5V 6X HA H14+ CA C14 0.570 0.570

36 5V 6X HB H14+ CB CM 0.660 0.660

37 5V 7K HB HB+ CB CB 0.420 0.561

38 5V 8F HB H CB H 0.510 0.510

39 6X 6X H144 H3 CM H3 0.660 0.660

40 6X 6X H14+ H4 C14 H4 0.530 0.530

41 6X 7K H14+ HA C14 CA 0.460 0.460

42 6X 7K H14+ HG1 C14 CG 0.610 0.610

43 6X 7K H14+ HG2 Cl 4 CG 0.620 0.620

44 6X 7K H9 H H9 H 0.340 0.340

45 6X 7K H14-I- H CM H 0.290 0.290

46 8F 9T HD+ HG2[- CG CG 2 0.560 0.995

47 8F 9T 1IE+ HG2 | CZ CG 2 0.550 0.981

48 8F 9T HB+ 11 CB H 0.390 0.528

49 8F 10V HEl HG* CZ CB 0.500 1.187

50 9T 10V H H H H 0.330 0.330

51 9T 11Q HG2+ H CG2 H 0.600 0.751

52 10V 11Q HG* H CB II 0.500 0.894

53 11Q 11Q H HG+ H CG 0.490 0.640

Table 2.4: (contd.) NOE distance upper bounds used in the simulations (see Figure 2.2 for

the atom, naming scheme, employed for the linker). The fourth, fifth and eighth column list

information characterizing the NOE upper bounds as obtained from, the NMR experiment.

Here, the site labels may correspond to well-defined protons or groups of indistinguishable

protons (a
"

I
"

indicating one unknown index and an
"*" indicating two unknown indices).

The experimental NOE upper bound is increased by 10 % compared to the actual NOE dis¬

tance to account for experimental uncertainties. The sixth, seventh and ninth column list

information characterizing distance upper bounds employed in the molecular dynamics sim¬

ulations. Here, site labels may correspond to well-defined protons, or to carbon atoms if the

corresponding protons are indistinguishable or absent in the GROMOS 43al united-atom,

force field. In the latter case, pseudo-atoms or virtual sites are used in the NOE calculation

and, appropriate corrections are added to the experimental upper bound distances.
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NOE NOE upper bound violation / nm Residues/Atoms
Index T Ft TL I Fi NMR EXT

2 0.195 HlHR - QHh
8 0.163 0.309 0.275 W2he3 - E8n

15 0.265 0.133 0.223 0.229 Q3H - F8H

31 0.132 0.114 0.273 0.129 Y4ilB+ - T9HB

33 0.126 0.107 0.331 0.149 V5IIA - X6hio

36 0.176 V5hb " ^6h144

37 0.110 0.153 0.130 0.217 V5„B - K7HB+

38 0.108 0.135 0.104 0.322 V5HB F8n

Table 2.5: NOE distance upper bounds (Tables 2.3, 2.4) for the definitions of the 53 NOE

indices) that are violated by more than 0.1 nm during the refinement and long, unrestrained

simulations. 1 indicates a simulation with instantaneous distance restraints, T indicates

a simulation with time-averaged restraints (the L subscript indicates a longer simulation

with, an averaging time of 300 ps instead of 50 ps), and F a free simulation (the I or T

subscript indicates a simulation started from the final configuration of the corresponding

restrained run). NMR indicates a long, unrestrained 75 ns-simulalion starting from the

final configuration of T, and EXT a long, unrestrained 25 ns-simulation starting from,

an extended configuration. The average interatomic distances were calculated using an

r~i-averaging for the refinement simulations and r~e'-averaging for the long, unrestrained

simulations.
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Hairpin Donor --> Acceptor Occurrence (%) of hydrogen
bonds in the simulations

Type NH --> CO T r t TL I Fi NMR EXT

2W --> 9T 10 13

A 2W -

2W -

3Q -

-> lOV

-> 11Q
-+ 8F 6

46 6

57

40

30

16

B 3Q -

3Q -

> 9T

-> 10V

11 18

17

A 4Y --> 8F 71 58 56 37 19 86 67

A 6X --> 6X 7 66 69

7K --> 4Y 21 5 39 27

B 7K -

8F -

+ 5V

-+ 3Q 6

37 49

42

A 8F -

8F -

-+ 4Y

-* 6X

77 52

26

48 7 83 75

10V --* 1R 16 22 16

A 10V -

11Q -

* 2W

* 2W

49 58

18

29

Table 2.6: Occurrence of interstrand backbone hydrogen bonds during the refinement and

long, unrestrained simulations. Only hydrogen bonds occurring in at least 5% of the con¬

figurations of the corresponding simulation are reported. Here, a hydrogen bond, is defined

by a maximum hydrogen-acceptor distance of 0.25 nm and a minimum donor-hydrogen-

acceptor angle of 135°. A canonical anti-parallel ß-hairpin is expected to show the pairing

of either 2W/1.0V, J/Y/8F and, 6X-^6X (ß-hairpin type A) or 1R/11Q, 3Q/9T and 5V/7K

(ß-hairpin type B), depending on the hydrogen bonding pattern, in the turn region.



36 Chapter 2. A Photoinducible /3-Hairpin



Chapter 3

A multiple-timestep algorithm

compatible with a large number of

distance classes

3.1 Summary

A new algorithm is introduced for performing the multiple-timestep integration of the equa¬

tions of motion for a molecular system, based on the splitting of the non-bonded interactions

into a series of distance classes. The interactions between particle pairs in successive classes

are updated at a progressively decreasing frequency. Unlike previous multiple-timestepping

schemes relying on distance classes, the present algorithm sorts interacting particle pairs

by their next update times rather than by their update frequencies. For this reason, the

proposed scheme is extremely flexible with respect to the number of classes that can be

employed (up to hundred or more) and the distance dependence of the relative timestep

size (arbitrary integer function of the distance). It can also easily be adapted to classes de¬

fined based on a criterion other than the interparticle distance (e.g. interaction magnitude).
Different variants of the algorithm are tested in terms of accuracy and efficiency for simula¬

tions of a pure water system (6167 molecules) under truncated-octahedral periodic bound¬

ary conditions, and compared to the twin-range method standardly used with GROMOS96

(short- and long-range cutoff distances of 0.8 and 1.4 urn, pairlist and intermediate-range

interaction updated every five steps). In particular, multiple-timestepping schemes with

an accuracy comparable to that of the twin-range method can be designed, that permit to

increase the effective (long-range) cutoff distance from 1.4 to 3.0 nm with a performance

loss of only about a factor two. This result is quite encouraging, considering the benefits

of doubling the cutoff radius in the context of (bio-)molecular simulations.

37
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3.2 Introduction

When performing classical explicit-solvent molecular dynamics (MD) simulations, the bulk

of the computational effort is typically spent in the evaluation of the non-bonded (elec¬
trostatic and van der Waals) interactions. In most cases, non-bonded interactions are as¬

sumed to be pairwise additive, higher-order many-body effects being implicitly accounted

for through the use of effective pairwise interaction parameters. In finite (non-periodic)

systems, these interactions can in principle be computed exactly via a double sum over

all unique particle pairs. More often, however, the interaction is split into a short-range

contribution (only active within a specified cutoff distance R, and evaluated by direct

summation over particle pairs) associated with a correction for longer-range (dominantly

electrostatic) interactions |77]. This splitting is compulsory for systems simulated under

periodic boundary conditions, because the number of explicitly-interacting particle pairs

would otherwise be infinite. In this case, the direct short-range summation is restricted to

particle pairs within the reference computational box, the cutoff splitting and interaction

evaluation being applied on the basis of minimum-image inter-particle vectors. Typical

choices regarding the electrostatic contribution to the long-range correction are to : (i)

neglect it (straight-cutoff truncation[77]) ; (ii) approximate it through a reaction-field

correction term included into the short-range contribution (Barker-Watts reaction-field

method[40,4J, 78]) ; (Hi) assume exact periodicity for these interactions and evaluate the

correction through Fourier series (lattice-sum methods[22,42,-18, 79, 80]). The correspond¬

ing long-range van der Waals correction is generally neglected, or approximated through a

mean dispersion contribution to the interaction energy|77|.
When cutoff splitting is applied, the evaluation of the non-bonded interactions is typi¬

cally performed in three steps (following the Verlet approach[81]) : (i) generation of a list

of particle pairs with (minimum-image) distances shorter than R (non-bonded pairlist) ;

(ii) evaluation of the short-range interaction by direct pairwise summation based on the

pairlist ; (in) evaluation of the long-range correction. Using a simple double-loop algorithm,

the computational cost associated with the first step scales as 0[N(N — l)/2] <=s 0[N2],
where N is the total number of particles in the system (finite system) or in the compu¬

tational box (system under periodic boundary conditions). The cost associated with the

second step scales as Ö[(2n/'i)NpT{A] & C\NR3\, where p is the average number density

of particles in the system. Typical scalings for the computational cost associated with

the third step are none (straight-cutoff truncation), ö[NRä] (reaction-field correction; in

practice, inexpensive), or Ö\N3/2} (Ewald-based lattice-sum [46] optimized for a specified

accuracy).
The computational effort spent in the evaluation of the non-bonded interactions may

be reduced by the application of various time-saving techniques. These can be broadly

classified into the following categories :

A. Accelerate the pairlist generation : the simple double-loop algorithm for generating

the pairlist scales as Ö[N2}, and becomes prohibitively expensive for large systems.

Grid-based pairlist algorithms reduce this scaling (ideally to 0[N\) by discretizing

the computational volume into small cells, and restricting the search for neighboring

particle pairs to particle pairs within neighboring cells [77, 82]. Two other time-saving
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techniques may be applied to further reduce the computational cost associated with

the pairlist generation.

First, particles may be clustered into small groups (typically sets of a few covalently-

linked atoms), bound to remain in close spatial proximity [83]. A group-based pairlist

is then generated (with a slightly-increased cutoff R', to account for the finite size

of the groups), that is later converted into a particle-based pairlist, ideally dividing

the computational costs by the square of the average number of particles per group.

Second, for systems under periodic boundary conditions, it is possible to replicate the

coordinates of the particles located closer than R from any face of the computational

box, leading to an extended computational box [84]. Considering pairs defined by one

particle within the box and a neighbor particle within the extended box suppresses

the need for converting inter-particle distances to the corresponding minimum-image

distances before comparison with R, which may result in a significant speedup of

the algorithm. The latter trick may also be applied at the level of the short-range

interaction evaluation (see point D below).

B. Reduce the update frequency of the pairlist : if the pairlist is generated using an

extended cutoff R' > R, and the short-range interaction evaluation is explicitly re¬

stricted to the subset of pairs within the actual cutoff distance R, the pairlist no

longer needs to be updated every simulation step [81]. It is then sufficient to recalcu¬

late it whenever the sum of the two largest distances travelled by any pair of particles

exceeds R' — R. A number of approximate variants to this approach have also been

proposed [85,86].

C. Reduce the update frequency of long-distance interactions : the fluctuation frequency

associated with the non-bonded force on a particle due to other particles within a

specified distance range (spherical shell) decreases with the distance. Thus, time-

saving may be achieved with a limited loss of accuracy by evaluating (expensive)

long-distance interactions less frequently than (less expensive) short-distance ones.

This principle forms the basis for multiple-timestep (MTS) algorithms, which may be

applied either to speed up the evaluation of the short-range interaction or to reduce

the evaluation frequency of the long-range correction. These methods arc discussed

in more details below.

D. Accelerate the short-range interaction evaluation : a number of time-saving tech¬

niques may be applied to reduce the computational costs associated with the short-

range interaction evaluation. These include the use of fast approximate algorithms

for the inverse square-root operation [84,87], tabulated forms for the interaction

functions [84], or hard-coding of the topological information [84].

E. Accelerate the long-range correction evaluation : for systems under periodic bound¬

ary conditions, the standard Ewald algorithm [42] applied with optimized parameters

(width of the charge-shaping function and reciprocal-space cutoff) scales as ö\N^2\
for a specified accuracy [46], and becomes prohibitively expensive for large sys¬

tems. More computationally-tractable alternatives include methods relying on grid-

discretization and fast-Fourier-transform algorithms, such as the particle-particle-
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particle-mesh |22,47] (P3M) and the (smooth) particle-mesh Ewald [48,80] (PME)

methods, which scale as ö[N \og N] for a specified accuracy.

F. Apply fast-multipole or multigrid methods : the exact evaluation of the non-bonded

interactions for a system of A^ particles by direct pairwise summation is an <D[N2]

problem. This scaling may be reduced to Ö[N log N] by the application of hierarchical-

multipolc approaches [88,89], or to Ö[N\ using (closely related) fast-multipole meth¬

ods [90,91]. In the latter type of methods, particles are grouped into a nested hier¬

archy of clusters, cither on a fixed spatial basis (e.g. hierarchy of cubic grid cells) or

on a structure-adapted basis [92-94], with sizes ranging from all particles in the sys¬

tem down to individual particles. Interactions between nearby particles are treated

at the finest level of resolution (particle-particle interactions), while interactions be¬

tween particles at increasingly large distances are approximated as cluster-cluster

(multipole-multipolc) interactions between increasingly large clusters. These meth¬

ods can be applied to any inverse-power-law interaction function, and have been used

in the evaluation of the overall non-bonded interaction in finite [88-90, 93. 95-98] and

periodic [95,97, 99 102] systems of particles (see points D and E above) or in the eval¬

uation of the short-ranged non-bonded interactions[94J only (see point D above; this

approach then permits the application of unusually large cutoff distances). As an

alternative to fast-multipole methods, linear scaling may also be achieved by the use

of multigrid methods [49,50], The multigrid approach is based on a similar prin¬

ciple of separation of length-scales, but makes use of basis functions defined on a

nested hierarchy of grids rather than a nested hierarchy of particle clusters. Both

fast-multipole and multigrid methods only deliver approximate interactions, and the

estimation of the associated errors is an important component of these algorithms.

G. Use of special-purpose hardware, parallelization or vectorization : the three ap¬

proaches have been extensively applied to speed up the different parts of the non-

bonded interaction calculation.

More detailed overviews of these (and other) time-saving techniques can be found else¬

where [82,103-105].
Multiple-timestep (MTS) algorithms (point C above) represent an important family of

time-saving techniques. They rely on the idea that the effect of slowly-varying forces on the

motion of the particles may be treated differently (more efficiently) compared to the effect

of rapidly-varying forces. This increased efficiency is achieved in practice by integrating the

equations of motion for the system based on different timestep sizes, each associated to force

contributions with differing fluctuation frequencies. On the one hand, a shorter (micro-

integration) timestep is used to propagate the system based on the exact time-dependent

evolution of the rapidly-varying forces, together with some analytical approximation for

the time dependence of the slowly-varying forces (which does not involve their réévalua¬

tion at each micro-integration timestep). On the other hand, a larger (macro-integration)
timestep is used for updating the slowly-varying forces and, in some schemes [106-109],
evaluating a trajectory correction for the approximation made on the slowly-varying forces

during the preceding micro-integration tiniesteps. Time-saving is achieved when the eval¬

uation of the slowly-varying force components (typically long-distance non-bonded forces)
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is computationally more intensive than that of the rapidly-varying components (typically
short-distance non-bonded and covalent forces), which is generally the case in molecular

simulations. In practice, the splitting into long- and short-distance non-bonded compo¬

nents is sometimes achieved by a smooth switching function rather than by a strict cutoff

criterion [108,110]. Furthermore, the splitting often involves more than two force compo¬

nents [111 113].
The various available MTS schemes differ in the way they approximate the slowly-

varying force contribution at each micro-integration timestep [113]. Common approxi¬

mations are : (i) to omit it and reintroduce its effect as a trajectory correction at each

macro-integration timestep (NAPA [106] and RESPA [107,108] schemes) ; (ii) to include

it as a time-independent contribution [114] and, possibly, reintroduce the effect of its time-

dependence as a trajectory correction at each macro-integration timestep 1108,109] ; (vii)
to extrapolate its time dependence based on a Taylor-series expansion [115] or some other

extrapolation method [116] ; (iv) to approximate its time dependence so as to enforce

equivalence with the standard Verlet integrator (so-called Verlet equivalence) when all

forces are treated as slowly-varying forces (Verlet-II [112] and Verlet-X [117] schemes) ;

(v) to omit it and reintroduce it as a force contribution acting only at the beginning

and at the end of each macro-integration timestep (impulse schemes, such as the Verlet-I

scheme[112] and the equivalent but more general r-RESPA scheme[118], or the mollified-

impulse MOLLY scheme[16,119]). The latter impulse-based MTS schemes are attractive

because the corresponding integrators are both time-reversible and symplectic (and gener¬

ally second-order accurate), which is generally not the case for the other MTS methods [26].

Time-reversibility is a natural property of microscopic dynamics, implying that a change

of sign in the time variable leads to exact tracing of a system back from the final state

to the initial conditions (at infinite numerical precision). Symplecticity is a property re¬

lated to the conservation of volumes in phase space (Poincaré invariants) that is satisfied

by Hamiltonian systems |23,120-123]. It is also a desirable property for any integrator

because it is believed to be a necessary condition for the long-time stability of the algo¬

rithm [120,122], related to the observation that symplecticity is a necessary condition for

the existence of a ("shadow") Hamiltonian for which the discretized trajectory is an exact

solution of the equations of motion except for an exponentially-small deviation [122, 124-

126]. However, in practice, the accuracy of an integrator (be it symplectic or not) is

not only affected by systematic errors (growing monotonically with the timestep size and

often largely removed in practice by temperature coupling), but also by chaotic errors,

related to artificial (integrator-induced) resonance effects [127]. In the context of symplec¬

tic impulse-based MTS schemes, resonance effects are expected to be important because

the macro-integration timesteps introduce periodic impulses at a low-enough frequency

to excite natural frequencies associated with the rapidly-varying interactions [112,117].
In practice, these resonance effects put a hard limit on the maximal macro-integration

timestep that can be applied for a given system [117]. These problems can be partly
alleviated (permitting the use of longer timesteps) by using a mollificd-impulse scheme

such as MOLLY or its equilibrium variant [119]. Alternatively, one may prefer to use non-

symplectic extrapolative methods, for which the energy drift is controlled by mild Langevin

coupling [16|, as done in the LN scheme [104]. Ultimately, the properties of the various
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MTS schemes should be compared based on practically-relevant simulated observables for

the systems under investigations, e.g. solvated biomolecules [113].
MTS methods to speed up the evaluation of non-bonded interactions are commonly

applied on the basis of two (twin-range [114] and earlier [115] methods) or more (e.g.
three [111], four [113], or up to eight [112]) distance classes within the cutoff distance,

and have also been used in conjunction with lattice-sum [108] or fast-multipole [93,102]
methods to simultaneously reduce the update frequency of the long-range correction. For

practical reasons, previous MTS schemes splitting the interaction within the cutoff range

into a number of distance classes have enforced three restrictions [111 -114] :

1. The distribution of all particle pairs into the different distance classes is performed

at a common time point, during a pairlist generation performed at every macro-

integration timestep (timestep associated with the outermost distance class).

2. The forces corresponding to all particle pairs within a given distance class are eval¬

uated simultaneously, at time points separated by the timestep size associated with

this class. For all classes, the first evaluation is performed right after the pairlist

generation at each macro-integration timestep.

3. The macro-integration timestep is an integer multiple of the timesteps associated

with all other distance classes.

Restriction 1 corresponds to neglecting the time dependence of the pair attribution to dis¬

tance classes during a full macro-integration timestep, i.e. to forbidding transitions among

distance classes (resulting from changes in the inter-particle distances) during this time

interval. The purpose of this restriction is to take advantage of the pairlist generation for

performing a computationally inexpensive attribution into distance classes, and to avoid

the complicated bookkeeping required for handling transitions of particle pairs among the

different classes. Restriction 2 corresponds to resetting the timer for all interaction up¬

dates to zero at each macro-integration timestep (simultaneously with the attribution to

new distance classes). This avoids a complicated bookkeeping of the previous updating

times on a particle-pair basis. Restriction 3 is not strictly necessary, but is imposed for

consistency with restrictions 1 and 2, so that each distance class is at the end of its cycle

of integrations after one macro-integration timestep. In practice, it is easier to enforce

a slightly more restrictive condition [112], namely that for any scheme involving M dis¬

tance classes m — 1..M, the timesteps associated with the successive distance classes are

given by 2m xAt, where At is the micro-integration timestep (timestep associated with

the innermost distance class). However, this choice represents an extremely steep (ex¬

ponential) increase of the timestep size with the distance class index m which, even for

reasonably small M, almost certainly exceeds the distance-dependence of the fluctuation

time characteristic of the corresponding force contribution.

The goal of the present work is the design of a more general MTS scheme that alleviates

the three above restrictions, i.e. with the ability to : (i) perforin asynchronous updates of

the interaction for pairs within any distance class, depending on the previous-update time

of the specific pair and the timestep assigned to the given class ; (ii) perforin asynchronous

reassignments of the pairs within any distance class into a new distance class, depending on
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the previous-update time of the specific pair and the timestep assigned to the given class ;

(Hi) permit the use of a large number of distance classes (up to hundreds, if desired) ;

(iv) allow for the selection of an arbitrary distance dependence of the timestep size ; (?;)

generalize easily to other attribution schemes (e.g. attribution into classes on the basis

of the magnitude of the pairwise interaction). This goal is achieved through an approach

analogous to scheduling algorithms employed e.g in multi-process operating systems [128],

by which arbitrary events can be triggered at specified lime points in the future. In

practice, the issue related to transitions among distance classes is avoided by classifying
interactions by their next update times rather than by their update frequencies. The

present text describes the working principle and implementation of the algorithm, and a

basic application to a pure water system including an analysis of the error incurred in the

forces for different number of distance classes and distance dependences of the timestep

sizes. For simplicity, the present implementation and first application are performed in the

simple context of a MTS scheme including a constant contribution of the slowly-varying
forces during the integration of the rapidly-varying ones [114]. Tn this form, the algorithm

is shown to permit a significant increase of the cutoff radius with limited errors, moderate

computational overhead and acceptable memory usage. The extension of the algorithm to

more elaborate MTS schemes (e.g. impulse schemes), as well as practical performance and

error assessments on (bio-)molecular systems will be the scope of a future article.

3.3 Theory

Consider a molecular system consisting of N atoms under either non-periodic (i.e. fi¬

nite system) or periodic (i.e. within a computational box) boundary conditions. In a

molecular dynamics (MD) simulation, the classical equations of motion for this system

are integrated numerically for ns discrete timesteps of size At, resulting in a trajectory

{r(nAf,)|n = 0,1..., ns}, where r = [r^i = 1,2..., N} is the 3A-dimensional Cartesian

coordinate vector of the system. The non-bonded contribution to the total potential energy

is assumed to be of the form

N N

^b(r) =- J2J2v^fi^H^~f^^ M
I ]>l

where vtJ represents the pairwise non-bonded (electrostatic and van der Waals) interaction

between atoms i and j, r^ = r,
—

r.t, rî? is identical to r^ (non-periodic system) or is

the minimum-image vector associated with ri? (periodic system), H is the Heaviside step

function, and Rc is the interaction cutoff distance. The corresponding non-bonded force

on atom i is given by

N

F.(r) = _^.V»l^(i;r_f). (3.2)
oti

*—*
dr., r--

,
—'

%)
i in

For simplicity, Eqs. (3.1) and (3.2) assume that the cutoff truncation is applied on the

basis of (minimum-image) interatomic distances. However the following discussion is easily
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generalized to a truncation scheme based on distances between atom-groups [39|. In this

case, N will stand for the number of such atom-groups in the system and rtJ for the vector

connecting the centers of atom-groups i and j, while Eqs. (3.1) and (3.2) are replaced by

appropriate generalizations.
The present algorithm relics on the attribution of a specific updating time-interval ri3

to each of the atom (or atom-group) pairs {i, j} involved in the evaluation of Eqs. (3.1) and

(3.2) (or their generalizations for atom-groups). This time-interval is determined based on

the interatomic distance as

t,j = mtJAt (3.3)

with

mtJ - 1 + int {g(r,3)) , (3.4)

where "int" returns the integer (truncated) part of a real number and the function g

characterizes a given updating scheme. The meaning of the updating time-interval is that

the contribution of the corresponding pair to the non-bonded interaction energy and forces

is only reevaluated at successive time points separated by a delay t%1 (as determined by rKI

at the previous time point through Eqs. (3.3) and (3.4)) and assumed constant in between.

In the present work, the function g is defined as

Mr) -

J 9(f),iir<Rp , .

g[r) \ g(Rp), otherwise ' [ }

where g is a moiiotonically-increasing function satisfying g(0) = 0 and Rp is a cutoff

distance beyond which the updating time-interval r^ is held constant. Tn this case, Eq.

(3.-1) effectively splits the N(N— l)/2 atom pairs within the system into M distance classes

V.M. with

fj.
_

Ï 1 I int(51 (rn««)). if rmax < Rp , ,

M
~

\ 1 -l mt(g(Rv)). otherwise
' [ '

where rmax is the maximal (minimum-image) distance between any two atoms within the

system. Tn the present study, the time-interval cutoff Rp is always set to the same value as

the interaction cutoff Rc.
The multiple-timestepping based on the updating time-intervals r,? of Eq. (3.3) requires

the introduction of a number of special arrays into the simulation code.

The integer pairlist-scheduling array P[1..M, 1..A — 1, V.K] contains lists of pairs for

which the interaction is to be updated during a common timestep. More precisely, at any

given timestep n. all atom pairs {i,j} with i < j that need to be updated rn timesteps in

the future (m, > 0) are stored as successive k3 elements in P[rh,i. A;,], with

rh - 1 + mod(m + n - 1, M), (3.7)

where "mod" returns the remainder of the division of its first integer argument by its second

integer argument. The use of the modulo operation in Eq. (3.7) permits the reduction of
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the first dimension of the pairlist-scheduling array to a minimum (the number M of distance

classes) by using this dimension in a circular fashion. The third dimension K of the array

can be set to (A — 1)/M, increased by some tolerance to account for fluctuations. Thus,

the memory requirement for the pairlist-scheduling array corresponds to roughly (N — l)2

elements, i.e. about twice the size required to store a standard (ordered) pairlist containing

all pairs within the system. The algorithm also requires an integer lemporary-pairlist array

p[l..Af, V.N~ 1, l..A~'j, where K' is equal to K/M, increased by some tolerance to account

for fluctuations.

The real energy array E[1..M| and the real force array F[1..M, 1..3A] contain inter¬

action contributions that are to be updated during a common timestep. More precisely,

at any specific timestep n, all components that need to be updated m timesteps in the

future (m > 0) are contained in E[m] and F|?fi, 1..3A], respectively, with m given by Eq.

(3.7). After the update has been performed for a specific timestep, the total non-bonded

energy and forces are obtained by summing all the elements of the two arrays. The memory

requirement to store these arrays is M times larger than for a standard calculation.

Based on the above array definitions, the algorithm can be summarized by the following

pseudo-code:
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clear(P)

loop i= 1..JV - J

loop j = i + \..N

m = 1 + int(<?(ry))
if m == M then

m = irandCl, M)

endif

P[m.'i,size(P[rn,f]) + l]
end loop

end loop

loop m = 1..M

E[ra] = energy(P|/u])
F\m] = force(P|m])

end loop

E
M

Elm]
vA//

F\m]

Ett>t —

*tot = Lm-l . .

V =- V I ^Ftot
R = R + AtV

loop ?i = l..ns — 1

clear(p)

n
- 1 fmod(n- 1,M)

loop i - 1..N - 1

loop k — l..size(P[n,i])
j = P[n,i, k]
m 1 I int (#(?,,))
in - 1 |mod(m + n - l,M)
p\m,i,size(p[m,i]) + l] =j

end loop
end loop

clear(P[n],F[n],E[n])
loop m = 1..M

loop i= L.N- 1

loop k = l..size(p[m,?J)

P[m,z,size(P[m, ?]) 4- I] _

end loop

end loop

E[mj += energy(p[m])

F[rh\ +- force(pfm])
end loop

Eif-iEN^tot —

Ftot =

V-V4-rtot

R R I AtV

end loop

^F,

(INITIALIZATION)

(clear pairlist-scheduling array)

(loop over primary atoms or atom-groups)

(loop ovei secondary atoms or atom-groups)

(initial updating time-interval associated with the pair)

(pair is in the outermost range, beyond R;))

(select random range to avoid overflow of P[Ai])

(schedule the pair for the next update)

(loop over distance classes)

(calculate the interaction)

(FIRST INTEGRATION STEP)

(total energy)

(total force)

(integrate equation of motion)

(SUBSEQUENT INTEGRATION STEPS)

(RESCHEDULING)

(clear temporary-pairlist array)

(index of current pairs in the pairlist-scheduling array)

(loop over primary atoms or atom-groups)

(loop over secondary atoms or atom-groups)

(index of secondary atom or atom-group)

(new updating time-interval associated with the pair)

(corresponding index in the pairlist-scheduling array)

(add pair to temporary pairlist-array)

(INTERACTION UPDATE)

(clear old pairlist and interaction contributions)

(loop over distance classes)

(loop over primary atoms or atom-groups)

(loop over secondary atoms or atom-groups)

(add pair to pairlist-scheduling array)

p\rh,i,k]

(update the interaction)

(INTEGRATION STEP)

(total energy)

(total force)

(integrate equation of motion)



3.3. Theory 47

The "INITIALIZATION" block serves to define the initial states of the P, E and F

arrays. This is done by looping over all unique atom (or atom-group) pairs, assigning

these to distance classes, and storing the corresponding pair identities, pairwise energies

and pairwise forces in the appropriate locations of the three arrays. For example, for a

pair i,j (with j > i) allocated to a distance class rn, one adds j to the pairlist P[m, i],

computes the interaction energy and forces between the two particles, and adds these to

the corresponding energy and force array entries E[m], F[ra, i\, and F[rn, j].
The "FIRST INTEGRATION STEP" block performs the first integration timestep on

the basis of the forces calculated by summing the elements of the F array.

For each subsequent timestep, the algorithm has three components. First, the "RE¬

SCHEDULING" block considers all pairs to be updated in the current timestep and copies

them to the temporary-pairlist array sorted by the index m defining their future reschedul¬

ing location in the P array. Second, the "INTERACTION UPDATE" block appends the

elements of p at the rear of the corresponding elements of P, and performs the réévalua¬

tion of the corresponding forces and energies. Third, the "INTEGRATION STEP" block

perforins the integration timestep on the basis of the forces calculated by summing the

elements of the F array. For example, at a given timestep n associated with an index n

in the pairlist scheduling array, if j is found in the pairlist P[n,i] of i (with j > i), a new

timestep size m (and a corresponding new index rn) are evaluated to determine the next

update of the interaction between i and j, and j is appended to the temporary-pairlist

array p[m, i] of i. After performing this operation for all pairs, the arrays P[n], F[h], and

F\n\ are cleared. Then, the new energies and forces for the interaction of pairs within the

temporary-pairlist array and added to the corresponding energy and force array entries

E[m], F[m, i], and F[m,j], while the contents of p[rn] are appended to P[m].
The separation of "RESCHEDULING" and "INTERACTION UPDATE" blocks by

means of the temporary-pairlist array may appear to be an unnecessary complication.

However, it turns out to be essential for the computational efficiency of the algorithm,
because it permits the sequential access to the elements of the (large) force array during
the interaction evaluation, thereby reducing cache misses during memory access. Tn ad¬

dition, owing to this splitting of the two blocks, the interaction evaluation does not need

to be aware of the scheduling process, allowing for the call to a standard routine for this

evaluation. The only modification that may be required in this routine is related to the

fact that the list of pairs contained in the temporary-pairlist array p is not sorted in the

secondary atom indices j.
If ^max is significantly larger than Rp, Eqs. (3.4). (3.5) and (3.6) imply that most of

the pairs belong to the outermost distance class M. In order to avoid excessive memory

usage associated with a very large A" dimension for the pairlist-scheduling array (or the

performance penalty associated with dynamic memory allocation), it was found necessary

to randomize the updating time-interval associated with these pairs in the first step of the

simulation, as done in the "INITIALIZATION" block of the above pseudo-code.
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3.4 Computational details

The multiple-timestepping algorithm was implemented info the GROMOS96 program [39]

(in Fortran77). It was then tested on a periodic system defined by a truncated-octahedral

box derived from a cube of edge length 7.2 nm (rmAX — 4,0 nm), containing 6167 SPC water

molecules[68]. The system was relaxed by energy minimization and equilibrated by 100 ps

MD simulation using a twin-range method [39] with cutoff radii 0.8 and 1.4 nm, followed

by fO ps MD with a single-range cutoff radius of 3.0 nm. The properties of the multiple-

timestepping scheme with different sets of parameters (see below) were then investigated

by comparing a series of 2 ps MD simulations with a cutoff radius Rc —- 3.0 nm.

Bond lengths were constrained using the SHAKE algorithm [70] with a relative geomet¬

ric tolerance of 10" 4. The equations of motion were integrated using the leap-frog scheme

and a (micro-integration) timestep size of 2 fs. The system was coupled to a heat bath

[25] at 300 K with a relaxation time of 0.1 ps. and to a pressure bath [25] at 1 atm with a

relaxation time of 0.5 ps. Electrostatic interactions beyond the (long-range) cutoff radius

were accounted for by means of a reaction-field correction [4\] with a relative dielectric

permittivity of 54. Cutoff truncation was always applied on the basis of intermolecular

(oxygen-oxygen) distances.

The multiple-timestepping scheme was tested for functions g in Eq. (3.5) obeying the

general form

9(f) - (M-l)-^y (3.8)

with Rp — Rc (note that a does not need to be an integer), i.e. g(f) is a two-parameter (M,

a) function off. The parameter M (number of distance classes and relative timestep size

beyond the cutoff distance) was set to either 5, 10, 25, 50, 75, 100 or 150 and the parameter

a (determining the relative widths of the successive distance classes) to either 1, 2, 3 or

4 (only a subset of all possible combinations of M and a was considered). Increasing a

for a given M leads to thicker shorter-range distance classes (with high update frequency)
and thinner longer-range distance classes (with low update frequency). It is therefore

expected to increase the accuracy and decrease the efficiency of the algorithm. Conversely,

increasing M for a given a leads to longer updating time-intervals over the whole range of

distances, and is therefore expected to decrease the accuracy and increase the efficiency.

The parameters a and M will be used to refer to the simulation involving a specific scheme,

e.g. a3M2r> refers to the simulation with a = 3 and M = 25.

Five additional simulations were carried out for comparison purposes. One simula¬

tion (a^Mf) was performed with a single-range cutoff radius of 3.0 nm, and no multiple-

timestepping. Two simulations (twri4 and twr30) were carried out using the standard

GROMOS96 code and a twin-range scheme[39] with a short-range cutoff' distance Rs of

0.8 nm, a long-range cutoff distance Rp — Rc of either 1.4 nm (a value conventionally used

for MD simulations using GROMOS96) or 3.0 nm and a relative timestep size of 5 in the

intermediate range. Finally, two simulations (twe^ and twe,3o) were carried out where the

twin-range schemes of the two latter simulations (twr14 and twr30) were (approximately)
emulated using the new multiple-timestepping scheme with a function g in Eq. (3.4) given
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by

m =,
{I'7**: (3-9)

Jy '

yh, otherwise

The results of the fweid and twc-30 simulations are expected to numerically differ from

those of the twru and twr30 simulations, because the rescheduling occurs only at fixed

intervals (five timesteps) in the standard GROM096 implementation, while it is performed

asynchronously at every timestep in the new algorithm.
A number of properties were monitored as time-averages over the last 1 ps of the dif¬

ferent simulations. The average number Ns of rescheduling events per timestep represents

the number of pairs scheduled for an update at a given timestep, averaged over time.

Each rescheduling event is associated with one distance calculation. The average number

Nt < Ns of interaction updates per timestep represents the number of rescheduling events

which arc followed by a force and energy calculation for the pair (i.e. the subset of pairs

for which the minimum-image distance was found to be smaller than the cutoff distance

Rc), averaged over time. The average heat flux 6q to the heat bath, which is related to the

noise in the forces for a specific scheme, is calculated as the time average

Sq ~ (V-A2(01%^) , (3-10)

where A is the velocity-scaling factor associated with the thermostatting[25|, E^„ is the

kinetic energy of the system before the scaling, and (.. .)t denotes averaging over the

simulation time. Energy conservation the microcanonical ensemble was also assessed by

performing a separate set of simulations without thermostatting, and monitoring the energy

drift 5E defined as the slope of a regression line fitting the total energy versus time over

150 micro-integration timesteps.

To estimate the error in the forces introduced by the application of the multiple-

timestepping scheme, exact inter-particlc forces (for the given interaction cutoff Rc) were

also computed at each timestep. The averaged root-mean-squarc force error per atom

^-^E(^(£)-Fra(oi2)!/2> (3-ii)
1=1

was then monitored, where Fi(t) is the total force acting on atom i at time t using the

multiple-timestepping scheme, and Ff"*^) is the corresponding exact force. Because the

average atomic force magnitude in a simulation of SPC water is about 1000 kj-mol-1-!!!!!-1,

Et (expressed in the same units) can be interpreted as a relative root-mean-square force

error in units of 0.1 %.

By comparing the exact force F|Xfl(rfi,i) on particle i due to all neighboring particles

located in a given distance range n with the corresponding approximate force F,-(r„,f) as

determined via the multiple-timestepping scheme, a distance-resolved measure for the error

in the forces incurred by the multiple-timestepping scheme was obtained as the average

eF(rn) = ^(lFi(rn,t)-Fr(rn,t)]2)l/2 (3.12)
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This estimate was based on nmax = 1..14 evenly spaced distance ranges of width A7* = 0.3

nm, centered at distances fn — (n — 1/2)Ar.
The distance-dependent average "age" r(rrt) of the interactions corresponding to a given

distance range (see above), averaged over all particle-pairs located in this range and over

time was also monitored. This quantity represents the average time interval since the last

scheduling event for currently rescheduled particle pairs in the given range. It may differ

from the corresponding updating time-interval r for particle pairs in this range (Eq. (3.3))
if a significant fraction of the particle pairs have drifted from a closer or farther distance

range since their last rescheduling event.

Finally, benchmarks for the CPU times are reported for a single processor of a dual

AMD Athlon MP 2400 f system with 2 GB of 333 MHz DDR memory. The program was

compiled using the Portland Group high-performance FoRTRAN77-compiler, enabling loop

unrolling, function inlining, as well as usage of the available S1MD and memory prefetch

instruction set. Overall CPU times t are reported on a per-timestep basis, together with

estimates for the contributions associated with the scheduling (ts) and the interaction (force
and energy) calculation (/,;). The latter estimates are obtained by compiling and running

the program with profiling enabled, and scaling the resulting times for the different routines

by t/tpi0{, tprQ£ being the total CPU time with profiling enabled. The corresponding CPU

times per rescheduled (distance calculation) or interacting (force and energy calculation)

pair are evaluated as Lfs = U/N^, t[ — U/N,. The memory usage of the program is also

reported for the different schemes considered.

3.5 Results

The distributions of the distance classes and the average number of interaction updates per

timestep associated with these classes are illustrated in Figure 3.1 for the different schemes

considered.

In the twin-range method (as emulated by the present multiple-timestepping algorithm),

only two distance classes are considered. The first distance class extends from zero to the

short-range cutoff distance Rs—0.8 nm. The second class formally extends from Rs to fmar

(Eqs. (3.4) and (9)), but only contains interacting pairs between Rs and the long-range

cutoff distance i?c=1.4 nm (twe14) or 3.0 nm (twe30). For the twe14 scheme (Figure la), the

ratio of the intermediate-range volume (9.3 nm3) to the short-range volume (2.1 nm'3) is

almost equal (4.4) to the updating time-interval of the intermediate range interactions (5

timesteps), so that the average number of interaction updates per timestep (which largely
determines the computational effort) is about the same for the two distance classes. For

the twe3o scheme (Figure la), the intermediate-range volume (111.0 nm3) is much larger

and the volume ratio increases accordingly (51.7). Consequently, in this case, the average

number of interaction updates per timestep is about ten times larger for the intermediate-

range distance class.

The application of the new multiple-timestepping scheme offers much more flexibility

in the distribution of the computational effort among the different distance classes. With

the choice a = 1 (Figure 3.1b), the first M — 1 distance classes are all of the same width. In

this case, the number of pairs per class rises approximately with the square of the distance,
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Figure 3.1: Average number of interaction updates Nt(m) per timestep associated with

each of the successive distance classes m — 1..M — 1 of the algorithm for the different
schemes considered. The results are displayed in a logarithmic scale as a, function of the

distance rm associated with the center of the corresponding class, evaluated as rm = (f'm +

f'm+l)/2 with r'm = Rp [(rn - 1)/(M - l)]1/o for m < M (see Eqs. (3-4), (3.5) and (3.8)).
The distance class M (not displayed) extends from Rp to rmax and contains no interacting

pairs. From, top to bottom: twe (a), a = 1 (b), a — 2 (c), a
— 3 (d), a = 4 (e).

while the updating frequency decreases as the inverse of the distance. Consequently, the

average number of interaction updates per timestep increases linearly with the distance (in
the limit of large distances).

The choice of a > 1 (Figure 3.1c-e) leads to thicker shorter-range distance classes

(with high update frequency) and thinner longer-range distance classes (with low update

frequency), which is expected to result in a gain of accuracy at the expense of the com¬

putational effort. Tn these cases, the average number of interaction updates per timestep

decreases with the distance (an effect that becomes more pronounced for large values of

a). As a result, the distribution of the computational effort associated with the interaction

updates progressively shifts from the longer-range distance classes to the shorter-range
classes upon increasing a.

The properties of the different schemes in terms of average numbers of rescheduling
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events and interaction updates per timestep, force accuracy, execution times and memory

requirements are reported in Table I.

The most accurate scheme involves no multiple-timestepping (a0Al\) and requires the

evaluation of all pairwise distances and interactions at each timestep. For N = 6167 water

molecules at a number density p
— 33 urn"3 and a cutoff Rc = 3.0 nm, the corresponding

(constant) number of rescheduling events per timestep is Ns = N(N—1 )/2 — 1.9 • 107 while

the average number of interaction updates per timestep is Nt fa (2n/3)NpRf. — 1.1 • 107.

Although the forces associated to this scheme are "exact" by definition (Ep — 0; Eq.

(3.11)), the simulation is characterized by a non-negligible heating in the system (removed

by the thermostatting) due to cutoff noise. However, with an unusually long cutoff distance

of 3.0 nm, this scheme is prohibitively expensive in terms of computational effort (19.7 s

per timestep).
The scheme standardly applied in (bio-)molecular applications using the GROMOS96

program and force field (twr14) involves a twin-range cutoff scheme with short- and long-

range cutoff distances of 0.8 and 1.4 nm, and an updating time-interval of 5 timesteps for

interactions within the intermediate range (simultaneously with the the pairlist generation

for the whole system). This approach is about twenty times less expensive compared to

the previous scheme because : (i) the number Ns of distance calculations involved in the

pairlist generation (performed only every five steps) is reduced by a factor of five ; (ii)
the cost of the interaction evaluation is reduced by about a factor of fifty, due to both

the use of a shorter cutoff distance and the reduced update frequency of pairs within the

intermediate range. If the same approach is used to apply a long-range cutoff distance of

3.0 nm (a value that would certainly be more appropriate for the simulation of biomolccular

systems involving many charged functional groups, such as proteins and nucleic acids), the

gain provided by the twin-range method (twr30) is reduced to about a factor five compared

to the exact scheme (anMi). This is because : (i) the number Ns of distance calculations

involved in the pairlist generation is still reduced by a factor five ; (ii) the cost of the

interaction evaluation is now only reduced by about a factor of five, because the leading

contribution to this cost is that of intermediate-range interactions (sec Figure 3.1a), now

evaluated every five timesteps. Both the twri4 and twr30 schemes show acceptable root-

mean-square force errors of about 10-11 kJ-mol ''-nm"1 (i.e. about one percent compared

to the average atomic force magnitude). However, they arc characterized by significantly

higher heating rates compared to anMi, due to the noise associated with the transition of

atoms pairs between the short- and intermediate-ranges (in addition to the cutoff noise).
Note that the change in root-mean-squarc-force error and heating rate from the twt'14 to

the twr30 scheme is only moderate for the system considered (pure water). However, in the

more realistic context of (bio-)molecular simulations (i.e. systems involving many charged

functional groups), the use of a longer cutoff distance would certainly represent a significant

improvement in terms of accuracy.

The schemes twen and twe3n represent analogs of the two former schemes as emulated

through the new multiple-timestepping algorithm. These schemes differ numerically from

twi'14 and twr30 because : (i) the rescheduling and interaction evaluation in the new algo¬
rithm is performed asynchronously rather than at fixed time points ; (ii) the simulations

are carried out using different programs (new code including the multiple-timestepping al-
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gorithm versus standard GROMOS96 code). In spite of these differences, the two pairs of

schemes show very similar accuracy and timing properties, indicating that the new (more

complicated) scheduling scheme does not induce a significant computational overhead in

this context.

The main observations for the schemes based on the new multiple-timestepping algo¬

rithm (ü]M5 to a4Afioo) can be summarized as follows. When the value of a is increased

from 1 to 4 (at constant M), the root-mean-square force error Ep and heating rate Sq

decrease, while the computational costs increase. As previously discussed (Figure 3.1 b-e),
these observations result from an increase in the width of the short-range distance classes

(with high update frequency) compared to the long-range ones (with low update frequency)

upon increasing a. When the value of M is increased (at constant a), the root-mean-square

force error and heating rate increase, while the computational costs decrease. These obser¬

vations result from a reduction in the widths of all distance classes (i.e. from an increase

in the updating time-interval for all inter-particle distances).
The average computational cost /,• associated with a single interaction evaluation shows

very moderate variations among the different schemes for reasonably-low values of M

(1.4-1.7 //s per pair and per timestep for M <75). This number tends to increase with

M (especially for large M values), which probably results from the overhead involved in

performing M independent subroutine calls to evaluate the interaction corresponding to

each of the distance classes. Thus, except for the largest M values, the computational

effort corresponding to the interaction evaluation is directly proportional to the average

number Ni of interaction updates per timestep. In contrast, the average computational
cost t'g associated with the rescheduling of one pair increases significantly with M (and
decreases slightly with a). This probably results from latencies in the memory access upon

inserting pairs into the temporary-pairlist array (the size of which increases with M). Note

also that the memory usage also (expectedly) increases upon increasing the value of M.

As a consequence of increasing computational overhead associated with the interaction

evaluation (for large M only) and with the scheduling algorithm upon increasing M, the

overall efficiency gain tends to level off around M ?a 50 (see e.g. schemes a^M5 to a3Mi50).
Above this value, and for the present computer architecture and simulated system, this

gain is typically too small to justify the concomittant loss in force accuracy (and increase

in memory usage). In practice, the schemes a^Mï?, and a3Mso (or even a3Mj5 and a3Minn)

appear to provide a good compromise between accuracy and efficiency. The corresponding

root-mean-square force errors and heating rates are similar to those of the twr3n (or tweßo)
simulation, while the corresponding computational effort is about twice lower. Compared

to the (standard GROMOS96) twrJ4 method, these schemes only represent an increase of

about a factor two in the computational effort, with the benefit, of extending the effective

cutoff from 1.4 nm to 3.0 nm.

The average magnitude of the non-bonded force exerted by successive shells of parti¬

cles around a reference particle is displayed as a function of distance in Figure 2a for the

scheme exempt of multiple-timestepping (a^Mf). Altough the absolute value of this quan¬

tity is of little relevance (because it depends on the thickness selected for the successive

shells, here 0.3 nm), the evolution of this quantity with distance is of interest. The magni¬

tude of the non-bonded force contribution from the successive shells decays approximately
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exponentially with the distance (with a characteristic length of 0.65 nm)
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Figure 3.2: Distance-resolved root-mean-square force errors ep (Eq. (3.12)) associated

with the different schemes considered. Averages were taken over all particles and over the

last 1 ps of simulation. From top to bottom,: norm Fcxa of the exact force (i.e. without

multiple-timestepping, scheme aüM\) exerted on each atom by particles located in evenly

spaced distance ranges n
— 1..14 of width Ar — 0.3 nm centered, at rn = (n — 1/2)Ar,

averaged over all particles and over time (a); corresponding root-mean-square force errors

ep for the same distance ranges and for the multiple-timestepping schemes twe$) (b), a — 1

(c), a — 2 (d), a — 3 (e), a = 4 (f). The line in, (a) corresponds to a fit by the function
_Fexa = ae~hr with a -^ 815 hJ-mol ^-nm x and b - 1.54 nrrr1.

The corresponding root-mean-square force error incurred by the application of the var¬

ious multiple-tirnestepping schemes is illustrated in Figure 3.2b-f. For the twc3o scheme

(Figure 3.2b). the force error expectedly shows a maximum in the neighborhood of the

short-range cutoff distance Rs—0.8 nm, and quickly vanishes when the distance decreases

below Rs. The decay of the force error beyond Rs is related to the decay in the force

magnitude itself with distance (Figure 3.2a).
For the other schemes (Figure 3.2c-f), the distance distribution of the force error is

also characterized by smaller errors at both short (except for aiA^s) and long distances,
with a maximum at some intermediate distance. In agreement with previous observations
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(Table I), increasing the value of a or decreasing the value of M brings the error down at all

ranges, and more significantly at, short distances. Note that the «2M25 and a3M5o schemes,

pointed out above as providing a good compromise between accuracy and efficiency, show

a strong similarity with the error distribution corresponding to the twe30 scheme.

The distance-resolved average "age" f (time since the previous rescheduling event for a

pair being currently rescheduled) is compared to the corresponding average updating time-

interval r (time-interval set for the next rescheduling event based on the current distance

class) in Figure 3.3 for the different schemes.
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Figure 3.3: Distance-resolved average "age" f associated with the different schemes con¬

sidered, compared to the corresponding updating time-interval r (Eq. (3.3)). The average

aage" f (thin lines and symbols) is displayed for evenly spaced distance ranges n — 1 ..14 of

width Ar = 0.3 nm, centered at fn = (n — 1 /2)Ar, and represents the average time interval

since the last rescheduling event for the currently-rescheduled particle pairs in that range.

The updating lime interval, r (thick lines) is displayed for the same distance ranges, and

represents the average time interval allocated to pairs in the specified range upon reschedul¬

ing. The two quantities ore reported in units of the micro-integration timestep At, and

displayed in a logarithmic scale. From top to bottom: twe^o (a), a,
— 1 (b), a — 2 (c), a

— 3

(d), a = 4 (e).

Particles having drifted from a closer distance range since the previous update will
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induce a value off smaller than r. This represents a slight loss of efficiency (particle pairs

updated too early relative to their current distance range). Conversely, particles having

drifted from a farther distance range will induce a value of f larger than r. This represents

a loss of accuracy (particle pairs updated too late relative to their current distance range).
As can be seen in Figure 3.3, no significant difference between f and r is found, indicating

that the drifting of particle pairs between ranges does not play a major role for the different

schemes considered here.

3.6 Conclusion

In the present text, a novel algorithm was introduced for performing the multiple-timestep

integration of the equations of motion for a molecular system, based on a series of mag¬

nitude classes for the non-bonded interactions. Due to the classification of interacting

particle pairs by their next update times rather than by their update frequencies, the pro¬

posed scheme is extremely flexible with respect to : (i) the definition of magnitude classes

based on the system configuration (distance classes arc the most obvious choice, but a clas¬

sification based on e.g. inter-particlc force magnitudes would also be possible) ; (ii) the

number of classes that can be considered (up to hundred or more) ; (Hi) the widths of the

successive classes ; (iv) the updating time-intervals associated with the successive classes.

The present algorithm allows for an arbitrary functional dependence of the timestep-size

on the class index, and can be readily adapted to differentiate between e.g. (i) solute-

solute, solute-solvent and solvent-solvent interactions, or (ii) short-ranged Lennard-Jones

and longer-range Coulombic interactions. If required, it can also be easily modified to en¬

force synchronous (rather than asynchronous) updates of interactions within the different

classes (as done in the standard twin-range scheme).
The present study represents an initial exploration of this flexibility, where the choice

was made to : (i) define magnitude classes on the basis of inter-particle distances ; (ti)
increase the updating time-interval from one distance class to the next by unit steps of

At (the size of a micro-integration timestep); (in) use a simple two-parameter power law

to define the widths of the successive distance classes.

Different variants of the new algorithm (with different parameters for the power law)
were applied to simulations of a system 6167 water molecules under truncated-octahedral

periodic boundary conditions based on a long (molecule-based) cutoff distance of 3.0 nm.

The accuracies and efficiencies of the different, schemes were compared among each other,

and with corresponding values for the twin-range method commonly used in simulations

with GROMOS96 (short- and long-range cutoff distances of 0.8 and 1.4 run, pairlist and

intermediate-range interaction update of every five timesteps). This comparison permitted
to identify multiple-timestepping schemes with root-mean-square force errors and heating
rates comparable to those of the twin-range method, and a performance loss of only about

a factor two upon increasing the effective (long-range) cutoff distance from 1.4 to 3.0 nm.

This result is quite encouraging, considering the benefits of doubling the cutoff radius in the

context of (bio-)molecular simulations (i.e. for simulating systems involving many charged

functional groups such as proteins and nucleic acids).
The new scheduling algorithm was also shown to cause very limited computational over-
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head (for a reasonably-low number of distance classes) and involve an acceptable memory

usage. The method should also be easily parallelizable, e.g. through the splitting of the

total set of interacting pairs into small subsets, each with its own pairlist and scheduler.

Since the overall force is the sum of the forces associated with the different subsets, only

the position, force and energy arrays would need to be transferred to and from the sub-

processes.

Future work on the present algorithm will involve four main directions. First, it is likely

that further improvement in the accuracy and efficiency can be achieved by relaxing some of

the constraints imposed in the present work, e.g. trying to directly optimize a set, of distance

classes rn, = 1..M of arbitrary widths Arm (i.e. relaxing the power-law dependence) and

associated with arbitrary updating time-intervals rm (i.e. relaxing the sequential increase

by one unit of At from one class to the next). Second, the use of criteria other than

the distance for allocating particle pairs to the magnitude classes (e.g. inter-particle force

magnitude) should be investigated. Third, the present investigation was performed in the

simple context of a multiple-timestepping scheme including a constant contribution of the

slowly-varying forces during the integration of the more rapidly-varying ones, implying
that the algorithm in its present implementation is neither time-reversible nor symplectic.

However there is evidence [104,113] that when simulating (bio)molecular systems in the

condensed phase, avoiding the resonance artifacts typically associated with impulse schemes

outweighs the postulated benefits of symplectic, time-reversible integrators. In any case,

the extension of the algorithm to impulse schemes should be straightforward, allowing

for additional comparative studies. Fourth, a performance and error assessment (based on

practically-relevant simulated observables) in more complex systems such as ionic solutions

and biomolecular systems should be performed.
On the long term, it is our hope that the present algorithm, by decreasing the compu¬

tational effort associated with the use of large cutoff distances, will significantly contribute

to the more accurate treatment of electrostatic interactions in (bio-)molecular simulations.



58 Chapter 3. A New Multiple-Timestep Integrator



Chapter 4

Conformation, Dynamics, Solvation

and Relative Stability of Selected

/^-Hexopyranoses in Water

4.1 Summary

Wc report long-time-scale (200 ns) simulations of four /3-D-hexopyranoses (/3-D-glucose,

/i-D-mannose, /3-D-galactose, and /3-D-talose) using explicit-solvent (water) molecular dy¬

namics and vacuum stochastic dynamics simulations together with the GROMOS 45A4

force field. The following observations are made: (i) a solvent-induced population shift

of the ui dihedral angle characterizing the hydroxymethyl group conformation from g+

in vacuum to t in water in systems where the 4-OII group is axial (/3-D-galactose, ß-

D-talose); (ii) the formation of a non-persistent (lifetime 3-9 ps) but thermodynamically

relevant (occurrence 61 %) hydrogen-bonded bridge (six-membered "ring") between the

l,3-sî/n-dia,xial 2-OH and 4-OH groups for /3-D-talose; (iii) the formation of a structured

solvent environment between the ring and lactol oxygen atoms as well as around the 4-

OII group (except for /3-D-talose). (iv) the rapid (time-scale 11-96 ps) and correlated

rotational dynamics of the solute exocyclic hydroxyl groups, with the identification of an

asynchronous disrotatory interconversion mechanism for hydrogen-bonds (five-membered
"rings") between vicinal hydroxyl groups; (v) the negative correlation between the av¬

erage number of solute-solvent hydrogen bonds (itself anticorrelated with the number of

intra-solute hydrogen bonds) and the apparent solute "hydrophobicity" (reduced solvation

free energy). Very reasonable agreement is found with available experimental data on the

structural, dynamical and thermodynamic properties of these compounds, and the present

study therefore provides additional validation for the carbohydrate force field employed.

4.2 Introduction

In the past few years, the scientific community has shown a renewed interest for carbo¬

hydrates, due to their key role in biochemical [129] and biotechnological [130] processes.

While experimental data on polysaccharide-based systems (both in the solid state and in

59



60 Chapter 4. Selected /3-Hexopyranoses

solution) is abundant, this is not the case for their monosaccharide building blocks. In

particular, the orientational preferences and torsional dynamics of the hydroxyl groups

are difficult to characterize experimentally [131]. This is partly due to the fact that the

protons of these groups are invisible to both X-ray crystallography (too weak diffraction

centers) and in nuclear magnetic resonance (NMR) spectroscopy (rapid chemical exchange

with the solvent). In addition, a complete understanding of monosaccharide structure and

dynamics in solution requires to simultaneously account for the formation and breaking of

covalent bonds (mutarotation), the particular conformational properties of six-membered

(pyranose) and five-membcred (furanose) rings, the interplay between complex steric, elec¬

trostatic, and stereoelectronic effects (e.g. anomeiic and gauche effects), as well as the

nature of specific solute-solvent interactions. A brief overview of the features that must

be considered for an accurate description of monosaccharides in aqueous solution (with a

focus on aldohexopyranoses) is provided below, together with the corresponding available

experimental techniques and a few key conclusions resulting from experimental investiga¬

tions:

1. Constitution: Due to the presence of a double-bond equivalent, at, least five distinct

compounds may be present at equilibrium in solution due to constitutional isomer¬

ization [132,133]. These are the ol- and /3-pyranose forms (six-membered rings), the

ol- and ß-furanose forms (five-membered rings), and the hydrated aldehydrol form

(open chain). Since constitutional changes (mutarotations) are typically associated

with time-scales [134] of the order of 105 s, the relative populations of the corre¬

sponding species may be readily determined using NMR- and complexation stud¬

ies [132,133,135]. For all simple aldohexoses, the a- and ß-pyranose forms are the

leading constitutional isomers in aqueous solution (relative populations of the a- and

/3-pyranose forms [136|: Glucose: 36 %, 64 %; Mannose: 67 %, 33 %; Galactose: 27

%, 73 %; Talose: 40 %, 29 %).

2. Ring conformation: Pyranose systems present at, least eight relevant conformers: two

chair forms (termed originally [132,137] CI and 1C or, more recently [136,138| 4Ci

and K\, respectively) and six boat, forms (termed [138] 1,4B, 2-5B. 3'6B, BM, B2,5,

B3i6). Equilibrium chair populations have been estimated based on complexation

studies of cyclitols with sodium borate [139| and on NMR studies of monosaccharide

derivatives |140|, leading to an empirical additive rule for evaluating the relative free

energy of a given pyranose ring conformation in aqueous solution based on contribu¬

tions from the individual hydroxyl groups to (Angyal parameters [132]). For nearly all

simple aldohexopyranoses, the 4Ci chair conformation is the leading ring conformer

in aqueous solution. Exceptions are generally characterized by a stable U.^ confor¬

mation [136]. Insights into the intcrconversion dynamics between ring conformers

have been obtained from ultrasonic attenuation spectra [134,1411, suggesting that

direct chair-chair interconversions take place on the /is time-scale (indirect intercon¬

version may already occur on the 0.1 /.is time-scale, if a boat or twist intermediate is

thermally accessible).

3. Conformation of the exocyclic hydroxymethyl group: The conformational properties

of the exocyclic hydroxymethyl dihedral angle u> may be investigated based on J-
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coupling constants from NMR and appropriate Karplus-type equations [142-145].
While the reported conformer populations around u show significant variations be¬

tween different literature sources, the g+ and g_ conformations of the C6-06 bond

with respect to the C5-05 bond are clearly predominant for d-methyl-glucosc 1142—

145], while the g+ conformation is preferred in Oi-methyl-galactose [142-145]. The

time-scale associated with the rotation around u appears to be on the order of 1

ns [134, 141].

4. Conformation of the exocyclic Hydroxyl Groups: The conformational behavior of the

hydroxyl groups, largely influenced by intramolecular hydrogen-bonding and solva¬

tion effects, is much more difficult to characterize experimentally (the hydroxyl pro¬

tons are visible neither in X-ray nor in NMR experiments). Detailed (but indirect)

investigations of hydrogen bonding in the solid state using infrared spectroscopy and

molecular modelling approaches [146] suggest that intramolecular hydrogen bonds in

monosaccharides may be classified in three main groups (listed in order of decreasing

hydrogen-bonding strength): (i) six-membered "ring" between two 1, S-syrc-diaxial

hydroxyl groups; (ii) five-membcred "ring" between an axial and a vicinal equatorial

hydroxyl; (iii) five-membered "ring" between two vicinal equatorial hydroxyl groups.

Reverse-phase high-pressure liquid chromatography (HPLG) studies [147] have also

established a correlation between the potential for formation of strong intramolecular

hydrogen bonds and the apparent "hydrophobicity" of the corresponding monosac¬

charides (talose, which can form a 1, 3-st/n-diaxial hydrogen bond was in particular

found to be particularly "hydrophobic"). Detailed experimental data on the dynam¬

ics of the exocyclic group is not currently available.

Due to their remarkable spatial (individual atoms) and temporal (femtosecond) resolu¬

tion, as well as their firm basis in the laws of (classical) microscopic physics, explicit-solvent

molecular dynamics (MD) simulations are playing an increasingly important role in the in¬

vestigation of the above processes [148-157]. These studies are mostly concerned with

(i) the improvement of current force-fields [151,154,155], (ii) the identification of specific

carbohydrate-water interactions [149.153|, (iii) the rationalization of specific conforma¬

tional features such as the behavior of the exocyclic hydroxymethyl group in galactopyrano-

sides [151,154], or (iv) the investigation of non-monomeric system [148-150,152,155-157],
for which experimental data is more abundant. Many of these studies report simulation

lengths on the sub-nanosecond time-scale. Tn the present study on the other hand, a series

of long molecular simulations is performed, with the goal of providing a complete and de¬

tailed atomistic picture of the conformation, dynamics, solvation, and relative stabilities of

the four aldohexopyranoses corresponding to the two possible stereochemistries at the C'2

and C4 centers (Figure 4.1): /?-D-glucosc (Glc), ß-D-mannose (Man), /3-D-galactose (Gal),
and /3-D-talose (Tal).

This is done by comparing the results of long time-scale (200 ns) simulations of these

monosaccharides both in water and in the gas phase. In addition, the agreement between

the reported results and available experimental data also provides a validation for the

recently developed GROMOS carbohydrate force field used in this study [158].
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Figure 4.1: Chemical structures of the four hexopyranoses investigated in this study.

Clockwise from the lop left: ß-D-glucose (Glc; including the. carbon numbering scheme):

ß-D-mannose (Man); ß-D-galactose (Gal); ß-D-talose (Tal).

4.3 Computational Details

4.3.1 Molecular and Stochastic Dynamics Simulations

All simulations were carried out using the GROMOS96 [39,65] package together with the

GROMOS 45A4 united-atom force field for polypeptides, nucleic acids [159], lipids [160,

161] and carbohydrates [158J. The four aldohexopyranoses considered, D-glucose (Glc),
D-mannose (Man), D-galactose (Gal) and D-talose (Tal), sec Figure 4.1, were simulated

exclusively in their /3-anomeric form (estimated to account for 64 %, 33 %, 73 %, and 29 %,

respectively, of the total anomeric populations [132,133,135]). The equations of motion

were integrated using the leapfrog scheme [17] with a timestep of 2 fs. All bond lengths were

constrained by application of the SHAKE algorithm [70] with a relative geometric tolerance

of 10~4. Two sets of simulations were undertaken: (i) stochastic dynamics (SD; integrating

Langevin's equations of motion [39]) simulations in vacuum; (ii) explicit-solvent molecular

dynamics (MD; integrating Newton's equation of motion [23]) simulations in water (using

periodic boundary conditions).
The MD simulations employed the sirnple-point-charge (SPC) water model [68], The

nonbonded interactions were handled using a twin-range cutoff scheme [39j with short-

and long-range cutoff radii of 0.8 and 1.4 nm, respectively, and an update frequency of

5 timesteps for the short-range pairlist and intermediate-range interactions. The mean

effect of the omitted electrostatic interactions beyond the long-range cutoff distance was

introduced by means of a reaction-field correction [41] to the short- and intermediate-range

interactions based on a relative dielectric permittivity of 60, as appropriate for the SPC

water model |162]. Solute and solvent degrees of freedom were independently coupled to

a heat bath [25] at, 300 K, with a relaxation time of 0.1 ps. The box dimensions were

isotropically coupled to a pressure bath [25] at 1 atm with a relaxation time of 0.5 ps and

an isothermal compressibility of 45.75T0-5 (kJ mol_1nin-3) \ The center of mass motion

was removed every 2 ps. For each of the four hexopyranoses considered, the solute was

placed in a truncated-octahedron box with a minimum solute-to-wall distance of 1.6 nm,
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and hydrated by 970 (Glc), 963 (Man), 976 (Gal), or 976 (Tal) water molecules. To relax

the system, a steepest-descent energy minimization with positionally constrained solute

ring atoms was performed, followed by fOO ps MD equilibration prior to production.
The SD simulations in vacuum relied on a friction coefficient of 9f ps-1 (the value ap¬

propriate for water [39,163]) and a reference temperature of 300 K. These simulations are

meant, to mimic the physical situation of hexopyranoses in vacuum, but do so only approx¬

imately, because: (i) the solute model parameters remain effective parameters calibrated

to appropriately reproduce experimental properties in an aqueous environment 1158]; (ii)
the dynamical properties will be incorrect due to the application of SD (stochastic and

frictional forces) rather than MD. The use of SD is selected here as a device to enhance the

conformational sampling and thermostatizc the system. For each of the four hexopyranoses

considered, the solute was relaxed by 100 ps SD equilibration prior t,o production.

For both MD and SD simulations, production was carried out for a duration of 200 ns,

saving trajectory frames every 0.5 ps for analysis.

4.3.2 Free-Energy Calculations

In addition to the straightforward MD (aqueous environment) and SD (vacuum) simula¬

tions (sec above), free-energy calculations were performed to evaluate the relative stabilities

of the four hexopyranoses in the two environments. To this purpose, a (redundant) set of

six "alchemical" epimerization processes was considered. These were carried out by in¬

verting the signs of the improper-dihedral angles £ controlling the stereochemistry of the

centers to be inverted (C2, C4, or both) upon going from one liexopyranose to another

one. To avoid excessive bond-angle strain at the midpoint of the inversion (planar trigonal

geometry at the inverting center), this change was performed in two successive steps. The

first step took the center in its initial stereochemistry to an intermediate planar trigonal

geometry (£ = 0) with adapted reference bond angles (109.5° —> 120°), while the sec¬

ond step took the trigonal intermediate to its final (inverted) stereochemistry with normal

reference bond angles (120° —» 109.5°). The corresponding changes in reference values

for improper-dihedral and bond-angle force-field terms were performed using a linear or

half-linear dependence, respectively, on a coupling parameter A evolving from 0 (initial

stereochemistry) to 1 (final stereochemistry).
The corresponding free energy difference AGepi was evaluated via thermodynamic in¬

tegration [164-167], as

where V(r, A') is the potential energy in configuration r given a value A' of the coupling

parameter, and ( v^, ' ) denotes ensemble (trajectory) averaging over equilibrium config¬

urations r generated using a given (fixed) A-value. In practice, the integral was replaced by

a discretized version (trapezoidal rule) based on simulations at 11 equally spaced A-points

(5 ns simulation per point). Error bars were calculated using a block-average extrapolation
scheme [77].

(4.1)
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4.3.3 Analysis

The analysis of the simulations was performed in terms of conformational properties (ring-
conformation, probability distributions of exocyclic dihedral angles, pairwise correlations

among these distributions), hydrogen bonding (intramolecular and solute-solvent), dynam¬

ics (exocyclic dihedral transitions), solvation (spatially resolved solvent density), and rela¬

tive stabilities (free-energy calculations).
The ring conformation associated with a given solute configuration along a trajectory

was determined by assigning each of the six dihedral angles formed by successive ring

atoms to one of three wells [0; 120[°, [120; -120[°, [-120; 0[°. Based on this assignment,

the conformation was classified[168] as chair (4Ci or ^4), boat (1,4B, 2,5B, '3'6B, ßi,4, B2]5,

B3,e), or other.

To investigate the conformational properties of exocyclic dihedral angles, the following

definitions were used: </->(05-Ci-Oi-Hi); ^(C^-i-CVO^-H,,, with n = 2,3,4,6); a,'(C4-C5-
Co-Oe). Dihedral angles in the ranges [0°;120[°, [120°;-120[° and [-120°;0[° are described

as gauche+ (g+), trans (t) and gauche- (#_), respectively. These ranges appropriately

encompass distinct population peaks (centered at staggered conformations) for all dihedral

angles analyzed (Figure 4.2). The conformation of the hydroxymethyl group is often also

described in terms of the ranges to which the dihedral angles 05-C5-C6-06 and C4-C5-

Cfi-06 (id) belong, with the following correspondences: gauche-gauche (gg) <-> u in g+;

trans-gauche (ig) «--* ui in g_; gauche-trans (gt) <-> ou in t.

Both intramolecular and solute-solvent hydrogen bonds were monitored along the tra¬

jectories. A hydrogen bond is assumed to be present when the distance between hydrogen
and acceptor atoms is below 0.25 nm, and the angle between donor, hydrogen and acceptor

atoms is above 100°. This somewhat relaxed criterion (a minimum angle of 135° is typically

used instead [74]) was necessary to encompass hydrogen bonds between vicinal hydroxyl

groups (forming five-mernbered "rings"). This change in the minimum-angle criterion had

no appreciable effect on the occurrence of non-vicinal hydrogen bonds (forming six- or

higher-membered "rings", data not shown). For intramolecular hydrogen bonds, average

lifetimes were also estimated using an allowed excursion time of 1 ps (required delay before

considering a given hydrogen bond to be broken).
The dynamics of exocyclic dihedral angles was investigated by monitoring transitions

between the #+, t, and ,g_ wells with an allowed excursion time of 1 ps (i.e. a transition

between two wells is recorded if the dihedral angle spent at least f ps in the first well

followed by at least f ps in the second well).
The solvation structure was analyzed by calculating time-averaged and spatially re¬

solved atom number densities. These were obtained by placing the solute in its initial

configuration at the center of a cube of edge length 1.5 nm spanned by a three-dimensional

cubic grid with 100 grid points along each dimension. Successive configurations along the

trajectory were superimposed onto this initial configuration by means of a rototranslational

least-squares fit [169] based on the sugar heavy atoms (excluding O«). The number of oc¬

currences of each atom type (solute and solvent) in each grid cell was then averaged over

time and visualized in the form of number-density isosurfaces [170].
All analysis programs were implemented in Jython and Mathematica as extensions to

the open-source molecular mechanics analysis package esra [171],
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4.4 Results

4.4.1 Ring conformation

In water, three of the four hexopyranoses considered, Glc being the exception, remained in

the 4(7i chair conformation during more than 99.9 % of the simulation time. The 1C4, chair

conformation was not observed in any simulation. For Glc, alternative ring conformations

are encountered in about 0.7 % of the sampled configurations, including 0.2 % of a ^bB

boat conformation (the remaining 0.5 % are twisted conformations, neither chair nor boat).
The 3,5£? conformation appears in 16 distinct events along the 200 ns simulation, with life¬

times comprised between 10 and 100 ps. For hexopyranoses with an equatorial 3-OII group

in the 4G\ conformation (all compounds considered here), this 3,5ß conformation may be

stabilize by intramolecular hydrogen bonding between this group and the ring oxygen.

Acoustical-attenuation spectra [134] suggest characteristic time-scales of 69 and f 59 ns for

chair-boat interconversion in Man and Gal, respectively. However, the corresponding signal

is absent, in the case of Glc. Thus, although the interconversion time-scale observed in the

simulation is reasonable, the distinct flexibility of Glc appears somewhat surprising, and

may be due to a more crowded equatorial plane. A similar behavior is found in vacuum,

where Man, Gal and Tal remain in the 4(7i chair conformation during more than 99.9 %

of the simulation time, while Glc is found in the 3,5£> boat conformation during 0.4 % of

the simulation time.

4.4.2 Intramolecular Hydrogen Bonding

The occurrences of intramolecular hydrogen bonds in the four hexopyranoses considered,

both in water and in vacuum, are reported in Table 4.1. One can distinguish three types

of hydrogen bonds: (i) hydrogen bonds in five-membered "rings" involving vicinal (ei¬
ther equatorial-equatorial or axial-equatorial) hydroxyl groups; (ii) hydrogen bonds in

six-rnembered "rings" involving the hydroxymethyl group; (iii) hydrogen bonds in six-

membered rings involving the l,3~syn-diaxial 2-OH and 4-OH of Tal (either H2 —» 04

or Hi —» <92). Hydrogen bonds of the first type are characterized by average donor-

hydrogen-acceptor angles close to 110° and should probably rather be viewed as favorable

hydrogen-oxygen electrostatic interactions. The term hydrogen bond will nevertheless be

retained here in a loose sense.

In vacuum, a persistent counterclockwise (as viewed from the /?-side of the ring) hydrogen-
bonded network is found for all hexopyranoses considered (pattern 4 —» 3 —> 2—^1 for Glc,

Man, and Gal; pattern 4 ^ 2 ^ 1 for Tal). These hydrogen bonds have occurrences of

38-82 %. Additionally, when the 4-OH group is equatorial (Glc, Man) a H§ —* G>5 hydrogen
bond is observed (occurrence about 20 %). When this group is axial (Gal, Tal) a H§ -* O4

hydrogen bond is observed instead (occurrence about, 40 %; with a minor contribution of

Hi —> Og). Note that a hydrogen bond between the l,3,-.S7/n-diaxial 2-OH and 4-OH groups

in Tal is present (in one direction or the other, with a strong predominance of H4 —» 02)

during 98 % of the simulation time. Most of the hydrogen bonds encountered in these

simulations have life-times of the order of 0.5-10 ps. However, the H4 —> 02, H2 —> 04.

and Hi —» 0$ hydrogen bonds in Tal have significantly longer life-times.
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In water, intramolecular hydrogen bonds are frequent, but their occurrences never ex¬

ceed 40 % (or 29 % for hydrogen bonds in five-membercd rings). The oriented hydrogen-

bonded networks encountered in vacuum partly persist in solution in the form of (weak)

preferences. However, there are two notable differences: (i) the hydroxymethyl group is

no longer involved in any significant intramolecular hydrogen bonding (i/6 —» 04 and

Hi —> C6 hydrogen bonds are present in Gal and Tal, but with occurrences of at most 8

%); (ii) H2 - > Oi hydrogen bonds are no longer encountered when the 2-OH is equatorial

(Glc, Gal) in which case Hi — 02 hydrogen bonds occur instead. In water, a hydrogen

bond between the l,3-.<??/7?-dJaxial 2-OH and 4-OH groups in Tal is present (in one direction

or the other, with a weak predominance of 1U — 02) during 61 % of the simulation time.

Most of these hydrogen bond are quite labile, with an average life-time of the order of 0.5

ps. However, the (low-occurrence) hydrogen bonds involving the hydroxymethyl group in

Gal and Tal have slightly longer life-times of about 3 ps, while the Hi —> 02 and H2 —» O4

hydrogen bonds in Tal have lifetimes of 9 and 3.2 ps, respectively.

4.4.3 Conformation of Exocyclic Dihedral Angles

The probability distributions associated with the six exocyclic dihedral angles </>, Xn (n ~

2. 3,4, 6) and uj for the four hexopyranoses in vacuum as well as in water (Figure 4.2) only

display population peaks in the ranges corresponding to staggered conformations. The

populations of eclipsed conformations at -120°, 0°, and f20° are in all cases essentially

negligible, so that it is sufficient for most purposes to consider the integrated populations

of the three staggered rotamers (Tabic 4.2).
In vacuum, the dihedral angle <fi is nearly always found in the g- conformation, a

behavior consistent with the exo-anomeric effect, [173], and explicitly accounted for by

the torsional parameters of the carbohydrate force field used in the present study [158].
This stereoelectronic effect results (in /3-hexopyranoses) from: (i) a favorable dipolc-dipole

interaction (the interaction between the bond dipoles of the Ci — Ö5 and 0\ — H\ bonds is

most favorable in the </| and g conformations); (ii) a hyperconjugativc effect (the overlap

between the nonbonding n-orbitals on 0\ and the antibonding o^-orbital of the C\ — 05

bond is largest in the g+ and g conformations); (iii) a steric effect (repulsion between the

substituent at Oi, here H\, and the hydrogen or hydroxyl substituents of the C2 carbon,

destabilizing the I and g+ conformations).
In water, however, this dihedral angle is nearly always found in the t conformation.

This observation contrasts with the preferred g- orientation found (both experimentally

and in simulations) in /3-linked disaccharides [156,157,174], as well as in Oi-methyl-Glc

(10 ns simulation with the present, force field; unpublished results) in water. This apparent,

discrepancy can be rationalized by: (i) a general weakening of the exo-anomeric effect upon

going from vacuum to aqueous environment (solvent-induced dielectric screening of intra-

solute electrostatic interactions); (ii) a specific weakening of the steric contribution to this

effect in the presence of an unfunctionalized lactol group; (iii) a peculiar water-mediated

hydrogen-bonded bridge involving the ring oxygen and an unfunctionalized lactol group

(section 4.4.5)
Tn vacuum, the exocyclic dihedral angles X2, Xs and Xi almost exclusively adopt one of

the two gauche conformations. These preferences depend on the liexopyranose considered,
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(d) (a) occ. T (d) (a) occ. r

H 0 [nm] [deg.] !%l [PS] [nm] Idcg.l [%] H

vacuum water

Glc 1 2 0.24 107 15 0.4

2 1 0.23 110 48 1.8

2 3 0.24 108 11 0.6

3 2 0.23 112 71 7.0 0.23 108 13 0.6

3 4 0.23 107 6 0.6

4 3 0.23 111 69 5.5 0.23 108 29 1.0

6 5 0.23 108 20 0.5

Man 2 1 0.23 112 53 2.9 0.24 109 12 0.4

3 2 0.23 113 71 7.7 0.23 110 10 0.6

3 4 0.23 108 8 0.9

4 3 0.23 111 74 8.8 0.23 109 28 1.0

6 5 0.23 108 22 0.6

Gal 1 2 0.23 111 7 3.3 0.24 107 14 0.3

2 1 0.23 110 38 1.4

2 3 0.23 111 6 2.6 0.24 109 9 0.5

3 2 0.23 112 61 5.4 0.24 109 12 0.6

3 4 0.22 112 8 11.5

4 3 0.23 110 53 4.2 0.24 108 12 0.4

4 6 0.20 137 11 10.5 0.20 135 8 3.6

6 4 0.20 136 47 11.2 0.21 131 5 2.5

Tal 1 2 0.23 111 10 2.7

2 1 0.23 111 41 2.2 0.24 109 10 0.4

2 4 0.20 138 16 66.0 0.21 133 21 3.2

3 2 0.24 109 11 0.3 0.24 109 5 0.2

3 4 0.24 108 11 0.3

4 2 0.19 140 82 275.8 0.20 137 40 9.0

4 6 0.20 133 13 40.9 0.20 134 6 2.8

6 4 0.21 133 36 7.9 0.21 130 5 2.5

Table 4.1: Occurrences of intramolecular hydrogen bonds as obtained from 200 ns sim¬

ulations of Glc, Man, Gal, and Tal (Figure 4-1) m vacuum (SD; left) or in water (MD;
right). The corresponding donor hydrogen, (H), acceptor oxygen, (O), average hydrogen-

acceptor distance ((d)), average donor-hydrogen-acceptor angle ((et)), occurrence along the

trajectory (occ), and average life time (r) are reported. Only hydrogen, bonds occurring

in at least 5 % of the configurations are reported. Hydrogen bonding criterion: maximum

hydrogen-acceptor distance of 0.25 nm, minimum donor-hydrogen-acceptor angle of 100°.
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Figure 4.2: Normalized probability distributions associated with the six exocydic dihedral

angles <f>, Xn (n ~ 2, 3,4,6), and to as obtained from 200 ns simulations of GU, Man,

Gal, and Tal (Figure 4 2) m vacuum (SD) or in. waltr (MD) The corresponding integrated

populations for the three staggered rotamers are reported, in Table 4 2

and correspond to the orientations compatible with (strong) hydrogen-bonding netwoiks

discussed previously (section 4 4 2)
In water, hydiogen-bonding interactions are substantially weakened and the dihedral

angles Xi dnci Xi present significant populations (> 10 %) in all three conformers These

two dihedral angles show a slight preference for / and g_, respectively, when the 2-OH

group is equatorial (Glc. Gal) and for </_ and g+, respectively, when this group is axial

(Man, Tal) These preferences are m line with the vacuum preferences except for Xi m
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vacuum water vacuum water

[%j g+ t g_ fff i g g+ t g_ g, t g_

Glc Man

<i> 5 4 91 1 98 2 4 2 94 2 96 3

X.2 97 3 0 33 52 14 2 2 96 12 27 61

Xi 0 3 97 14 27 59 95 2 3 42 27 31

Xi 97 3 0 89 6 5 98 2 0 88 6 6

U) 63 35 2 57 43 0 28 67 5 52 48 0

Xa 49 21 30 30 50 20 30 18 52 30 48 22

Gal Tal

0 16 12 72 1 98 1 18 2 80 2 96 2

X2 88 12 0 31 53 16 16 1 83 34 18 48

Xi 11 0 88 29 17 54 98 1 1 56 17 28

X4 0 11 88 8 17 75 83 15 2 M 12 41

UJ 57 17 25 33 41 26 49 26 25 39 39 22

Xg 21 20 59 20 54 26 23 23 54 22 53 26

Table 4.2: Relative populations of the three staggered conformers of the hydroxymethyl,

group (dihedral angle lü), as obtained from, 200 ns MD simulations of Glc and Gal (Figure

4.1) in water (sirn) and as determined experimentally for the corresponding 0\-methylated

compounds. The experimental data (listed from the earliest to the most recent study) is

derived, from, NMR experiments by Nishida et al. [U/2,143,172] (a), Brochier-Salon and

Morin [144J (b) and Thibaudeau et al. [145] (c). The corresponding probability distributions

from the MD simulations are displayed in Figure 4-2.

Glc and Gal, where the leading conformer is g+ in vacuum (H2 —> 0\ hydrogen bond)
but g_ in water (Hi —» 02; Table 4.1). The orientational preferences around Xa are more

pronounced. When the 4-OH group is equatorial (Glc, Man), xa 1S almost, exclusively
found in the g^ conformation (as in vacuum). When this group is axial (Gal, Tal), the

distribution depends on the configuration of the 2-OH group. In Gal, where the latter

group is equatorial, the g- configuration is dominant (as in vacuum). In Tal, where this

group is also axial, the three wells are populated, with a clear preference for g+ (dominant
in vacuum) and g... The g+ conformation of Xa together with a g._ conformation of X2 are

required for the formation of an intramolecular Hi —* C)2 hydrogen bond (82 and 40 %

occurrences in vacuum and water, respectively; Table 4.1). The formation of a H2 —> 0\

hydrogen bond (16 and 21 % occurrences, respectively) requires Xa in t and X2 in g\, which

is less frequent.
In vacuum, the dihedral angle u shows preferences g} > I: for Glc and t > g\ for

Man, with nearly zero population for the g- conformer. The absence of the <y_ rotamer is
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probably in part, due to the gauche-effect [175], explicitly accounted for by the torsional

parameters of the carbohydrate force field used in the present study [158]. In addition, the

leading g+ and t conformations correspond to two alternative ways of forming a HG —» O5

hydrogen bond (Table 4.1), from either above (g+; with Xa in g+) or below (t; with Xe in 9-)
the ring plane. The preferences of xg in the two compounds agree with these observations.

Although the g- conformer could in principle also form H% --* O4 or ii4 —» Ofi hydrogen

bonds with the equatorial 4-OII, neither these hydrogen bonds nor the g_ conformer are

significantly populated. The corresponding preferences are g+ > t & g- for Gal and Tal.

The leading g+ conformation permits the formation of a H6 —> 04 (with Xe in 9- and \a

in g_) or a H4 — 06 (with \-6 in t and xa in t) hydrogen bond (Table 4.1) with the axial

4-OH group. The preferences of Xa and Xa m Gal agree with the presence of a leading

#6 —> Oi hydrogen bond for this compound. The same hydrogen bond is found with a

slightly lower occurrence in Tal, although Xa is predominantly g} in this case (but with

an average angle of about 45°; Figure 4.2), due to the formation of the leading H4 — 02

hydrogen bond.

In water, the g conformer of lj is not populated when the 4-OH group is equatorial

(Glc, Man), as was the case in vacuum (the g+ and i conformations having nearly equal

populations here). However, these preferences are no longer significantly influenced by

intramolecular hydrogen bonding (the Ha —» Og hydrogen bond is absent in wafer and

the He ~^ O4 or /f4 —> 06 hydrogen bonds do not even occur in vacuum; Table 4.1).
When the 4-OH group is axial (Gal, Tal), the three conformers of u are almost equally

populated (with a slight preference for g+ and t). For all hexopyranoses considered, the

dihedral angle ^6 presents significant populations (> 20 %) in all three conformers, with

a slight systematic preference for t. Similar observations were made in a simulation study

of Oi-methylated Glu and Gal using a modified amber force field [151].
These observations can be compared with data from NMR experiments on Oi-mcthylated

Glc and Gal (Table 4.3). For Glc, three available experimental data sets support the ab¬

sence of the g- conformer and nearly equal populations for g\ and t [142, f43,145,172].
For Gal, the most recent study [145] suggests a very low population for the g+ conformer

at the benefit of the t one, while the simulation results are in better agreement with an

earlier estimation [142,143,172]. In both cases, however, the simulation results can be

considered to agree reasonably well with experiment, given the relatively large uncertainty

in the literature values.

Summarizing the above observations, one can tentatively identify three main driving
forces determining the conformational preferences of the exocyclic hydroxymethyl group

in water: (i) the solvent-independent (stereoelectronic) gauche-effect [175] stabilizes the

g+ and t conformations compared to g. ; (ii) the solvent-independent (steric) 1,3-repulsion

between 4-OH and 6-OH groups when in st/n-oricntation destabilizes <?_ when the 4-OH

group is equatorial (Glc, Man) and g+ when this group is axial (Gal, Tal); (iii) the solvent-

dependent (solvent-screened electrostatic) hydrogen-bonding interaction (11$ <-> Oi hydro¬

gen bonds), which acts in the opposite direction compared to the previous effect. Rased

on these considerations, one can tentatively classify the conformational properties of the

torsional angle u in the different hexopyranoses as follows. In the hexopyranoses where

the 4-OH group is equatorial (Glc, Man), both stereoelectronic and steric effects favor the



4.4. Results 71

[%] réf. g+ (gg) t (gt) g. (tg)

57 43 0

55 45 0

45 62 -7

31 61 8

33 41 26

22 53 25

3 72 25

Table 4.3: Relative populations of the three staggered conformers of the hydroxymethyl

group (dihedral angle ui), as obtained from, 200 ns MD simulations of Glc a,nd Gal (Figure

4-1) in water (sirn) and as determined experimentally for the corresponding Oi -methylated

compounds. 'The experimental, data (listed from the earliest to the most recent study) is

derived from, NMR experiments by Nishida et al. [142,143,172] (a), Brochier-Salon and

Morin [144] (°) and Thibaudeau et al. [145] (c). The corresponding probability distributions

from, the MD simulations are displayed in Figure 4-2.

g+ and t conformations, leading to an essentially unpopulated ^--conformer, in spite of its

potential for ii6 <-» 04 hydrogen bonding. The two effects arc solvent-independent, and

this behavior is thus found both in vacuum and in water. In the hexopyranoses where the

4-OH group is axial (Gal, Tal), the stereoelectronic effect favors the g{ and t conforma¬

tions, the steric effect favors the #_ and I conformations, and the electrostatic (hydrogen

bonding) interactions favor the g^ conformation. The latter effect, is solvent-dependent

and the conformational of the u dihedral angle differ in vacuum and water. In vacuum,

stereoelectronic and hydrogen-bonding effects drive the dihedral angle towards a preferen¬

tial g+ conformation (in spite of the incurred steric repulsion). In water, the strength of

hydrogen-bonding interactions is significantly reduced, leading to comparable populations

for all staggered conformers.

The correlations between the probability distributions associated with selected dihedral-

angle pairs for the four hexopyranoses considered in water are displayed in Figure 4.3.

The graphs display the excess two-dimensional probability for the specific pair, relative to

the ideal situation of an uncorrected distribution (product, of one-dimensional probability

distributions for the two individual dihedral angles). Figure 4.3 summarizes the key results

of a more detailed and systematic analysis (for two-dimensional probability distributions

and correlations for all dihedral-angle pairs, both in water and in vacuum; see [176], suppl.

mat.).
In water, significant correlations are exclusively found for the pairs X2

~ Xi, X:i
—

X4'

X2
— Xa, Xa — uj and x&

~ u (Figure 4.3), as well as <f> — X2 (|176|, suppl. mat. Figures

S.10, S.12, S.M, S.16). Additional (weaker) correlations are seen for Xi
~ u and Xi

~

Xe

in Gal and Tal ([176|, suppl. mat. Figures S.14,S.16) as well as for </> — Xa and X2
— u

Glc sim.

a

b

c

Gal sim.

a

c
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Figure 4.3: Correlation between the probability distribution^ associated with selected

dihedral-anglc pairs a,ß among <f), Xn ("
~ 2 3,4,6^, and a,, as obtained from 200 ns

simulations of Glc, Man, Gal, and Tal (Figure 4 1) tn water (MD) Tht correlation is

measured by the excess probability p(a, ß) — p(cv)p(ß), where p(a, ß) is the two-dimensional

(normalized) probability distribution of the dihedral-angU pair a,ß, while p(a) and p(ß)
are the corresponding one-dimensional (normalized) probability distributions for the two

individual angles a and ß

in Tal (| 176], suppl mat Figure S 16) In all cases, the areas of the two-dimensional

maps indicating large positive correlations correspond to a subset of the areas with high

probabilities (1 e to well poprdated conformers, [176J suppl mat Figures S 9, S 11, S 13,
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S.15). This is not surprising (but not trivial cither) since a positive correlation between

two hydroxyl groups in a given conformation is indicative of a favorable (e.g. hydrogen-

bonding or dipole-dipole) interaction, which also acts to stabilize this specific conformation.

Conversely, regions with large negative correlations usually (but not always) correspond to

poorly populated conformers.

The correlation maps for \2 ~ Xi in hexopyranoses where the 2-OH group is equatorial

(Glc, Man) show positive correlations in the hydrogen-bonding conformations g+
—

g-

(H:i —» 02) and I — I, (H2 —» O/) in agreement with the hydrogen-bond analysis (Table
4.1), while they show a negative correlation in the t — g- conformation (where the two

hydroxyl groups point toward each other). These maps also reveal two interesting features

about the interconversion between the two hydrogen-bonding conformers. First, among

the four possible pathways for this interconversion (two conrotatory and two disrotatory),
one appears to be clearly preferred. It is the disrotatory pathway involving a 60° change
in the two dihedral angles. This pathway is probably preferred over the three other ones

because it, is the shortest (in terms of dihedral-angle variations) and benefits from favorable

interactions between the antiparallel hydroxyl bond dipoles. Second, the rotations of X2

and Xi along this pathway are asynchronous. Close to g\ — g- (H^ —» ()2), X2 changes
more rapidly than X3, while close to t — t (1I2 —> O3), it is Xi that changes more rapidly.
This feature is easily explained by the observation that hydrogen-bonding interactions

impose more important orientational constraints on the donor hydroxyl group than on the

acceptor one. The corresponding X2
— Xi maps for hexopyranoses where the 2-OH group is

axial (Man, Tal) only show significant correlation for the hydrogen-bonding conformation

g-
—

g+ (Hi —> 02) while the alternative hydrogen-bonding conformation /. — /, (H2 —* On)
is not significantly populated ([176], suppl. mat. Figures S.ll, S.15), in agreement, with

the hydrogen-bond analysis (Table 4.1).
Similar considerations apply to the Xi ~ Xa maps, with positive correlations at g.

— g^

(Hi —> O3) and t — t (H-i —» 04) for hexopyranoses where the 4-OH group is equatorial

(Glc, Man) or r/_ — g_ (Hi —> 03) and g+ — t (H:i —> 04) for hexopyranoses where the this

group is axial (Gal, Tal), and asynchronous disrotatory interconversion pathways between

the two hydrogen-bonding conformers.

A significant correlation in the X2 — Xa map is only found for Tal, where the axial

configuration of the 2- and 4-OH groups permits the formation of a strong hydrogen bond

between the two groups (Table 4.1). Positive correlations are found for r/_ —g+ (H4 —» 02),

g+ — g- (only weakly hydrogen-bonding) and g h —t (H2 —> O/), while a negative correlation

is seen for g±
—

g+ (hydrogens pointing at each other) and (to a lesser extent) g-
—

g-

(hydrogens pointing away from each other).
The Xa

— ^ maps only show significant correlations for hexopyranoses where the 4-OH

group is in axial orientation (Gal, Tal). Positive correlations are found for t — g+ (II4 —» Or,
if xe in t) and g- ~ t (non hydrogen-bonding), and negative ones for #_

—

g+ (i/6 —> 04, if

Xein g~). For t — g+, we note that uj in gl correlates positively with xe in g+ rather than

t (Figure 4.3), suggesting that the i/4 —» 06 hydrogen bond is weak. For g_ — t, it is also

seen that Xi in g~ and uj in t both correlate positively with Xe in g~, offering the possibility
of a Hq —» O5 hydrogen bond from below the ring plane ([176], suppl. mat. Figures 14,

16). However, this hydrogen bond is not present with a significant occurrence in the water
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simulations (Table 4.1). Finally, for g_ — g+, the conformation is well populated ([176],
suppl. mat., Figures S.13, S.15), although the correlation is negative. In this case, X4 in g.

correlates with X6 in g.- but uj in g+ correlates with Xe in g+, suggesting that the 7/6 —> 04

hydrogen bond is also weak. For hexopyranoses where the 4-OH group is equatorial (Glc,
Man), no significant correlations are seen on the x-i — u map.

The (j> — X'2 maps for the hexopyranoses where the 2-OI1 group is equatorial (Glc, Gal)
show positive correlations for t — t (H) —> 02) and t — g+. The appearance of the latter

conformation seems surprising at first sight, because the two hydrogens point in the same

direction. This particular conformation is actually stabilized by hydrogen-bonding to a

common water molecule (see section 4.4.5). For hexopyranoses where the 2-OH group is

axial (Man, Tal) positive correlations are found for t—g_ (II2 —> O/) and, to a lesser extent,

for i — t and t — g+. The two latter conformations do not allow for hydrogen bonding, and

the correlations are probably largely influenced by specific interactions with nearby solvent

molecules.

For all hexopyranoses, the u — xa maps show positive correlations at t — g~ (H6 —» Ö5

hydrogen bond from below the ring plane), and g+
— g+ (Ha —> O5 hydrogen bond from

above the ring plane). For Gal and Tal, positive correlations are also seen for c/_
— t (non

hydrogen-bonding). For Glc and Man, negative correlations are seen for g{
- g. (non

hydrogen-bonding). The two latter observations arc related to specific interactions with

nearby solvent molecules (section 4.4.5).

4.4.4 Dynamics of the Exocyclic Dihedral Angles

The time-scales associated with the rotation around the various exocyclic dihedral angles of

the four hexopyranoses considered in vacuum as well as in water arc reported in Table 4.4.

A more detailed analysis of the isomerization time-scales associated with specific source

and destination wells was also undertaken ([176], suppl. mat. Tables S.I and S.II).
In vacuum, four main time-scales can be distinguished for rotational isomerization: 6-8

ps for xe, 6-40 ps for <f>, 31-388 ps for x're (n — 2, 3,4) and uj in Gal and Tal, and 647-649 ps

for uj in Glc and Man. These times should probably be regarded as lower bound estimates,

due to enhanced sampling by application of SD rather than MD.

In water, four main time-scales can be distinguished for rotational isomerization: 11-24

ps for Xn (n -= 2,3.4,6), 50-96 ps for 0, 175-183 ps for u in Gal and Tal, and 787-813

ps for uj in Glc or Man. The slower time-scale for rotation around r/> compared to vac¬

uum suggests that, just like the conformational preferences (section 4.4.3), the dynamics
of this dihedral angle in water is largely influenced by solvent effects (section 4.4.5). The

rotation around the Xn dihedral angles is significantly faster than in vacuum (except for

Xa, where the change is limited), the corresponding time-scales becoming very similar for

all hydroxyl groups in the aqueous environment. This is certainly related to the weak¬

ening of hydrogen-bonding interactions by the solvent (Table 4.1), releasing the exocyclic

hydroxyl groups from orientational constraints. The time-scales for rotation around uj are

comparable (only slightly longer) to the vacuum results, suggesting that, the correspond¬

ing rotational barriers arc dominated by intramolecular steric and stereoelectronic effects

(included in the dihedral-angle potential energy terms of the force field), and only weakly
affected by intramolecular hydrogen-bonding and solvation.
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T [ps] </> X2 Xi Xa UJ X6

vacuum

Glc 17 189 275 242 649 7

Man 40 42 31 146 647 8

Gal 6 388 226 215 122 8

Tal 28 108 70 101 107 6

water

Glc 85 11 13 24 813 17

Man 50 14 15 22 787 17

Gal 96 11 14 20 175 17

Tal 55 14 19 16 183 16

Table 4.4: Characteristic times r associated with transitions of the six exocyclic dihedral

angles </>, Xn (n ~ 2,3.4,6,), and uj as obtained from 200 ns simulations of Glc, Man, Gal,
and Tal (Figure 4-1), in vacuum, (SD) or in water (MD). The characteristic times are

obtained by dividing the total simulation time by the number of transitions between wells

(g.., g+, t) observed for the dihedral angle during the simulation (with an allowed excursion,

time of I ps). A more complete analysis of well-to-well transition time-scales is provided
in [176], suppl. mat. Tables S.I and S.U.

The observations of a significantly (four-fold) slower relaxation for uj in Glc and Man

(compared to Gal and Tal) and of a slightly faster relaxation for Man (compared to Glc)
are consistent with experimental trends from acoustical-attenuation spectroscopy [134,177].
However, the experimental values (1.9 ns, 1.7 ns, and 0.6 ns for Glc, Man and Gal, respec¬

tively), are systematically higher by a factor of about 2.5 compared to the estimates of

Table 4.4, which may be related to the overestimated diffusivity (underestimated viscos¬

ity) of the SPC water model employed in the present work [39.162]. The slower transition

time-scales for Glc and Man may be related to the fact that the r/_ conformer of uj is barely

populated in these compounds, implying that, four out of the six theoretically possible types

of well-to-well transitions are essentially forbidden. However, even transitions between the

/. and g+ wells are slowed down by about a factor of two in these compounds compared
to Gal and Tal (see [176] suppl. mat. Table S.TT), suggesting that this difference in the

dynamics is also due to intramolecular steric and stereoelectronic effects (included in the

dihedral-angle potential energy terms of the force-field).

4.4.5 Solvation

The average numbers of solute-solvent hydrogen bonds (per configuration) for the four

hexopyranoses considered in water are reported in Table 4.5. Each sugar molecule is

involved in an average of 8.66-9.15 solute-solvent hydrogen bonds. The hexopyranoses Glc.

Man and Gal donate an average of 3.72, 3.74, and 3.80 hydrogen bonds to water, while Tal

donates only 3.43. The hexopyranoses Man, Gal and Tal accept an average of 5.25, 5.35,
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and 5.23 hydrogen bonds from water, while Glc accepts only 5.06. These numbers may

be compared to the corresponding averages of 0.73, 0.57, 0.54 and 0.83 for Glc, Man, Gal,

Tal, respectively, for intramolecular hydrogen bonds. As expected, hexopyranoses which

form a larger number of intramolecular hydrogen bonds are found to form fewer solute-

solvent hydrogen bonds. On average over all compounds, each hydroxyl group donates 0.73

hydrogen bonds to water, and each oxygen atom (hydroxyl groups and O5) accepts 0.87

hydrogen bonds from water. The different hydroxyl groups can be approximately ranked

in terms of donating propensity as H04 > HO?J > HOe > HG2 > IIOi and the different

oxygen atoms in terms of accepting propensity as 06 > Ox > 0?1 > Oi > 02 > 05. These

trends are essentially respected for all compounds, with the notable exception of the 4-OH

group in Tal, the donating capacity of which-is largely reduced by the involvement of the

corresponding hydrogen atom in a strong intramolecular hydrogen bond (H4 -> 02, 40 %

occurrence; Table 4.1).

Glc Man Gal Tal

HOi 0.66 0.68 0.70 0.70

HO2 0.70 0.69 0.75 0.64

HC)3 0.78 0.78 0.77 0.78

H04 0.84 0.85 0.83 0.59

H06 0.74 0.74 0.75 0.72

subtotal 3.72 3.74 3.80 3.43

Oi 0.96 0.89 1.05 0.96

02 0.76 0.92 0.80 0.83

03 0.84 0.90 0.90 0.93

04 0.85 0.85 0.89 0.83

05 0.62 0.63 0.72 0.68

o6 1.03 1.06 0.99 1.00

tal 5.06 5.25 5.35 5.23

total 8.78 8.99 9.15 8.66

Table 4.5: Average numbers of solute-water hydrogen bonds (per configuration) as obtained

from 200 ns simulations of Glc, Man, Gal, and Tai (Figure 4-1) in water (MD). The data

is reported, separately for hydrogen bonds involving a solute hydroxyl group as donor (top;
subtotal indicated) or a solute oxygen atom as acceptor (bottom; subtotal indicated). The

overall total is also reported, for each compound. Hydrogen-bonding criterion: maximum

hydrogen-acceptor distance of 0.25 nm, minimum donor-hydrogen-acceptor angle of 100*.

The possible presence of water molecules simultaneously hydrogen-bonded to two so¬

lute groups was also investigated (Table 4.6). The most interesting observation is that a

water molecule bridges the lactol (Or) and ring (O5) oxygen atoms for all hexopyranoses
considered during 32-42 % of the simulation time. The presence of this bridge probably

explains the stability of the conformation with </> in t in the context of Oi-unsubstituted
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hexopyranoses (section 4.4.3). As previously discussed, this conformation is disfavored by
the ex'o-anomeric effect, and essentially absent for Oi-substituted hexopyranoses (manly
due to the steric contribution to this effect, i.e. the repulsion between the Oi-substituent

and the C2-substituent in equatorial position). Other bridges are also observed, with sig¬

nificantly lower occurrences (< 8 %). The bridge between Hi and H2 in Glc may explain
the positive correlation observed for t — g+ in the <j> — X2 map (section 4.4.3).

Bridge Occ. [%

Glc

HOi

H02

H03

03

Oi

Man

H03 : : 0 : H04 6

O3 : : HO : H04 5

Oi : : II : 05 32

Gal

I103 : : 0 : IIO4 5

Oi : H : 05 42

Tal

IIO3 : 0 : H04 5

Oi : H : 05 35

Table 4.6: Occurrence of bridging water molecules as obtained from 200 ns simulations

of Glc, Man, Gal, and Tal (Figure 4-0 in water (MD). Only bridges occurring for at least

5 % of the configurations are reported. Hydrogen bonding criterion: maximum hydrogen-

acceptor distance of 0.25 nm, minimum donor-hydrogen-acceptor angle of 100'.

The structuring effect of the four hexopyranoses considered on the solvent is illustrated

in Figure 4.4 in terms of three-dimensional density distributions for the different, (solute and

solvent) atoms in the system. All compounds exhibit similar features with respect, to the

solvation of the lactol group. A water molecule tends to bridge the ring (O5) and lactol (Oi)
oxygen atoms via a single hydrogen atom, while the lactol group (with <f> almost exclusively
in the t conformation) donates a hydrogen bond to a tightly bound water molecule. Tightly
bound water molecules arc also found close to the 4-OH group for all hexopyranoses except

Tal. For Glc and Man (4-OH group equatorial) the following observations apply: (i) 04

tightly binds a water hydrogen atom located between O4 and C6; (ii) Xa is preferentially

g+ (Table 4.2); (iii) Hi tightly binds a water oxygen atom. It seems reasonable to suggest
that the steric demands of C6 effectively expel bulky water oxygen atoms from the region

0 : H02 8

0 : H03 7

0 : H04 7

HO : H04 6

11 : 05 36
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between Ce and (94, while a water hydrogen atom still fits in. The presence of this water

hydrogen atom may in turn contribute to the observed conformational preference for Xa

and the tight binding of a water molecule by HA. The situation for Gal (4-OH group axial)
is comparable to that, encountered for Glc and Man (water hydrogen atom between 04 and

C6 and water oxygen atom tightly bound to H/), although X4 is here predominantly in the

c/_ conformation (Table 4.2) and the details of the coordination pattern differ somewhat.

This coordination pattern is drastically weaker in Tal, probably due to the formation of a

Hi —» Q2 hydrogen bond in this compound (Table 4.1).

4.4.6 Relative Stabilities

The free energies calculated for the six possible epimerization processes interconverting any

two of the four hexopyranoses considered, both in vacuum (AGSD) and in wafer (AGmd),
are reported in Table 4.7, together with the corresponding estimated changes in solvation

free energy (AGsiv = ACMn_ ACSD). Error bars are provided for these three quantities. A

simple estimate of the corresponding free energy changes in aqueous solution (AGA), to be

compared with AGMd, is also provided by summing the Angyal parameters [132, 133,135]
associated with the different hydroxyl groups in a specified stereochemistry.

The individual quantities A(?md and A(7Sd should be taken with some caution. Un¬

like some other classical force fields [178,179], the GROMOS force field [158] has not bee

calibrated to reproduce molecular heats of formation (from either calorimetric measure¬

ments or quantum-mechanical calculations), because its main purpose is the description
of (bio)physical processes (including solvation effects) rather than (bio)chemical ones. For

this reason, its use is in general inappropriate for calculating overall free-energy changes

involving a change in the covalent structure of molecules However, in the present case, all

molecules considered share the same atom-connectivity, the same nearest-neighbor non-

bonded exclusion scheme, and nearly identical force-field terms. The only differences [158]
are changes in the signs of the reference improper-dihedral angles controlling the stereo¬

chemistries at C2 and C4, and a change in the form of the torsional potential associated

with dihedral angle uj upon inversion of the stereochemistry at C4. Due to this close sim¬

ilarity between the four compounds, the quantity AGtmd can probably be considered to

be meaningful. The quantity AGsn, however, may still fail to compare to the physical
situation of hexopyranoses in vacuum, due to the use of elfectivc force-field parameters

calibrated to reproduce properties in an aqueous environment. Note that these two issues

only affect the individual quantities A(_?Md and AGsd but not their difference Aßsiv, the

accuracy of which is only limited by that of the interatomic forces within the force field

employed (and the finite sampling).
The six epimerization free energies probe the relative stabilities of three hexopyranoses

relative to a reference one and therefore contain redundant information. Thus, it is pos¬

sible to check their internal consistency by assessing the closure of three thermodynamic

cycles. The corresponding values are also reported in Table 4.7 (four cycles are selected

for symmetry, but, each one is a linear combination of the three others). Both the error

bars and the cycle-closure analysis suggest that the calculated free energies arc remark¬

ably precise (within the approximate molecular model employed), with uncertainties no

larger than about 1 kJ-mol-1. By application of minimal (least-square-sum) corrections
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transition L^yjr J^ AGmd AGsd AGKiv

[kJ-mol *]

Glc^Man 1.88 1.8 (1.8) ± 0.4 2.8 (2.6) ± 0.2 -1.1 (-0.8)± 0.5

Glc->Gal 1.88 2.5 (2.5) ± 0.3 3.6 (3.7) ± 0.4 -1.2 (-1.2)± 0.7

Glc^Tal 6.27 5.4 (5.2) ± 0.5 5.2 (5.4) ± 0.6 0.2 (-0.2)± 1.1

Man^Gal 0.00 0.6 (0.7) ± 0.5 1.1 (1.1) ±0.4 -0.5 (-0.4)± 0.9

Man^Tal 4.39 3.5 (3.4) ± 0.3 3.0 (2.8) ± 0.4 0.5 (0.6) ± 0.8

Gal->Tal 4.39 2.6 (2.7) ±0.3 1.6 (1.7) ±0.3 1.1 (1.0) ± 0.6

cycle hysteresis [kJ-mol"1]

Glc—>Man-^Gal-~>Glc 0.1 0.3 0.3

Glc^Man-^Tal--Glc -0.1 0.6 0.8

Glc^Gal-Tal->Glc 0.4 -0.1 0.3

Man^Gal--Tal--»Man -0.3 -0.3 0.1

Table 4.7: Relative free energies of Glc, Man, Gal, and Tal (Figure 4-0 ot 300 K as

obtained from, free-energy calculations in vacuum (SD) or in water (MD). Top: free en¬

ergy changes upon epimerization, estimated according to Angyal's rules (AGa [132, 133,

135,139,140]), or calculated from MD simulations in water (AG^d), and from SD sim¬

ulations in vacuum (AGsd), together with corresponding changes in, the solvation free en¬

ergy (AGsiv — AGmd — AGsd/ Error bars based on block-averaging extrapolation are

also reported. The values in parentheses indicate free energies including minimal (least-

sguares-sum) corrections proportional to the estimated error and enforcing closure of all

thermodynamic cycles. Bottom: hysteresis of the thermodynamic cycles defined by com,bi-

nations of the (uncorrected) free energies associated with the six epimerization processes

(one of the four cycles is redundant).

proportional to the corresponding estimated errors, cycle closure can be enforced in the

calculated epimerization free energies. The corresponding corrected values are indicated

between parentheses in Table 4.7 (these will be considered as best estimates of the present

study and used as reference for the following discussion) .

The results for AGmd from the simulations in water are in surprisingly good agree¬

ment with the corresponding estimate AGa based on the empirical Angyal parameters,

the two values being in all cases within at most 1 kJ-mol"1 from each other (except
for the Gal—>Tal epimerization ±1.8 kJ-mol-1). The simulated results suggest, a rank¬

ing Tal<£;Gal<Man<^Glc in order of increasing stability in aqueous solution.

The results for AGsd from the simulations in vacuum lead to the same ranking of

the four compounds in terms of intrinsic stability, with values that are always within 1

kJ-mol-1 of AGmd- This suggests that, the leading contribution determining the relative

stability of the different epimers is intramolecular (electronic, steric, stereoelectronic and

electrostatic) in nature rather than due to solvation. However, this observation may also

partly result, from the inaccurate force-field representation of the compounds in vacuum

(see above).
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Although the impact of solvation on the free energy appears to be limited, it is non-

negligible. The quantity AGsiv suggests that the two hexopyranoses with equatorial-

equatorial or axial-axial hydroxyl groups at G2 and G4 (Glc, Tal) are slightly less sol-

vated (by about 1 kJ-mol-1) compared to the two hexopyranoses with axial-equatorial or

equatorial-axial substitution (Man, Gal). This observed difference is at the limit of the

precision reached in the present free-energy calculations and should be taken with some

caution. However it is in line with the analysis of solute-solvent hydrogen bonds, suggesting

that Glc is a poorer hydrogen-bond acceptor and Tal is a poorer hydrogen-bond donor rel¬

ative to the solvent (section 4.4.5). In addition, there is some experimental indication from

reverse-phase IIPLC experiments using pure water as eluent [147] that Glc, Gal and Tal

indeed differ in their extent of "hydrophobicity". In these experiments the retention times

of Oi-methyl-Gal and Oi-methyl-Tal relative to Oi-methyl-Glc (reference value f) were

found to be 0.78 and 1.11. This suggests that Gal is indeed significantly less hydrophobic

(more hydrophilic) than Glc and Tal. The difference between Glc and Tal is more limited,
in qualitative agreement with the similar AGsiv values from the present simulations.

4.5 Conclusion

The present article reports a comparative study of four /3-D-hexopyranoses (Glc, Man, Gal,
and Tal; Figure 1) using explicit-solvent (water) molecular dynamics (MD) and vacuum

stochastic dynamics (SD) simulations. The main purposes of this study were: (i) to pro¬

vide a detailed and coherent picture of the conformation, dynamics, solvation and relative

stability of the four hexopyranoses; (ii) to investigate the influence of the stereochemistry
at two carbon centers (G2 and G4), on theses properties; (iii) to validate the recently

developed GROMOS carbohydrate force-field [158] by comparing simulation results with

available experimental data on the structural [142-145,172], dynamical[134,141, 177], en-

crgetic[132, 133,139, 140], and solvation[147] properties of the investigated compounds.

Based on the present simulation results (together with the available experimental data),
the following classification of driving forces responsible for the structure and dynamics of

hexopyranoses in aqueous solution can tentatively be proposed (in order of decreasing
interaction strength and characteristic time scales for conformational changes): covalent

> steric > stereoelectronic > hydrogen bonds in six-membered "rings" > solute-solvent

hydrogen bonds > hydrogen bonds in fivc-membered "rings1'. This suggested ranking is

motivated in particular by the following observations made in the present study: (i) a

solvent-induced population shift [151] of the uj dihedral angle in Gal and Tal (4-OH axial)
characterizing the hydroxymethyl group conformation from g+ in vacuum to t in wafer; (ii)
the formation of a non-persistent (lifetime 3-9 ps) but thermodynamically relevant (occur¬
rence 61 %) hydrogen-bonded bridge (six-membered "ring") between the 1,3-syn-diaxial
2-OH and 4-OH groups for Tal; (iii) the formation of structured solvent environments be¬

tween the ring and lactol oxygen atoms, as well as around the 4-OH group (except for

Tal); (iv) the rapid (time-scale 11-96 ps) and correlated rotational dynamics of the solute

exocyclic hydroxyl groups, with the identification of an asynchronous disrotatory intercon¬

version mechanism for hydrogen-bonds (five-mernbered "rings") between vicinal hydroxyl

groups; (v) the negative correlation between the average number of solute-solvent hydro-
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gen bonds (itself anticorrelated with the number of intra-solute hydrogen bonds) and the

apparent solute "hydrophobicity" (reduced solvation free energy).
Given the large uncertainty in the literature values, reasonable agreement with exper¬

imental data is found in terms of the relative hydroxymethyl group populations (NA4R
measurements [142-145,172]). The approximate time-scales and trends monitored for

hydroxymethyl group rotations are also successfully reproduced (sonic-attenuation spec¬

tra [134,141,177)). The rings are found in the 1Gi chair conformation for over 99 %

of the simulations. Timescales for the ring conformational dynamics also seem well re¬

produced [134, 141,177] (although the glucose ring is found to be unexpectedly flexible).
Excellent agreement, is obtained with the available experimental data on relative stabili¬

ties (empirical Angyal rules [132,133,139,140]) and apparent "hydrophobicities" (HPLC
retention times [ 147]) of the four hexopyranoses. These observations provide validation for

the carbohydrate parameters of the GROMOS 45A4 force field [158] by evidencing good

agreement with the (limited) available experimental data on the four compounds.
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Glc

Man

Gal

è r

Tai

Figure 4.4: Number density isosurfaces of the solute (white), water oxygen (red) and the

water hydrogen (blue) atoms, as obtained from 200 ns simulations of Glc, Man, Gal, and

Tat (Figure 4.1) in water (MD). The sugar substructure (heavy atoms except 0$) used,

for the least-squares fitting of successive configurations is also drawn (sticks). Densities

were calculated using a cubic volume of edge length 1.5 nm around the solute, spanned

by a three-dimensional cubic grid with 100 grid points along each dimension. For each

density, two isosurfaces are displayed: high density p^ (opaque) and low density pi
— 0.7p/j

(transparent), expressed in terms of the average number densities p~ of the corresponding
atoms in the system, with ph = 600)5 (solute atoms), or p^

~ 15p (solvent atoms). Covalent

bonds between high density spots are indicated with solid black lines (whenever identifiable).
Hydrogen bonds are indicated with dashed black lines (whenever identifiable; intra-solute

hydrogen bonds are omitted for clarity). Left: "lop" view, right: "front" view.



Chapter 5

Residual Structure in a Fragment of

Urea-Denatured Outer Membrane

Protein X

5.1 Summary

Motivated by an experimental (NMR) study reporting the identification and character¬

ization of non-random residual structure in two domains of urea-denatured Escherichia

coli outer membrane protein X (OmpX), we report the results of two unrestrained, long-
timescale (0.4 p,s), explicit-solvent, molecular dynamics simulations of a tetradecapeptide

representative of one of these domains under strongly denaturing conditions (8 M urea).
Both simulations show the reversible formation and disruption of a-helical content, which

is generally concurrent with the formation of sidechain hydrogen bonds and the presence of

a stable hydrophobic contact. The overall features are qualitatively comparable with the

NMR. model structure and provide insight into its structure and dynamics at an atomic

scale. However, the agreement between the simulations and experiment in terms of inter-

proton distance upper bounds is at acceptable at best. Tn spite of the considerable compu¬

tational effort invested in this study, the 0.4 /.is timescale reached here seemingly remains

insufficient, to disentangle sampling, force-field and (possibly) experimental errors.

5.2 Introduction

While the determination of protein structure by nuclear magnetic resonance (NMR) and

crystallography (X-ray) has now in many cases become a routine operation, a detailed

understanding of the folding process remains one of the major challenges of structural

biology. For proteins which fold reversibly it is to be expected that the characterization

of residual structure under strongly denaturing conditions may provide valuable insight

regarding the first, steps of a gradual folding process [180,181].
A recent NMR-study of Escherichia coli outer membrane protein X (OmpX) under

strongly denaturing conditions[182] (8 M urea) identified two local regions adapting non-

random conformations. Region I corresponded to residues 73-82 forming a turn region

83
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between strands /?4 and /.?5 in the native structure [183], and adopted a quite regular helical

structure (Figure 5.1) under denaturing conditions. Region II corresponded to residues

137-145 forming a /3-strand in the native structure, with Trpl40 forming the core of a

small hydrophobic cluster under denaturing conditions. Populations of these states were

estimated to be about 30 % or 25 %, respectively [182]. The observation of these states

was particularly interesting, because (i) the observed structures were not at all native-like,
and (ii) for membrane-associated proteins, characterization of the denatured state may

provide additional insight into the process of protein insertion into the membrane (iii) the

(hydrophobic) fragments are believed to play a crucial folding process of OmpX, which is

chaperone-assisted and only takes place upon insertion into the membrane.

Molecular dynamics (MD) simulations provide a powerful tool complementary to ex¬

periment to investigate structure and dynamics of peptides and proteins in solution [184].
When experimental structural data from NMR spectroscopy or X-ray crystallography is

available, this information can be used in these different ways:

1. when the data is sufficiently abundant and well-resolved, it can be used to construct

a full three-dimensional structural model that, can serve as an initial configuration
for the AID simulation;

2. this data can be included as a boundary condition during MD simulation, by apply¬

ing restraints (possibly time-averaged [185]) or ensemble averaged [186) to enforce

agreement between (averaged) microscopic observables and the corresponding exper¬

imentally determined values;

3. this data can be used to assess the agreement of an unrestrained MD simulation

(i.e. driven by atomic forces exclusively derived from the force-field employed) with

available experimental data.

The goal of the present work is to investigate the structure and dynamics of the 14-

residue peptide fragment of OmpX corresponding to Region I of the protein (extended
by two residues at both termini) using long-timescale (0.4 pis) explicit-solvent MD in 8

M urea, the available experimental information (in the form of 31 inter-proton distance

upper-bounds) is precious but: (i) relatively scarce (underdetermination of the correspond¬

ing structural ensemble); (ii) representative for a large ensemble of conformations (of which
the structured folded ones only represent a fraction); (iii) representative for the denatured

OmpX protein, rather than the simulated tetradecapeptide fragment (this difference is ex¬

pected to be minor based on isoleucine chemical shifts obtained for a peptide corresponding
to Region T; S. Hiller, personal communication).

For these reasons it was decided not to take a structure refinement approach (point
2 above), but to let, the simulations be solely driven by a physical force-field (GROMOS
45A3 [160]) and use experimental data for the assessment of the resulting conformational

ensemble (point C above). Because the experimental data (in conjunction with a highly

simplified force-field restricted to atomic excluded-volume terms [187]) has already been

used for the determination of a (tentative) model three-dimensional structure of Region f

in urea-denatured OmpX [182]. Consequently, two separate simulations were undertaken

starting from either this model or an arbitrary (extended) configuration.
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Figme 5.1: lop NMR model structure used in the initialization of simulation A (left)
and NMR-rnodfl structure of the corresponding sequence in native OmpX (PDB 1Q0I,

right) Backbone atoms (C, (\ H N O) are highlighted, residues Irpb and Tip 10 arc

indicated Center backbone trace-atoms (C, Cn, N) oj 400 tiajtctory snapshots sampled at

1 ns intervals from simulations A (hft) and D (right) Bottom baelbone atoms (C Cn

H, N, O) of 140 trajectory snapshots sampled from simulation A, showing the suite ham

atoms of Asprj and SerS (left yellow and magenta, respectively) and the sidechain atoms

of Trpf) and lyrlO (rtejht, orange and purple) All structures were supe r imposed onto the

NMR model structure (lop, nqht) using a root mean square ft of the backbone trace atoms

(C Oyj N) of residues 5-10 to enforce a similar scale and orientation
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5.3 Computational Details

5.3.1 Molecular Mechanics Simulations

Two explicit-solvent molecular dynamics (MD) simulations (A and B) of the tetradecapep¬

tide YRINDWASIYGVVG in 8M urea were performed at different temperatures and with

different starting structures, charged at, both termini and at the arginine and aspartate

residues, affording a net charge of zero. This peptide sequence corresponds to a fragment

consisting of residues 71-84 of the e. coli outer membrane protein X (OmpX). The MD sim¬

ulations were carried out using the GROMOS96[39, 65] package of programs together with

the GROMOS 45A3 united atom force field[160] for biomoleculcs, GROMOS-compatible

urea parameters [188,189], and the simple-point-charge (SPC) water [68|. The equations

of motion were integrated using the leapfrog scheme [23] and a timestep size of 2 fs. All

bond lengths were constrained by application of the SHAKE algorithm [70] with a relative

geometric tolerance of 10~4. The non-bonded interactions were handled using a twin-range

cutoff scheme with short- and long-range cutoff radii of 0.8 and 1.4 nm, respectively [39]
and a short-range pairlist updated together with the intermediate-range interactions every

5 timesteps. The mean effect of electrostatic interactions beyond the long-range cutoff

distance was included through a react,ion-field correction [41], using an approximate rel¬

ative dielectric permittivity of 30 for the urea-water mixture. Solute and solvent degrees
of freedom were separately coupled to a heat bath [25| at, 288 K (simulation A) or 310 K

(simulation B), with a relaxation time of 0.1 ps. The box dimensions were isotropically

coupled to a pressure bath |25| at 1 atm, with a relaxation time of 0.5 ps and an isothermal

compressibility of 45.75-10~5 (kJ mol ^îm 3)_i. The center of mass motion was removed

every 100 simulation time steps. The two simulations were carried out for 0.4 pis and

coordinates were written to file every 10 ps for later analysis.
Simulation A (at 288 K) was initiated from an NMR-derived model structure[182]

(Figure 5.1). The temperature of 288 K is the temperature at which the NMR experiment

was performed. The solute in this initial configuration was placed in a cubic box and

solvated by 370 urea molecules. The resulting system was relaxed by energy minimization

with constrained peptide coordinates. Peptide and (relaxed) urea molecules were then

transferred to a truncated-octahedral box (based on a cubic box with an edge length of

5.58 nm) and solvated by 1562 water molecules. The resulting system was equilibrated

using energy minimization, followed by 200 ps of MD simulation with position restraints

on the peptide atom coordinates (harmonic force constant progressively decreased from

tO to 1 kJ-mol l-nm 2). The equilibration was completed by 600 ps of MD simulation

with time-averaged distance restraints[185| (harmonic force constant of 1 kJ-moF^-nm-2,
linearization cutoff of 1 nm, averaging time of 10 ps, based on the inverse sixth power of

the distance) based on the experimentally-derived NOE distance upper bounds (see Table

I). After this relaxation, the truncated-octahedral box dimensions corresponded to a cube

of edge length 5.32 nm, corresponding to a peptide in a 8.16 M urea solution.

Simulation B (at 310 K) was initiated from an extended configuration of the pep¬

tide. The slightly higher temperature of 310 K as compared to 288 K for simulation A

was selected as an attempt to enhance sampling without altering too much the simulated

properties. This configuration was obtained by subjecting the starting configuration of
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simulation A (after relaxation) to 100 ps MD simulation with position restraints on the

two termini enforcing an end-to-end distance of about 4.5 nm.

5.3.2 Analysis

Backbone atom-positional root-mean-square-distancc (RMSD) matrices were generated

based on trajectory snapshots sampled from the two simulations at 1 ns intervals. The time-

evolution of the RMSD from the NMR-model structures of the native and urea-unfolded

states were generated based on trajectory snapshots sampled from the two simulations at

0.1 ns intervals. Both fitting and RMSD calculation were based on the coordinates of the

backbone trace atoms (C, Ca, N) of residues 3-12.

Analysis of the peptide secondary structure was performed using a simplified version of

the DSSP algorithm) 190]. Here, backbone-backbone hydrogen bonding was first determined

using an energetic criterion involving dipoles assigned to the C—O and N-1I bonds)190].
The resulting hydrogen-bonding patterns were used to classify residues as being part of

either (in order of increasing precedence): no secondary structure, antiparallel /3-bridge

(two residues n and m, with \n — m\ > 2 and hydrogen bonds both from n to rn, and from

m to n), or a-turn (sequence of residues n to n + 4. involving a hydrogen bond from residue

n I 4 to residue n).
Hydrogen bonds were monitored (as a function of time) based on a geometric criterion.

A hydrogen bond involving a a donor atom, a hydrogen bound to the donor atom and an

acceptor atom is assumed to be present if the hydrogen-acceptor distance atom is below

0.25 nm and the donor-hydrogen-acceptor angle is larger than 135 degrees. All backbone-

backbone hydrogen bonds were monitored (data not shown), as well as those involving the

Asp5-carboxylate and any heteroatom-bound hydrogen.

Hydrophobic contacts were monitored (as a function of time) based on a geometric
criterion on the peptide sidechains. A hydrophobic contact between two hydrophobic
residues (He, Trp, Tyr and Val) is assumed to be present if the two residues are separated

by at least two other residues and the distance between the centers of geometry of the

sidechains (i.e. all atoms of the residue except the backbone C, Ca, N, H and O atoms) is

below 0.6 nm.

NOE-derived distance upper bounds to be used were determined based on the ex¬

perimental distance upper bounds (a value of 0.55 nm had been taken for all measured

NOE's) by applying suitable multiplicity [72] and pseudo-atom [391 corrections for non-

stereospecifically resolved protons. The resulting 31 distance upper bounds are reported
in Table I. Note that all (rather uninformative) NOE information between protons belong¬

ing to adjacent or next-to-adjacent residues has been omitted from the experimental data

set. Violations with respect to these bounds were determined using an inverse sixth power

averaging of the distance over 4000 trajectory snapshots taken at 0.1 ns intervals.

All analysis programs were implemented as part of the open-source molecular mechanics

analysis package "esra"[171] as Mathematica notebooks calling Java routines. Visualiza¬

tions were performed using the PyMol package[170].



88 Chapter 5. Residual Structure of a Fragment of Denatured OmpX

5.4 Results

1 he time-evolution of the RMSD of simulations A and B from the NMR model structures

of the peptide sequence m mea-denal ured[182] and folded OmpX[18-i) are displayed in

Figure 5 2 I he RMSD mati ices <oncsponding to simulations A and B as well as A

versus B are displayed in figure 2 Individual points in these matrices indicate the extent

of similarrty between structures sampled at different times along the same simulation or

along the two different simulations

A

B

0 2

tunc | |1S]

Figure 5.2: Backbone atom positional root mean-squarc-distanec (RMSD) matrices of'400

trajectory snapshots taken at 1 ns inter vais from simulations A (bottom left ib8 K mi

tiated from an equilibrated NMR model structure) and B (lop nqht HO K, initialed, from

an extended structure) toqelher with the RMSD rnatru correlating (he two simulations

(bottom right) Ihe coordinates of the backbone trace atoms (C Ga, N) atoms of residues

j li were used for both the filtmq of successive structures and the RMSD cale ulation

lor simulation A (initiated from the equilibrated NMR model structure) the sampled

structures remain fairfy close to the \MR model (RMSD ps 0 2 rim) and to each other

(RMSD «0UÜ2 rim) during about 150 ns Aftei this time point the system eve>lvcs to

a sexonel region of e onformational space also chaiacten/ed bv mutually similar stiuetures

(RMSD » 0 0-0 2 nm), but that diHci signifie antfy from the NMR model (RMSD « 0 5

nm) and from the ones sampled in the fit-,1 part of the simulation (RMSD ^0207 nm)
After a brief (5 ns) transition closer to the initial structure at about 250 ns the svstem

e\olves to a third region of eonformational spae e, mon similar to the second than to the

first one With the exception of one brief transition (2 ns RMSD ?s 0 2 nm) towards the



5.4. Results 89

B

0 0 Ol () 2 (H 04
, . . . , , . , _ . . , , r-i ,

Figure 5.3: Backbone atom-posil/onal rejot-mean-squaie-distance s (RMSD) of 4000 tra¬

jectory snapshots taken at 0 1 us intervals from simulations A (288 K, initiated from an

equilibrated NMR model structure) and B (110 K, initiated from an extended structure)

lop RMSD from the (ey-he heal) NMR model si r uc lure corresponding to the denatured state

of OmpX fib2] bottom RMSD from the (S-turn-tike) NMR model structure corresponding

to the folded state of OmpX [181] The coordinates of the backbone trace atoms (C, Cn, N)

atoms of residues -1-12 were used foi both the fitting of successive sir uc lure s and the RMSD

calculation

veiy end e>f the1 simulation, no region ol conforma! lonal space- corresponding to the folded

state is visited

foi simulatron B (initiated from an extended structure) an initial 90 ns exploration

period involving mutually rathe>r dissimilar structures (RMSD ps 0 2-0 i nm) is found

Duimg the hist 75 ns oi tins penoe] regions of confoimatronal space corresponding quite

closely (RMSD <. 0 2 nm) to the folded state1 of OmpX aie repeatedly visited This initial

period is also followed bv a sudden switch to a different region of confoimational spae o

Trorn this point onward the sampled eoiifiguiations ebffct very signifie ant lv horn the1 ones

general cd in the- early oxploiative stage of the simulation (RMSD ps 0 2-0 8 nm) and remain

reasonably similar to e-ach other (RMSD ps 0 0-0 3 nm) Within this second period tlncc

ehstme t anej ngiel subensc-inblcs of mutually very similar structures (RMSD ps 0 0-0 2 nm)
are successively eruormfered along the trajectory corresponding to the time periods 130-
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190, 220-250, and 300-360 ns.

The RMSD matrix comparing the structures encountered in simulations A. and B clearly

indicates some convergence of the two simulated ensembles after the initial exploration

phases of the two simulations (150 ns and 90 ns for simulations A and B, respectively). In

this region, it is possible to find for each structure of simulation A a structure of simulation

B with an RMSD of 0.2 nm or less, and conversely. These configurations also appear to

differ less significantly from the ones sampled in the onset of simulation A (initiated from

the NMR model) than in the onset of simulation B (initiated from an extended structure).
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Figure 5.4: Time-evolution of the peptide secondary structure based on 4000 trajectory

snapshots taken at 0.1 ns intervals from simulations A (top; 288 K; initiated from an eguili-

brated NMR model structure) and B (bottom; 310 K; initiated from an extended structure).
A residue can be either part of a (antiparallel) ß-bridge (black) or a,n a-turn, (red), depend¬

ing on, the local backbone hydrogen bonding pattern/190],

The time-evolution of the secondary structure along the two simulations is displayed

in Figure 5.4. Both simulations appear to switch reversibly between two main structural

motifs: an ej-turn between Asp5 and TyrlO (sometimes extending to Gly 11 or even Val 12)
arrd different variants of antiparallel /i-bridges (the most, persistent of which are Tyrl-

Vall2, Arg2-Vall3, and Ile3-Tyrl0 for simulation A, or Arg2-Vall2, Ile3-Vall2, Ile3-Vall3,

and Asp5-Glyll for simulation B). Note that toward the end of simulation A, the cv-
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turn alternates with a short-lived /3-turn-like structure involving residues Asp5 to Ser8.

corresponding to the formation of the Ile3-Tyrl0 antiparallcl /3-bridge (which is also formed

after 0.26 p,s). Such a turn can also be observed transiently toward the end of simulation B.

/3-bridges corresponding to register-shifts of the above can be found throughout the second

half of both simulations. Interestingly, the «-turn motive, whenever present, is (nearly)

always stopped at Asp5 on its N-tcrminal end, although its C-terminal end may extend

by one or two residues beyond TyrlO. The (intermittent) presence of this oturn in the

second part of both simulations (after about 0.2 ps) is probably largely responsible for the

structural similarity of the two corresponding subensemblcs (Figure 5.3).
It is interesting to note that while the NMR model structure corresponds to a quite

regular helix (see Figure 5.1), with two sequential 1,5-turns involving residues 6-12, the

structure of the peptide in the folded state of OmpX corresponds to the turn connecting the

/3-strands ßA and /35, as well as a part of strand /55, with Asp5 located in the turn region (Fig.

5.1), interacting with Arg2. In other words, while in the native state, this sequence is of ß-

type, it forms an a-helix in the corresponding urea-unfolded state. The exact reproduction

of the native structure would imply the formation of an out-of-rcgister /3-hairpin, including

the formation of a Tyrl-Ile9 antiparallel ß-bridge, which is not observed. A very similar

structure, however, is seen in simulation B after about 75 ns (Figures 5.2, 5.4), showing

the formation of the corresponding register-shifted /3-bridgcs Arg2-Ser8 and Ile3-Trj>6.
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Figure 5.5: Time-evolution of hydrogen, bonds involving the earboxylate group of the Asp5

based on 4000 trajectory snapshots taken at 0.1 ns intervals simulations A (black; 288 K;

initiated from an equilibrated, NMR model structure) and B (red; 310 K; initiated from an

extended structure). A hydrogen bond is defined by a hydrogen-acceptor distance smaller

than 0.25 nm and a donor-hydrogen-acceplor angle larger than, 135". The donor residue

(and atom) and the acceptor oxygen atom of the Asp5 earboxylate are indicated on, the

right of the graph. Only hydrogen, bonds present during more than 5 % of the trajectory are

shown.

Because the residue Asp5 appears to play a particular role in the conformational be¬

havior of the peptide, it is interesting to look at the hydrogen-bonding properties of its
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sidechain. The time-evolution of all hydrogen bonds involving the earboxylate group of

this residue is displayed in Figure 5.5. Throughout simulation A, the earboxylate group

of Asp5 is almost continuously hydrogen-bonded to the backbone amide groups of either

Ala,7 or Ser8 (predominantly at the end of the simulation) or to the sidechain hydroxyl

group of Ser8 (predominantly at the beginning of the simulation). For simulation B, the

hydrogen-bonding propensity of Asp5 becomes similar to that observed in simulation A

after about, 0.09 (is, but also includes alternative patterns (e.g. involving the backbone

amide groups of Trp6, He9 and TyrlO). These persistent hydrogen bonds probably explain

why Asp5 terminates the a-helix stretching from Asp5 to TyrlO, Glyll or Vail2 at its N-

tcrminus: the aspartate earboxylate effectively caps the N-terminal region of the helix. On

the other hand, there seems to be a noteworthy correlation between the appearance of the

Ser8-Asp5 hydrogen and the formation of this «-turn, as well as the formation of autiparal-

lel /^-bridges corresponding to a turn involving Asp5 (such as found throughout the second

halves of both simulations A and B). fn other words, the Scr8-Asp5 hydrogen-bonding

pattern seems to both induce (via hydrogen-bonding and a favorable charge-clipole inter¬

action) and limit, (by a capping mechanism) helix formation. Interestingly, no significant

hydrogen-bonding is found between Asp5 and Arg2 in cither simulation. This contrasts

somewhat with the NMR model structures for both the urea-denatured state, where Asp5

is found in contact with Arg2, and for the native state of OmpX, where Arg2 and Asp5

seem to be weakly interacting in the turn region (Figure 5.1).

4-1

u

4-1

C
O

U

u

rH

,£)
O

Dl
O

U

Ti

10

8

6

4

2

II»I WU^^HI H Wl II I III II

« II ! I IB I

mmMiinüi 'ii"' il»'1» ""

i ; ntiiMifFim a i n n m

IIIMBMB ai >

1 l|HM HBI ^m M,ll ^iml >! IX 1»'
I ||

'

in1 mm iHflP'iiW ""ta W« Mi' > i«

I I II I IHIIHHM I III ! lllll

li ¥' " > »", m \wmm >i »

Ile9-VaI13

Ile9-Vall2

Trp6-TyrlO

Ile3 Vall3

Ile3-Tyrl0

Ile3-Ile9

Tyrl-Vall3

Tyrl-Vall2

Tyrl TyrlO

0 0.1 0.2 0.3

time [/us]

0.4

I A

i E

Figure 5.6: Time-series of hydrophobic sidechain interactions for 4000 snapshots taken,

at 0.1 ns intervals from each of the two simulations A (black, performed at 288 K and

starting from, the equilibrated NMR structure) and B (red, performed at 310 K, starting

from, a,n extended structure). A hydrophobic sidechain interaction is defined to exist if two

residues are more than two residues a,pa,rt and the centers of geometry of their respective

sidechains are separated by no more than 0.6 nm. Only contacts present during more than

10 % of the trajectory are shown.

The time-evolution of hydrophobic contacts between sidexhains along the two simula¬

tions is displayed in Figure 5.6. In simulation A, a stable contact between Trp6 and TyrlO
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is seen in the first half of the simulation. This contact is also present in the NMR model

structure, along with the Trp6-Ile3 and Trp6-lle9 contacts, which are not observed in the

simulation. Instead, a stable contact between Ile3 and Ile9 is observed at the beginning

of the simulation along with three other contacts involving Tyrl appearing intermittently

during the course of the simulation. In simulation B, more numerous but less specific con¬

tacts are observed. Hydrophobic interactions between Trp6-Tyrl0 and Ile9-Vall2, present

in the NMR model structure, are seen to form toward the end of the simulation. However,

many other contacts occur transiently, which are not characteristic of this structure.

The above observations regarding the hydrogen-bonding properties of Asp5 and the

Trp6-Tyrl0 hydrophobic contact are illustrated graphically in Figure 5. J based on the first

0.14 /.ts of simulation A (region of conformational space close to the NMR model structure,

see Figures 5.2 and 5.3).
The superimposed structures show the presence of two successive a-turns, initiated on

their (more rigid) N-t,erminal part by Asp5 and extending to TyrlO on their (more floppy)
C-terminal part. The sidechain of Asp5 folds onto the side of the helix, forming persistent

hydrogen bonds with Ala7 or Ser8. The close spatial proximity of residues Trp6 and TyrlO

enables the observed hydrophobic contact, in spite of the important mobility of the two

sidechains.
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Figure 5.7: Violations Ad of experimentally derived NOE distance upper bounds (Table I).
The violations are calculated based on an, inverse sixth power averaging of the distance over

4000 trajectory snapshots taken at 0.1 ns intervals from simulations A (black bars; 288 K:

initialed from from, an eguilibrated NMR m,odel structure) and B (red, lines; 310 K; initiated

from, an, extended, structure). Positive values indicate a discrepancy with experimental data,

while negative values indicate agreement.

Violations with respect to experimentally-derived NOE distance upper bounds are re¬

ported numerically in Table 5.1 (together with atom pairs associated with a given bond)
and graphically in Figures 5.7 (simulation averages) and 8 (time-evolution of instanta¬

neously fulfilled NOE's). In simulatiejn A, 10 distance upper bounds (out of a total of

31) show positive violations, indicating a discrepancy with experimental data, with four

distance upper bounds violated by more than 0.1 nm. By residue, these violations arc 2Arg

(1 violation; below 0.1 nm); 3Ile (3 violations; 2 above 0.1 nm); 4Asn (1 violation; above

0.1 nm); 5Asp (1 violation; below 0.1 nm); 6Trp (6 violations; 3 above 0.1 nm); 7Ala (3
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Figure 5.8: Time-evolution of the instantaneously fulfilled (Ad < 0) NOE distance upper

bounds (Table 5.1) based on 4000 trajectory snapshots taken at 0.1 ns intervals from the

two simulations A (top; 288 K; initiated from an, equilibrated NMR model structure) and

B (bottom; 310 K; initiated from an extended structure).

violations; 1 above 0.1 nm); 911c (3 violations; 2 above 0.1 run); 11 Gly (l violation; below

0.1 nm); 12Val (1 violation; below 0.1 nm). It may be noted that, of four positive violations

larger than 0.1 run, two correspond to NOE's involving lle3 and Trp6 or Ala7, and two

correspond interactions between Trpfi and lle9.

Figure 8 shows that four classes of NOE distance upper bounds may be distinguished:

(i) NOE's 1-7, corresponding to interactions of residues Arg2-Asn4 with residues Asp5-Ile9.

These distance upper bounds are rarely ever fulfilled in simulation A the situation in simu¬

lation B being slightly better. By comparing Figures 8 and 3 it is found that fulfillment of

these distance upper bounds generally correlates with the formation of secondary structure

involving residues 1-4. (ii) NOE's 8-14: with the exception of NOE 8 (which corresponds to

an interaction between 8Asn and 911e), correspond to interactions between residues 5Asp

and 6Trp with resielues 8Asn and 9Ile. These distance upper bounds are generally fulfilled,

whenever the 1,4-turn between 5Asp and 911e is formed (sec Figure 3). (iii) NOE's 15-20:
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these distance upper bounds correspond to interactions between Trp6 arrd Ue9. Some of

these NOE's are seemingly not compatible with the formation of a-helical structure in

residues 6-9. The violated NOE's in this set are NOE's 15, 16, 18, and 20, which are

violated by 0.284, 0.095, 0.098 and 0.348 nm, respectively, (iv) NOE's 21-31: these NOE's

correspond to interactions between the residue sets 7-9 and 10-12. Good agreement with

experimental data is found whenever ohelical spanning from Asp5 to Vall2 is found (the
first 0.14 (is) of the simulation. Correspondingly, agreement for the time-averaged distance

is found for simulation A, but, not for simulation B.

5.5 Conclusions

In the present study, we report two long (0.4 p,s) explicit-solvent simulations of a tetrade¬

capeptide fragment of the protein OmpX under under strongly denaturing conditions (8
M urea), starting from two different initial structures (simulation A: corresponding to

segment in the NMR-model structure of OmpX; simulation B: extended configuration).
The following main observations can be made:

• In spite of the very long timescale reached in the present simulations (relative to

current explicit-solvent simulations of similar systems), the generated ensembles do

not appear to sample the entire configurational space accessible to the peptide. In

particular, major transitions between different conformational basins occur on the 100

ns-timescale and the influence of the selected starting configuration remains visible

throughout the two trajectories (in spite of some trend towards convergence of the

two ensembles after about 100 ns).

• Both simulations show the reversible formation and disruption of ohelical (as ex¬

pected for the urea-denatured state) and /5-turn (as expected for the native state)

secondary structure.

• The ev-helix, whenever formed, predominantly involves a single oturn but is some¬

times extended by one or two (and occasionally three) residues at its C-terminus. In

contrast, its N-terminal residue is nearly always Asp5, which appears to both pro¬

mote helix formation in the N—»C direction and block it in the C^N direction. Helix

formation is concurrent with the formation of hydrogen bonds between the sidechains

of Asp5 and Ser8, and the presence of a stable hydrophobic contact between Trp6

and TyrlO. These features are compatible with the urea-denatured model structure

(derived from NMR experiments on urea-denatured OmpX) and may be postulated

to contribute to the stability of this particular fold. Note that comparison of the

urea-denatured model structure and the present simulated ensembles relies on the

assumption that, the conformations of the free peptide arc comparable to those of the

corresponding peptide segment within the entire protein (which is very likely, given

that nearly identical isoleucine chemical shifts were measured for a corresponding

sequence; S. Hiller, personal communication).

• The ß-turn, wherever formed, involves a wider variety of possible /^-bridges enclosing
residues Asp5-Ser8 as loops. These features are qualitatively comparable with the
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native model structure (derived from NMR experiments on OmpX in solution [183]),

although they suggest a considerably larger conformatiorral variability in terms of

accessible /Murn structures at equilibrium. This is perhaps not surprising in view

of the different environmental conditions associated with the native model structure

and the present simulated ensembles: (i) the simulations involve strongly-denaturing

conditions (8 M urea); (ii) the model structure accounts for the conformation of the

peptide as embedded in the entire native protein.

• The agreement between the simulations and experimental NOE-derivcd inter-proton

distance upper bounds is at best acceptable for simulation A (with 10 out, of 31

bounds violated, among which 4 violations larger than 0.1 nm) and poor for simula¬

tion B (with 18 violated bounds, among which 13 larger than O.f nm). This may be

at least partially due to limited sampling. Nearly all distance bounds arc satisfied

at different points along the two simulations, but never all of them simultaneously.

However, due to the inverse-sixth power distance averaging, the presence of a limited

subset of configurations characterized by a short inter-proton distance may be suffi¬

cient to provoke the appearance of an NOE cross-peak [191]. Two consequences are

that: (i) the satisfaction of NOE-derived upper-bounds may require a more complete

sampling of the accessible configurational space compared to that achieved in the

present simulations; (ii) these bounds may be satisfied independently by different

subsets of configurations without ever being simultaneously fulfilled in one single set.

In particular, we note that (i) the 8 bounds involving residues 2-4 are only satisfied

in a very small fraction of the sampled configuration in either simulation (the con¬

figurations responsible for these 8 bounds may not have been sampled); (ii) 4 of the

9 bounds involving proton pairs in residues 6 together with 9 arc also violated in

most configurations, even those involving an ohelical structure for residues 5-12 and

the satisfaction of the 19 other bounds involving these residues (the configurations

responsible for these 4 bounds may differ from the ohelical ones).

Clearly, the present simulations provide an insight (at atomic level and femtosecond reso¬

lution) into the detailed structural features and conformational dynamics of the tetrade¬

capeptide that, is absolutely inaccessible to experiment. However, in spite of the consider¬

able computational effort invested in this study, the 0.4 (is timescale reached here remains

insufficient to disentangle sampling, force-field and (possibly) experimental errors, and to

provide a complete picture of the conformational ense^mblc underlying the (underdetermin-
ing) experimental data.
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NOE residue atom Np residue atom Np d [nm] Ad [nm
A B

1 2ARG HB3 1 5ASP HN 1 0.550 0.007 0.077

2 3IFE HN 1 6TRP HA 1 0.550 0.348 0.217

3 3TLE HN 1 7ALA QB 3 0.691 0.478 0.111

4 3ILE QG2 3 6TRP HE1 1 0.691 -0.071 -0.103

5 31LE IIG12 1 6TRP IIA 1 0.550 0.064 0.006

6 3ILE QD1 3 8SER HB2 1 0.691 -0.104 -0.134

7 4ASN QB 2 7AFA QB 3 0.861 0.138 -0.250

8 4 ASN QB 2 9ILE QD1 3 0.861 -0.301 -0.358

9 5ASP HB2 1 8SER HB2 1 0.550 -0.134 -0.062

10 5ASP HB2 1 91LE QG2 3 0.691 -0.010 -0.111

11 5ASP HB3 1 8SER HN 1 0.550 -0.263 -0.221

12 6TRP HA 1 9ILE HN 1 0.550 -0.135 -0.034

13 6TRP HA 1 9ILE IIB 1 0.550 -0.154 0.030

14 6TRP HA 1 9TLE QD1 3 0.691 -0.250 -0.098

15 6TRP HD1 1 9ILE HA 1 0.550 0.284 0.1.94

16 6TRP HD1 1 9ILE HG12 1 0.550 0.095 0.212

17 6TRP HE3 1 9ILE QG2 3 0.691 -0.070 -0.013

18 6TRP HE3 1 9ILE 1IG12 1 0.550 0.098 0.015

19 6TRP HE3 1 9ILE QD1 3 0.691 -0.094 -0.028

20 6TRP IIZ2 1 9TLE HG13 1 0.550 0.348 0.097

21 7ALA HN 1 12VAF QQG 6 0.961 0.048 0.118

22 7ALA HA 1 10TYR UN 1 0.550 -0.125 0.094

23 7ALA IIA 1 UGLY HN 1 0.550 -0.086 0.292

24 7ALA HA 1 12VAF QQG 6 0.961 -0.202 0.265

25 7AFA QB 3 UGLY HN 1 0.691 0.050 0.257

26 7ALA QB 3 12VAL HN 1 0.691 -0.021 0.541

27 8SER HN 1 12VAL QQG 6 0.961 -0.092 0.167

28 8SER HA 1 UGLY UN 1 0.550 -0.018 0.251

29 8SER IIA 1 12VAL QQG 6 0.961 -0.375 0.177

30 8SER IIB3 1 12VAL QQG 6 0.961 -0.181 0.160

31 9ILE HN 1 12VAL QQG 6 0.961 -0.132 -0.084

Table 5.1: Experimentally derived NOE distance upper bounds[182] d (after application

of multiplicity and pseudo-atom corrections [39, 72J) employed in the analysis of the sim¬

ulations, and corresponding violations Ad observed in, the two MD simulations. A UQ
"

is

used to specify a pseudo-atom site defined by the non-stereo'.specifically assigned, protons of a

methyl- or methylene group, and implies the application of a multiplicity correction,[39, 72]

(Np)-1'6, where Np is the number of protons defining the pseudo-atom site, to the respec¬

tive distance upper bound. Correspondingly, a "QQ" is used to indicate a pseudo-atom

site defined by the non-stereospecifically assigned protons of the methyl-groups of a, valine

isopropyl-sidechain. The violations are calculated based on an inverse sixth power averaging

of the distance after performing a (d' 6) averaging over 4000 trajectory snapshots taken

at 0.1 ns intervals from simulations A (288 K; initiated from, an equilibrated NMR model

structure,) and B (310 K; initiated from an extended structure). Positive values indicate a

discrepancy with experimental data, while negative values indicate agreement.
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Chapter 6

Explicit-solvent Molecular Dynamics

Simulations of a DNA

Tetradecanucleotide Duplex:
Lattice-Sum versus Reaction-Field

Electrostatics

6.1 Summary

Motivated by the recent development of a GROMOS-compatible nucleotide force field,

unrestrained explicit-solvent molecular dynamics simulations (10 ns simulation length),
are used to investigate the effect of the long-range electrostatics scheme as well as the

box size and shape on the structure and dynamics of a tctradecanucleotide dimer, starting

from an idealized B-DNA structure. Two different treatments of long-range electrostatics

are compared: a lattice-sum method (P3M; one simulation) and a cutoff-based method

including a reactionfield correction (four simulations, with long-range cutoff of 1.4 or 2.0

nm). While the overall double-helical structure, including Watson-Crick base pairing, is

quite well conserved in the simulation employing a lattice-summation scheme, the Watson-

Crick base pairing is nearly completely disrupted in all simulations employing a cutoff-

based scheme. The latter simulations form either compact structures when employing a

long-range cutoff of 1.4 nm or extended structures, when employing a long-range cutoff of

2.0 nm.

6.2 Introduction

The last two decades have seen a significant increase in the number of publications reporting

atomistic (explicit-solvent) molecular dynamics (MD) of nucleic acids [192] in aqueous

solution. However, in spite of significant methodological advances, nucleic acids remain very

challenging systems for computational modelling, because their polyelectrolyte nature (and

99
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the possible simultaneous inclusion of many counterions) imply the rreed for a particularly

accurate treatment of (long-range) electrostatic interactions.

In order to avoid surface effects, the vast majority of explicit-solvent molecular simu¬

lations are carried out under periodic boundary conditions (PBC). In this case, the two

(currently) most popular approximations used to handle long-range electrostatics are the

lattice-sum (LS) and reaction-field (RF) methods.

The LS methods rely on accepting the exact periodicity of electrostatic interactions

as an intrinsic property of the simulated system. In this case, electrostatic interactions

can be handled exactly (within the limit of numerical accuracy) using the Ewald |42] or

related particle-mesh (P3M [43,47] or PME [48]) methods. This approximation is certainly

quite reasonable for performing simulations of crystals. However, solutions are inherently

non-periodic systems, and the use of LS methods in this context can be summarized as

providing exact electrostatic interactions for an approximate (i.e. artificially periodic)

representation of the system. Recent studies aimed at quantifying the effects of artificial

periodicity in biomolccular simulations have often led to contradictory results [21, 22,193],

probably in large part because the nature and magnitude of possible artifacts are very

sensitive to the simulated system and simulation conditions (e.g. solute net charge and

dipole moment, size of the solute cavity relative to that, of the computational box, presence

and concentration of counterions, dielectric permittivity of the solvent, system properties

monitored).
The RF method, relics on truncating electrostatic interactions to a finite range (cut¬

off distance), typically smaller than half the smallest dimension of the computational box,

and accounting for the mean effect of the omitted electrostatic interactions beyond this dis¬

tance by modelling the medium outside the cutoff sphere of each particle as a homogeneous

dielectric medium of permittivity equal to that of the solvent [40, 41, 78,194]. This approx¬

imation (given a large-enough cutoff distance) is certainly reasonable for the simulation

of pure (dipolar) liquids. However, biomolecular solutions are typically: (i) diclcctrically

heterogeneous (i.e. the medium outside the cutoff sphere of a particle is generally not

of homogeneous permittivity); (ii) rich in species (solute functional groups, counterions)

bearing net charges (i.e. for which the RF formalism is not strictly applicable).

Thus, the use of the RF method in this context can by summarized as providing approx¬

imate electrostatic interactions for a more realistic (i.e. quasi-nonperiodic) representation

of the system. Obviously, the RF approximation will benefit from the use of large cut¬

off radii. A common time-saving technique for increasing the effective cutoff radius is the

twin-range (TW) method, where interactions up to a short-range cutoff arc evaluated every

timestep, while interactions between the short-range and a long-range cutoff distance are

evaluated less frequently [39].
After numerous unsuccessful attempts to perform explicit-solvent molecular simulations

of nucleic acids using straight-cutoff truncation [195], it was realized that the use of LS

method instead permitted to obtain trajectories of DNA oligonucleotide dirners with a

stable double-helical duplex (native) conformation on timescales up to 400 ns [196]. The

RF method was also applied with some success, but only on much shorter timescales of at

most 2 ns [197-199]. Significant, base-pair fraying (expected to occur only on a millisecond

timescale [200]) was found in all of these simulations.
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Unfortunately, a rigorous comparison of of the effect of different treatments of electro¬

static interactions in simulations of nucleic acids is difficult, because these simulations arc

in practice affected by three main sources of errors, which are difficult to disentangle: (i)
limited force-field (functional form and parameters) accuracy (i.e. the native structure may

be intrinsically unstable within a given force-field, even with hypothetically exact treat¬

ment of electrostatics); (ii) approximate treatment of electrostatic interactions (i.e. the

native structure may be artificially destabilized by inaccurate electrostatics, even if it is in

principle stable within the force-field employed); (iii) insufficient sampling (i.e. the native

structure may appear stable on a given timescale. even if intrinsically unstable within the

chosen force-field representation and treatment of electrostatics; furthermore, the timescale

ou which apparent stability is maintained may depend on these two choices).
In order to provide more insight into the specific role of electrostatics, we report here

five long-timescale (6.5-10 ns) explicit-solvent simulations of a DNA tetranucleotide dimer

using the GROMOS force-field |198] together with different treatments of electrostatic

interactions (LS or RF) cutoff distances (RF only) and computational box shape and size

(RF only).

6.3 Computational Details

Five explicit-solvent molecular dynamics (MD) simulations of 10 ns duration were per¬

formed in order to examine the influence of the electrostatics scheme (TW/RF or LS) and

of the box geometry (cubic, CU, or truncated octahedral, TO) on the structure and dy¬

namics of a DNA tctradecanucleotide dimer with sequence

5'-(GCATTCTCAGTCAG)-3'-5'-(CTGACTCAGAATGC)-3' in water.

The simulations were carried out using the GROMOS96 [39,65] and GROMOS05 [201]

packages of programs together with the GROMOS 45A4 force field [158] including a recently

refined GROMOS-compatible parameter set for DNA [159], and the simple-point-charge

(SPC) water model [68], The equations of motion were integrated using the leapfrog

scheme [17] with a timestep of 2 fs. All bond lengths were constrained by application of

the SHAKE algorithm |70j with a relative geometric tolerance of 10 4. Solute and solvent

degrees of freedom were independently coupled to a heat bath at, 300 K with a relaxation

time of 0.1 ps [25]. The box dimensions were isotropically coupled to a pressure bath [25]
at 1 atm, with a relaxation time of 0.5 ps and an isothermal compressibility of 45.75-10-5

(kJ mol-1mri-3)-1. The center of mass motion was removed every 2 ps. Trajectory frames

were written to file every 1 ps, for later analysis.
The nonbonded interactions were handled in either of two ways. In the TW/RF scheme,

(four simulations) a twin-range cutoff scheme |39] was employed for both electrostatic and

Lennard-Jones interactions, with a short-range cutoff radius of 0.8 nm, a long-range cutoff

radius of either 1.4 nm or 2.0 nm, and a frequency of 5 timesteps for the update of the short-

range pairlist and intermediate-range interactions. Simultaneously, a reaction-field correc¬

tion [41] was applied to account for the mean effect of electrostatic interactions eluc to the

solvent beyond the long-range cutoff radius, using a relative dielectric permittivity of 60 as

appropriate for the SPC water model [202], In the LS scheme (one simulation), electrostatic

interactions were handled using the particlc-particle-particle-mcsh (P3M) method [43,47],
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using a real-space cutoff of 0.6 nm (pairlist updated every 5 timesteps, a spherical-hat

charge-shaping function [203], arr assignment function of order 3, a finite-difference inter¬

polation of order 3, a mesh of 64x64x64 points and tinfoil boundary condition. In this

scheme, the Lennard-Joncs interactions were truncated at a distance of 1.4 nm (pairlist

updated every 5 steps).
The simulated systems were prepared in either of two ways, starting from a model

double-helical structure of the tetradecanuclcotide dimer corresponding to an idealized B-

DNA conformation. In the CU case, the solute was placed at the center of a (periodic)
cubic box of edge length 6.6 nm, containing 9086 water molecules. In the TO case, the

solute was placed at the center of a (periodic) truncated octahedral box based on a cube

of edge length 7.7 nm containing 6953 water molecules. A total of 26 randomly selected

water molecules were then replaced by an equal number of sodium ions, so as to neutralize

the system.

The resulting systems were relaxed as described elsewhere [204.205], using five 1000

steps segments of steepest-descent energy minimization with a relative energetic conver¬

gence criterion of 0.01 kJ-mol-1 [39] followed by 50 ps equilibration with positional re¬

straints on the nucleotide atoms using a harmonic force constant gradually reduced from

20 to 4 kJ-mol-1-rim-2.

This equilibration was followed by 10 ns production simulation for the five combinations

of electrostatic schemes and box geometries considered in the present study. To simplify

the discussion, each of these simulations is associated with a unique code as summarized

in Table 6.1.

Code Box Elec. Rc [nm]

CL CU LS -

CRi.4 CU TW/RF 1.4

CR2.0 CU TW/RF 2.0

TRi .4 TO TW/RF 1.4

TR2.0 TO TW/RF 2.0

Table 6.1: Summary of the five simulations performed in the present study. CU: cubic

box of edge length 6.6 nm, containing one tetradecanuclcotide dimer, 26 sodium ions and

9060 water molecules. TO: truncated octahedral box based on a cubic box of edge length 7.7

nm, containing one tctradecanucleotide dimer, 26 sodium ions and 6927 water molecules.

TW/RF: twin-range/reaction-field method with long-range cutoff radius R (together with

short-range cutoff radius of 0.8 nm, update frequency of 5 timesteps for the short-range

pairlist and intermediate-range interactions, and reaction-field dielectric permittivity of

60); LS: lattice-sum (particle-particle-particle-mesh) method. The total duration of the

simulations (excluding equilibration) is also indicated.

The simulations were analyzed in terms of atom-positional root-mcan-square-deviation

(RMSD) from the initial (idealized) B-DNA structure, solute radius of gyration (/?gyr),
intrasolute Watson-Crick (WC) base-pairing, hydrogen bonds (H-bonds), and radial dis¬

tribution functions (RDF) between charged entities.
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The RMSD was calculât,eel along each trajectory at 10 ps intervals, based on all atoms of

residues 3-12 and 17-26, also using the coordinates of the corresponding atoms for perform¬

ing the (non-mass-weighted) least-squares fit superposition [169] of successive structures

onto the reference one. The (non-mass-weighted) radius of gyration Rgyi was calculated

along each trajectory at 10 ps intervals based on all atoms of residues 3-12 anel 17-26. lntra-

solutc WC (Il-bonds) were monitored along each trajectory at 10 ps intervals. A H-borrd is

assumed to exist, between a donor atom, a hydrogen atom bound to this donor atom and an

acceptor atom, if the distance between the hydrogen and the acceptor is smaller than 0.25

nm and the angle between the donor-hydrogen and hydrogen-acceptor vectors is larger

than 135 degrees. Radial distribution functions corresponding to the (minimum-image)
distances between all pairs of phosphorus-phosphorus (P-P), phosphorus-phosphorus in

different strands (P-P'), phosphorus-sodium (P-Na), or sodium-sodium (Na-Na) atoms

were deterrrrined as an average over trajectory frames sampleei at 1 ps intervals from the

last 2 ns of each trajectory.
All analysis programs were implemented in Jython and Mathematica as extensions

to the open-source molecular mechanics analysis package csra [171]. Visalizations were

performed using the PyMol package [170].

6.4 Results

The RMSD values along each of the five trajectories (Table 6.1) are shown in Figure 6.1

as a function of time. Only the simulation employing the LS electrostatic scheme displays

an essentially stable RMSD along the 10 ns trajectory (increasing only slightly from 0.4 to

0.7 nm). All other simulations employing the TW/RF scheme show a steady increase of

the deviation from the initial structure, and progressively reach final RMSD of 1.0-1.2 nm.

0l 1 l_ i l i J u. I __i I

0 2 4 6 8 10

time fns]

Figure 6.1: Time-evolution, of the atom-positional root-mean-square-deviation (RMSD)

of residues 3-12 and 17-26 from the initial (idealised) B-DNA structure. See Table 6.1 for
the simulation codes.

The /2gyr values (calculated for residues 3-12 and 17-26) along each of the five trajecto¬

ries (Table 6.1) is shown in Figure 6.2 as a function of time. Here also, only the simulation
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employing the LS electrostatic scheme displays a nearly constant Rgy,. The simulations

employing the TW/RF scheme with a long-range cutoff distance of 1.4 nm show a steady

decrease in this quantity, indicating the formation of a more compact structure. In the

opposite, the simulations employing the TW/RF scheme with a long-range cutoff of 2.0

nm show a steady increase in this quantity, indicating the formation of a more extended

structure.

11 i I i l„_ i I i i i__ J
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time fnsl

Figure 6.2: Time-evolution of the (non-mass-weighted) radius of gyration Rgyi of residues

3-12 and 17-28. See Table 6.1 for the simulation codes.

The occurrence of WC base-pairing (ex>mplete, partial or inexistent fulfilment of the

two A=T or three C=G H-bonds between two bases in the WC scheme) along each of the

trajectories (Table 6.1) is shown in Figure 6.3. In all simulations except CL and CR 14,

the WC base-pairing scheme is entirely disrupted at the enel of the simulation. For sim¬

ulation CR2.o, this disruption already occurs during the lirst 1.5-2.0 ns of the simulation

(simultaneously with an increase in the RMSD and RRyi values, sec Figures 6.1 and 6.2).
The loss of native base-pairing is more progressive (from the terminal to the central base

pairs) for simulations TH1 4 and TR2.o, but nevertheless completed after 8-9 ns of simula¬

tion. In the simulation CR1.4, all base pairs except A9—T20 pair are partially (C6=C23,

G8=C21, GlO=C19) or entirely disrupted by the end of the simulation. In contrast, in

the simulation CL employing the LS electrostatic scheme, all base pairs except G1=C28,

C2=G27, A3—T26, A13=T16, anel G14=C15, (corresponding to terminal base pairs) are

essentially stable throughout the 10 ns trajectory. The base pairs C2=G27 and AKWF16

exhibit reversible disruption and reformation events throughout, the trajectory (alternating
between complete, partial and inexistent WC base-pairing), although the general evolu¬

tion is towards their disappearance. A more general H-bond analysis of the trajectory

also reveals that the base pair A3—T26 converts to a Hoogsteen-typc pairing scheme after

about 4 ns of simulation, which is then stable throughout the remainder of the trajectory.

These observations clearly show that the WC base-pairing scheme is unstable (within the

force-field employed) for all simulations employing the TW/RF scheme. They also suggest,

that this pairing scheme may be stable (except for the 2-3 terminal base pairs at each

enel of the duplex) when employing the LS scheme. Although this second statement is
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certainly valid on the 10 ns time scale, the present simulation remains too short to assess

its general validity. In particular, it cannot be ruled out that, progressive disruption of WC

base-pairing (starting from the termini) also occurs in the LS simulation, but takes place

on a slower time scale compared to TW/RF simulations.
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Figure 6.3: Time-evolution of the occurrence of Walson-Gnck (WC) base-pairing between

corresponding base pairs. The base-pairing may be complete (black; the two A—T or three

G=G H-bonds of the WC scheme are present simultaneously), partial (red; at least one of

the H-bonds of the WC scheme is present) or inexistent (no symbol). The corresponding

base pairs of the two strands are indicated on the right. A more general 11-bond analysis

of the trajectory reveals the formation of a Hoogsteen base-pair for A3— T26 after 4 ns of

simulation, which is stable throughout the remainder of the simulation. See Table 6.1 for
the simulation codes.

The RDFs associated with the P-P, P-P', P-Na, and Na-Na distances, averaged over

the last 2 ns of each simulation (Table 6.1) are shown in Figure 6.4. For the P-P radial

distribution function in the simulation using the LS electrostatic scheme, a sharp maximum

is found at a distance of 0.7 nm, as well as progressively decreasing and broader peaks at

successive distances of f.3, 1.9 and 2.4 nm. These peaks approximately correspond to the

distances between first-, second-, third-, and fourth-neighbour phosphate groups along a

given strand of a canonical B-DNA duplex. For all simulations employing the TW/RF
electrostatics scheme, a sharp maximum is found at a distance of 0.6 nm, followed by a
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very broad peak centered at f.3 nm. Additionally, a very broad and shallow peak may

be observed for simulation CRi4 at a distance of 1.7 nm. For the P-P' radial distribution

function in the simulation using the LS electrostatic scheme, sharp maxima are found

at successive distances of 1.5, 1.8, 2.1, and 2.3 nm, corresponding to to the distances

between first-, second-, third-, and fourth-neighbour phosphate groups along the opposing

strand of a canonical B-DNA duplex. For the two simulations employing the TW/RF
electrostatics scheme with a cutoff distance of 1.4 nm, broader peaks are found at successive

distances of 1.4, 1.8, and 2.1 nm are found, while the two simulations employing the

TW/RF electrostatics scheme with a cutoff distance of 2.0 nm, exhibit one broad peak

centered at 1.8 nm, with shoulders at distances of f.3 and 2.0 nm. For the P-Na radial

distribution function, a sharp peak is found for all simulations at a distance of 0.6 nm,

corresponding to the phosphate-sodium contact distance. A second, lower peak is found at

a distance of 0.8 rrm, corresponding to the solvent-separated ion pair. This second peak is

of about, the same height for the CL, CR1.4, and TOj.4 simulations, but significantly lower

for the simulations CR2.o and T02.o- Beyond this second peak, the CL simulation shows

a gradual tapering-off, the CR1.4 and TOL4 simulations show a third peak around f .0 run,

and the simulations CR2.o and CR2.o show a broad shoulder in the region between 1.0 and

1.7 nm. The Na-Na radial distribution functions present two peaks at 0.35 and 0.6 nm, for

all simulations, corresponding to the contact and solvent-separated ion pairs. These peaks

are significantly lower in the LS simulation. Beyond the second peak, the CL simulation

shows an essentially flat potential of mean force, the CR] 4 and T014 simulations show a

broad well centered at 1.2 nm, followed by a third, broad peak centered at, 1.6 nm, and the

CR2.0 and T02,o simulations show a very broad well centered at 1.7 nm followed by a very

broad third peak centered at 2.2 nm. Based on the four sets of RDF curves, it appears

that TW/RF simulations employing the same long-range cutoff distance show very similar

behaviour irrespective of the box size and geometry, while important differences are found

between TW/RF simulations employing different cutoff distances.

The final structures of each of the five trajectories (Table 6.1) are shown in Figure 6.5.

Tn all cases except simulation CL, the double-helical structure is entirely disrupted at the

end of the simulation. These final structures (as well as all previous observations) suggest,

that the box size and geometry (also implicitly affecting the counterion concentration)
have much less impact on the simulations compared to the electrostatic scheme. The CL

simulation preserves a double-helical structure, in spite of important fraying of the terminal

base pairs. The simulations employing TW/RF electrostatics with a long-range crrtoff

distance of 1.4 nm lead to compact, "globular" structures. In contrast, the simulations

employirrg TW/RF electrostatics with a long-range cutoff distance of 2.0 nm. lead to rather

structures, where cross-strand base stacking is preferred over base pairing.

6.5 Conclusions

In the present study, we reported and compared five long-timescale ( 10 ns) explicit-solvent

molecular dynamics MD simulations of a tetradecanuclcotide dimer in water using the

GROMOS 45A4 force-field [159] and the SPC water model [68]. Four independent simula¬

tions employing the TW/RF scheme (with computational boxes of two different, shapes and
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Figure 6.4: Radial distribution functions (RDF) calculated for the last, 2 ns of the re¬

spective simulations. From the top: RDF for phosphorus-phosphorus (P-P), phosphorus-

phosphorus in opposite strands (P-P'), phosphorus-sodium (P-Na), and sodium-sodium

(Na-Na) distances. See Table 6.1 for the simulation, codes.

sizes, and two different values for the long-range cutoff distance) led to strong distortions

from the canonical B-DNA initial structure anei (nearly) complete loss of Watson-Crick

(WC) base-pairing. A single simulation employing the LS scheme essentially led to the

preservation of the native structure arrd of the WC base-pairing (except for the 2-3 termi¬

nal base-pairs at each end of the dimer) on the 10 ns timescale.

In view of these results, it may be tempting to jump to the conclusion that the LS

method is more accurate than the RF method, and represents the appropriate scheme to

be employed in MD simulations of nucleic acids. However, although the present simulations

provide strong evidence irr this direction, they are not rigorously sufficient to prove this

statement. In particular, the following considerations should be kept in mind:

A. The tetradecanucleotide duplex might be experimentally unstable (in which case the

LS result would be incorrect). However, experimental evidence suggests that this is

not the case [206].

B. The tctradecanucleotide duplex might be unstable within the force-field employed

when assuming a hypothetically exact treatment of electrostatic interactions (in
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CL

ORi, TR1 4

CR 2.0 TR20

Figure 6.5: Final structures of the simulations (Table 6.1).

which case the LS result could be caused by an artificial stabilization of the native

state decrease of the denaturation rate, e.g. through periodicity artifacts).

C. Individual MD trajectories have, in principle, little significance, unless they can cover

the entire extent of configurational space accessible to the system (on the experimen-
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tal time scale). This requirement is not fulfilled in the present case and the choice of

arbitrary initial conditions may bias observations made on single trajectories. Thus,

it could be argued that the duplex denaturation in a TW/RF simulation is caused

by a very unfavorable choice of initial conditioirs (unlucky trajectory) and the sta¬

bility observed in the LS simulation by a very favorable choice (lucky trajectory).
However, almost, complete denaturation systematically occurred in the four indepen¬

dent TW/RF simulations, affording similar end states for simulations using the same

cutoff distance, which decreases the likelihood of the former suggestion.

D. If the tetradecanuclcotide duplex is stable within the force field employed when as¬

suming hypothetically exact treatment of electrostatic interactions, and omitting the

considerations of point, C, the stability of the native state in LS simulations is not

a definitive proof for the accuracy of this scheme. There are many ways to achieve

the stability of a structure through a physically incorrect model (e.g. by application

of position restrains). On the other hand, the denaturation observed in the TW/RF
simulations would then be sufficient to prove the inaccuracy of this scheme.

We believe that the (possibly) most convincing objection is that of point B, because:

(i) artificial periodicity has been suggested to generally stabilize the native structure of

biomolecules [22]; (ii) the TW/RF scheme (in contrast to the LS scheme) is affected by

important cutoff noise, which might accelerate the dynamical evolution of the system. Tn

other words, if the B-DNA form is intrinsically unstable within the present force field, it may

be that LS methods artificially stabilize the native state and slow dowrr the denaturation

(to the extent that it no longer occurs on t,hc 10 ns timescale if at all).

Keeping these possible objections in mind, the present results nevertheless suggest that

in the present state of knowledge, the LS scheme should probably be preferred over the

TW/RF scheme for performing simulations of nucleic acids.
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Chapter 7

Molecular Dynamics Simulation of a

DNA Double Helix With the

GROMOS Force Field Finds a

Flexible Helix in a Highly Structured

Surrounding

7.1 Summary

We present a 17.5 ns explicit-solvent atomistic molecular dynamics (MD) simulation of

a tetradeeanucleotide duplex and a neutralizing number of counterions in water, with

the aim of validating a recently improved GROMOS-compatible DNA force-field. The

overall helical structure is stable throughout, the trajectory. However, a partially reversible

fraying of the terminal base-pairs is observed, as well as a more bent, DNA conformation

(compared to the idealized B-DNA starting structure). Comparison with experimental

data (NMR) available for the phosphate backbone dihedral angle conformations, the sugar

ring conformations, as well as 182 NOE-derived distance upper bounds involving intra-

residue distances and distances between adjacent base pairs in the same strand suggest

a slight misorientation of the nucleotieie bases relative to the associated ribose moiety.

Three-dimensional number density distribution functions of the sodium counterions, the

water oxygen atorrrs arrd the water hydrogen atoms suggest the presence of a solvent-

separated bead of ions in the minor groove, as well as a (weak, but sequence-specific) spine

of hydration in the major groove.

7.2 Introduction

In the previous chapter, wc have performed a detailed analysis of the effect of non-bonded

(electrostatic) interactions on the structure and dynamics of a nucleic acid in explicit-

solvent, atomistic simulations. We have collected significant evidence that the use lattice-

summation methods is likely a necessary condition for obtaining stable trajectories. This is

111
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in agreement with previous reports [195], where lattice-summation electrostatics has been

compared to straight-cutoff electrostatics, and it was found that stable trajectories could

be obtained when lattice-summation electrostatics were used, but no stable trajectories

could be obtained when using a straight cutoff.

Detailed experimental data is available for the tetradecanucleotide dimer discussed in

the previous chapter [206]. Tn particular, experimental data characterizing the backbone

dihedral angle conformations (J-coupling constants and phosphorus ediemical shifts), the

sugar ring conformation (J-coupling constants and NOE-derived distance upper bounds),
and the relative orientation of the nucleotide bases with respect to the sugars (NOE-derived
distance upper bounds) is available.

Given that the GROMOS nucleic acid force-field has only recently been improved [159],
and that simulation using the GROMOS force field which maintains a stable DNA double

helix for more than 10 ns has so far been reported, the scope of the present chapter is

threefold: (i) assert that the DNA double helix is stable for trajectories longer than 10 ns;

(ii) compare the obtained system properties to experimental observables in order to validate

the currently used force-field parameters, (iii) given that the investigated DNA sequence

has considerable biological relevance (it captures the salient features of the DNA target,

of the JunFos transcription factor, a eucaryotic oncoprotein dirner), obtain a thorough

characterization of its physical properties in solution on the atomic scale.

7.3 Computational Details

A 17.5 ns explicit-solvent molecular dynamics simulation of a DNA tetradecamer du¬

plex with sequence 5'-(GCATTCTGAGTCAG)-3'-5:-(CTGACTCAGAATGC)-3' in water

(with free hydroxyl groups at all four strand termini) was performed. The simulations

carried out using the GROMOS96 [39, 65| of programs together with the GROMOS 45A4

force field [158] including a recently developed parameter set for nucleic acids [159], and

the simple-point-charge (SPC) water model [68]. The equations of motion were integrated

using the leapfrog scheme [17] and a timestep size of 2 fs. All bond lengths were con¬

strained by application of the SHAKE algorithm [70] with a relative geometric tolerance of

f 0~4. The system was simulated under periodic boundary conditions based on a cubic box.

Solute and solvent degrees of freedom were independently coupled to a heat bath at 300 K

with a relaxation time of O.f ps [25]. The box dimensions were isotropically coupled t,o a

pressure bath [25] at 1 atm, with a relaxation time of 0.5 ps and an isothermal compress¬

ibility of 45.75-10-5 (k.I mol-1nm-3)-1. The center of mass transnational and rotational

motion was removed every (2 ps). The electrostatic interactions were handled using the

particle-particle—particle-mesh (P3M) method [43,47], using a real-space cutoff of 0.6 nm

(pairlist updated every 5 steps), a spherical-hat charge-shaping function [203], an assign¬

ment function of order 3, a finite-difference interpolation of order 3, a grid of 64x64x64

points and tinfoil boundary condition. The Lennard-Jones interactions were truncated at

a distance of 1.4 nm (pairlist updated every 5 steps).
To generate initial coordinates, the tetradecamer duplex in a conformation correspond¬

ing to an ideal B-DNA double-helix was placed at the center of either a cubic box of edge

length 6.6 nm and solvated by 9086 water moleeailes. The system was neutralized by replac-
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ing 26 water molecules at random positions by sodium ions (resulting in a final number of

9060 water molecules). The resulting system was relaxed as described elsewhere [204,205]
using five segments of 1000 steps steepest-descent energy minimization with an energetic

convergence criterion of 0.01 [39] followed by 50 ps of equilibration with positional re¬

straints on the nucleotide atoms with a harmonic force constant gradually decreased from

20 kJ-mol_1-nm"2 to 4 kJ-mol_1-nm-2. The subsequent production simulation was carried

out for 17.5 ns. Snapshots of the trajectory were written to file for later analysis every 1

ps.

The analysis of the simulation was performed in terms of atom-positional root-mean-

square-deviation (RMSD) from the irritial (model B-DNA double-helix) structure, (non-

mass-weighted) radius of gyration (RgyT), base-pairing patterns, NOE violations with re¬

spect to experimental NOE-derived inter-proton distance upper bounds, torsional angle

distributions and three-dimensional distribution functions for solvent satoms and counte¬

rions.

The RMSD of residues 3-12 and 17-26 from the initial (idealized) B-DNA structure

was evaluated along each trajectory at 10 ps intervals the coordinates of the respective

solute atoms for performing the (non-mass-weighted) least-squares fit superposition [169]
of successive structures onto the reference one as well as for computing the RMSD itself.

The (ne?n-mass-weighted) radius of gyration jßgyi of the solute residues 3-12 and 17-26 was

calculated along each trajectory at 10 ps intervals.

Base-pairing patterns were assigned by monitoring the occurrence of hydrogen bonds

(H-bonds) involving atoms of the canonical base pairs in the two strands of the duplex. A

H-bond is assumed to be present if the hydrogen-acceptor distance is below 0.25 nm and the

donor-hydrogen-acceptor angle is above 135 degrees. The resulting H-binded base-pairing

patterns were classified as either Watson-Crick (HG), Hoogsteen (HG), unassigned (UA),
or unpaired (UP) (See Figure 7.1). For the WC and HG patterns, full base-pairing (all
canonical H-bonds were present) arrd partial base-pairing (at least one canonical H-bond

was present) were distinguished. The UA pattern corresponds to the occurrence of one

or more H-bonds none of which is of either canonical WC or HG type. The UP pattern

correspond to the absecne of any H-bond between the bases.

Backbone dihedral angle distributions for all phosphodiester linkages were monitored

individually (averaging over trajectory snapshots sampled at 10 ps intervals). The back¬

bone dihedral angles are defined as follows for the non-terminal residues (where n is the

residue number counted from the S'-terminus of the strand): Ci'^-Cy^-Oy^-Pn+L (e);

03'in-03'!n-Pn+i-05'ira+i (C); Os/^-P^+i-Os/.d-i-i-Cg/^+ i (Ol) Pn+i-Os^+j-Cg/^ | l-C^n+i (ß)\

O?,',n+i-Cv,n+i-Gi<^n+i-C-ii,n+i (7). The corresponding distribution for the dihedral angle
difference c- — ( was also monitored (data not shown), which is used to discriminate between

the canonical phosphate BI conformation (e — C < 0) an(i an alternative BIT conformation

(e — C, > 0) [206,207], see Figure 7.1. This data can be accessed experimentally through

phosphorus chemical shifts (Table 7.1). The sugar ring pseudorotation phase angle P

[208, 209] (see Figure 7.2) was monitored analogously for all individual nucleotides indi¬

vidually. This data can be accessed experimentally through .7hi'-H2' scalar couplings and

intranucleotide distances Hi'-RV [206] (see Figure 7.1, Table 7.2).
A total of 182 inter-proton distance upper bounds [206] (corresponding to stereospecif-
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Figure 7.1: Nomenclature used in this text. Left: sugar and phosphate atom labels, and

labelling of the backbone dihedral angles. Right: Rase atom labels; Watson-Crick base-

pairing (black) and Hoogsteen base-pairing (red).

ically resolved protons) were monitored. Among these, 100 correspond to inter-proton

distarrces within individual nucleotides (Table 7.2), while the remaining 80 correspond to

distances between protons located in neighboring nucleotides in the same strand. Time-

averaged distance upper bound violations (using an inverse-sixth-peywer averaging [39])
were evaluated over the entire trajectory (based on frames sampled at 10 ps intervals). In

addition, residue-averaged distance upper-bound violations were monitored as a function

of time. These were defined as the average vbalue of distance upper bounds involving at

least one proton in the given residue that are violated (distance larger than upper bound)
at a given time. This value was calculated seperately for intra- and inter-residue distance

upper bounds.

Time-averaged three-dimensional distribution functions for solvent atoms and counte¬

rions were obtained by placing the initial solute configuration (model B-DNA double fielix)
at the center of a three-dimensional cubic grid (edge length 6.0 nm, and one grid spacing of

0.06 nm along each dimension). Successive configurations along the trajecotry were then

superimposed (using a roto-translational least-squaes fit, [169] of residues 3-12 and 17-26)
onto this reference structure. The number of atoms of a given type (sodium ions, wafer

oxygen atoms and water hydrogen atoms)in each grid cell was then averaged over the entire

trajectory.
All analysis programs were implemented in Jython and Mathematics, as extensions to

the open-source molecular mechanics analysis package csra [171], molecular visualizations

were performed using the pymol package [170].
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Figure 7.2: Illustration of the sugar pseudorotation angle u [208] (reproduced from [209[),

defined by the endocychc sugar torsion, angles. In this context, E indicates an envelope

conformation, while T indicates a twist conformation. Sugar ring conformations are com¬

monly referred to as "north", "south", "east", and "west", which to the placement of the

corresponding pseudorotation, angle in this plot.

7.4 Results

The atom-positional RMSD of residues 3-12 and 17-26 from the starting (rrrodel B-DNA

double helical) structure as well as the radius of gyration Rgyi of these atoms is shown in

Figure 7.3. Overall, both properties are rather constant throughout the simulation, with

the RMSD showing a slight, gradual increase from about 0.4 nm to about 0 7 nm, while

the .SX is stable at, about 1.25 nm with minor fluctuations (going up to 1.4 nm) after

about 15 ns of simulation.

The starting (model B-DNA double helix) structure, final structure (at the end of the

17.5 ns MD simulation) and a superposition (performed onto the starting structure based

on all atoms of residues 3-12 and 17-26) of 175 trajectory frames sampled at 0.1 ns intervals

along the simulation are displayed in Figure 7.4. The overall double-helical structure is

preserved throughout the simulation. However, a siginficant bending of the elouble-hclix

(toward the major groove) is observed, as well as an opening of the terminal base pairs.

The latter opening is expected to (reversibly) occur on the millisecond time-scale (rather
tharr on the nanosecond time-scale of the present simulations) [192,200].

The occurrence of canonical base-pairing (i.e. involving bases n and N - n I 1 where

N — 28 is the total number of nucleotides) is shown in Figure 7.5 as a function of time.
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Figure 7.3: Atom-positional root-mean-square-deviation (RMSD) of the central residues

(residues 3-12 and, 17-26) from the initial (idealized) B-DNA conformation (top), and

(non-mass-weighted) radius of gyration of the central residues (bottom).

Figure 7.4: Starting structure (left; model B-DNA double-helix after equilibration), fined

structure (right; at the end of the 17.5 ns MD simulation), and a superposition (performed
onto the starting structure based on all atoms of residues 3-12 and 17-26), of 175 trajectory

fram,e.s sampled at 0.1 ns intervals along the simulation. Coloring by element: G (green),
H (white), N (blue), O (red), P (orange).

The two terminal base pairs are completely disrupted within the first 3 ns of simulation.

Two out of the three hydrogen bonds involved in the canonical WC base pair C2=G27

arc broken after about 6 ns of simulation, while the third hydrogen bond remains is only

disrupted after another 10 ns of simulation. However, reformation of partial WC base-

pairing involving one canonical H-bond (involving atoms 02 of C2 and II21 of G27) occurs

frequently, predominantly in two discrete 1.5-2 ns events at about 7 and 12 ns alorrg the

trajectory. During these two events, transient formation of the full WC base-pairing during

fKVMvVW^wvW^^



7.4. Results 117

a few hundred picoseconds is also observed. The canonical WC base-pairing A3=T26 is

disrupted after about 4 ns of simulation. However, within 200ps, a canonical HG base-

pairing is formed between the two bases, which remains stable throughout the remainder

of the trajectory, except for a 2 ns interruption at, about 15 ns, where both the A3^T26

and T4—A25 base pairs are disrupted simultaneously. Visual inspection of the trajectory

(Figure 7.6) reveals that the WC to HG conversion of the A3—T26 base pair at about 4

ns consists of a movement of the adenine towards the major groove, within about 100 ns

this is followed by a clockwise rotation (relative to the backbone sugar moiety) around the

C[-Ng of this base, leading fo the transient formation of diverse non-canonical H-bonds

the bases A3 and the bases C2 and G27, respectively. This process is concluded by the

formation of (partial, then full) IIG base-pairing for A3—T26 and the restoration of full WC

base-pairing for C2=G27. The concerted arrd reversible disruption of the of the A3^T26

and T4—A25 at about 15 ns is due to the occurrence of an out-of-register thymine-thymine

pairing involving T4 and T26, involving the repeated (and concerted) formation of the

T4(H3)->T26(04) and T26(H3)-*T4(02) H-bonds as illustrated in Figure 7.7.
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Figure 7.5: Time-evolution of the occurrence of canonical base-pairing (i.e. involving
bases n and N — n + 1, where N — 28 is the total number of nucleotides) patterns. The

patterns are assigned based on the occurrences of H-bonds between the bases (see Figure

7.1) as either Watson-Crick (WC), Hoogsteen (HG), unassigned (PA) or unpaired (UP).
For the WC and HC patterns, full base-pairing (all canonica H-bonds present) and partial

base-pairing (at least one canonica,!, H-bond present) are distinguished. The UA pattern

corresponds to the occurrence of one or more H-bonds which is of neither WC or HC type.

The UP pattern corresponds to the absence of of any H-bond, between the bases. The bases

involved are listed on the right, of the graph.

The backbone dihedral angles for all (26) phosphodiester linkages, and of the sugar

pseudorotation phase angle P [208] for all (28) nucleotides are displayed in Figure 7.8. For

all linkages, the dihedral angle a is predominantly found in the g_ conformation, with a

sharp maximum around -80°. The distributions also display significant population centered

at about 120°. This second peak is more significantly populated Gl and T16, where a sharp

maximum is found around 70°. The dihedral angle ß is almost exclusively in the I con-



118 Chapter 7. Validation of the GROMS DNA-forcc-field

-„ -, j
r "> GUA27

X^.

Figure 7.6: Structures corresponding to selected trajectory frames at 3.82 (lop left), 3.86

(top right), 3.93 (bottom, left) and 3.94 (bottom right) ns (see Figure 7.4). Residues 2-3

and 26-27 are highlighted. In the first frame, the original H-bonding pattern is still present.

In the second frame, a movement of the base of residue A3 towards the major groove is

seen. In the third frame, the base has rotated by about 9(T (relative to the backbone sugar

moiety) about the the (?rN9 bond, forming hydrogen bonds with G27. In the fourth, frame,

the Hoogsteen base-pair between A3 and T26 has formed.

formation, with values centered around 160° and a distribution that is somewhat skewed

towards higher dihedral angle values. For most linkages, the probability distributions asso¬

ciated with the dihedral angle 7 show a sharp, dominant, maximum in the g,_ conformation,

and a secondary peak in the / conformation. However, for the terminal linkages, where

the g__ conformation becomes preferentially populated instead. Overall, these observations

are in good agreement with a canon ci al B-DNA conformation (cv,A 7 : 9-d,g+) except

for the non-terminal residues [206]. The backbone dihedrals e and C, can be used to dis¬

criminate between the BI and B1I forms of the DNA backbone [206,207]. The Bf form is

characterized by e in a / conformation and ( in a g conformation, and corresponds to the

backbone conformation of a canonical B-DNA double-helical structure. The BTI form is

characterized by c- in g_ and C, in t, leading to a somewhat narrower minor groove and a

more rigid DNA backbone [206, 207]. Therefore the dihedral angle difference e — ( is often

used to distintguish between the two DNA backbone forms, since it changes frorrr —90°

in the Bl form to 90° in the BII form. Tn the present simulation, a BI-type value (cen¬
tered at —80°) is found for all linkages (including those involving nucleotides at the strand

termini). An experimental analysis of the backbone phosphorus chemical shifts [206], how¬

ever, suggests that specific backbone linkages may present rcaltive populations of the BII

conformer of up to 80 % (sec Table 7.1). Thes distributions of the sugar pseudorotation

angles P characterizing the conformation of the ribose ring (Figure 7.2) display a single

peak at about 60° for all nucleotides, corresponding to a 4E ('"east") conformation. In con-
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Figure 7.7: Structures corresponding to selected trajectory frames at 14-38 (top left), 15.11

(top right), 15.19 (bottom left) and 15.91 (bottom right) ns (see Figure 7.4). Residues 2-4

and 25-27 are highlighted, and a nearby sodium ion is also shown (blue sphere). In the first

frame, the original H-bondmg pattern is still present. In the second frame, it is disrupted,

and replaced by a stacking pattern. In the third frame, an out-of-register thymine-thymine
H-bonded pairing has been form,ed. In the fourth frame, the structure is presented just

before it returns to its original H-bonding pattern.

trast, NMR measurements [206] indicate that the sugars mostly populate the ^T (''south",
P — 180°) conformation. These two obeservations regarding the backbone forms and ribose

ring conformations appear to represent an important discrepancy between simulations arrd

experimental data, and probably point toward a weakness of the GROMOS 45A4 force

field used in the present simulation.

Time-averaged distance upper bound violations with respect to the f82 experimentally
derived values (Tables 7.2 through 7.8) are reported in Figure 7.9 (considering separately
the 100 intra-residue bounds and the 82 bounds involving adjacent nucleoties of the same

strand). For the infra-residue bouneis, of 18 positive violations are found, all of which

are well below 0.1 nm (0.08 nm for t,hc largest). With the exception of the violation of

bound number two, which corresponds to the (sugar-sugar) IIAH2 elisfance in A18, all

the observed violations correspond to either H2/)i-Ha or HXHa distances (where ey = 8

for purine bases or a
— 6 for pyrimidine bases). For the distance upper bounds involving

adjacent residues in the same strand, 36 violations are founel, of which two are larger
than O.f nm. Here also, nearly all the violations correspond fo sugar base ^"Uls'-("+1^Hb

distances, where ^Hs' is a sugar proton in residue n and ("^Hj, is a base proton in residue

7?,-| 1. Among the 19 upper bounds between neighboring bases, four are violated. Two two

of them involve the terminal residues 27 and 13, one (between residue T7 and G8) is violated

by only 0.01 nm, and one corresponds to the T5(H6)-C6(H6) distance. Taken together, the

observations on intra- and inter-residue violations suggest a slight misorientation of the
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Figure 7.8: Normalized probability distributions associated with backbone dihedral angles

of the different linkages (see Figure 71) or the sugar pseudorotation angle (see Figuie 7 2)

of the different nucleotides The backbone dihedral angles are defined as follows (where n

is the residue number counted from the 5''-terminus) CV,nXV n-Oy «Xi (X ^v n~^v n~

X+i-<Xn+1 ((), Oiitn-Pn+i-05>jn+-\-Cyin 11 (a), Pri+i_-Or:,fjn+1-C^>n+-i-Gii>nn (ß), Os'n+i-

Cry^n+1-C\r;n+i-Ci';n+i X The sugar ring pseudorotation angle P is defined as in [208,

209]

nucleotide bases relative to the associatcel nbose morety

Resrdue-averaged upper bound violations for all nucleotides are displayed m Figure
7 10 as a function of time Drastic average violations (>0 15 nm) exclusively occur in

the terminal residues at one end of the helix (Gl, C2, A3, T26, G27 C28) and appear

only after the correspondmg tcrmmal base pairs start to break, and in particular during
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40 60

NOE index

Figure 7.9: Distance violations with respect to NMR-derived inter-proton distance upper

bounds (Tables 7.2-7.6) averaged over the entire trajectory (based on frames sampled at

10 ps intervals, using an inverse-sixth power distance averaging). The results are reported,

separately for intra-residue distance, upper bounds (lop) and distance upper bounds involving

neighboring resdidues (bottom). The upper bound index refers to entries of Tables 7.2-7.6.

the transient disruption of the A3—T26 and T4=A25 base pairs at about 15 ns (Figures
7.5 and 7.6). Interestingly, the average violations of terminal residues at the other end of

the duplex remain low throughout the simulation although the disruption of terminal base

pairs is also observed there (Figure 7.5). This observation is likely related to the WC to HG

isomerization of the A3=T26 observed after about 4 ns (Figure 7.5). In terms of average

intra-residue violations, residues A3, T20 and G23 also stand out, as having particularly

large values. In the case of A3 this observation is also clearly related to the Watson-Crick

to Hoogsteen isomerization of the A3—T26 base pair.
Isosurfaces of the time-averaged three-dimensional distribution function for the sodium

counterions around the central ten base pairs are shown in Figure 7.11 for different isosur-

facc levels, corresponding to excess density factors (relative to the bulk counterion concen¬

tration) of 15, 30 and 60. For a value of 15, the isocontour surfaces represent, two broad

and almost continuous distributions in both the major and minor grooves. However, when

the parameter is increased to 30, the distribution is restricted to the minor groove. Finally,
for a value of 60, eight well-resolved pockets of ion density emerge along the minor groove.

These pockets form selectively at the center of the minor groove and arc always located

between adjacent base-pairs. Furthermore, these pockets are always separated from the
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Figure 7.10: Time-series of the residue-averaged uppei bound violations with respect to

NMR-derived in ter-proton distance upper bounds (Tables 7 2-7 6) This quantity is defined

as the average value of distance upper bounds involving at least one proton in the ejiven

residue that are violated (distance larqer than upper bound) at a given time This value was

calculated separately for intra-residue (lop) and mter-residue (top) (neieihbormg residues)
distance upper bounds (bottom). Note the different qrayscale encoding used m the two

graphs

nearest nucleotide atom by about 0 4 run. suggesting that these selective ion-nucleotidc

interactions are solvent-mediated It is noteworthy that these pockets are located between

two phosphate groups, rather than being m direct contact with the phosphate backbone

Integrating the ion densities inside- these pockets (for an excess ion elcnsity factor ol 60)
one finds that on average 0 44 ions arc bound m one ol these pockets at any given time

(correspondmg to 2 % of all ions m the system) The binding free energy of a sodrurn ion

to ony of the eight pockets is thus of the oreler of 10 10 kJ mol-1 These observations arc in

in good agreement with the observation that monovalent catrons preferentially (although
weakly) bind to the minor groove of B-DNA [210]

Isosurlaccs of the time-averagexd three-dimensional distribution functions for the sodium

counterions, water oxygen atoms and water hydrogen atoms are shown in Figure 7 f2 Each

of the n residues T4 through Til is associated with a well-resolved counterion, located at

the center of the minor groove, at an equidistant position from the base-pair formed by
residue n and the base-pair formed by residue n — 1, affording a spme of ion coordination

and hydration in the minor groove The counterions are not m direct contact wrth the

nucleotide atoms Every counteiion bound in the minor groove pockets appears to be asso¬

ciated with two watei molecules, m a plane which is roughly parallel to the helix axis, with
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Figure 7.11: Isosurfaces of the time-averaged three-dimensional distribution function for
the sodium, counterions around, the central ten base pairs of the duplex. Isosurface levels

corresponding to excess density factors (relative to the bulk counterion concentration) of
60 (left column), 30 (center column) and, 15 (right column) are displayed together with the

reference (model B-DNA double helix) structure (residues 3-12 and 17-26), viewed along the

helix axis from, residue A3 to residue C12 (top row), in, the plane formed by the G6=G26

base pair from, residue G26 to residue C6 (center row); or in the plane form,ed by the

C6= G26 base pair from the major groove.

the water oxygen atom in direct contact with the counterion, while the water hydrogen
atom forms a contact with the DNA base-pairs "above" and ;ibelow" the counterion. A
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hydration spine (without ion pockets) is also observed in the major groove corresponding

to residues A22 to A25. Here, water oxygens arc selectively localized between two adjacent

purine bases. A somewhat similar, but only partial hydration spine is also seen along the

bases of residue G8 through G10. Again, well-resolved water oxygerr atoms arc located

between two adjacent purine bases. However, perturbed by high cation densities (see Fig.

7.11). Surprisingly, only a few of the high-density water oxygen sites can be associated

with a hydrogen-bond donor or a well-resolved water hydrogen, suggesting that the binding

of the oxygen atoms may be a mostly steric effect.

Figure 7.12: Isosurfaces of the time-averaged three-dimensional distribution functions for
the sodium counterions (black), water oxygen atoms (red) and, water hydrogen atoms (blue)
around the central ten base-pairs. Isosurface levels are optimized for visual clarity and

correspond, to excess density factors (relative to the bulk counterion concentration) of 90

(sodium ions), 2.2 (water oxygen atoms), and 1.7 (water hydrogen atoms). The isosurfaces

are displayed together with the reference (model B-DNA double helix) structure (residues
3-12 and 17-26), viewed from the minor groove (left) and from the major groove (right).

ADE3 THY26

iV*5^ GUA17

CYT12
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7.5 Discussion

Tn the present study, we report a long (17.5 ns) simulation of a nucleotide tetradecamer

dimer starting from an idealized B-DNA configuration. The overall helical structure is

stable throughout, the trajectory, with the DNA adopting a more bent conformation (com¬

pared to the idealized B-DNA starting structure). However, a number of likely unphysical

processes are observed: (i) significant terminal base pair fraying is observed, involving at

least two base pairs at each duplex terminus. (Reversible) base-pair opening is expected

to occur only on a millisecond timescale [200]; (ii) the pairing mode of the A3^T26 base

pair changes from Watson-Crick to Hoogsteen after 4 ns, and remains stable throughout

the remainder of the trajectory, with the exception of one event, after 15 ns, where (iii)
a base-pair register shift is observed, involving a non-canonical T4—T26 base pair, which

remains stable for about 700 ps.

The generated ensemble was compared to experimental data [206] available for the

backbone torsional angles, the sugar pseudorotation angles as well as 182 NOE-derived

distance upper bounds (100 intra-residue distance upper bounds and 82 distance upper

bounds involving adjacent nucleotides in the same strand). For the backbone torsional

angles, values compatible with a canonical B-DNA are found. This is somewhat at odds

with experimental data, which suggests that a number of bases may be preferentially found

in an alternative BIT-statc (Table 7.1). The sugar pseudorotation angle P [209] is found

to be in an iE ("east") configuration, again contrasting with experimental data which

suggests a \T ("south") conformation.

For the intra-residue bounds (100 distances), 18 positive violations are found, all of

which are well below 0.1 nm (0.08 nrn for the largest). For the distance upper bounds

involving adjacent nucleotides in the same strand (82 distances) 36 violations are found.

The violations of both the intra- and the inter-residuc distance upper bounds are correlated

with the observed fraying of the terminal base-pairs. Taken together, the observations on

intra- and inter-residue violations suggest a slight misorienfation of the nucleotide bases

relative to the associated ribose moiety.
Interactions with the surrounding counterions and bulk water were assessed via three-

dimensional number density distribution functions. The counterions were highly mobile,

but preferentially located in the mirror groove. Eight well-resolved pockets of ions binding

to the minor groove (with an excess density factor of 60 compared to the bulk counterion

concentration) could be ielcntified, with an average of 0.44 ions binding in one of these

pockets at any given time. The ions in these pockets were found to be solvent-separated

from the DNA, rather tharr binding directly. Most of these ions were associated with two

well-resolved water molecules, forming specific contacts with the DNA minor groove.

In addition the minor groove binding of counterions and water, specific hydration sites

(no ions) could be identified in the major groove. Here, water oxygen atoms were secraence-

spccifically located in contact with two adjacent, purine bases in the same strand.

7.6 Supplemental Material
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Residue ciP [ppm] % BII

ADE3 -0.11 69

THY4 -0.62 0

TIIY5 -0.44 22

CYT6 -0.50 13

THY7 -0.50 13

GUA8 -0.33 37

ADE9 -0.25 49

GUA10 -0.41 26

TIIY11 -0.70 0

CYT12 -0.53 9

ADE13 -0.03 80

GUA17 -0.23 52

ADE18 -0.24 50

CYT19 -0.39 29

THY2Ü -0.70 0

CYT21 -0.58 2

ADE22 0.00 85

GUA23 -0.40 28

ADE24 -0.37 32

ADE25 -0.50 13

THY26 -0.50 0

GUA27 -0.50 26

Table 7.1: Backbone phosphorus chemical shifts with respect to phoshponc acid [206] and

the corresponding estimated relative populations of the BII backbone conformation [206].
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NOE Residue Atom Residue Atom Distance

f ADE3 Hi' ADE3 H2 0.459

2 ADE18 Hi' ADE18 H2 0.491

3 ADE24 Hi' ADE24 H2 0.374

4 CYT2 H2'i CYT2 Hi' 0.314

5 ADE3 H2'i ADE3 Hi' 0.305

6 THY4 H2'l THY4 Hi' 0.262

7 THY5 H2'l THY5 Hi' 0.312

8 T1IY7 H2'i THY7 Hi' 0.319

9 GUA10 II2'i GUAR) Hi' 0.302

10 CYT12 H2'i CYT12 Hi 0.360

11 ADE13 H2'i ADE13 Hi' 0.271

12 THY16 Hi', TIIY16 Hi 0.310

13 ADE18 H2'i ADE18 Hi' 0.302

14 CYT21 H2'i CYT21 Hi' 0.338

15 ADE22 Ha', ADE22 Hi' 0.264

16 GUA23 HA GUA23 Hi' 0.303

17 ADE24 H2'i ADE24 Hi 0.260

18 ADE25 H2'i ADE25 Hi' 0.283

19 CYT2 H2'2 CYT2 Hi' 0.264

20 ADE3 H2'2 ADE3 Hi' 0.286

21 THY5 H2'2 THY5 Hi' 0.262

22 THY7 H2'2 T1IY7 Hi 0.287

23 GUA10 H2'2 GUA10 Hi 0.277

24 OYT12 H2'2 CYT12 Hj' 0.296

25 ADE13 H2'2 ADE13 IV 0.254

26 TIIY16 H2'2 THY16 Hi' 0.257

27 GUA17 H2'2 GUA17 Hi' 0.283

28 ADEfS H2'2 ADE18 Hi' 0.283

29 CYT19 n2'2 CYT19 Hi' 0.277

30 CYT21 H2'2 CYT21 Hi' 0.290

Table 7.2: NOE distance upper bound, specifications for obtained for intra-nucleotide dis¬

tances [206].
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NOE Residue Atom Residue Atom Distance

31 ADE22 H2'2 ADE22 Hi' 0.280

32 GUA23 H2'2 GUA23 Hi' 0.275

33 ADE24 H2'2 ADE24 Hi' 0.263

34 ADE25 H2'2 ADE25 IV 0.272

35 THY26 H2'2 THY26 Hi' 0.280

36 GUA27 H2'2 GUA27 Hi' 0.275

37 CYT19 H5 CYT19 Hi' 0.572

38 ADE3 Hi' ADE3 H8 0.417

39 TIIY5 Hi' THY5 ik 0.419

40 CYT6 rli CYT6 He 0.425

41 GUA10 Hi' GUAR) H8 0.424

42 ADE13 Hi' ADE13 H8 0.449

43 GUA17 Hi' GUA17 H8 0.435

44 ADE18 Hi' ADEfS Us 0.442

45 CYT19 Hi' CYT19 He 0.438

46 THY20 Hi' THY20 H6 0.460

47 CYT21 Hi' CYT21 H6 0.431

48 ADE22 IV ADE22 H8 0.409

49 GUA23 Hi' GUA23 H8 0.438

50 ADE25 Hi' ADE25 H8 0.400

51 THY26 Hi' THY26 H6 0.469

52 CYT2 H2'i CYT2 Hs 0.496

53 CYT6 IVi CYT6 Hs 0.449

M CYT19 H2'i CYT19 H5 0.566

55 ADE3 H2:i ADE3 H8 0.281

56 CYT6 H2'l CYT6 H6 0.307

57 GUA8 H2'i GUA8 II8 0.259

58 GUA10 HA GUA10 H8 0.295

59 THY11 H2'i THY11 H6 0.247

60 CYT12 HA CYT12 H6 0.263

Table 7.3: NOE distance upper bound specifications for obtained for intra-nucleotide dis¬

tances [206] (conld.).
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NOE Residue Atom Residue Atom Distance

61 GUA17 IVi GUA17 H8 0.281

62 CYT21 H2'l CYT21 H6 0.261

63 ADE22 H2'i ADE22 HM 0.261

64 GUA23 H2'i GUA23 Us 0.288

65 ADE25 HA ADE25 Us 0.295

66 THY26 H2'i TIIY26 He 0.291

67 CYT2 H2'2 CYT2 H5 0.660

68 CYT6 H2'2 CYT6 H5 0.616

69 CYT21 H2-2 CYT21 H5 0.656

70 ADE3 H2'2 ADE3 Hs 0.394

71 TIIY4 TT !

tl2 2 THY4 H6 0.399

72 CYT12 H2'2 CYT12 H6 0.361

73 THY16 H2'2 TIIY16 He 0.353

74 ADE24 H2'2 ADE24 Hs 0.377

75 THY26 H2'2 THY26 H6 0.436

76 CYT2 II4' CYT2 H]' 0.311

77 ADE3 H4' ADE3 Hi' 0.346

78 GUA8 IV GUA8 V 0.333

79 ADE9 H4' ADE9 Hi 0.356

80 GUA10 H4' GUA10 Hi' 0.344

81 CYT12 H4' CYT12 V 0.299

82 ADEf3 Il4' ADE13 Hi' 0.333

83 GUA17 H4' GUA17 Hi' 0.376

84 CYT21 H4' CYT21 Hi' 0.308

85 GUA23 H4' GUA23 Hi' 0.328

86 ADE25 H4' ADE25 II,' 0.308

87 GUA27 H4' GUA27 Hi' 0.315

88 ADE3 H4 ADE3 H8 0.457

89 CYT6 H4' CYT6 H6 0.409

90 GUA8 II4' GUA8 H8 0.489

Table 7.4: NOE distance upper bound specifications for obtained for intra-nucleotide dis¬

tances [206] (amid.).
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NOE Residue Atom Residue Atom Distance

91 ADE9 IV ADE9 H8 0.421

92 ADE13 IV ADE13 H8 0.490

93 GUA17 H4' GUA17 H8 0.571

94 ADE18 H4 ADE18 H8 0.541

95 TI1Y20 IV THY20 He 0.391

96 ADE22 Ri' ADE22 Us 0.447

97 GUA23 IV GUA23 H8 0.493

98 ADE24 IV ADE24 H8 0.391

99 THY26 H4' TIIY26 H6 0.385

100 GUA27 H4' GUA27 Hg 0.548

Table 7.5: NOE distance upper bound specifications for obtained for intra-nucleotide dis¬

tances [206j (contd.).
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NOE Residue Atom Residue Atom Distance

1 CYT2 Hi' ADE3 Hg 0.479

2 ADE3 Hi' TI1Y4 H« 0.402

3 THY4 Hi THY5 He 0.414

4 THY5 Hi' CYT6 H6 0.408

5 CYT6 II,' THY7 H6 0.486

6 THY7 Hi" GUA8 H8 0.504

7 ADE9 Hi' GUA10 Hs 0.372

8 GUAR) Hi THY11 Hfi 0.444

9 CYT12 Hi' ADE13 H8 0.514

10 GUA17 Hi' ADE18 H8 0.419

U ADEI8 Hi' CYT19 He 0.406

12 CYT19 Hi' THY20 H6 0.458

13 CYT21 Hi' ADE22 M8 0.470

14 ADE22 Hi' GUA23 Hg 0.408

15 ADE25 Hi' THY26 H6 0.473

16 THY26 Hi' GUA27 H8 0.449

17 CYT2 HA ADE3 H8 0.454

18 ADE3 H2'i TI1Y4 He 0.405

19 TIIY4 H2'i THY5 He 0.335

20 THY5 H2'i CYT6 He 0.361

21 THY7 IVi GUA8 H8 0.387

22 CYT12 H2'i ADE13 H8 0.495

23 THYf6 H2'i GUA17 H8 0.434

24 ADE18 H2'i CYT19 He 0.395

25 CYT19 H2'i THY20 Ik 0.365

26 CYT21 H2'i ADE22 Hs 0.506

27 GUA23 H2'i ADE24 Hg 0.363

28 ADE25 H2'i T11Y26 He 0.429

29 THY26 H2\ GUA27 Hg 0.425

30 CYT2 H2'2 ADE3 Hg 0.376

Table 7.6: NOE distance upper bound specifications for obtained for inter-nucleotide dis¬

tances [206].
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NOE Residue Atorrr Residue Atom Distance

31 ADE3 H2'2 THY4 He 0.286

32 TI1Y5 H2'2 CYT6 Hb 0.321

33 CYT6 H2'2 THY7 He 0.313

34 THY7 H2'2 GUA8 Hg 0.341

35 ADE9 H2'2 GUA10 Hg 0.312

36 GUA10 H2'2 THY11 H6 0.325

37 TIIY11 IV2 CYT12 H6 0 264

38 CYT12 H2'2 ADE13 H8 0 428

39 THY16 H2'2 GUA17 H8 0.425

40 ADE18 H2'2 CYT19 He 0.298

41 CYT19 HA THY20 He 0.300

42 CYT21 H2'2 ADE22 Us 0.423

43 ADE22 H2'2 GUA23 H8 0.346

44 ADE25 HA THY26 He 0.322

45 THY26 H2'2 GUA27 H8 0.347

46 THY4 Hi' ADE3 H2 0.473

47 GUA10 Hi' ADE9 II2 0.523

48 CYT19 Hi' ADE18 H2 0.527

49 ADE25 Hi' ADE24 H2 0.614

50 THY5 IVi CYT6 H5 0.444

51 ADE18 H2'i CYT19 H5 0.514

52 THY20 H2'i CYT21 HH 0.414

53 THY5 H2'2 CYT6 Hs 0.444

54 ADE18 H2'2 CYT19 H5 0.494

55 ADE3 H4' CYT2 HA 0.517

56 GUA8 H4 THY7 Hi' 0.511

57 ADE9 H4' GUA8 HA 0.708

58 GUA10 II4' ADE9 Hi' 0.512

59 ADEf8 H4' GUA17 HA 0.693

60 CYT19 H4' ADE18 HA 0.517

Table 7.7: NOE distance upper bound specifications for obtained for intcr-nucleotide dis¬

tances [206] (contd.).
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NOE Residue Atom Residue Atom Distance

61 ADE22 H4' CYT21 HA 0.720

62 ADE24 H4' GUA23 HA 0.680

63 GUA27 H4' THY26 Hi' 0.576

64 CYT2 He ADE3 Hs 0.626

65 THY4 H6 ADE3 Us 0.542

66 THY4 HR THY5 llfi 0.482

67 T11Y5 H6 CYT6 H6 0.465

68 OYT6 II« THY7 He 0.490

69 THY7 H6 GUA8 Hg 0.530

70 GUA8 H8 ADE9 Hs 0.482

71 GUA10 Hs ADE9 H8 0.514

72 T1IY11 He GUAR) Hg 0.477

73 TIIY11 H6 CYT12 H6 0.465

74 ADE13 Hs CYT12 Ho 0.638

75 THY16 H6 GUA17 H8 0.567

76 GUA17 H8 ADE18 Us 0.535

77 CYT19 He ADE18 Hs 0.502

78 CYT21 He ADE22 H8 0.660

79 GUA23 Us ADE22 Hs 0.505

80 GUA23 Us ADE24 H8 0.477

81 THY26 H6 ADE25 Hg 0.470

82 THY26 He GUA27 Hs 0.531

Table 7.8: NOE distance upper bound specifications for obtained for inter-nucleotide dis¬

tances [206] (contd.).
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Chapter 8

Explicit-Solvent Molecular Dynamics
Simulations of a Reversibly-Folding

/?-Heptapeptide in Methanol :

Influence of the Treatment of

Long-Range Electrostatic

Interactions.

8.1 Summary

We report and compare eight long-timescale (70-100 ns) explicit-solvent molecular dynam¬
ics simulations of a /?-heptapcptido in methanol at 340 K (within a cubic periodic compu¬

tational box of about 6 nm edge), performed with four different charge-state combinations

at the peptide termini and using cither lattice-sum (LS) or reaction-field (RF) schemes

to handle electrostatic interactions. The choice of electrostatic scheme has essentially no

influence on the folding-unfolding equilibrium when the peptide termini are uncharged,
and only little influence when the peptide is positively charged at its N-terminus (with
or without inclusion of a neutralizing chloride counterion). However, when the peptide is

zwitterionic, the FS scheme leads to preferential sampling of the high-dipolc folded helical

state, while the RF scheme leads to preferential sampling of a low-dipole unfolded salt-

bridged state. A continuum electrostatics analysis based on the sampled configurations

suggests that the LS scheme marginally stabilizes the helical state through artificial peri-

odicicy, whereas the RF state stabilizes the same state more significantly. These results are

apparently at odd with with those of the explicit-solvent simulations, and possible causes

for this discrepancy are discussed.

135
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8.2 Introduction

The treatment of long-range electrostatic interactions in explicit-solvent simulations of

solvated (bio-)molecules has been a long-stanging area of active research. This is mainly

because : (i) the evaluation of these interactions typically represents the computationally

most expensive component of a simulation : (ii) this evaluation nearly always relies on

approximate schemes ; (iii) simulated observables are often extremely esensitive to the

specific approximate scheme employed in a simulation.

The vast majority of current explicit-solvent simulations of (bio-)moleculsc in solution

are performed under periodic boundary conditions (PBC), to eliminate artifacts (e.g. sur¬

face tension effects, surface interfacial potential difference) associated with the existence of

a liquid-vacuum interface in the simulated system. In this case, electrostatic interactions

are commonly handled in either of two (approximate) ways.

The lattice-sum (LS) methods rely on accepting the exact periodicity of electrostatic

interactions as an intrinsic property of the simulated system. In this case, electrostatic

interactions can be handled exactly (within the limit of numerical accuracy) using the

Ewald [42] or related particle-mesh (P3M [43,47] or PME [48]) methods. This approxima¬

tion is certainly quite reasonable for performing simulations of crystals. However, solutiorrs

are inherently non-periodic systems, and the use of LS methods in this context can be sum¬

marized as providing exact electrostatic interactions for an approximate (i.e. artificially

periodic) representation of the system.
The reaction-field (RF) method, relies on truncating electrostatic interactions to a

finite range (cutoff distance), typically smaller than half the smallest dimension of the

computational box, and accounting for the mean effect of the omitted electrostatic in¬

teractions beyond this distance by modelling the medium outside the cutoff sphere of

each particle as a homogeneous dielectric medium of permittivity equal to that of the

solvent [40,41,78,194,?]. This approximation (given a large-enough cutoff distane::e) is

certainly reasonable for the simulation of pure (dipolar) liquids. However, biomolecular

solutions are typically: (i) dielectrically heterogeneous (i.e. the medium outside the cut¬

off sphere of a particle is generally not of homogeneous permittivity); (ii) rich in species

(solute functional groups, counterions) bearing net charges (i.e. for which the RF formal¬

ism is not strictly applicable). Thus, the use of the RF method in this context can by

summarized as providing approximate electrostatic interactions for a more realistic (i.e.
quasi-nonperiodie) representation of the system.

One possible way to assess the nature and magnitude of possible artifacts in the sim¬

ulated observables caused by the application of approximate electrostatics relies on the

use of continuum electrostatics to analyze the corresponding perrurbation on solvation

free energies, model pathways for conformational transitions, or solute configurations gen¬

erated through explicit-solvent simulations. This approach has been used to investigate

periodicity-induced artifacts in LS simulations of solvated spherical ions [21,211-213], ion

pairs [21,211] and biomolecular [22,193,214] systems, as well as cutoff- reaction-field-

and (more limited) periodicity-induced artifacts in RF simulations of solvated spherical
ions |45, 212, 213,215-217| and ion pairs [45,215]

In the context of biomolecular systems, these studies [22, 193, 214| have provided strong

indications for the presence of periodicity-induced artifacts (for at least, some systems) when
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using the LS scheme. However, they have not yet been able to provide a complete and

unambiguous picture of the problem, because : (i) they were applied to solute configu¬

rations that did not sample a representative portion of the overall configurational space

accessible to the corresponding systems (e.g. simplified model denaturation pathway or

onset of denaturation in an explicit-solvent simulation) ; (ii) the RF scheme was never

investigated. For example, an explicit-solvent molecular dynamics (MD) study of a zwitte-

rionic polyalanine octapeptide in water using the LS scheme based on cubic computational

boxes of 2, 3 or 4 nm edge [214] showed that, over 1 ns simulations, a rather rigid native

conformation was maintained in the smallest box, a more flexible native conformation was

observed in the medium box, while peptide denaturation occurred in the largest box (pre¬
dominantly to conformations characterized by a salt-bridge between the peptide termini).
Based on a continuum-electrostatics analysis of the sampled configurations, these obser¬

vations were shown to be compatible with the conformational dependence and magnitude
of periodicity-induced artifacts in the different be)xes. However, in the absence of multiple

reversible unfolding-folding transitions in this system and on this timescale, it cannot be

ruled out that these observations might be coincidental (i.e. single trajectories are in prin¬

ciple meaningless as long as they remain too short to sample a representative portion of the

configurational space accessible t,o the biomolecule). Furthermore, neither the effect of the

terminal peptide charge-states nor the possible corresponding cutoff- reaction-field- and

periodicity-induced artifacts for the RF scheme were investigated. Also, even the largest

box considered in this study was on the lower end compared to a (state of the art,) setup

for simulating a peptide of this size.

As an attempt to revisit the conclusion of the above study [214] in a more rigorous

and complete fashion, we report eight long-timescale (70-100 ns) explicit-solvent molecular

dynamics simulations of a Aheptapeptide in methanol at 340 K (within a cubic periodic

computational box of about 6 nm edge), performed with four different charge-state com¬

binations at the peptide termini and using either the LS or reaction-field RF schemes to

handle electrostatic interactions. This system was chosen because previous simulations ev¬

idenced multiple reversible folding-unfolding transitions at the given temperature and on

the 100 ns simulation timescale, suggesting (but obviously not guaranteeing) the sampling
of a representative configurational ensemble [184]. The eight simulations are compared in

terms of various structural properties (averages arrd distributions). In addition, artifacts

due to the use od approximate electrostatics in the simulations arc analyzed in details

based on the sampled configurations (zwittcrionic peptide only), for both the LS and RF

schemes.

8.3 Computational Details

8.3.1 Molecular Dynamics Simulation

Eight explicit-solvent molecular dynamics (MD) simulations of the AIiePtaPeptTde se¬

quence AHVal-AHAla-AHLeu-(A S)-/3-HAla(aMe)-/3-HVal-/3-HAla-^-HLeu [218] in methanol

were performed with different protonatie^n states at the two peptide termini (and the pos¬

sible inclusion of a neutralizing chloride counterion) corresponding to simulation lengths
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comprised between 70 and 100 ns (Table I). The simulations were carried out using the

GROMOS96 [39,65] package of programs, together with the GROMOS 45A3 united-atom

force field [160] and a GROMOS-compatible methanol model [69]. The equations of motion

were integrated using the leapfrog scheme with a timestep size of 2 fs. All bond lengths

were constrained by application of the SHAKE algorithm [70] with a relative geometric

tolerance of 10~4. The systems were simulated under periodic boundary conditions baced

on cubic computational boxes. Solute and solverrt degrees of freedom were independently

coupled to a heat bath [25] at 340 K with a relaxation time of 0.1 ps. The box dimensions

were isotropically coupled to a pressure bath |25| at f atm, with a relaxation time of 0.5

ps and an isothermal compressibility of 2.0-10 3 (kJ mol-1iim-3)-1. The center of mass

motion was removed every 0.2 ps.

The nonbonded interactions were handled using a either a reaction-field (RF;[41]) or

a lattice-sum (LS;[47]) approach. The RF approach relied on a twin-range cutoff scheme

with short- and long-range cutoff radii of 0.8 and 1.4 nm [39], respectively, and an update

frequency of 5 timesteps for the short-range pairlist and intermediate-range interactions.

Tn addition, a RF (force, energy and virial) correction [41] was applied to short- and

intermediate-range interactions so as to approximately to account for the mean effect of

electrostatic interactions with the solvent beyond the cutoff Rrf ~ F4 nm (i.e. equal

to the long-range cutoff radius), with a relative dielectric permittivity eRp=17 (based
on the experimental value for methanol). In the LS approach, electrostatic interactions

were handled using the particle-particle-particle-mesh (P3M) method [43,47], using a real-

space cutoff of 0.6 nm (pairlist updated every 5 timesteps, a spherical-hat charge-shaping
function [203], an assignment function of order 3, a finite-difference interpolation of order 3,

a mesh of 64x64x64 points and tinfoil boundary condition. In this scheme, the Lennard-

Jones interactions were truncated at a distance of 1.4 nm (pairlist updated every 5 steps).
Four different types of systems were considered (each simulated using both the RF and

LS schemes), differing by the charge states of the N- and C-termini and the possible presence

of a neutralizing chloride counterion (Table I) : uncharged termini (uc). zwitterionic (zw),
and singly-charged (positive) at the N-terminus. either without (sc) or with (sn) a single
chloride counterion. In all cases, the starting configuration for the simulations was obtained

by placing the solute in an extended (all-irons) conformation into a cubic computational

box filled by approximately 3000 methanol molecules (Table I), respecting a minimum

solute-to-wall distance of 1.2 nm. In the simulations involving a counterion (sn), one

randomly-chosen water molecule was replaced by a chloride ion. The resulting system was

relaxed using steepest-descent energy minimization with an energetic convergence criterion

of 0.01 [39], followed by three successive 2 ps MD simulation periods at 40 K, 150 K and

300 K, respectively. This was followed by a production simulation of 70-100 ns duration

(Table I). Trajectory frames were written to file every 0.5 ps for later analysis.

8.3.2 Trajectory Analysis

The eight trajectories were analyzed in terms of backbone atom-positional root-mean-

square deviations from a model helical structure (RMSD), end-to-end distance (Dee), N-

terminal ammonium to chloride distance (/Ave; simulation sn only), solute dipole-momcnt

magnitude (M), as well as the electrostatic free-energy perturbation (AAq1) induced by
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the use approximate electrostatics in the simulation (SI — LS or RF) as evaluated from a

continuum-electrostatic analysis of the sampled configurations (simulation zw only).
The RMSD was calculated for all backbone (C, Ca, N) atoms with reference to a model

helical structure representative peptide folded state refined based on experimental NMR

data [218], based on trajectory frames sampled at 10 ps intervals. The end-to-end distances

Dee was defined as the (minimum-image) distance between the nitrogen atom of the first

residue and the carboxyl carbon atom of the last residue, and monitored analogously.

The ammonium-to-chloride distarrces D^c was defined as the (minimum-image) distance

between the nitrogen atom of the first residue and the chloride counterion (simulation sn

only), and monitored analogously. Finally, the solute dipole-moment magnitude M was

defined as the norm of the charge-weigh fed sum of all peptide atom coordinates relative to

the peptide center-of-charge taken as the origin (after reconstruction of the proper covalent

connectivity by periodic translation of the atoms). Note that this quantity is only origin-

dependent for the .sn and sc simulations involving a net peptide charge.
The periodicity- and cutoff-induced perturbation of the electrostatic free energy (AAGff)

was estimated (simulation zw only) based on a continuum-electrostatics scheme as de¬

scribed previously [21,45, 211, 215], based on trajectory frames sampled at 100 ps intervals

along the two simulations. This quantity represents the change in the electrostatic (re¬
versible charging) free-energy of the solute-solvent system (in a given solute conformation)
when going from the ideal (ID) situation of a macroscopic non-periodic system with exact

Coulombic interactions t,o a the simulated (SI) situation of a microscopic periodic system

(of size determined by that of the computational box during the simulation) with approxi¬

mate electrostatics (of form determined by the approximate electrostatic scheme employed
for the simulation, namely SI = RF or LS), i.e.

AAC;9/ - AGSJ - AGID
. (8.1)

This perturbation of the electrostatic free-energy can be partitioned as

AAGSJ - AEll + AAG^
^

(8.2)
- (Edir + AGdf) ~ Edir + AG'slu - AGs[v ,

where E and Ef1, account for the direct pairwise electrostatic interaction energy between

the solute atoms (in the given solute configuration), corresponding to the ideal and sim¬

ulated situations, respectively, and AGss}j for the self-interaction of solute charges in the

simulated situation (there is no such term in the ideal non-periodic Coulombic situation),
while AG and AG^V account, for the corresponding electrostatic solvation free energies.

All the above quantities are assumed here to correspond to tinfoil boundary conditions

(zero potential and field) at infinity (non-periodic case) or at the surface of the infinite

periodic system (periodic case).
The computation of the direct intrasolute (pairwise) interaction energies (for successive

trajectory frames) relied on either a direct Coulomb sum ejver all particle pairs after recon¬

struction of the proper covalent connectivity (E) on a separeatc LS (P3M) calculation

restricted to solute atoms only (E^), or on a separate RF calculation restricted to the

solute atoms only (A&f)- The quantity AG^ was calculated as [219]

Tdf
8irc0 L

AG$
= —^S2 (8.3)
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where e0 is the permittivity of vacuum, L the edge of the (cubic) computational box, S2 the

sum of the square of all solute charges (51.86 e for simulation zw) and <Aä" ~ —2.837297.

The quantity AGf£ was set, to zero in the absence of currently-available expression for

this quantity (this causes an arbitrary but, conformation-independent additive offset in the

perturbation estimates; work is in progress to derive an appropriate expression for this

self-term along the lines of [219]).
The computation of the corresponding solvation free energies relied on the applica¬

tion of continuum electrostatics (modelling the solvent as a homogeneous linear dielec¬

tric medium of relative permittivity es). In all cases, those free energies were calculated

(for successive trajectory frames) based on peptide coordinates after reconstruction of the

proper covalent connectivity and centering into the computational volume used for the

continuum-electrostatic calculation. The quantity AGJ.P, was evaluated by application of

a non-periodic finite-difference (FD) algorithm |21|. The corresponding quantity AGTfv
was evaluated by application of the corresponding periodic finite-difference algorithm [21].

Finally, the corresponding quantity AGf£ was deduced from the above value of AG^V and

from the difference AG%% ~- AGfjf evaluated by two separate applications of a periodic fast-

Fourier-transform (FT) solver [45,211], using either RF or LS interactions, respectively, to

model solute-solvent and solvent-solvent interactions. The above procedure involves the

(apparently redundant) calculation of AG^l via two different methods (FD and FT), but

turns out to be significantly more accurate because it benefits from error cancellations (by

systematically relying on differences between two solvation free energies evaluated through

the same algorithm). In the present work, the root-mean-square difference between A(7^
values computed from the FD and FT algorithms are typically of the order of 0.5 kJ-mol-1.

All continuum-electrostatic calculations relied on a cubic computational volume of di¬

mension determined by the box edge associated with the simulation frame considered (typ¬
ically close to 6 nm edge). This choice is compulsory for the periodic calculations, but was

also adopted by mere convenience for the non-periodic ones. In the latter case, the com¬

putational volume should in principle only be large enough so the computed AGTSP, value

no longer depends on this parameter, which was assessed numerically (data not shown).

However, this specific e::hoicc is convenient because it maximizes error cancellation between

periodic and non-periodic FD calculations employing identical numbers of grid points along
each direction.

The numbers of grid points along each direction were set to 100 (FD) or 256 (FT).
The FD solver [21] relied on a relative convergence-criterion of 10~6 for the solvation free

energy. The FT solver [45,211] relied on a spherical-parabola charge-shaping function of

width 0.15 nm (LS) or 0.05 nm (RF), maximal component values of 2 (LS) or 8 (RF)
for the included alias vectors, a boundary-smoothing parameter (ncube) of 2, a relaxation

parameter of f.5, and a convergence-criterion for the integrated residual electric fielel in

the solute of 0.03 kJ-mol '-nm ]
- e~v.

Tn these calculations, the atomic radii were based (as previously described [211]) on

contact distances between the corresponding atoms and the oxygen atom of a simple-

point-charges (SPC) water molecule [68]. based on the non-bonded parameters of the

GROMOS 45A3 force field [160]. However, a correction of 0.03 nm was added fo these

values, corresponding to the difference between a probe radius of 0.17 nm estimated for
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methanol and the probe radius of 0.14 nm commonly used for water[220]. The polar

hydrogen atoms were treated differently and assigned a common atomic radius of 0.08 nm.

A systematic increase or decrease of all atomic radii by up to 0.1 nm was found to have

no significant impact on the calculated AAG%T values (data not shown). The significantly

smaller atomic radii recently proposed for the use in generalized Born models in conjunction

with the GROMOS force field [221] were also tested and found to lead to unacceptable

numerical noise when using any computationally accessible grid resolution (320 grid points

along each direction, requiring about 7 GB of memory). However a common increase of

these radii by 0.15 nm led to results closely similar to those obtained with our present

choice of atomic radii (data not, shown).
The relative permittivities used in the present calculations were set to 1 for the solute

subdomain (non polarizable solute, as appropriate for mimicking a simulatiejn excluding

explicit-polarization terms) and to e.s
— 15 for the solvent subdomain. The latter value

was estimated based on two 10 ns explicit-solvent simulations of 512 methanol molecules in

cubic boxes (edge length 3.3 nm), performed with a setup similar to the peptide simulations

and employing either the LS or RF schemes, respectively. Application of the appropriate

fluctuation formulae [194] to the fluctuations of the total box dipole moment over the final

8 ns of the simulations yelded estimated permittivity values of 15.4 (LS) and 15.1 (RF). for

the methanol model employed. Although the continuum-electrostatic calculation relied on

cs — 15, the RF permittivity used in the calculation of AGf£ was still set to eRF — 17, the

value used during the simulation. Note, however, that variations of the solvent permittivity

es in the range 10-50 had little influence on the calculated AAG^1 values (data not shown).

Only with a relative permittivities smaller than about, 10 did the solvation contribution to

AAGfi start to noticeably decrease in magnitude.
All analyses were implemented in Java and Jython as extensions to the esra molecular

mechanics analysis package [171], using the FFTW library [222] for performing the discrete-

Fourier transformations. Visualizations were performed using the xmgrace and PyMol [170]

packages.

8.4 Results

The backbone atom-positional root-mean-square deviations from a helical model structure

(RMSD) is shown in Figure 8.1 as a function of time for the eight simulations (Tabic I),
together with the corresponding distributions over the entire trajectory.

Based on visual inspection and hydrogen-bond analysis (data not shown), the peptide

can be considered to be folded with the RMSD value is below about 0.2 nm |218]. Based

on this criterion, all trajectories exhibit the reversible formation of helical structure in 2-10

discrete folding events. However, the relative population and average residence time in

the folded state depends largely on the protonation states chosen for the peptide termini

(and the possible presence of a neutralizing counterion), as well as on the electrostatic

scheme employed during the simulation. The residence times are of the order of 1 ns

for the uc simulations, while they are significantly longer in all other simulations. Based

on the RMSD distributions, the choice of a specific electrostatic scheme appears to have

little or no influence for the systems uc and, to a lesser extent, sn. The difference is
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Figure 8.1: Time evolution and normalized probability distribution of the backbone atom-

positional root-mean-square deviations from a, model helical structure (RMSD) Simulations

using RF1 and LS electrostatics are shown, in black and red, respectively. From, top to bottom

(Table I): uncharged termini (uc); zwitterionic (zw); singly-charged at the N-terminus, no

counterion (sc); singly-charged at the N-terminus, one neutralizing chloride counterion

(sn).

larger for simulation .sc, while is is sufficient to completely invert the populations of folded

and unfolded states for simulation zw. Here, the LS trajectory mostly samples helical

conformations, while the RF trajectory predominantly visits unfolded ones.

The end-to-end distance DEE is displayed in Figure 8.2 as a function of time for the

eight simulations (Table T), together with the corresponding distributions over the entire

trajectory.
In simulations uc (for both RF and LS electrostatics), the time evolutions of DEE dis¬

plays rapid (subnanosecond) and high-amplitude fluctuations around a mean value of 1.30

nm. This observation is compatible with the fast sampling e^f many different (predominantly
unfolded) configurations (Figure 8.1). The corresponding time evolutions in simulations

sc and sn (which show similar features here, irrespective of the electrostatic scheme) dis¬

play equally rapid but lower-amplitude fluctuations around a mean value of about f .05 nm

characteristic of the heical state, interrupted by sporadic excursions towards larger values

(life-times of the order of 5-10 ns) corresponding to non-helical conformations. However,
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Figure 8.2: Time evolution and normalized probability distribution of the (minimum-

image) end-lo-end distance (DEE). Simulations using RF and LS electrostatics are shown

in black and red, respectively. From lop to bottom (Table 1): uncharged termini (ne);
zwitterionic (zw); singly-charged at the N-terminus, no counterion, (sc); singly-charged
at the N-terminus, one neutralizing chloride counterion (sn). Note that the Dee values

are always below about 3 nm (radius of the largest sphere that can be inscribed within the

computational box).

comparison with Figure 8.1 suggests that in contrast to the uc simulations, only a small

subset, of the sampled unfolded configurations (RMSD>0.2 nm) is associated with large

end-to-end distances (Dee >L3 nm) in the sc and .sn simulations. The dominance of

compact configurations in the unfolded ensemble and the higher folded-state population in

the two systems involving a charged N-terminus (compared with the uncharged form) is

probably due to favorable interactions between the backbone peptide dipoles and the N-

terminal charge in compact configurations (or the overall helix dipole in the folded helical

state), fn simulations zw (for both RF and LS electrostatics), the time-evolution of Dee

essentially hops on long timescales between two distances corresponding to the folded heli¬

cal state (DEe ~ 1-05 nm) and to a set of configurations presenting a salt-bridge between

the two peptide termini (DFje ~ 0.35 nm). Examples of these two types of configurations
are represented in Figure 8.3.

In this system, a very strong anticorrelation is found between the time evolution of the
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Figure 8.3: Representative structures from the simulation of the zwitterionic (zw) system

with LS electrostatics. Left: trajectory frame sampled at 15 ns, corresponding to the high-

dipole folded helical structure Right: trajectory frame sampled at 65 ns, corresponding to a

low-dipole unfolded salt-bridged configuration.

RMSD (Figure 8.1) and that of the end-to-end dietance (Figure 8.2). The particular sta¬

bility of these two types of structures in the context of a zwitterionic peptide is probably to

be traced back to the large-magnitude and long-range nature of charge-charge interactions,

even in a moderately polar solvent such as methanol. The salt-bridged configurations are

obviously stabilized by ion-pairing interactions, while the folded helical state benefits from

stabilization through hydrogen bonding arrd hydrophobic packing together with a relatively
short end-to-end distance (compared to most unfolded structures sampled in simulations

uc and, to a lesser extent, sc and sn). Note also the transient formation of highly-extended

(quasi-linear) structures immediately before and after orre of the main transitions to the

salt-bridged state in the LS simulation (about 60-66 ns). These conformations may be sta¬

bilized through (artificial) interactions of the peptide termini in the reference box with the

oppositely charged termini of periodic copies in neighbouring boxes. Except for the zwit¬

terionic case, the DEE distributions are essentially insensitive to the electrostatic scheme

employed in the simulation, fn the uc case, the distributions present a Gaussian shape
centered at 1.30 nrn and approximately extending from 0.50 to 2.25 rrrn (full width at half

height 0.80 nnr). fn the .sc and .sn cases, a narrow peak is found at about 1.05 nm (folded
helical structure), with a sharp lower bound (around 0.50 nm) and a broader upper tail

extending up to 2.25 nm. fn the zwitterionic case, both LS and RF simulations present nar¬

row peaks, centered at 1.05 nm (folded helical state) and 0.35 (salt-bridged configuration)
However, the populations of these two states are quite sensitive to the electrostatic scheme

employed, with relative populations of 15 and 70 % for the salt-bridges configuration in

the LS and RF simulations, respectively.
These observations made in the zwitterionic case can tentatively be (qualitatively) ra¬

tionalized based on considerations made previously using continuum-elecrtostatics analyses

in the simpler context, of the potential of mean force for interaction between two spherical

ions of opposite charge [21,215]. In the LS case, periodicity-induced artifacts have been

shown to decrease the magnitude of the mean attraction force (including solvents effects)
between ions of opposite charges over the whole range of interionic distances (see [21] and
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Fig 5a therein). This effect was found to be very limited for small spherical ions, but may

be enhanced in the present context by the proximity of the solute low-diclcctric cavity.

Such a perturbation is expected to induce a (moderate) shift of the DEe probability to¬

wards higher values when using the LS scheme in an explicit-solvent simulations. In the RF

case, cutoff-, reaction-field- and periodicity-induced artifacts have been shown to provoke

the apperance of a sporious maximum just (i.e. 0.2 nm) below and of a spurious minimum

just (i.e. 0.2 nm) above the cutoff distance in the potential of mean force for interaction

between ions of opposite charges (see [215] and Fig 6d therein). These effects were found

to be significant (magnitude about 1/2 kBT) even for small spherical ions, and may be

further enhanced in the present case by the proximity of the solute low-dielectric cavity.

Such a perturbation is expected to induce a (significant) decrease in the Dee probability
around 1.2 nm and a corresponding increase in this probability around 1.6 run. Taken

together, these simple considerations provide a posible explanations for the differences in

DEe probability between the LS and RF schemes in the zwitterionic case, as: (i) a (moder¬

ate) periodicity-induced shift toward lager distances (folded helical structures rather than

salt-bridged configurations) in the LS scheme; (ii) a (significant) cutoff-, reaction-field- and

periodicity-induced penalization of configurations with DEE close to 1.2 nm (upper range

for folded helical structures) at the benefit of the other stable configurations (salt-bridged

confguration in the present case). The fact that no additional peak is seen with DEe close

to 1.6 nm in the RF case does not necesarily contradict this interpretation. This absence

may simply be caused by low intrinsic stabilities of these conformations relative to the two

most populated ones (so that the stability enhancement remains insufficient to promote

their appearance).
The ammonium-chloride distance Dnc is shown Figure 8.4 as a function of time for the

two uc simulations (Table I), together with the corresponding distributions over the entire

trajectory. Both simulations are characterized by multiple pairing events lasting for up to

5 ns, separated by intervals of similar durations. The corresponding distributions (for both

LS and RF electrostatics) exhibit a very sharp peak at 0.32 nm (contact distance), followed

by a well-resolved minimum at 0.6 nm. Beyond this distance, the LS and RF distributions

differ. For the LS simulations, the probability increases mouotonically with distance up

to about 3 nm (distance from the box center to the nearest box wall, above which the

probability distribution is distorted by the restriction of the statistics to minimum-image

distnaces) In the RF simulation, however, the distribution is characterized by a relatively

sharp peak around 1.0 nm followed by a broad minimum centered around 2.1 nm. before

increasin again up to about 3.0 nm. Here also, analogy can be made with the simpler

case of the potential of mean force between two spherical ions of opposite charges |21, 215].
However, the analogy is only quantitative here. Although the distribution is expectedly

monotonie in the LS case, probably (moderately) biased towards large distances [21]. while

it presents more structure in the RF case [215], the RF profile does not show the expected

depletion around 1.2 nm and enhancement around 1.6 nm.

The peptide dipole-moment magnitude M is displayed in Figure 8.5 as a function of

time for the eight simulations (Table I), together with the corresponding distributions

over the entire trajectory. In the simulation uc (for both LS and RF electrostatics), the

time evolution of M displays rapid (subnanosccond) fluctuations in the range 0.0-0.5 c-nm.
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Figure 8.4: Time evolution and normalized probability distribution of the (minimum-

imacje) N-terminal ammonium to chloride distance (Dnc) in the simulation with a charged
N-terminus and a neutralizing chloride ion (sc). Simulations using RF and LS electrostat¬

ics are shown in black and red, respectively. Note that the probability distributions may be

distorted in the approximate range 3.0-5.2 nrn (distance from the center of the computa¬

tional box to the nearest box wall and to the box corners, respectively), due to the use of a

minimum-image representation.

Such low values are expected for a purely dipolar peptide involving no bare charges. The

corresponding time evolutions for simulations sc and sn (which show similar features irre¬

spective of the electrostatic scheme) display equally rapid fluctiations in a similar range,

interrupted by sporadic excursions towards larger values (up to 1.3 e-nm, life-times of 1-10

ns), corresponding to non-helical conformations. However, as observed previously for the

end-to-end distance Figure 8.2, comparison with Figure 8.1 suggests that only a small sub¬

set of the sampled unfolded configurations (RMSD>0.2 nm) are characterized by a high

peptide dipolc-momcnt magnitude (M >0.5 e-nm) in the sc and sn simulations. In the

simulation zw (for both LS and RF electrostatics), the time evolution of M essentially hops

on a long timescale between two states, as was the case for the end-to-end distance (Figure
8.2). As a matter of fact,, the time evolutions of the two quantities are highly correlated, as

well as anticorrelated with the time evolution of the RMSD Figure 8.1). The system oscil-
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Figure 8.5: Time evolution and normalized probability distribution of the box dipole-

moment magnitude relative to the peptide center of charge (M). Simulations using RF and

LS electrostatics are shown in black and red, respectively. From top to bottom (Table 1):

uncharged termini (nc); zwitterionic (zw); singly-charged at the N-terminus, no counterion

(sc); singly-charged at the N-terminus, one neutralizing chloride counterion (sn).

lates between the high-polarity (0.8 e-nm) folded helical states and low-polarity (0.3 e-nm)
unfolded salt-bridged configurations. Except for the zwitterionic case, the M distributions

are essentially insensitive to the electrostatic scheme employed in the simulation. In the

uc case, the distributions present a narrow peak centered at 0.2 e-nm, with a sharp upper

bound at 0.5 e-nm. In the .sc and .sn cases, a sharp peak is also found at 0.2 e-nm, but

with a borader upper tail extending up to 1.4 e-nm. The RF simulations even show a small

second peak centered at 0.9 e-nm. Tn the zw case, both RF and LS simulations present

the same two high-density regions, but with different populations as was the case for the

end-to-end distance (Figure 8.2). The LS simulation preferentially samples the more po¬

lar helical state, while the RF simulation predominantly visits the less polar salt-bridged

configurations.
The periodicity-induced perturbation of the electrostatic free energy (AAG^f), associ¬

ated with a change from non-periodic Coulombic electrostatics to periodic LS electrostatics,
is displayed in Figure 8.6 as a function of time for the two simulations of the zwitterionic

peptide (generated using either LS or RF electrostatics). The direct intrasolute (AE^f)
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Figure 8.6: Time evolution of the periodicity-induced perturbation of the electrostatic free

energy (AAG^f1) associated with the change from non-periodic Coulombic electrostatics to

periodic LS electrostatics, together with, the corresponding intra-solute (AE^.) and solva¬

tion (AAG^) contributions. Left: fram,es sampled at 100 ps intervals along the trajectory

of the zwitterionic peptide (zw; Table I) generated, using RF electrostatics. Right: frames

sampled at 100 ps intervals along the trajectory of the zwitterionic peptide (zw; Table I)

generated using RF' electrostatics. The time evolution of the peptide dipole-rnornent mag¬

nitude (M; Figure 8.5) is also shown for comparison.

and solvation (AAG^V) contributions to this quantity are also displayed. As observed in

previous work [214|, the two contributions are strongly anticorrelated. This is the case

because in the limit of small (low-dielectric) solute cavities, one expects a relationship of

the form

AAG
si

slv -(1-e^AE^. (8.4)

Considering the system as a two-state system (Figures 8.1, 8.2 and 8.5), namely a high-

dipole folded helical state and a set of low-dipole unfolded salt-bridged conformations, the

following observations can be made. The quantity AAG^f essentially vanished in the salt-

bridged state,, while it takes a value of approximately -0.15 kJ-mol 1
in the helical state.

Thus, artificial periodicity (solvent-screened interaction of the peptide dipole in the refer¬

ence box with its periodic images) stabilizes the high-dipole helical state, in agreement with

previous observations made in the context of a zwitterionic polyalanine octapeptide [214|.
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However, the stabilization is here more than an order of magnitude smaller than the ther¬

mal energy kBT f«2.5 kJ-mol-1, and cannot account alone for the population differences

seen between the LS and RF simulations of the zwitterionic peptide.
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Figure 8.7: Time evolution of the cutoff-, reaction-field- and periodicity-induced perturba¬
tion of the electrostatic free energy (AAG^f) associated with, the change from non-periodic

Coulombic electrostatics to periodic RF electrostatics, together with the corresponding intra¬

solute (AE^ ) and solvation (AAGf^) contributions. Left: frames sampled at, 100 ps

intervals along the trajectory of the zwitterionic peptide (zw; Table I) generated using RF

electrostatics. Right: frames sam,pled at 100 ps intervals along the trajectory of the zwitte¬

rionic peptide (zw; Table I) generated using RF electrostatics. The time evolution of the

peptide dipole-moment magnitude (M; Figure 8.5) is also shown for comparison.

The cutoff-, reaction-field- and periodicity-induced perturbation of the electrostatic free

energy (AAG^F), associated with a change frorrr non-periodic Coulombic electrostatics to

periodic RF electrostatics, is displayed in Figure 8.7 as a function of time for the two sim¬

ulations of the zwitterionic peptide (generated using cither LS or RF electrostatics). The

direct intrasolute (AE[f£) and solvation (AAG^f ) contributions to this quantity arc also

displayed. Here also, the two contributions are strongly anticorrelated. Again considering
the system as a two-state system, the following observations can be made. The quan¬

tity AAG^F is essentially constant for the salt-bridged state, while it fakes values lower

by approximately -1.5 kJ-mol"1 for the helical state. Thus, the cutoff-, reaction-field- and
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(small) periodicity-induced artifacts appear to stabilize the high-dipole helical state, as was

the case for the LS scheme, but the perturbation is larger here by one order of magnitude.

This result is somewhat unexpected in view of the previously-made observations (Figures

8.1, 8.2 and 8.5) that the salt-bridged conformations are more often sampled in the RF

simulations compared to the RF ones. On the other hand, it is intuitively acceptable on

the basis of the dipole-enhancing nature of the RF correction and the approximate validity

of Eq.(8.4). This apparent discrepancy suggests that the differences observed between the

LS and RF simulations may be only indirectly (if at all) related to electrostatics effects.

Possible causes may include : (i) insufficient sampling in the explicit-solvent simulations

(i.e. insufficient statistics even on the 70-100 ns timescale) ; (ii) equipartition violations

due to the very different extents of cutoff noise in the two schemes [28].

8.5 Conclusion

fn the present study, we report and compare eight long-timescale (70-100 ns) explicit-

solvent molecular dynamics simulations of a /3-heptapeptidc in methanol at 340 K (within
a cubic computational box of about 6 nm edge), performed with four different charge-state

combinations at, the peptide termini and using cither the lattice-sum (LS) or reaction-field

(RF) schemes to handle electrostatic interactions. Based on the monitored properties,

the electrostatic schemes appears to have essentially no influence on the folding-unfoldirrg

equilibrium when the peptide termini are uncharged, in which case the peptide is predomo-

nantly unfolded. This influence is moderate when the peptide is charged at its N-terminus

only (either with or without a neutralizing chloride counterion), in which case both folded

and unfolded configurations are present with comparable populations at equilibrium. How¬

ever, when the peptide is zwitterionic, important differences are observed. In this cas,

the peptide predominantly samples two states: a high-dipole helical folded state and a

low-dipole salt-bridged unfolded state. The former configuration is predomint in the LS

simulations, while the latter is predominant in the RF simulations.

A continuum-electrostatic analysis of the sampled configurations (zwitterionic case

only) indicates that artificial periodicity leads to a marginal stabilisation ( 0.06 kDrV) of the

helical state in LS simulations (while the salt-bridged state is essentialy uaffected). Such

a stabilization is expected to result from the (solvent-screened) electrostatic interaction

between the dipolc of the reference peptide and that, of its own periodic copies [214]. The

small magnitude of the effect in the present case is due to the use of a large computational

box (compared to the size of the solute low-dielectric cavity) and to the high dielectric

permitivity of the (methanol) solvent. However, the corresponding analysis for the RF

case indicates an even larger ( 0.6 kRT) cutoff-, reaction-field- and periodicity-induced sta¬

bilization of the same helical state (while the salt-bridged state is also unaffected). Such

a stabilization is also expected to result from the dipole-enhancing nature of the RF cor¬

rection. However, it is in apparent discrepancy with the simulation results. Based on this

perturbation analysis, one would expect the RF scheme to overstabilizee the helical state

to a significanly larger extent than the LS scheme, resulting in trends opposite to those

observed in the explicit-solvent simulations.

We see three posible causes for this apparent discrepsney: (i) inappropriate assump-
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fions made in the continuum-electrostatics analysis (e.g. neglect of non-polar interac¬

tions, neglect of short-range solvation structure, modelling of the solvent as a homogeneous

medium with linear dielectric response); (ii) insufficient sampling (inaccurate statistics in

the explicit-solvent simulations); (iii) equipartition violations due to the very different ex¬

tents of cutoff noise in the two scheme [28]. Clearly, more work will be required to clarify

this specific point.
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Outlook

As the recent simulation of a whole virus [223] has impressively demonstrated, sufficient

computational power is now readily available to meaningfully simulate a great variety of

biomolecular processes on an atomistic scale. However, a large number of open questions

still remain to be addressed. At, the theoretical end of the spectrum, these involve the

integration with models complementary to the atomistic simulation of classical systems,

such as quantum-mechanical (QM/MM), coarse-grained, or continuum models, as well

as more accurate and efficient representations of processes with characteristic time- and

length-scales spanning many orders of magnitude. More application-oriented and software

engineering problems include the iterative refinement of force-field parameters, as well as

the more extensive exploitation of specific problem sets for which existing technology can

deliver solutions efficiently. In this context, the recent, emergence of grid computing coupled

with biomolecular simulation (i.e. projects such as foldingOhome or docking@home) is

likely to have a particularly significant impact on day-to-day research due to the near-

perfect parallelizability of certain relevant problems such as enzyme-ligand docking studiees

or free-energy calculations (via thermodynamic integration). The present work attempts

to cover a broad subset of these questions.

The introduction and chapter 3 summarize our work on "nearly" Hamiltonian systems,

presenting a novel non-symplectic multiple-timestep integrator of the equations of motion

corresponding to a generalization of the twin-range scheme as standardly used in simu¬

lations using the GROMOS96 package [39]. By allowing for an (in principle) arbitrary
choice for the timestep-size associated with a given pairwise interaction, the latter may

be classified (at the same time) by characteristic time- and length-scales, or indeed any

sort of pairwise interaction parameter. Tentative studies involving a Aheptapeptide (un¬

published results) indicate that by treating interacting pairs involving a ''solute" molecule

more accurately than interactions involving only "solvent" molecules (which typically make

up for the bulk of the computed interactions), a speedup by about a factor of two may be

obtained, while retaining an accurate representation of the solute structure and dynam¬
ics. Future work along these lines may lead to highly efficient and parallelizable (though

non-symplectic) algorithms for the treatment of heterogeneous systems.

Chapters 6 and 8 present detailed analyses of the effect of different electrostatics schemes

on common biomolecular systems. This work involved the quantification of finite-size (pe¬
riodicity and cutoff) artifacts both in structural and energetic terms. On the one hand,

these studies suggest that the periodicity artifacts introduced by lattice-summation meth¬

ods (involving the explicit representation of all interactions in a fully periodic system) are

negligibly small for many of the most commonly simulated biomolecular systems. Since the
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characteristic length scale associated with finite-size effects of lattice-summation methods

is the total size of the simulated system (artificial periodicity), the corresponding artifacts

can be expected to become even less problematic in future simulations. Cutoff artifacts,

on the other hand, were found to be small but nevertheless significant. In this case, the

length scale characterizing the magnitude of the artifact is the cutoff distance, which is

(in principle) system-size independent. Our work may therefore may therefore be seen as

encouraging the adoption of lattice-summation methods in atomistic biomolecular simula¬

tion.

As one consequence of the above work, we have been able to obtain the first stable

(> 10 ns) simulation of a DNA double-helix performed with the GROMOS package. The

structure and dynamics of a large number of relevant degrees of freedom, such as the

counterion distributions and the backbone dihedral angles may now be properly sampled. A

more critical analysis of the GROMOS nucleotide force field has therefore been performed,

identifying shortcomings in the backbone and sugar ring dihedral angle potential energy

parameter sets, which may lead the way to significant future improvements, at which point

it, will be possible to use the GROMOS simulation package to investigate topics such as

the sequence-dependence of nucleic acid structure or the structure and dynamics of small

RNA secondary structure motifs.

Similarly, an extensive study of the current GROMOS carbohydrate force-field was

performed. Only minor disagreements with experimental structural data were found. En¬

ergetic data obtained for stereoinversions at, ring carbons on the other hand showed excel¬

lent agreement, with experimentally derived models. This encourages future studies along

these lines, in particular investigations of anomcric equilibria, which would be motivated

by the fact that (i) these may be extremely well characterized experimentally (NMR chem¬

ical shifts), (ii) in the case of talose, reverse-phase liquid chromatography suggests a very

significant, change of the solvation free energy upon anomerization, and (iii) a proper rep¬

resentation of the anomeric center may likely improve the behavior of nucleotide sugars.
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