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Abstract

Ewald and related methods are nowadays routinely used in explicit-solvent simulations of biomolecules, although
they impose an artificial periodicity in systems which are inherently non-periodic. The consequences of this
approximation should be assessed, since they may crucially affect the reliability of computer simulations under Ewald
boundary conditions. In the present study we use a method based on continuum electrostatics to investigate the
nature and magnitude of possible periodicity-induced artifacts on the potentials of mean force for conformational
equilibria in biomolecules. Three model systems and pathways are considered: polyalanine oligopeptides (unfolding),
a DNA tetranucleotide (separation of the strands), and the protein Sac7d (conformations from a molecular dynamics
simulation). Artificial periodicity may significantly affect these conformational equilibria, in each case stabilizing the
most compact conformation of the biomolecule. Three factors enhance periodicity-induced artifacts: (i) a solvent of
low dielectric permittivity; (i) a solute size which is non-negligible compared to the size of the unit cell; and (iii) a
non-neutral solute. Neither the neutrality of the solute nor the absence of charge pairs at distances exceeding half
the edge of the unit cell do guarantee the absence of artifacts. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The treatment of long-range electrostatic inter-
actions in molecular simulations of liquids and
solutions is an area of ongoing research [1-5], for
three main reasons: (i) approximations made in
the treatment of electrostatic interactions are of-
ten among the most severe in a simulation proce-
dure; (ii) many simulated observables are ex-
tremely sensitive to this treatment; and (iii) the
calculation of electrostatic interactions is usually
the most expensive part of a simulation. To avoid
the presence of an interface to vacuum, explicit-
solvent simulations of (bio-)molecules are com-
monly performed under periodic boundary condi-
tions. In this case, the electrostatic interactions
can be computed in either of two ways: (i) by
truncating the pairwise Coulomb interactions at a
convenient cutoff distance [6], or (ii) by using
lattice summation methods [6—17]. Both choices
rely on critical approximations: in the first case
the neglect of Coulomb interactions beyond the
cutoff distance, and in the second case the exact
periodicity of the system. Due to the sensitivity of
many simulated observables on the treatment of
electrostatic interactions, approximations made in
their calculation may crucially affect the reliabil-
ity of a computer simulation. It is therefore of
importance to investigate the nature and magni-
tude of possible artifacts linked with both of the
above choices.

The severe artifacts caused by cutoff truncation
in the simulations of liquids [18,19], and solvated
ions [20—-23], ion pairs [24-30], and biomolecules
[31-34] are well documented. The use of switch-
ing or shifting functions [35,36], or of reaction-field
corrections [37-41], may eliminate some of these
artifacts, but these methods nevertheless retain,
and sometimes amplify, some of the undesirable
effects of abrupt truncation [30,36,42—44]. On the
other hand, the simulation of solvated (bio-)mole-
cules using Ewald summation [6—8] or related,
but computationally less expensive methods, such
as the particle—particle particle mesh (P;M
[9-11]), particle—mesh Ewald (PME [12-14]) or
fast multipole (FMM [15—17]) methods, has led to
stable trajectories in cases where cutoff-based
methods have failed to do so [31-33,45,46]. For

this reason, Ewald and related methods are nowa-
days routinely used for the explicit-solvent simu-
lation of proteins [46] and nucleic acids (DNA
[47-51] and RNA [52,53]) in solution, and may
completely superseed the use of cutoff truncation
in the near future.

Although the stability of a trajectory is a neces-
sary condition for studying equilibrium observ-
ables of a molecular system, it is not a sufficient
one to guarantee their correctness. The use of
lattice summation methods implies that periodic-
ity in a system simulated under periodic boundary
conditions is considered to be an intrinsic property
of this system. We refer to this choice as Ewald
boundary conditions (EWBC). There are a num-
ber of reasons to expect that the use of EWBC
for simulating solutions may lead to undesirable
side effects. First, a solute is automatically pre-
sent, under EWBC, at a finite and often large
concentration. For example, a single solute
molecule of charge z= —8 ¢ (e.g. DNA tetranu-
cleotide) surrounded by 1000 water molecules is
formally present at a 0.056 m (molal) concentra-
tion, defining a solution of 3.6 m ionic strength.
This system will probably behave neither like an
ideal solution, nor like a solution at this same
concentration, because the solute molecule and
its periodic replicas cannot move with respect to
one another. Second, the interaction energy un-
der EWBC is sensitive to the orientation of the
solute molecule in the central unit cell [54]. Third,
charges at specific distances do not exert forces
on each other (e.g. two charges at a distance L /2
along a line parallel to an edge of length L of a
cubic unit cell). Finally, when a non-neutral so-
lute is considered, the use of EWBC implicitly
introduces a homogeneous background charge
that neutralizes the unit cell. This charge density
will not model realistically the charge density
arising from a counter-ion atmosphere, because
(i) it overlaps with solute atoms; (ii) it is indepen-
dent of the distance to the surface of the solute
molecule; and (iii) it completely neutralizes the
solute charge within an arbitrary volume of solu-
tion, the volume of the unit cell.

Artifacts linked with the use of EWBC to cal-
culate free energies of ionic hydration are well
understood [55—-58], and appear in the form of a
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systematic free energy shift linked with the Wigner
self-energy [55,59-61]. Given the unit cell size,
ionic radius and solvent permittivity, this shift can
be calculated analytically based on continuum
electrostatics [57,58]. A similar shift in the free
energy is also observed in potentials of mean
force (PMFs) for ion—ion interactions calculated
under EWBC [62]. However, it essentially disap-
pears when the Wigner self-energy is added to
the calculated PMFs [58]. Molecular dynamics
(MD) simulations [26,28,30], as well as continuum
electrostatics calculations [58] indicate that the
periodicity-induced perturbation of PMFs for
ion—ion interaction is small for small monovalent
ions in large enough unit cells surrounded by a
solvent of high dielectric permittivity.

Other possible artifacts linked with the use of
EWBC are still poorly characterized. A study of
the dependence of the potential energy of model
solutes (dipole, quadrupole and small protein) on
their orientation within the unit cell indicated
that Ewald rotational artifacts are negligible when
solvents of high permittivities are considered [54].
However, this conclusion relies on the approxima-
tion that the periodicity-induced perturbation of
the Coulomb interaction, which is not negligible,
is directly scaled by the permittivity of the solvent
due to dielectric screening. As we show below,
this may not be correct for systems involving
low-dielectric cavities of a non-negligible size. Fi-
nally, a comparison of three 1.5-ns explicit-solvent
simulations of a DNA dodecamer using the PME
method and three different unit cell sizes has
been reported [63]. The root-mean-square devia-
tions from the crystallographic structure and the
DNA curvature were monitored, and no signifi-
cant unit cell size dependence of these properties
was observed. This result may indicate the absence
of artifacts linked with EWBC in this specific
system, but may also be due to a poor sensitivity
of the two selected observables on the elec-
trostatic interaction scheme, or to their slow con-
vergence. Clearly, selecting sensitive and well-
converged observables to assess the system-size
dependence of simulations under EWBC is a
difficult problem.

Ideally, one would like to perform a direct

comparison between explicit-solvent simulations
under non-periodic boundary conditions (NPBC)
and EWBC. This is impossible since an explicit-
solvent system under NPBC is infinite, unless
other critical approximations are made (fixed
boundary conditions or truncated electrostatic in-
teractions). However, as described in a previous
study [58], this comparison is possible if an im-
plicit representation of the solvent is chosen (con-
tinuum electrostatics). Assuming that observa-
tions made using this implicit-solvent model are
relevant (at least qualitatively) for simulations
using explicit-solvent molecules, this method al-
lows to investigate specifically the perturbation
induced by artificial periodicity in (bio-)molecular
simulations under EWBC. In the previous study,
we showed that the effect of artificial periodicity
on ion solvation and ion—ion interactions may be
important when the solvent is of low permittivity,
or when the ratio of the ion size to the unit cell
size is large. Although both conditions are gener-
ally satisfied during simulations of small ions in
water, biomolecules define larger low-dielectric
cavities, and the second condition may no more
be fulfilled. Consequently, artificial periodicity
may significantly perturb the PMFs corresponding
to conformational equilibria of biomolecules. To
investigate this effect, we perform continuum
electrostatic calculations on single conformations
of biomolecules. Conformations are either se-
lected along a simple conformational pathway, or
taken from an MD simulation. Three model sys-
tems and conformational pathways are discussed:
polyalanine oligopeptides (PMF for unfolding), a
double-stranded DNA tetranucleotide (PMF for
separating the two strands), and the small hyper-
thermophilic protein Sac7d from Sulfolobus aci-
docaldaricus [64—67] (conformations from an MD
simulation).

2. Theory

Using a continuum representation of the sol-
vent, the free energy of a solute—solvent system
may be partitioned into a sum of a non-polar
contribution, corresponding to the work required
for creating the solute cavity in the solvent in the
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absence of solute charges (including ‘hydro-
phobic’ and dispersion interactions), and an elec-
trostatic contribution, corresponding to the work
required for reversibly charging the solute atoms.
Since the non-polar contribution is dominated by
short-range (surface) effects, we assume that the
periodicity-induced perturbation of this contribu-
tion is negligible, and will focus on the influence
of artificial periodicity on the electrostatic con-
tribution alone.

Under NPBC, the basic electrostatic entity is
the point charge. Under EWBC, however, the
application of the Poisson equation and the peri-
odicity requirement for the electrostatic field im-
pose the electroneutrality of the unit cell [58]. We
thus consider that the basic electrostatic entity
under EWBC is not the point charge, but the
point charge plus homogeneous neutralizing
background charge density (C + B charge). Un-
like the point charge, the C + B charge possesses
a self-energy [55—61]. With this definition, and as
illustrated in Fig. 1, the electrostatic contribution
to the free energy of a solvated solute under
NPBC and EWBC, can be further partitioned
into two and three terms, respectively. In prac-
tice, the solute is defined as a low-dielectric cavity
of relative permittivity ¢;, immersed in a solvent
of higher permittivity €,. The Coulomb term cor-
responds to interactions in a homogeneous
medium of permittivity €, (When ¢; # 1, the nota-
tion G, might be more appropriate than E.;).
The solvation term corresponds to the work re-
quired for changing the permittivity outside the
solute from ¢; to ¢, The self-energy term under
EWBC corresponds to the sum of the self-en-
ergies of all solute C + B charges.

The perturbation of the electrostatic free en-
ergy induced by artificial periodicity can then be
quantified as

AAGel = [AGeI]P - [AGel]NP
= ([ECb]P + [AGself]P + [AGS()ZU]P)

_([ECb]NP + [AGsolv]NP) D

We further define the periodicity-induced per-

turbations in the Coulomb and solvation con-
tributions as

AEc,=[Ec,lp—[Ecy]yp and

AAGsolL‘ = [AGSOIU ]P - [AGSOIL‘ ]NP (2)

so that AAG, = AE¢, + AAG,,;, + [AG,,;]p.
The term [AG,,;;]» has been singled out in Fig. 1
because it behaves in some respect like a Cou-
lomb term and in some respect like a solvation
term. For neutral systems, it is reasonable to
associate this term with the Coulomb contribu-
tion, since it is also present in the absence of
solvent. For non-neutral systems, however, the
periodic replicas of the solute and the homoge-
neous background charge may be viewed as
forming a counter-ion atmosphere for the central
solute molecule [58]. In this case, it may be more
physically meaningful to associate it with the sol-
vation term. For the ease of presentation of the
results [AG,,;, ], will be associated with either the
Coulomb or the solvation contribution. We define
the primed quantities [Eg,lp, [AG.,,, 1, AE;,,
and AAG;,,, as the corresponding quantities from
Egs. (1) and (2), increased by [AG,,;/]p.

In the following paragraphs, we briefly state the
equations allowing us to calculate the five (free)
energy contributions of Eq. (1), for a solute bear-
ing N,, atomic point charges {g,} at locations {r,}.
The solvation free energies are obtained from a
finite-difference solution to the Poisson equation.
Rectangular Dirichlet boundary conditions
(potential specified on the surface of the unit cell)
are used to mimic NPBC, whereas rectangular
periodic boundary conditions (periodic potential
and dielectric permittivity) represent EWBC. The
Coulomb energies are estimated by pairwise Cou-
lomb summation under NPBC, and Ewald sum-
mation under EWBC. More details about the
derivation of the equations and their numerical
solution, as well as the possible use of the lin-
earized Poisson—Boltzmann equation to include
implicit counter-ions in the calculations, are pre-
sented elsewhere [58]. The solvation contribution
under NPBC is calculated as
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Fig. 1. Contributions to the electrostatic free energy of a solvated solute. The different contributions are illustrated for a solute
containing four charges, under non-periodic (NPBC) or Ewald (EWBC) boundary conditions. Circles represent charges (NPBC) or
C + B charges (EWBC). Double-ended arrows in the four upper diagrams represent sets of Coulomb interactions between a
reference charge (@) and other charges (O). [E,]yp is the sum of Coulomb interactions between a given solute charge (@) and all
other solute charges (O). [E.,1p is the sum of Coulomb interactions between a given C + B charge in the central solute (@) and all
other C + B charges in the central solute plus their periodic copies (O). [AG,,]p is the sum of the self-energies of C + B charges
in the central solute (e). The self-energy of a C + B charge corresponds to the work for reversibly charging the central charge in the
potential created by its periodic copies (O) and the homogeneous background charge (Wigner potential [55,59-61]). Arrows in the
two lower diagrams represent solvent dipoles. AG,,,;, represents the interaction between charges in the central solute molecule (@)
and the solvent dipoles (arrows). In [AG,,;, 1yp, the solvent is polarized by charges of the single solute molecule (). In [AG,,;, 1,
the solvent is polarized by the C + B charges in the central solute molecule (@) and their replicas (O).

[AG,,,, 1yp = [Glne (€ €) — [Glnr (e, €) Here, ®,,(r) is the (non-periodic) electrostatic

potential corresponding to specific values of ¢;

with and e,. This potential is a solution of the Poisson
N equation

1 at
[Glne = > ;%‘DNP(I}) ) — eV - [e(r)VP(r)] = p(r) 4
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where €(r) is the heterogeneous relative dielectric
permittivity (defined by € and e, respectively,
inside and outside the solute), and p(r) the charge
density originating from the solute charges. As
described elsewhere [58,68], Eq. (4) may be dis-
cretized on a grid spanning the unit cell using a
finite-difference scheme, and solved for the grid-
ded electrostatic potential, from which ®,,,(r) is
interpolated. This solution requires knowledge of
the boundary potential, ®,(r), at the surface of
the unit cell. This potential is approximated by
the Coulomb expression for a medium of homo-
geneous permittivity e,

Nal
XCEDY ! )

1 4776063 ||l' - l'i”

If the unit cell is large enough, so that all solute
atoms are at distances from the surface of the
unit cell which are large compared to their atomic
radii, this finite system will mimic an infinite
system under NPBC with a reasonable accuracy.
The solvation contribution under EWBC is calcu-
lated as

[ A(;sol v ] P

= [G]P(Ei,es) - [G]P(Gi,El‘)

with

1 Nat

[G]P=§Zqi[d>P(ri)—<®P(r)>V] (6)

where (...); denotes averaging over the volume
of the unit cell. Here, ®,(r) is the periodic elec-
trostatic potential corresponding to specific values
of ¢ and ¢,. This potential is a solution of the
Poisson equation under EWBC

— €V [e(@®VP()] =pr) —{pr)y @

As described in a previous article [58], Eq. (7)
may be discretized on a grid spanning the peri-
odic unit cell using a finite-difference scheme,
and solved under periodic boundary conditions
for the gridded electrostatic potential, from which
®,(r) is interpolated.

The Coulomb energy under NPBC is given by
Coulomb’s law

Z

1 o Naigg,

1
“Gree2 X X ®)

i=1j=1,j+i Y

[Ecylne

The prime after the summation sign indicates
that pairs of atoms which are excluded neigh-
bours (usually first and second covalent neigh-
bours) are omitted. Under EWBC, the interaction
energy is calculated by Ewald summation [6-8].
In the present study, we use a Gaussian charge
shaping function of inverse width «, together
with so-called ‘tinfoil’ boundary conditions (zero
potential at the surface of the infinite periodic
system). These choices result in the two following
terms [58]: a pairwise interaction energy term

Naw  Na

11 &
[Ecylp= ~ €2 qujlw[f(rij) )
i=1j=1,j#i
with r;; = r; — r;, and a self-energy term
1 A(L, L ,L,) Nt
[AGself]p = dir€ €. Z QI (10)

The function (r) is given by

., erfe(allr + LIl

1
YO = gme | X T Term

4 = g k?/¢at) T

+— ) —coskr— —

4 1= —o0 %0 k? Va?
11

where L is a diagonal matrix with elements L,
L, and L _, the dimensions of the rectangular unit
cell l is a vector with integer components, k =
27L7'1, and erfc is the complementary error
function. The prime after the summation sign
indicates that when 1= 0 and for pairs of atoms
which are excluded neighbours, erfc should be
substituted by erfc — 1. When « is large enough
so that r~! erfc(ar) is a short-ranged function,
the sum in the first term of Eq. (11) may be
truncated to the 1=0 term, in which case, r;; in
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Eq. (9) should be the minimum-image vector
between charges i and j. The constant
A(LX,Ly,LZ), which defines the Wigner potential,
must be evaluated numerically. In the case of a
cubic unit cell (L, = L,=L,= L) we have [55-61]

A= % with &, = —2.837297 (12)

We note finally that Egs. (8) and (9) do not
exactly describe the work required for assembling
the solute charges from infinite separation, due to
the absence of interactions between excluded
neighbours. However, if the distances between
excluded neighbours are fixed, these expressions
are correct within a (force-field dependent) con-
stant. Since this constant is identical under NPBC
and EWBC, it can safely be ignored in the com-
parison between Coulomb energies corresponding
to the two types of boundary conditions.

3. Molecular model and computational procedures

Coordinates for polyalanine oligopeptides of
N-residue length (N=2, 4, 6, 8 or 10) were
generated using the program CHARMm [69]. The
conformation of the chain is controlled by the
dimensionless parameter A, which defines the
backbone ® and ¢ angles of all residues through

d(A) = —57°(1 — A) — 180°A and
P(A) = —47°(1 — 1) — 180°A (13)

The value A =0 corresponds to the a-helical
conformation, and A =1 to the extended, all-trans
conformation. A is varied from O to 1 by incre-
ments of 0.05. Other internal coordinates (bond
lengths, bond angles, and improper dihedral an-
gles) are fixed to standard values [69]. Results are
reported as a function of the end-to-end distance
e, measured between Ala, (N, ) and Ala, (C.p).
Two charge states of the chain termini are con-
sidered: neutral (NH,- at the N-terminus and
—COOH at the C-terminus), or charged (NH3 - at
the N-terminus and ~COO~ at the C-terminus).
Conformations corresponding to A =0 and 1 for
the octapeptide (N = 8) with charged termini are
represented in Fig. 2a,b.

Initial coordinates for the double-stranded
DNA tetranucleotide 3-TCGA-5 were taken
from the crystallographic coordinates of the dou-
ble-stranded decanucleotide 3'-CTC[TCGA]-
GAG-5 [70], entry 196D of the Protein Data
Bank. The DNA conformation is controlled by a
translation distance d between the two strands,
so that d = 0 nm corresponds to the crystal struc-
ture. The distance d is increased from 0 to 1.5 nm
by increments of 0.02 nm. Other internal coordi-
nates are fixed to values derived from the crystal
structure. Two charge states of the system are

Fig. 2. Conformations of the polyalanine oligopeptides and DNA tetranucleotide. (a,b) Conformations of the octapeptide (N = 8)
with charged termini corresponding to A = 0.0 (a) and 1.0 (b) in Eq. (13); the corresponding end-to-end distances e are 1.3 and 2.8
nm; (c,d) conformations of the double-stranded DNA tetranucleotide (3-TCGA-5') corresponding to d = 0.0 nm (¢) and d = 1.5 nm
(d); explicit Na™ counter-ions (only included in some calculations) are represented as balls. Vertical lines in (b) and (d) indicate the
nearest unit cell walls in the direction of elongation, for a cubic unit cell of edge L =4 nm.
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considered: charged (DNA of charge —8 e, no
explicit counter-ions), or neutral (eight Na*
counter-ions included). In the latter case, the
counter-ions were placed at the midpoint between
the two backbone phosphate oxygens forming no
bonds with a carbon, and their coordinates op-
timized by energy minimization in vacuum, keep-
ing other atoms fixed. Configurations correspond-
ing to d =0 and 1.5 nm are displayed in Fig. 2c,d
for the system including explicit counter-ions.

Sac7d is a small (66 residues, among which 32
charged) hyperthermophilic protein (T,, = 100°C)
from the organism Sulfolobus acidocaldaricus
[64—66]. We carried out [67] a 0.9-ns MD simula-
tion of the protein at 550 K, using the GRO-
MOS96 program and force-field [71] together with
the P;M method [9-11]. The simulation was per-
formed in a rectangular unit cell containing the
protein and 3956 SPC water molecules in the
absence of counter-ions (total system charge +6
e). As evidenced by the time evolution of the
radius of gyration, root-mean-square deviation
from the NMR structure, and secondary structure
content [67], this simulation did not achieve un-
folding of the protein. This result is in contrast
with other protein simulations at similar tempera-
tures and of similar lengths, but using cutoff
truncation of the electrostatic interactions
[72-75]. To investigate whether the perturbation
imposed by artificial periodicity under EWBC may
be responsible for the unexpected stability of the
protein during this simulation, the continuum
analysis presented here was applied to 180 con-
figurations taken from the simulated trajectory at
intervals of 5 ps.

For the three systems, the solvation free ener-
gies under NPBC Eq. (3), or EWBC Egq. (6), were
calculated using a modified version of the UHBD
program [68]. A grid spacing g=0.05 nm was
selected. For the oligopeptides and the tetranu-
cleotide, calculations under EWBC were per-
formed using a cubic unit cell of edge L =4 nm.
For Sac7d, the unit cell dimensions under EWBC
were those used during the MD simulation, 4.7 X
4.9 X 5.6 nm. Under NPBC, the edge lengths were
increased by a distance D =2 nm with respect to
the EWBC value, in order to increase the dis-
tances between the solute atoms and the surface

of the unit cell, and Eq. (5) was used to define the
potential on the surface of the enlarged unit cell.
For the oligopeptides and the tetranucleotide, the
three principal axes of the solute were aligned
with the Cartesian axes of the unit cell prior to
calculation. This was not done for the Sac7d
configurations. Solute cavities were defined as the
contact and reentrant surface obtained by rolling
a probe of 0.14 nm radius over the molecule. For
the oligopeptides and the tetranucleotide, the
atomic radii and charges were taken from the
commercial version of the CHARMmM(22) force
field [69]. For Sac7d, the GROMOS96 atomic
charges and radii [71] were employed for compati-
bility with the MD simulation. The solute and
solvent permittivities were set to ;=1 and €, =
78 (water), respectively, and the temperature to
T =300 K.

The Coulomb interaction energies under NPBC
Eq. (8), and EWBC Eq. (9), were calculated using
a modified version of the GROMOS96 program
[71], using either CHARMmM(22) (oligopeptides,
tetranucleotide) or GROMOSY96 (Sac7d) charges.
Under EWBC (Ewald summation), a Gaussian
shaping function of inverse width =4 nm™!
was used, together with a real-space cutoff R, =1

nm and /-vector components ranging from —/, .

to [,,, and overall norm inferior to /2, ., with
lqx=50. The sensitivity of the results on the

specific choice of D, g, @, R, and [, was
tested, and small changes in these parameters did
not alter significantly the calculated (free) ener-
gies.

4. Results
4.1. Polyalanine oligopeptides with neutral termini

The Coulomb and solvation contributions to
the electrostatic free energy for the polyalanine
oligopeptides with neutral termini, under NPBC
and EWBC, are displayed in Fig. 3a as a function
of the end-to-end distance e. The contribution
[AG,,/r]p to [E¢,lp is a constant and evaluates to
—103.0, —191.2, —279.4, —367.6, and —455.8
kJ/mol for N=2, 4, 6, 8, and 10, respectively.
The curves corresponding to [E.,1yp and [E¢,1p,
as well as those corresponding to [AG,,,, ]y, and

solv
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Fig. 3. Electrostatic contributions to the PMF for unfolding
oligopeptides with neutral termini. Coulomb and solvation
contributions to the electrostatic free energy (a), as well as
their sum (b), under NPBC and EWBC, are displayed as a
function of the end-to-end distance e for polyalanine
oligopeptides with N residues (N =2, 4, 6, 8 or 10). The
solute and solvent relative permittivities are €; = 1 and €, =78,
respectively. Under EWBC, the periodic unit cell is a cube of
edge L =4 nm, and the principal axes of the oligopeptide are
aligned with the edges of the cube. (a) Coulomb and solvation
contributions: [E.,]yp &) from Eq. 8), [E¢,1p =[Ec,1p
+[AG;,¢lp (— — —) from Eqgs. (9) and (10), [AG,,;, Iyp
(.......) from Eq. (3), and [AG,,,;, 1 (-----) from Egq. (6); (b) total
electrostatic free energy: [AG,;]lyp —) and [AG,;]p (—

— —), see Eq. (1). Curves corresponding to NPBC and
EWBC are nearly indistinguishable on the scale of the graphs.

[AG,,,, 1, are indistinguishable on the scale of
the graph. The Coulomb contribution increases
with increasing e, due to the disruption of hydro-
gen bonds between backbone amide groups. The
sign of this contribution (positive in the present
case) is force-field dependent and irrelevant (see
Section 2). The solvation contribution is always
negative, since electrostatic solvation is a favor-
able process. After a slight initial increase, the

curves decrease with increasing e due to the
exposure of polar backbone amide groups to the
solvent. Finally, the curves increase slightly again
for highly extended conformations.

The curves representing the sum of the two
contributions, i.e. the total electrostatic contribu-
tion to the PMF, are displayed in Fig. 3b. Here
again, curves corresponding to NPBC and EWBC
do not significantly differ. Under NPBC, the a-
helical conformations are separated from more
extended conformations by barriers of 9.2, 18.2,
60.1, 91.2, and 121.7 kJ /mol for N=2, 4, 6, §,
and 10, respectively, as measured from the a-heli-
cal conformation to the maximum of the PMF.
These values are increased by 0.1-0.2 kJ/mol
under EWBC. Under NPBC, the «-helical con-
formations are favored electrostatically with re-
spect to extended conformations by 6.5, 7.1, 28.6,
38.6, and 52.3 kJ /mol for N=2, 4, 6, 8, and 10,
respectively, as measured from the a-helical con-
formation to the other minimum of the PMF.
These values are increased by 0.2-0.4 kJ/mol
under EWBC. That the a-helical conformation is
favored electrostatically does not mean, however,
that it is actually more stable, since the shape of
the overall PMF depends on three other con-
tributions: (i) covalent interactions, especially
terms arising from torsional dihedral angles; (ii)
non-polar interactions, including solute—solute
and solute—solvent van der Waals interactions,
and a cavity or ‘hydrophobic’ term; and (i) a
contribution arising from the conformational en-
tropy of the chain, which depends on the average
of the Boltzmann factor over all conformations
compatible with a given value of e. Whereas the
first contribution is probably minor, the second
contribution is likely to be large. Below the value
of e corresponding to the a-helical conformation,
the solute—solute van der Waals term will in-
crease sharply with decreasing e, balancing the
decrease in the electrostatic free energy with de-
creasing e. The cavity term will favor the more
compact a-helical conformation. Finally, the en-
tropic contribution is likely to disfavor both the
a-helical and all-trans conformations with respect
to intermediate ones. This entropic contribution
will also drastically reduce the unrealistically high
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barriers displayed by the electrostatic PMFs for
the unfolding of the helices. In other words, the
one-parameter unfolding pathways described by
Eq. (13) are too simplistic to account correctly for
the true free energy barriers.

Although the electrostatic PMFs displayed in
Fig. 3b should not be overinterpreted, they are
probably sufficient to investigate qualitatively the
effect of artificial periodicity on the conformatio-
nal equilibrium. The curves representing the peri-
odicity-induced perturbation of the Coulomb and
solvation contributions are displayed in Fig. 4a.
The perturbations are small in magnitude (at
most +2.3 kJ /mol for the a-helical conformation
of the decapeptide) compared to the contribu-
tions themselves. The shift caused by artificial
periodicity in the Coulomb contribution is always
negative. It is caused by the favorable interaction
between the dipole of the oligopeptide in the
central unit cell and the aligned dipoles of its
periodic replicas. Note that the interaction
between a dipole in the central unit cell and its
aligned replica in an adjacent unit cell will be
stabilizing only for cells which are located in the
direction of the dipole. However, since oligopep-
tides are very elongated in the direction of the
dipole, the stabilizing interactions will dominate.
Since this effect is correlated with the size of the
dipole moment (Fig. 4a, inset), its magnitude de-
creases with increasing e to reach a value close to
zero for the all-trans conformation. The shift in
the solvation contribution caused by artificial pe-
riodicity is always positive. It is caused by the
perturbation of the solvent by the periodic repli-
cas of the oligopeptide, which renders the solvent
less available for the solvation of the central
oligopeptide, see Fig. 1. Since the solvation of a
dipole in a cavity is related to the square of the
dipole moment [76], this effect is correlated with
the size of the dipole moment of the oligopeptide,
and decreases with increasing e to reach a value
close to zero for the all-trans conformation. The
decrease is monotonic except for the decapeptide
(N = 10), where we observe a peak at high exten-
sion. This peak may be due to the increase in the
dipole moment observed for the most extended
conformations of long oligopeptides (Fig. 4a, in-
set). Alternatively, it may correlate with the close
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Fig. 4. Periodicity-induced perturbation of the PMF for un-
folding oligopeptides with neutral termini. The periodicity-in-
duced perturbations of the Coulomb and solvation contribu-
tions (a), as well as of their sum (b), are displayed as a
function of the end-to-end distance e for oligopeptides with N
residues (N=2, 4, 6, 8 or 10). See legend of Fig. 3. (a)
Perturbation of the Coulomb contribution, AEy, = AE., +
[AG;,;;]p ), and of the solvation contribution, AAG

solv
(— — —), see Eq. (2); inset: overall dipole moment of the

oligopeptides as a function of e for (left to right) N =2, 4, 6, 8
and 10; (b) perturbation of the total electrostatic free energy,
AAG,;, from Eq. (1).

proximity (<1 nm) between the termini of the
central oligopeptide and the opposite termini of
oligopeptides in adjacent unit cells.

The sum of the periodicity-induced shifts in the
Coulomb and solvation contributions, AAG,;, is
displayed in Fig. 4b. The two opposite effects,
already small individually, significantly cancel each
other resulting in an overall perturbation of very
small magnitude (always below 0.3 kJ/mol, ex-
cept for N =10). For N =2-8, the perturbation
in the Coulomb contribution slightly dominates,
and artificial periodicity results in a weak
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stabilization of the a-helical conformation with
respect to more extended ones. For N = 10, the
solvation effect dominates for the most extended
conformations and a peak is observed at e =3.3
nm, as was the case in the perturbation of the
solvation contribution (Fig. 4a).

4.2. Polyalanine oligopeptides with charged termini

The Coulomb and solvation contributions to
the electrostatic free energy for the polyalanine
oligopeptides with charged termini, under NPBC
and EWBC, are displayed in Fig. 5a. The con-
tribution [AG,,;/]p to [E¢,]p, is a constant and
evaluates to —102.2, —190.4, —278.6, —366.8,
and —455.0 kJ/mol for N=2, 4, 6, 8 and 10,
respectively. In contrast to the case of oligopep-
tides with neutral termini (Fig. 3a), the curves
corresponding to NPBC and EWBC now differ
significantly on the scale of the graph for N > 8.
The Coulomb contributions, [E.,]yp and [Ep,]1p,
decrease with increasing e. Oligopeptides with
charged termini are destabilized by the unfavor-
able interaction between the dipole created by
backbone amide groups and the charges at the
chain termini. The magnitude of this interaction
is correlated with the size of the backbone dipole
moment (see Fig. 4a, inset) and thus decreases
with increasing e. The slope of the curve is more
negative under EWBC. The solvation contribu-
tions, [AG,,,, 1yp and [AG,,,, 15, are negative and
increase with e, the slope of the curve being more
positive under EWBC.

Curves representing the total electrostatic con-
tribution to the PMF are displayed in Fig. 5b.
Under NPBC, the a-helical conformations are
separated from extended conformations by barri-
ers of 6.8, 7.3, 12.5, 40.1, and 69.7 kJ /mol for
N=2,4,6, 8 and 10, respectively, as measured
from the a-helical conformation to the maximum
of the PMF. Extended conformations are favored
electrostatically with respect to «a-helical confor-
mations by —35.7, —21.3, —29.3, —26.9, and
—16.3 kJ /mol for N=2, 4, 6, 8 and 10, respec-
tively, as measured from the a-helical conforma-
tion to the other minimum of the PMF. The
electrostatic free energies of the a-helical confor-
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Fig. 5. Electrostatic contributions to the PMF for unfolding
oligopeptides with charged termini. Coulomb and solvation
contributions to the electrostatic free energy (a), as well as
their sum (b), under NPBC and EWBC, are displayed as a
function of the end-to-end distance e for polyalanine
oligopeptides with N residues (N=2, 4, 6, 8 or 10). See
legend of Fig. 3. Curves corresponding to NPBC and EWBC
can now be distinguished on the scale of the graphs (for
N> 8).

mations are weakly affected by the introduction
of periodicity. However, extended conformations
have significantly higher electrostatic free ener-
gies under EWBC. Artificial periodicity increases
the barriers by 0.0, 0.1, 0.1, 0.4, and 0.5 kJ /mol,
and the free energy differences between extended
and a-helical conformations by 0.3, 0.6, 1.1, 1.1,
and 3.6 kJ /mol for N =2, 4, 6, 8 and 10, respec-
tively. The magnitude of the perturbation is in no
case strong enough to invert the relative elec-
trostatic stabilities of the a-helical and extended
conformations when going from NPBC to EWBC.
Note, however, that the overall PMF depends on
additional covalent, non-polar and entropic con-
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tributions (see above), so that we cannot draw
conclusions on which conformations will domi-
nate in an MD simulation under EWBC.

To understand the causes of the periodicity-in-
duced shifts observed in Fig. 5, the periodicity-in-
duced perturbation of the Coulomb and solvation
contributions are presented in Fig. 6a. The shift
in the Coulomb contribution caused by artificial
periodicity is in all cases negative. It decreases
quasi-linearly in magnitude with increasing e, and
is close to zero for the a-helical conformation.
This negative shift is due to the favorable interac-
tion between the charged termini of the oligopep-
tide in the central unit cell and the oppositely
charged termini of the oligopeptides in adjacent
unit cells, an effect which is larger for extended
conformations. An equally valid view is that the
overall dipole moment, including contributions
from the backbone amide groups and charged
termini, is dominated by the latter contribution
and thus increases with increasing e (Fig. 6a,
inset). Consequently, the favorable dipole—dipole
interactions between the central dipole and
dipoles in adjacent unit cells increase in magni-
tude with increasing e. The shift in the solvation
contribution caused by artificial periodicity is in
all cases positive, and increases steeply in magni-
tude with increasing e. Again, there are two alter-
native interpretations. First, the minimum image
distance between positive and negative charges
on opposite termini of the central chain and its
periodic replicas decreases with increasing e,
thereby reducing their solvation. Second, this shift
may be viewed as a consequence of the perturba-
tion of the solvent by the periodic replicas of the
solute, which renders the solvent less available for
the solvation of the central solute. As in the case
of oligopeptides with neutral termini, the effect
increases in magnitude with the size of the overall
dipole moment. However, unlike in the former
case, the overall dipole moment now increases
with increasing e.

The sum of the periodicity-induced shifts in the
Coulomb and solvation contributions, AAG,;, is
displayed in Fig. 6b. The two opposite effects
largely compensate each other, especially for the
smallest oligopeptides (N =2 or 4), and for the
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Fig. 6. Periodicity-induced perturbation of the PMF for un-
folding oligopeptides with charged termini. The periodicity-in-
duced perturbations of the Coulomb and solvation contribu-
tions (a), as well as of their sum (b), are displayed as a
function of the end-to-end distance e for oligopeptides with N
residues (N =2, 4, 6, 8 or 10). See legend of Fig. 4. Inset in
(a): overall dipole moment of the oligopeptides as a function
of e for (left to right) N =2, 4, 6, 8 and 10. The contributions
of backbone amide groups to this overall dipole moment are
very similar to those displayed in the inset of Fig. 4a.

most compact conformations. However, for longer
oligopeptides, the solvation effect dominates, and
induces a strong stabilization of the o-helical
conformation with respect to more extended ones.
This test system illustrates that the effect of the
solvent cannot be reduced to a scaling of the
perturbation of the Coulomb contribution by e,.
Evaluating the periodicity-induced perturbation
in this way will generally lead to underestimating
the effect [54]. To obtain a more accurate descrip-
tion, the perturbation of the solvation contribu-
tion needs to be calculated explicitly, as is done in
the present study.
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A relevant question at this point is: what is the
minimal dimension of the unit cell required to
render the periodicity-induced perturbation negli-
gible? We address this question in the specific
case of the octapeptide (N = 8). The periodicity-
induced perturbation of the PMF, AAG,,, is dis-
played in Fig. 7 for four different unit cell sizes.
As expected, the perturbation becomes less im-
portant when the box size increases. The differ-
ences in AAG,; between the most extended con-
formation and the a-helical conformation are 3.3,
1.1, 0.5, and 0.2 kJ /mol for L =4, 5, 6 and 8 nm,
respectively. This quantity varies with the unit cell
size as L~°, and a linear least-squares fit leads to
a proportionality coefficient of 3254 kJ - nm® /mol.
Thus we estimate that boxes of edge larger than
4.3 or 7.3 nm are required in order to keep this
difference below k;zT or 0.1 k,zT, respectively.

4.3. DNA tetranucleotide

The Coulomb contributions, under NPBC and
EWBC, to the PMF for separating the two strands
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Fig. 7. Periodicity-induced perturbation of the PMF for un-
folding an octapeptide with charged termini. The periodicity-
induced perturbation of the PMF is displayed as a function of
the end-to-end distance e for four different sizes of the cubic
unit cell. See legend of Fig. 6.

of the DNA tetranucleotide in the absence of
counter-ions are displayed in Fig. 8a. Under
NPBC, [E.,]lyp increases with increasing d for
d <0.15 nm, due to the disruption of hydrogen
bonds between base pairs. Beyond this distance,
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Fig. 8. Electrostatic contributions to the PMF for separating the strands of the DNA tetranucleotide. The Coulomb (a,b) and
solvation (c,d) contributions to the electrostatic free energy are displayed as a function of the strand-to-strand distance d (see Fig.
2) for the DNA tetranucleotide 3-TCGA-5, in the absence (a,c) or presence (b,d) of eight explicit Na* counter-ions. The solute
and solvent relative permittivities are €; =1 and ¢, = 78, respectively. Under EWBC, the periodic unit cell is a cube of edge L =4
nm, and the principal axes of the tetranucleotide are aligned with the edges of the cube. (a,c) Coulomb contributions, [Ec,]yp —

—) from Eq. (8), and [E, ], (— — —) from Eq. (9); (b,d) solvation contributions: [AG,,;,]yp €

= [AG,,;,1p +[AG,,]p (— — —) from Egs. (6) and (10).

) from Eq. (3) and [AG],,,1p
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[Ecplyp is @ decreasing function of d, due to the
decreasing repulsion between the negatively-
charged phosphate groups on the two DNA
strands. Under EWBC, a similar initial increase
in [E,]p is observed for d < 0.2 nm, followed by
a slight decrease between 0.2 and 0.5 nm. Beyond
this distance, and in contrast to the NPBC case,
[E.,]p steeply increases with increasing d, be-
cause this term is dominated by the additional
repulsive interaction between the negatively-
charged backbone phosphate groups on the cen-
tral DNA molecule and the corresponding groups
on its periodic replicas. The periodicity-induced
perturbation of the Coulomb energy AE., (not
shown) is thus positive for d > 0.2 nm and rapidly
increases with increasing d to reach a value of
703 kJ/mol at d=1.5 nm. The Coulomb con-
tributions to the PMF for separating the DNA
strands in the presence of counter-ions are dis-
played in Fig. 8b. In contrast to the previous case,
the [E-,lyp and [E., ], curves have similar
shapes. Both increase with increasing d for d <
0.3 nm, corresponding to the disruption of hydro-
gen bonds between base pairs, and level off bey-
ond this distance. The periodicity-induced pertur-
bation of the Coulomb energy, AE_, (not shown),
is large (approx. 642 kJ/mol) but only weakly
sensitive to d, increasing quasi-linearly by 1
kJ /mol from d =0 to d = 1.5 nm.

The solvation contributions to the PMF in the
absence of counter-ions are displayed in Fig. 8c.
The contribution [AG,,;;], to [AG],, ], is a con-
stant evaluating to —2815 kJ /mol. Under NPBC,
[AG,,,,1yp is an increasing function of d, except
between 0.25 and 0.4 nm. This increase can be
understood by analogy with the Born model [77].
The dependence of the electrostatic solvation free
energy on the square of the solute charge causes
a less favorable solvation for two separated DNA
strands (charge —4 e) compared to a double-
stranded DNA molecule (charge —8 e). The slight
decrease between 0.25 and 0.4 nm is a conse-
quence of the definition of the solute—solvent
dielectric boundary as a probe-accessible surface.
In this range of distance, the nucleotide bases
become suddenly accessible to the solvent, caus-
ing the decrease in the solvation free energy.

Under EWBC, an increase in the distance
between the strands corresponds to a decrease in
the distance between the negatively-charged
phosphate groups on the central DNA molecule
and the corresponding groups on its periodic
replicas. Consequently, artificial periodicity re-
verses the dependence of the solvation contribu-
tion on d, and [G),,, ], now decreases with in-
creasing d over the whole range of distances. The
periodicity-induced perturbation of the solvation
free energy, AAG,,,, (not shown), is thus negative
and rapidly increases in magnitude with increas-
ing d to reach a value of —743 kJ/mol at d = 1.5
nm. The solvation contributions to the PMF for
separating the DNA strands in the presence of
counter-ions are displayed in Fig. 8d. The con-
tribution [AG,,/], to [AG,,], is a constant
evaluating to —3209 kJ /mol. The [AG,,,,]1yp and
[AG.,;, 1, curves differ significantly only at large
separations. The periodicity-induced perturbation
of the solvation contribution, AAG!,,, (not
shown), is positive. For values of d between 0 and
0.7 nm, it is small and moderately sensitive to d,
varying from 2.9 to 1.9 kJ/mol over this range.
Beyond this distance, it raises quickly towards a
value of 14.8 kJ /mol at d = 1.5 nm.

The curves representing the total electrostatic
contributions to the PMF, AG,,, are displayed in
Fig. 9a. The value of AG,, at d =0 has been
subtracted for easier comparison. In the absence
of counter-ions, and in spite of the very different
behavior of the Coulomb and solvation contribu-
tions under NPBC and EWBC (Fig. 8a,c), the
shapes of the [AG,,]yp, and [AG,,], curves look
surprisingly similar. The double-stranded confor-
mation is electrostatically favored compared to
dissociated strands by approximately 28 and 30
kJ /mol under EWBC and NPBC, respectively, as
measured between d =0 and d = 0.6 nm. A bar-
rier of approximately 154-155 kJ /mol separates
these conformations. Here again, this barrier
should not be taken too seriously due to the
one-parameter pathway considered here. The
[AG,,]p curve is shifted down by approximately 51
kJ /mol with respect to the [AG,,]yp curve (see
the values of these terms at d = 0, legend of Fig.
9). Such a negative shift is qualitatively similar to
the negative shifts in the electrostatic free energy
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Fig. 9. Periodicity-induced perturbation of the PMF for the
separating the strands of the DNA tetranucleotide. The total
electrostatic free energy (a), and the periodicity-induced per-
turbation of this free energy (b), are displayed as a function of
the strand-to-strand distance d for the DNA tetranucleotide
3-TCGA-5. See legend of Fig. 8. (a) Total electrostatic free
energy in the absence of counter ions, [AG,;]yp (—) and
[AG,;]p (----), or in the presence of counter-ions, [AG,;]yp (
— — —) and [AG,]p C........ ), see Eq. (1); (b) perturbation of
the total electrostatic free energy: AAG,; from Eq. (1) in the
absence ( ) or presence (— — —) of counter-ions. For
readability, the values of AG,; (a) or AAG,; (b) at d =0 have
been subtracted. These evaluate to [AG,lyp = —2525,
[AG,;]p = —2576, and AAG,;= —51 kJ/mol in the absence
of counter-ions, and [AG,;]yp = —5846,[AG,;], = — 6486, and
AAG,; = —640 kJ /mol in the presence of counter-ions.

observed for spherical ions [58]. Although the
inclusion of counter-ions results in very different
Coulomb and solvation contributions (Fig. 8b,d),
the curves representing the total electrostatic
PMF are strikingly similar to those obtained in
the absence of counter-ions. Note, however, that
the [AG,;], curve is now shifted down by approxi-
mately 640 kJ/mol with respect to the [AG,;]yp
curve.

The curves representing the periodicity-in-
duced perturbation of the PMF, AAG,,, are dis-
played in Fig. 9b. The value of AAG,; at d =0
has been subtracted for easier comparison. In the
absence of counter-ions, artificial periodicity
raises the barrier by approximately 1 kJ/mol.
Above d =0.35 nm, the Coulomb effect domi-
nates over the solvation effect and AAG,, —
AAG,,(d =0) increases quickly with distance to
reach a value of 10.9 kJ /mol at d = 1.5 nm. The
inclusion of artificial periodicity under EWBC
thus provides a strong additional stabilization of
the double-stranded configuration with respect to
the dissociated strands. In contrast, in the pres-
ence of explicit counter-ions, the perturbation of
the electrostatic PMF is dominated by the pertur-
bation of the solvation contribution. AAG,, —
AAG,(d=0) slowly decreases for d <0.7 nm,
down to a value of —0.7 kJ/mol. Beyond this
distance the curve increases steeply with increas-
ing d to reach a value of 12.8 kJ/mol at d = 1.5
nm. Thus, in this case the periodicity-induced
perturbation results in a limited destabilization of
the double-stranded configuration with respect to
configurations with a small separation of the
strands (d < 0.7 nm), but a strong stabilization of
the double-stranded configuration with respect to
the dissociated strands at large separations.

4.4. Sac7d

Correlations between (free) energy contribu-
tions corresponding to 180 solute configurations
sampled during the explicit-solvent MD simula-
tion of the protein Sac7d at 550 K under EWBC
[67] are presented in Fig. 10. The contribution
[AG,, ;] is a constant and evaluates to —1998
kJ /mol. Parameters obtained from a least-squares
fit corresponding to these and other correlations
are reported in Table 1. The correlation between
the Coulomb energies [E,l, and [Eqplyp, 18
displayed in Fig. 10a. Since the intramolecular
Coulomb energy generally increases during the
unfolding of a protein, the direction of the un-
folded state is towards the right of the graph. The
linear correlation is good (r = 0.992) and the cal-
culated slope is 0.9989. This slope corresponds to
a periodicity-induced destabilization of the folded
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structure (min{[ E,]y»}) with respect to the most
unfolded structure observed in the simulation
(max{[ E¢,1yp}D) by 8, — 8, =1.7 kJ /mol. The cor-
relation between the solvation free energies
[AG,,,, ], and [AG,,,, ]1yp, is presented in Fig.
10b. Since the solvation free energy will generally
become more negative upon unfolding, the direc-
tion of the unfolded state is now towards the left
of the graph. The linear correlation is also
good (r=0.991) and the calculated slope is
0.9963. This slope corresponds to a periodicity-
induced stabilization of the folded structure
(max{[AG,,,,1yp}) with respect to the most un-
folded structure observed in the simulation
(min{[AG,,;, Iyp}) by 8, — 8, =5.7 kI /mol. Since
the folded state is stabilized by 5.7 kJ /mol in the
solvation contribution, and destabilized by only
1.7 kJ/mol in the Coulomb contribution, the
overall periodicity-induced stabilization is 4.0
kJ /mol. This estimate relies on the assumption
that the degree of unfolding can be monitored
through [E.,]yp or through [AG,,,, 1yp, and that
for any configuration, a high value of the former
quantity implies a low value of the latter. The
validity of this assumption is supported by the
good correlation (r = —0.989) between [AG,,;, Ixp
and [E.,lyp, with a slope close to minus one
(—0.9122).

Table 1

Other estimates for the periodicity-induced
perturbation can be obtained from the correla-
tions of [AG, 1y, or [AG, ], with [E-,]1yp or
[AG,,,,1yp- The slopes corresponding to the cor-
relations of [AG,]yp and [AG,], with [E;,]yp
differ by 0.0017, which corresponds to an artificial
stabilization of the folded state by 2.9 kJ /mol (i.e.
the difference between o, for these two correla-
tions). For the correlations of [AG,;],,» and [AG,;]
with [AG,,,, 1yp, the slopes differ by 0.0020, which
corresponds to an artificial stabilization of the
folded state by 3.0 kJ /mol. These estimates agree
well with the above number of 4.0 kJ /mol.

A perturbation of 3-4 kJ /mol (0.7-0.9 k,T at
550 K) may appear small at first sight. However,
since conformations were sampled by MD under
EWBC, the sampling of unfolded conformations
with a periodicity-induced destabilization larger
than approximately kg7 is unlikely. Conse-
quently, the observed perturbation is about the
maximal perturbation that one can expect to
observe in this case, and the artifactual stabiliza-
tion of the folded state is certainly significant. Of
course, a larger effect might be observed if the
configurations are generated by MD simulation
using cutoff truncation instead of the P;M
method. Such a study is in progress.

Finally, we note the good correlation (r = 0.920)

Correlations between (free) energy contributions calculated for 180 Sac7d configurations

(o) 0, r a

b o) d

(kJ /mol) (kJ /mol) (ly<J /mol)
[Ecplvp [E'cplp 0.992 0.9989 —1174.5 1652.2 1650.5
[AG,,,, Ivp [AG,,,, 1 0.991 0.9963 1123.8 1529.2 15235
[Ecplvp [AG,;, Ivp —-0.989 -0.9122 —-10793.9 1652.2 —1507.2
[E'c]p [AG,,,, ] ~0.990 ~0.9108 ~10704.8 1688.8 —1538.2
[Ecplvp [AG,1yp 0.548 0.0878 —-10793.9 1652.2 145.0
[Ecplyp [AG,]p 0.555 0.0895 —10807.5 1652.2 147.9
[GooroIvp [AG,1yp —-0.420 —0.0730 —11676.6 1529.2 —-111.7
[AG,,;, Ivp [AG,,]p —0.429 —0.0750 117113 1529.2 —114.7
[AG,,,,]p %E;@’" 0.920 1.0331 363.8 1563.5 1615.2

Correlations between the two quantities Q; and Q, are given in the form of parameters issued from a least-square fit of Q, =f(Q,)
to a straight line: correlation coefficient (r), slope (a), intercept Q, at Q; =0 (b). 6, and 3, are defined as 8, = max{Q,} — min{Q,}
and 8, = (a-max{Q,} + b) — (a-min{Q,} + b), where min {Q,} and max {Q,} denote the minimal and maximal values of Q. _The
different quantities Q; and Q, are defined in Eq. (1). Primed quantities include the self-term [AG,,;]p = —1998 kJ /mol. E;{" is
the protein—solvent energy monitored during the explicit-solvent MD simulation. This quantity was calculated by subtracting from
the Ewald energy [Eq. (9)] corresponding to the protein and solvent charges, the Ewald energies corresponding to the protein

charges alone and to the solvent charges alone [67].
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Fig. 10. Periodicity-induced perturbation of the electrostatic
(free) energy contributions for Sac7d. Correlations between
(free) energy contributions under NPBC and EWBC are dis-
played for 180 conformations of the protein. Correlations of
(@) [Ecplp =[Ecplp +[AG,,i11p, from Egs. (9) and (10), with
[Ecplyp from Eq. (8); (b) [AG,,,,]p from Eq. (6) and
[AG,,;, 1yp from Eq. (3); regression parameters for these and
other correlations are reported in Table 1. The symbol U
indicates the direction of the unfolded state.

between [AG,,;,]p, as obtained from the contin-
uum calculation, and the protein—solvent interac-
tion energy divided by two, 1/2E;{", as moni-
tored during the explicit-solvent simulation. The
calculated slope is very close to unity (1.0331).
Such a correlation with unit slope is expected if
the polarization of the solvent is linear in the
applied electrostatic field (linear-response), and
so long as instantaneous solvent configurations
can be compared with the (time-averaged) contin-
uum representation. The excellent correlation in-
dicates that both conditions are met in the pre-
sent case. This, of course, is likely to be a conse-
quence of the net charge of the protein (—6 e),

which is small enough to avoid dielectric satura-
tion of the solvent, yet large enough to impose a
strong electric field around the protein.

5. Conclusion

In the present study we investigated, using con-
tinuum electrostatics, the nature and magnitude
of artifacts linked with the use of the Ewald and
related (P;M, PME, FMM) methods in explicit-
solvent simulations. The results indicate that arti-
ficial periodicity imposed by the use of Ewald
boundary conditions (EWBC) instead of non-
periodic boundary conditions (NPBC) may sig-
nificantly perturb the electrostatic PMFs for con-
formational equilibria of solvated biomolecules.

For polyalanine oligopeptides with neutral
termini in water, artificial periodicity results in a
limited (< 0.3 kJ /mol) additional stabilization of
the a-helical conformation with respect to more
extended ones. Due to the small magnitude of
this effect, the use of EWBC in an explicit-solvent
simulation is unlikely to affect significantly the
conformational equilibria of such oligopeptides.
In contrast, when the termini of the oligopeptides
are charged, the periodicity-induced perturbation
results in a large increase in the electrostatic free
energy of extended conformations. Under NPBC,
the electrostatic free energies of the extended
conformations (at the minimum of the PMF) are
always lower than those of the a-helical confor-
mations. Under EWBC, and for a cubic unit cell
of edge L =4 nm, the corresponding (negative)
free energy differences are increased by 1.1, 1.1,
and 3.6 kJ/mol, for the hexa-, octa-, and de-
capeptide, respectively. The use of EWBC in an
explicit-solvent simulation is thus likely to sig-
nificantly bias the conformational equilibria of
oligopeptides with charged termini. Such confor-
mational artifacts are strongly dependent on the
unit cell size, in this specific case proportional to
L3, and we estimate that in the case of the
octapeptide, a box of edge of at least 4.3 nm is
required to keep the effect of the perturbation
below kzT. We are also currently investigating
whether such a box-size dependence can be
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observed in explicit-solvent MD simulations.

For a DNA tetranucleotide in the absence of
counter-ions, artificial periodicity also results in a
strong (up to 10.9 kJ /mol for L =4 nm) additio-
nal stabilization of the double-stranded configu-
ration with respect to the separated strands. In
the presence of explicit counter-ions, the peri-
odicity-induced perturbation results in a limited
(<0.7 kJ/mol for L =4 nm) destabilization of
the double-stranded configuration with respect to
configurations with a small separation between
the strands (d < 0.7 nm), but a strong (up to 12.8
kJ/mol for L =4 nm) stabilization of the
double-stranded configuration with respect to the
dissociated strands at large separations.

Finally, the analysis of 180 conformations sam-
pled during a 0.9-ns MD simulation of the protein
Sac7d at 550 K using the P;M method reveals a
periodicity-induced stabilization of the folded
state with respect to the most unfolded state
observed during the simulation by 3-4 kJ/mol
(0.7-0.9 kzT). Since the sampling of unfolded
conformations with a periodicity-induced
destabilization larger than about k;z7 is unlikely
in an explicit-solvent simulation under EWBC,
this artifactual destabilization of unfolded confor-
mations is certainly significant. Therefore the use
of EWBC is probably in large part responsible for
the unexpected stability of the protein during the
simulation.

From this and a previous study [58], we can
discuss the factors controlling the magnitude of
artifacts linked with the use of EWBC. The peri-
odicity-induced perturbation of an electrostatic
PMF is often reduced by a significant cancellation
between much larger perturbations in the Cou-
lomb and solvation contributions. This cancella-
tion will be most effective in the presence of a
solvent of high dielectric permittivity (e.g. water),
and when the ratio of the size of the low-dielec-
tric solute cavity to the size of the unit cell is
small (e.g. small spherical ions [58]). If a solvent
of low permittivity is considered, the perturbation
in the Coulomb term will dominate, and large
periodicity-induced artifacts can be expected. In-
deed, when the permittivity of the solvent is unity
(vacuum), solvation effects will completely vanish.

Even in a solvent of high permittivity, artifacts
may arise when the size of the low-dielectric
cavity is not negligible compared to the size of the
unit cell. This is the case for all biomolecular
systems considered in the present study. Depend-
ing on the system, the imbalance between the
perturbations in the Coulomb and solvation terms
may result in a dominance of the Coulomb term
(e.g. oligopeptides with neutral termini and the
tetranucleotide without counter-ions), or of the
solvation term (e.g. oligopeptides with charged
termini, the tetranucleotide with counter-ions, and
Sac7d). However, irrespective of which term
dominates, artificial periodicity always stabilizes
the most compact form of the biomolecule. If this
turns out to be a general feature of periodicity-in-
duced perturbation, artificial periodicity may be
one cause for the high stability of the native
conformations of biomolecules observed in
explicit-solvent simulations under EWBC
[31-33,45,46). Finally, the magnitude of the arti-
fact is correlated with the number, magnitude and
locations of the charges in the system. This corre-
lation is, however, not straightforward. As evi-
denced by the oligopeptides with charged termini,
neither the neutrality of the solute nor the
absence of charges at distances exceeding half the
unit cell size do guarantee the absence of arti-
facts. On the other hand, the presence of a non-
neutral solute seems to always be associated with
the presence of artifacts.

Although Ewald and related methods are for-
mally exact for periodic systems, they are only
approximate for simulating solutions, since solu-
tions are inherently non-periodic. The present
study shows that artificial periodicity may induce
strong perturbations in the PMFs for conforma-
tional equilibria of biomolecules in solution. Our
method based on continuum electrostatics allows
to identify and estimate the magnitude of these
artifacts. It is our hope that this knowledge will
trigger further improvements of Ewald and re-
lated methods, with the aim of relaxing the re-
quirement of periodicity [78].
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