
Cutoff Size Need Not Strongly Influence Molecular Dynamics Results for Solvated
Polypeptides†

David A. C. Beck,‡ Roger S. Armen,‡ and Valerie Daggett*,‡,§

Biomolecular Structure and Design Program, UniVersity of Washington, Seattle, Washington 98195-7610, and
Department of Medicinal Chemistry, UniVersity of Washington, Seattle, Washington 98195-7610

ReceiVed June 29, 2004; ReVised Manuscript ReceiVed October 26, 2004

ABSTRACT: The correct treatment of van der Waals and electrostatic nonbonded interactions in molecular
force fields is essential for performing realistic molecular dynamics (MD) simulations of solvated
polypeptides. The most computationally tractable treatment of nonbonded interactions in MD utilizes a
spherical distance cutoff (typically, 8-12 Å) to reduce the number of pairwise interactions. In this work,
we assess three spherical atom-based cutoff approaches for use with all-atom explicit solvent MD: abrupt
truncation, a CHARMM-style electrostatic shift truncation, and our own force-shifted truncation. The
chosen system for this study is an end-capped 17-residue alanine-basedR-helical peptide, selected because
of its use in previous computational and experimental studies. We compare the time-averaged helical
content calculated from these MD trajectories with experiment. We also examine the effect of varying
the cutoff treatment and distance on energy conservation. We find that the abrupt truncation approach is
pathological in its inability to conserve energy. The CHARMM-style shift truncation performs quite well
but suffers from energetic instability. On the other hand, the force-shifted spherical cutoff method conserves
energy, correctly predicts the experimental helical content, and shows convergence in simulation statistics
as the cutoff is increased. This work demonstrates that by using proper and rigorous techniques, it is
possible to correctly model polypeptide dynamics in solution with a spherical cutoff. The inherent
computational advantage of spherical cutoffs over Ewald summation (and related) techniques is essential
in accessing longer MD time scales.

Accurate molecular dynamics (MD)1 simulations of
polypeptides in solution necessitate robust methodologies.
The selection of certain methodologies, such as the use of
all-atom molecular mechanics potentials and explicit repre-
sentation of fully flexible waters, is important for obtaining
correct, experimentally verifiable results (1). However, some
aspects, such as the choice of treatments for the nonbonded
atomic interactions, are up for debate (2-9). As such, it is
important that they be continually re-examined and carefully
tested against experiment. Furthermore, MD simulations
using force fields originally derived from, and parametrized
against, static states (i.e., crystal structures) must be evaluated
against experiments that reflect the dynamic properties of a
system.

As computer power increases, it is necessary to continually
test and evaluate MD methods using successively longer
simulations (10). These methods should be tested for stability
(e.g., conservation of conserved properties), accuracy (e.g.,

proper treatment of short- and long-range forces), and
completeness (i.e., conformational sampling). For these
purposes, peptides that are well characterized by circular
dichroism (CD) and solution nuclear magnetic resonance
(NMR) spectroscopy are useful systems for testing the
accuracy of these methods against the respective ensemble-
averaged experimental observables. Further, because of their
small size, explicitly solvated peptide systems are compu-
tationally less expensive than identically treated proteins. The
inherently dynamic nature of peptides provides a good test
of the sampling capabilities of MD. For example, within the
time scale of the molecular dynamics trajectory, are the
experimentally averaged data (e.g., from both “folded” and
“unfolded” conformations) adequately reproduced?

In this work, we use robust MD methods (1) to evaluate
the stability, accuracy, and completeness of several spherical
cutoff treatments. Previous tests for accurate treatment of
long-range electrostatic interactions in alanine-based helical
peptides have used the stability of theR-helix as the primary
criterion for correct treatment of interactions (4-6). For
example, in a highly cited paper, Schreiber and Steinhauser
(4) focused on the Y(KAAAA)3K-NH2 peptide (11) and
compared simulations computed using an abrupt group-based
truncation, with 6, 10, and 14 Å spherical cutoffs for the
nonbonded interactions, with simulations calculated using
Ewald summations. The simulations they performed were
as short as 60 ps and as long as 825 ps; all were conducted
at 300 K. They observed a lack of convergence of the helical
content (derived primarily from visual inspection of struc-
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tures) for the different cutoffs. Further, their simulation
employing Ewald sum (12) calculations produced a very
stableR-helix unlike the abrupt cutoff simulations, which
sampled both nonhelical and partially helical structures.
Almost solely on the basis of these findings, they concluded
that MD simulations are heavily perturbed by truncation and
are therefore unreliable. However, the experimental helical
content is approximately 50% at 300 K, as estimated by the
method of Chakrabartty et al. using the experimental value
of 78% at 273 K (11, 13). In this regard, Schreiber and
Steinhauser’s Ewald simulation is inconsistent with experi-
ment and predicts a helix content much higher than the
observed content.

Despite the fact that Schreiber and Steinhauser’s study
utilized only simple, abrupt truncation, it has been taken as
proof by some that all spherical cutoff methods are incapable
of providing stable and accurate simulations. This misinter-
pretation has been carried so far that some insist that Ewald
summations are required, instead of cutoff schemes, for
realistic simulations. To dispel the misconception that all
spherical cutoffs are similarly deficient for simulation of
biomolecules, it is important to distinguish between different
spherical cutoff treatments. Here we present the results of
MD simulations of the same peptide investigated by Schreiber
and Steinhauser using abrupt truncation and two different
shifting truncation methods. A force shift method we call
“ours” is used in ENCAD (8) and in in lucemMolecular
Mechanics (ilmm, D. A. C, Beck, D. O. V. Alonso, and V.
Daggett, University of Washington), and the other is a shift
method commonly employed in CHARMM (9, 14). The
simulations are 1-2 orders of magnitude longer than the
earlier Schreiber and Steinhauser simulations to ensure that
we have adequate sampling. Contrary to Schreiber and
Steinhauser’s study, we find that similar results are obtained
with our force-shifted cutoff method using 8, 10, 12, 14,
and 16 Å cutoffs. That is, they converge as the cutoff range
is increased beyond 8 Å; furthermore, the results are in
agreement with experiment.

MATERIALS AND METHODS

Nonbonded Spherical Cutoff Methods.In all-atom MD
simulations of macromolecules in solution, it is neither
possible nor necessary to evaluate all of the pairwise
nonbonded interactions arising from an infinite solution, as
a periodic box might suggest. In general, two common
approaches to dealing with this problem are used: spherical
cutoffs (7, 9) and Ewald summation (12), both traditional
and PME (15, 16). With spherical cutoffs, the favored method
of balancing the resulting foreshortened nonbonded potential
is dubbed force shifting (7, 8). An alternative is abrupt
truncation, which from first principles will affect the integrity
of the simulation (7). In addition, not all spherical cutoff
approaches modify both the electrostatic and the van der
Waals portions of the original nonbonded potential,Unb,0.

Equation 1 describes simple truncation. Beyond the
spherical cutoff distance, orRc, the energy of interaction is
zero; no attempt is made to smoothly drive the energy to
zero by the cutoff. This approach is the simplest and most
problematic, and it was the method employed by Schreiber
and Steinhauser. With such abrupt truncation, energy is not
conserved, and therefore, simulations in the NVE (micro-

canonical) ensemble rescale frequently.

A more correct cutoff approach is force shifting. Funda-
mentally, this involves drivingUnb,0 to zero byRc and thus
conserving energy at the expense of slightly modifying the
pairwise interaction energy. The method we use, hereafter
termed our method (in eq 2), subtracts the first-order Taylor
series expansion ofUnb,0 aboutRc from Unb,0 (8). This has
the effect of preserving the energies as much as possible
with only very small changes to the forces.

CHARMM (9, 14) uses a similar approach for the
electrostatics (eq 3) but simply truncates the van der Waals
interactions (which is less problematic than sharp truncation
of the electrostatic terms). However, this scheme can lead
to distortion of hydrogen bond linearity (8). Nevertheless,
this approach is vastly superior to eq 1.

The choice ofRc is not arbitrary. Longer cutoffs are always
desirable, but given the very real constraints on computer
time and the need for extensive sampling to realistically
model protein conformational behavior, we have taken a
pragmatic stance and opted for better sampling. Thus, we
typically employ nonbonded spherical cutoff radii of 8, 10,
and occasionally 12 Å. In addition, we note that the standard
deviation of the mean varies as 1/n2 (17) such that longer
simulations can provide more precise results, not to mention
that the process of interest may not even be observed in a
shorter simulation.

Molecular Dynamics Simulations.To assess the conver-
gence of these three spherical cutoff approaches, we have
performed MD simulations of the same peptide studied by
Schreiber and Steinhauser [Ac-Y(KAAAA)3K-NH2 (11)].
These MD simulations were conducted with a range of
spherical cutoff treatments and radii. A summary of the
simulations performed is presented in Table 1. The simula-
tions were performed usingilmm with explicit F3C (18)
waters and all hydrogens at 298 K using protocols described
in detail elsewhere (1). The nonbonded interaction pair lists
were updated every three steps. All simulations were 11 ns
long with the last 10 ns used for analysis. Simulations A-F
used our force-shifting method with 6, 8, 10, 12, 14, and 16
Å spherical cutoff values, respectively. The peptide was
solvated in a box extending at least 16 Å from any solute
atom, with edge dimensions of 63.45 Å× 46.75 Å× 45.24
Å, hereafter termed the 16 Å box. To demonstrate that
convergence of helical properties is not box size-dependent,
additional simulations with smaller 8 and 10 Å boxes (with
dimensions of 30.77 Å× 47.50 Å× 29.24 Å and 51.48 Å

Unb(r) ) {r < Rc f Unb,0(r)
r g Rc f 0 (1)

Unb(r) )

{r < Rc f Unb,0(r) - [Unb,0(Rc) + (r - Rc)[dUnb,0(Rc)

dr ]]
r g Rc f 0

(2)

Unb(r) ) {r e Rc f Unb,0(r)[1 - ( r
Rc

)2]2

r > Rc f 0
(3)
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× 34.76 Å× 33.24 Å, respectively) were performed (S, T,
and Z). To compare our force shifting method to the
CHARMM (14) method (eq 3), simulations M-R using the
CHARMM-style shift in an 16 Å box were also performed
as well as additional similar simulations in smaller boxes
(X, Y, and AB). Finally, to mimic the Schreiber and
Steinhauser setup, simulations G-L were conducted using
abrupt truncation in a 16 Å box as well as additional similar
simulations in smaller boxes (U, V, and AA), although we
note that their boxes were much smaller.

Analysis of Helical Content.The mean and standard
deviation of the helical content (over the last 10 ns) of each
simulation was evaluated according to the method of Pardi
et al. (19), which weights longer helical segments more
heavily than short ones. This method for evaluation of helix
content is commonly used in other studies of alanine-based
helical peptides (20, 21) and was originally parametrized
against globular proteins (19). The Pardi method can slightly
overestimate the helical percentage when compared to the
value derived from CD experiments by as much as 10%.
However, we note that other definitions give comparable
relative results. Structures for this analysis were sampled
from the 10 ns thermally equilibrated ensemble at 1 ps
intervals, yielding 10 000 samples for each simulation.

RESULTS

The summary statistics for the simulations can be found
in Table 1, and snapshots taken from each of the simulations
can be found in Figure 1. For reference, the helical content
derived from CD is approximately 50% at 298 K (11, 13).
Figure 2 illustrates the effect of cutoff radius and spherical

cutoff treatment on the helical content. To demonstrate how
two popular force-shifted cutoff ranges sample an ensemble
of both nonhelical and helical conformations, Figure 3
presents snapshots from simulations B and C. The snapshots
in Figure 3 contain helical contents from the low and high
tails of the helical content distribution as well as its mean
(∼50%). Figure 3 shows that unlike Schreiber and Stein-
hauser’s Ewald simulations that never diverged from highly
helical conformers, our force shift method sampled both
helical and nonhelical states.

It is clear from the very low helical content (9( 6%) that
the 6 Å force shift cutoff (simulation A) failed to accurately
model the nonbonded interactions, thereby failing to represent
the gross structural properties of the peptide. In contrast,
when the force shift spherical cutoff is extended tog8 Å
(simulations B-F, S, T, and Z), the helical content converged
with means between 54 and 63, which are in agreement with
experiment. The subset of force shift trajectories B-F, all
of which used a 16 Å water box (at least 16 Å between any
peptide atom and the edge of the box), yielded helix contents
similar to those obtained with 8 (Z) and 10 Å water boxes
(S and T). Simulations T and Z were continued to 51 ns,
and the helical content was calculated for the last 10 ns.
These contents of 56( 11 and 54( 14%, respectively, are
in good agreement with the 1-11 ns means for these
simulations (58( 14 and 52( 12%, respectively), indicating
convergence in this property on the shorter time scale.

The CHARMM-style simulations (M-R, X, Y, and AB)
yielded mean helical contents ranging from 14 to 45%. Most
of these simulations have average values that are too low,
but most are in agreement with experiment if the standard

Table 1: Summary of Y(KAAAA)3K-NH2 Peptide MD Runs with Various Spherical Cutoff Treatments

identifiera
spherical cutoff

range (Å)
spherical cutoff

treatment
solvation box

depth (Å)
helix

contentb (%)
energy drift

per nanosecondc (%)
no. of velocity rescales

in the final 10 nsd

A 6 force shift 16 9( 6 0.344 7
B 8 force shift 16 59( 18 0.112 2
C 10 force shift 16 63( 13 0.054 1
D 12 force shift 16 58( 12 0.038 0
E 14 force shift 16 63( 13 0.029 0
F 16 force shift 16 63( 14 0.024 0
G 6 abrupt 16 20( 16 441 5× 104

H 8 abrupt 16 70( 12 246 5× 104

I 10 abrupt 16 54( 14 170 2.8× 104

J 12 abrupt 16 40( 13 123 2.5× 104

K 14 abrupt 16 32( 15 108 1.8× 104

L 16 abrupt 16 28( 13 94.6 1.3× 104

M 6 CHARMM 16 14( 15 10.1 231
N 8 CHARMM 16 35( 16 4.82 118
O 10 CHARMM 16 52( 14 1.71 51
P 12 CHARMM 16 45( 12 1.04 18
Q 14 CHARMM 16 40( 12 0.812 20
R 16 CHARMM 16 36( 13 0.630 12
S 8 force shift 10 54( 12 0.114 2
T 10 force shift 10 58( 14 0.063 2
U 8 abrupt 10 13( 21 315 5× 104

V 10 abrupt 10 20( 18 186 3.01× 104

X 8 CHARMM 10 34( 15 5.02 159
Y 10 CHARMM 10 45( 12 2.11 73
Z 8 force shift 8 54( 14 0.201 3
AA 8 abrupt 8 10( 24 228 5× 104

AB 8 CHARMM 8 37 ( 14 5.13 148
a W was intentionally omitted.b Helix content statistics were calculated with the method of Pardi et al. (19) for the last 10 ns of each 298 K

simulation.c Drift of total energy in percent for the final nanosecond derived from a linear fit of the data. In cases where the simulation rescaled
during the final nanosecond, the largest intermediate time regime between rescales was fit and extrapolated for drift over 1 ns.d The raw number
of energy rescalings over the final 10 ns of the 11 ns simulation.
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deviations are included. However, these simulations were
less energetically stable, and therefore, the velocities required
more frequent rescaling than the convergent force shift
simulations (Table 1). Examination of the peptide structures
in Figure 1 provides further insights: while the structures
generated using the CHARMM cutoff scheme are not as
disrupted as those in simulation A using a 6 Å cutoff, they
are somewhat different from those presented for our force-
shifted scheme (B-F, S, T, and Z). On average, for
comparable cutoffs, the helix content was higher using our
scheme than CHARMM’s (59% vs 42%, Figure 2).

For both the CHARMM and abrupt truncation treatments,
there is a maximum, in the helical content at 10 and 8 Å,
respectively. Similar behavior was observed by Schreiber
and Steinhauser for their abrupt truncation simulations; they
attributed it to fortuitously choosing the correct cutoff radius
for a given method. However, because at least for abrupt
truncation, this trend is not observed when the box size is
reduced, the idea of a “correct cutoff radius” for either of
these methods is dubious. The discrepancy in behavior when
the box size is changed (8 Å for simulations H, U, and AA
and 10 Å for simulations I and V) is likely due to effectively
increasing the volume of the energy fluctuation “damping
bath” by adding more fully flexible waters to the simulation
system. This can most clearly be seen by comparing the
energy drift estimates and the number of rescalings for the

16 Å solvent box simulations versus the 10 and 8 Å solvent
box simulations with the same cutoff (Table 1).

In the force-shifted simulations, the helical content was
insensitive to changes in the cutoff from 8 to 16 Å (Figure
2a). Similarly, for a given cutoff, the results were independent
of box size (Figure 2b,c). In addition, all of the simulations
using our force-shifted procedure conserved energy, unlike
the other methods (Table 1).

DISCUSSION

The similarity of the helical content for our force shift
spherical cutoff simulations using 8, 10, 12, 14, and 16 Å
cutoffs and the fact that the calculated helix content is in
good agreement with experiment demonstrate that it is

FIGURE 1: Snapshots of Y(KAAAA)3K-NH2 peptide MD runs with
various spherical cutoff treatments. The simulation identifiers (A-
F, T, Z, AA, and AB) match those from Table 1. At the left is the
all-helical conformation used to start all the simulations. For each
simulation, three snapshots are shown corresponding to 1, 6, and
11 ns. All structures are best fit to the starting structure and oriented
with the N-terminus at the bottom. Regions that are predicted (P
> 0.90, i.e., four or more consecutive residues for whichJHRN <
6.0 Hz) to be helical by the method of Pardi et al. (19) are drawn
with ribbons. Hydrogens, side chains, and waters that are included
in the simulation calculations have been removed for clarity.

FIGURE 2: Peptide Y(KAAAA)3K-NH2 fraction helix determined
by the method of Pardi et al. (19) derived from MD runs with
various spherical cutoff treatments and explicit solvent depths.
Values with error bars (of one standard deviation) are shown for
three spherical cutoff treatments: abrupt truncation (red), a
CHARMM-style force shift applied to electrostatics only (blue),
and our atom force shift (green). In panel a, simulations were
conducted in an explicit solvent extending at least 16 Å from any
peptide atom. To demonstrate that these values are not sensitive to
solvent depth (i.e., periodic box size), panels b and c depict the
fractional helical content for simulations conducted with solvent
depths of 10 and 8 Å, respectively.

FIGURE 3: Snapshots of Y(KAAAA)3K-NH2 peptide MD runs
illustrating dynamic helical content. The simulation identifiers (B
and C) match those from Table 1. For each simulation, three
snapshots are presented with the indicated time. All structures are
best fit to the starting structure and oriented with the N-terminus
at the bottom. Regions that are predicted (P > 0.90, i.e., four or
more consecutive residues for whichJHRN < 6.0 Hz) to be helical
by the method of Pardi et al. (19) are drawn with ribbons.
Hydrogens, side chains, and waters that are included in the
simulation calculations have been removed for clarity.
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possible to correctly model the nonbonded interactions in
explicitly solvated polypeptide systems using spherical
nonbonded cutoffs (Table 1). Of simulations B-F, only B
and C rescaled after the 1 ns equilibration period. From this,
it is clear that the energy drift was minor in all cases. Thus,
the force shift treatment conserved energy and was numeri-
cally stable. Similarly, the helical contents calculated are in
agreement with experiment. Furthermore, the helical content
in simulations B-F is indistinguishable from that of identi-
cally treated systems in smaller solvent boxes (S, T, and Z).

From first principles, regardless of the ensemble, it is
essential that a simulation conserve the ensemble’s thermo-
dynamic quantities. In our preferred ensemble, NVEp, the
drift in total energy and the frequency of velocity rescalings
provide feedback about the physical correctness of the
simulation. For each of the simulations in Table 1, we present
the energy drift over the final nanosecond (or extrapolations
from the largest rescale-free region therein) as well as the
number of velocity rescalings over the final 10 ns of the
simulations. Our force shift approach produces very little
drift, and we postulate that the 16 Å cutoff (simulation F)
drift of 0.024% per nanosecond may be a realistic estimate
of the lower bound imposed by numerical error (i.e., roundoff
error) on a simulation of this size inilmm.

In the case of the abrupt cutoff simulations (G-L, U, V,
and AA), it was not possible to conserve energy at any cutoff
distance. The best drift was 94% per nanosecond for a
simulation conducted with a 16 Å cutoff (L). In this case,
there were more than 13 000 velocity rescalings over the
final 10 ns of the simulation. Given the numerical instability
of abrupt truncation simulations, the practical results confirm
the first principles fact that abrupt truncation spherical cutoffs
are problematic for solvated polypeptide MD simulations.
However, one must keep in mind that cutoff treatments differ,
as do the results one obtains with them. It is clearly wrong
to assume that all cutoff methods are flawed, based on results
obtained using just an abrupt cutoff.

Energy conservation for the CHARMM-style shift (simu-
lations M-R, X, Y, and AB) is tightly linked to the cutoff
distance. As the van der Waals component of the energy
function is abruptly truncated in this approach, even at
distances longer than 10 Å there are significant discontinui-
ties at the cutoff to severely spoil energy conservation,
resulting in a large number of rescalings (∼20). At long
cutoffs (16 Å), the CHARMM shift reaches its maximum
level of energy conservation at an∼0.6% per nanosecond
drift.

Numerical instability of the magnitude encountered when
using abrupt cutoffs and to a lesser extent with the
CHARMM-style truncation at short cutoff distances is
problematic. Frequent energy rescaling can perturb the
system in unpredictable ways (22) and also lead to discon-
tinuous trajectories, which is a problem if one wants to map
time-dependent processes or conformational changes. We
note that while our implementation of a CHARMM-style
shift is consistent with eq 3,ilmm uses a different force field
and subsequently different parameters. Consequently, we
may not precisely duplicate CHARMM’s (i.e., the software’s)
polypeptide dynamics.

Most investigators do not report variances in the conserved
thermodynamic variables (e.g., in our case energy), and
instead, for native state simulations of proteins, they use

structural stability alone (i.e., CR rmsd from the crystal
structure) as a means of evaluating the accuracy of their
nonbonded treatments. This is an insufficient criterion for
comparison. One can imagine the trivial case in which
nonbonded interactions are treated as harmonic oscillators
about their respective distances derived from the crystal. Such
a treatment would satisfy the stability criterion, but would
be of no significant scientific value. Rather, it is more
appropriate to compare against multiple ensemble-averaged
experimental properties of a dynamic system. To this end,
we previously extended Schreiber and Steinhauser’s study
to a similar alanine-based peptide that has been characterized
by CD and high-resolution NMR. In that study, we compared
the results of different cutoffs to multiple ensemble-averaged
experimental observables (23), and again we showed that
our force-shifted cutoff method provided results in good
agreement with experiment.

It should be noted that the Schreiber and Steinhauser
simulations were significantly shorter than the 11 ns simula-
tions presented here and comprised a time interval which
we typically disregard in our work as “system equilibration”.
It is doubtful, however, that longer abrupt cutoff trajectories
would have significantly altered their results: a physically
incorrect simulation will always be incorrect, despite its
length. Our simulations using an abrupt 8 Å cutoff were
similarly misbehaved. They may have seen their Ewald
trajectory diverge more from the starting helical state to a
more experimentally agreeable distribution had they contin-
ued it, but at the time of their publication, computational
resources severely limited sampling.

The Ewald summation method arises from work in the
early part of the last century that desired to derive a solution
for the electrostatic energies of ionic crystal lattices with low
dielectric constants. In 1921, Ewald (12) transformed the
infinite (conditionally convergent) triple sum of the Cou-
lombic lattice sum, eq 1 of ref15, into two absolutely
convergent sums, eq 2 of ref15. This mathematical
transformation has absolutely no physical basis (24). How-
ever, it has been widely exploited for its original purpose
(i.e., evaluating the electrostatic energies of crystal lattices)
and dramatically different problems, including calculation
of long-range electrostatics of proteins in water, decidedly
nonperiodic, nonlattice, high-dielectric systems.

In the solution state, the extent and therefore the necessity
of such long-range electrostatic interactions are debatable.
Many assume, based on evidence from crystal lattices of ions,
that these effects are very long range. However, experiments
with ions in water, as well as proteins in solution, indicate
that the effective field of charges is quite short and on the
order of 8-12 Å. Essentially, the high relative permittivity
of water (ε ) 78 at 298 K) effectively screens those charge-
charge interactions at distances beyond typicalRc values for
spherical cutoff approaches. In other words, the experimen-
tally determined dielectric constant rises very steeply at short
distances, as illustrated in Figure 4. For example, experi-
mental studies of ions in water indicate that the dielectric
constant is approximately 45 at 8 Å, increasing to 55 and
65 at 10 and 12 Å, respectively (25) (see the Conway curve
in Figure 4).

Another common misconception is that the internal ef-
fective dielectric of proteins ranges from 2 to 4. This value
is derived from experimental evaluation of protein dielectrics
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using dried, powdered proteins (26). In reality, for the
solution state (the biologically relevant state), the dielectric
constant of proteins is much closer to that of water than the
commonly assumed value (ε ) 2-4). Experimental evalu-
ations of true solution state internal protein effective
dielectrics by pKa shifts (27-32) have found dielectric
constants on the order of∼35 at 10 Å and∼50 at 15 Å
(Figure 4). While the inherent dielectric constant of a protein
may indeed be lower than that of the surrounding solvent,

the net effect is the same : the charges are screened
effectively even at short distances (8-10 Å) unless they are
well buried in the protein interior (Figure 4). The linear best
fit of the internal protein dielectric experimental data in
Figure 4 yields anεprot(r) of 3.8497r. While this linear fitting
approach is crude, it illustrates the large discrepancy between
the commonly assumedεprot of 4 and actual solution state
experimental results.

Despite this evidence from experiment, many theorists
insist upon applying Ewald-derived methods designed for
low-dielectric, crystal lattice applications to biomolecules in
water, yet problems with this approach were reported more
than 25 years ago for dipolar liquids (7, 33, 34). In particular,
it was noted that the nonphysical behavior of Ewald methods
allows arbitrary dipoles from the local unit cell to be grossly
amplified by neighboring unit cells rather than being attenu-
ated, as in the true case as well as when using spherical
cutoffs.

There have now been many studies of water comparing
cutoffs and Ewald summations. Independent of water force
fields, computational protocols, and the software employed,
Ewald summations lead to distortions in water structure and
dynamics (35-38). To provide a comparison of cutoff
methods and Ewald summations, results from a variety of
recent studies are given in Table 2. Also in this table, we
have used the reported diffusion constants to estimate the
effective temperature of the solvent. The best agreement with
experiment is from our F3C water model with proper cutoff
treatment at anRc of g8.0 Å.

Typically, when Ewald summation is applied to common
water models, there tends to be a dramatic increase in the
diffusion constant, away from the experimental value,
reflecting an increase in temperature of 34-52 K. In the case
of Mark and Nilsson’s work (35), there was little or no
change with respect to using a cutoff. Feller and co-workers
(36) concluded that, “The diffusion constant calculated from
the Ewald simulation is significantly further from experiment
than the cutoff result, pointing out the need to reparametrize

FIGURE 4: Effective dielectric as a function of increasing ion pair
separation in water and proteins. The red points describe the
effective dielectric for increasing pair separation in water [data from
experimental work of Conway (25)]. Plotted in green are experi-
mental protein apparent dielectric data from Russel et al. (28, 29).
In blue are plotted effective protein dielectrics from the experimental
work of Garcia-Moreno (31). Similarly, in purple, cyan, and yellow
are depicted experimental measurements of internal protein dielec-
trics by Rogers (32), Dwyer (30), and Rees (27), respectively. A
linear best fit of the protein effective dielectric data is represented
by the black line [εprot(r)]. The equation for this fit isεprot(r) )
3.8497r, with a correlation coefficientR of 0.77. The orange line
represents the equalityε ) 4, which is a common approximation
for the internal dielectric constant of a protein. Where possible,
groups of points with similar characteristics have been labeled with
colored lines linking the label and points of interest.

Table 2: Effect of Long-Range Electrostatic Treatment on Bulk Water Self-Diffusion

refa water model software electrostatic treatment cutoffb (Å) T (K) density (g/mL) D (Å2 ps-1) effectiveTc (K)

1 experiment 298 0.997 0.23( 0.01 298
2 TIP3P model CHARMM shifted cutoff 12 293 0.999 0.39 322
2 TIP3P model CHARMM Ewald 12 293 0.999 0.51 336
3 SPC DL•POLY force shifted, eq 3 9 300 ? 0.24 300
3 SPC DL•POLY Ewald 12 300 ? 0.58 343
3 TIP3P DL•POLY force shifted, eq 3 9 300 ? 0.39 322
3 TIP3P DL•POLY Ewald 12 300 ? 0.63 349
4 TIP3P model CHARMM atom force shifted 8 298 0.998 0.57 343
4 TIP3P model CHARMM atom force shifted 12 298 0.998 0.58 344
4 TIP3P model CHARMM Ewald 12 298 0.998 0.56 342
5 TIP3P BOSS sharp truncation, eq 1 9 298 0.993 0.50 335
5 TIP4P BOSS sharp truncation, eq 1 9 298 0.990 0.33 314
5 TIP5P BOSS sharp truncation, eq 1 9 298 0.999 0.26 304
6 TIP4P-EW ? Ewald 9.5 298 0.995 0.24 300
7 TIP5P-E ? Ewald 9 298 1.000 0.28 307
8 F3C ENCAD atom force shifted 8 298 0.997 0.24 300
8 F3C ENCAD atom force shifted 10 298 0.997 0.23 298
8 F3C ENCAD atom force shifted 12 298 0.997 0.22 298
9 F3C ilmm atom force shifted 8 298 0.997 0.23 298
9 F3C ilmm atom force shifted 10 298 0.997 0.23 298
9 F3C ilmm atom force shifted 12 298 0.997 0.22 298
a From ref51 for 1, ref 36 for 2, ref 38 for 3, ref 35 for 4, ref 41 for 5, ref 39 for 6, ref 42 for 7, ref 18 for 8, and ref37 for 9. b The cutoff for

the Ewald simulations is for the real-space calculation.c Interpolation of temperature from experimental temperature vs water self-diffusion data of
Krynicki et al. (51).
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the TIP3P water model for use with Ewald summation”,
which has not been done to our knowledge.

Others have recognized the need to reparametrize other
members of the TIP family of water models. Recently, both
TIP4P and TIP5P (39-41), which are not routinely used in
macromolecular simulations, have been “rehabilitated” for
use exclusively with Ewald summation in treating the
artifacts its use imposes on systems. The most promising of
these is the TIP4P-EW work of Horn et al. (39) in which
they tuned TIP4P, providing an improvement in the diffusion
constant. However, reparametrization is not always the
solution, as in the case of TIP5P-E (42), where the diffusion
constant is perturbed away from both experiment and cutoff
simulations.

In addition to an increase in the effective temperature with
Ewald summation previously mentioned, there have been
many studies showing that Ewald methods induce artificial
periodicity in peptide and protein systems (43-47). These
studies suggest that Ewald techniques yield unrealistically
stable and inflexible peptides and proteins. Kastenholz and
Hunenberger (48) concluded that, “artificial periodicity
induces a nonnegligible energetical bias (and thus affects
the sampling of solute configurations).” This artificial
periodicity perturbs the potential of mean force for structural
transitions, favoring those that are the most folded. These
effects have been documented in CHARMM, AMBER, and
GROMOS, all commonly used programs with different force
fields. In our opinion, this bias alone makes Ewald methods
inappropriate for studies of protein folding and/or unfolding.

The developers of one of the smooth particle mesh Ewald
methods (15, 16) identified a further problem related to
robustness with PME. As a strict pairwise sum is not
employed, it is not possible to achieve conservation of energy
and linear momentum at the same time. This is a serious
problem as we advocate the use of the NVEp ensemble. This
ensemble requires rigorous treatment of the forces and the
integration algorithm, resulting in a robust simulation
environment with two independent checks on the stability
of the numerical solutions (1, 7).

A wide range of problems involving the use of Ewald
summations in MD simulations have been documented:
perturbation of water structure and dynamics, shifting
conformational equilibria of peptides and proteins, failing
to conserve both energy and linear momentum, and finally
assuming, if not requiring, long-range ordering often inap-
propriate for solution simulations. Given these outstanding
issues and the fact that spherical cutoff methods are
significantly less computationally expensive than Ewald
techniques for simulations of charged peptides and proteins,
we prefer to model our solute in solvent without such
imposed periodicity with a simple and efficient algorithm
that enables access to simulation time scales typically
unavailable to Ewald simulations. Finally, we have found
that our force-shifted cutoff provides improved sampling of
conformational space and much better agreement with
experiment.
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