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Abstract

We draw on an old technique for improving the accuracy of mesh-based field calculations to extend
the popular Smooth Particle Mesh Ewald (SPME) algorithm as the Staggered Mesh Ewald (StME)
algorithm. StME improves the accuracy of computed forces by up to 1.2 orders of magnitude and
also reduces the drift in system momentum inherent in the SPME method by averaging the results
of two separate reciprocal space calculations. StME can use charge mesh spacings roughly 1.5x larger
than SPME to obtain comparable levels of accuracy; the one mesh in an SPME calculation can
therefore be replaced with two separate meshes, each less than one third of the original size.
Coarsening the charge mesh can be balanced with reductions in the direct space cutoff to optimize
performance: the efficiency of StME rivals or exceeds that of SPME calculations with similarly
optimized parameters. StME may also offer advantages for parallel molecular dynamics simulations
because it permits the use of coarser meshes without requiring higher orders of charge interpolation
and also because the two reciprocal space calculations can be run independently if that is most suitable
for the machine architecture. We are planning other improvements to the standard SPME algorithm,
and anticipate that StME will work synergistically will all of them to dramatically improve the
efficiency and parallel scaling of molecular simulations.

Keywords

molecular simulation; dynamics; electrostatics; Poisson solver; particle mesh; Green function;
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1 Introduction

With few exceptions,1:2 the method of choice for computing long-ranged electrostatic
interactions in molecular simulations with periodic boundary conditions is the Ewald sum.3
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Whereas simple truncation of long-ranged electrostatic interactions has been shown to give
rise to significant simulation artifacts,*° the use of modern Ewald algorithms enables more
efficient simulations with effectively no omission of long-ranged electrostatic interactions.

Inits original formulation, the Ewald sum for a system of N particles was an O(N2) computation,
but the introduction of particle:mesh methods have reduced the complexity to O(NlogN)®:7:8
and even to O(N),9:10:11 at which point the choice of optimal algorithm falls to the
computational constants of the various methods given the problem’s size and particle density.
Most concisely, particle:mesh methods rephrase the problem of computing the electrostatic
potential of a system of point (or otherwise highly localized) charges from solving O(N?)
pairwise interactions to solving Poisson’s equation for a highly smoothed version of the
system’s charges and then determining the difference between this smoothed-charge potential
and the system’s actual point charge density. This approach can be efficient because the
smoothed charge density is written as a Gaussian convolution of the point charge density: the
interaction of two Gaussian charges rapidly converges to the interaction of two point charges
at distances greater than about six times the Gaussian’s root-mean-squared deviation. The
mesh-based electrostatic potential can then be solved by fast Fourier transforms (FFTs) in O
(N logN) operations or by a finite-difference Poisson solver in O(N) operations, while the
modification needed to recover the point-charge potential is computed in O(N) operations,
similar to a simple truncation method.

Molecular simulations require accurate force calculations as well as values of the total system
energy. In the primary publications of the many available electrostatic mesh methods9:8:12,7
there have been analyses of the parameters such as the width of the Gaussian charge smoothing
function, direct space truncation length, and mesh density required to obtain a given degree of
accuracy in forces acting on each atom or the total system energy. In simulations, the goal is
to balance these parameters to maximize efficiency. Mostly, this is a matter of minimizing the
total computational effort, but with the availability of highly scalable molecular dynamics
codes,3:2:14,15 another critical factor in the computational efficiency of an algorithm is the
communications requirement. Parallel implementations on many different machine
architectures can therefore benefit from algorithms that can obtain a given level of accuracy
with the widest possible range of parameters.

In this communication, we draw upon a technique used in the 1970s for improving the accuracy
of force calculations in particlezmesh methods. The method, known then as “interlacing,” was
first applied to plasma simulations by Chen and colleagues'® and later to molecular simulations
by Eastwood.1” The fundamental improvement is to use two or more meshes staggered such
that their points are displaced by some fraction of the mesh spacing—typically 1/2. Averaging
the results obtained from each mesh produces significant error cancellation. When it was
introduced, the method was viewed as a means for achieving higher levels of accuracy with
limited amounts of computer memory, at the expense of speed. After re-discovering the
method, however, we observe that it improves the overall computational efficiency on modern
computers and may help to improve the parallel scaling of molecular simulations. We apply
interlacing to the popular Smooth Particle Mesh Ewald method, and term the extended method
“Staggered Mesh Ewald.”

2 Summary of particle mesh Ewald methods

If one calculates the electrostatic potential of a periodic system of charges by applying using
Coulomb’s law over all pairs of charges in a large number of images of the unit cell, the process
is cumbersome and the result is only conditionally convergent. The Ewald method employs a
mathematical identity to split the Coulomb sum E(€°U) into a “direct space” sum E(@") that
converges rapidly (with a short interparticle distance |rjj[) in real or “direct” space, and a
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“reciprocal space” E("¢) sum that converges absolutely in “reciprocal” space after Fourier
transformation.
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Above, n represents all unit cell images, including the primary unit cell, L is a 3 x 3 matrix
whos columns are the unit cell lattice vectors, i and j run over all charged particles in the system,
rij is the interparticle distance, k. is Coulomb’s constant, and /3 is the “Ewald

coefficient.” (Exclusions of electrostatic interactions between bonded atoms in the primary
unit cell are omitted from this discussion for simplicity.) The Ewald method reduces the
problem of computing the electrostatic energy (and forces on all particles) to an O(N2) problem,
a double sum over all particles to obtain the reciprocal space sum. (Computing EC is an O
(N) problem because interactions can be neglected beyond some direct space cutoff Lc.)

Physically, the Ewald method is equivalent to treating the system of point (or otherwise highly
localized) charges as a system of diffuse Gaussian charges, solving the electrostatic potential
E(ec) and forces SE("®%)/or; due to the Gaussian charge system, and then modifying those
quantities with E(IN and 6E(@IN/5r; to recover the interactions of the point charges. Ewald mesh
methods take this view of the Ewald reciprocal space procedure so that the reciprocal space
sum can be solved on a mesh. (The direct space part is identical to the original Ewald method,
and will not be discussed further.)

In general, the procedure with any Ewald mesh method entails four stages: 1.) interpolate the
charge mesh Q given the positions of particles and the magnitudes of partial charges, 2.) smooth
the interpolated point charges into Gaussian charges of the desired width, 3.) compute the
electrostatic potential ®("®®) by solving Poisson’s equation for the smoothed charge density,
and 4.) compute the electrostatic potential energy and forces given the derivatives of the charge
density in Q and the potential ®("e%). Many Ewald mesh methods, including the Smooth Particle
Mesh Ewald® method that we will focus on during the results, make use of Fast Fourier
Transforms (FFTs) to solve Poisson’s equation; in those cases it is convenient to combine
stages 2.) and 3.). The charge mesh Q is transformed using the forward three-dimensional FFT
to obtain Q, which is then multiplied element-wise by the transformed reciprocal space pair
potential A"). The inverse three-dimensional FFT is then applied to the product to complete
the convolution @(ec) = Q » #(rec),

The two FFTs needed to convolute Q with 6(¢) have O(N logN) computational complexity,
much better than the complexity of the original Ewald method. However, for highly parallel
molecular dynamics applications, the FFTs still require global data communication: every
processor involved in the FFTs must broadcast its part of the problem to all other processors,
and in turn receive similar information from every other processor. This constraint on the
ultimate scalability of the calculation has driven the development of real-space methods for
solving ®("e€) 9:10,11 However, none of these methods has become widely used on commodity
hardware because they are all considerably more expensive than the FFT-based methods: the
break-even point comes at very high processor counts, which even today are not widely
available. The Staggered Mesh Ewald method presented in this communication offers a way
to reduce the total amount of mesh data that must be transformed, which we will show can help
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to accelerate simulations on a single processor and may help extend the scalability of FFT-
based Ewald mesh methods.

3 Summary of mesh staggering methods

Mesh staggering, or “interlacing” as it was originally termed, uses multiple samples of the
interpolated charge density of particles on a mesh to suppress errors in the mesh calculation
due to “aliasing.”” Interpolation of a particle to a mesh creates a spectrum of aliases for that
particle at each mesh point; because the spectrum is not perfectly smooth, the effects of different
aliases on other aliases from the same particle or aliases of a nearby particle can be distorted
by their proximity on the mesh. The most basic outcome of aliasing is the fluctuation of forces
on particles as a function of their alignment relative to the mesh, which in turn is detrimental
to momentum and energy conservation. By sampling multiple spectra of each particle on the
mesh, different sets of aliases can be generated. Although each of these spectra contains roughly
the same level of error in the interactions of each particle’s aliases, the errors from multiple
spectramay cancel if the spectra evenly sample the possible alignments of the system’s particles
relative to the mesh. The simplest and most economical implementation of the mesh staggering
technique involves mapping particles to two meshes staggered such that points of one mesh
fall exactly halfway in between those of the other.16

4 Methods

4.1 Preparation of primary test cases

Anticipating that condensed-phase molecular dynamics simulations will be the primary
application of the Staggered Mesh Ewald (StME) method, we selected four test systems: a
streptavidin tetramer18 solvated in a cubic cell, a condensed mixture of 35% v/v glycerol and
water in a monoclinic cell, a scorpion toxin protein crystal lattice19 solvated with water and
ammonium acetate in an orthorhombic noncubic cell, and a cyclooxygenase-2 (COX-2)
dimer20 solvated in a truncated octahedral cell. Dimensions and atom counts in all of the
simulation cells are provided in Table 1. Together, these four test cases span the available types
of periodic simulation cells and encompass a variety of condensed-phase systems.

The SPC/E water model was used in all cases, glycerol parameters were obtained from Chelli
and coworkers,?! and any proteins were modeled with the AMBER FF99SB force field.22 Prior
to electrostatic calculations, all systems were equilibrated with at least 650ps of molecular
dynamics, including position-restrained dynamics if proteins were present and constant-
pressure dynamics to reach each system’s equilibrium density.

4.2 Accuracy standards for Ewald calculations

To compare different Ewald methods, it is necessary to define what parameters determine the
accuracy of the calculation and also what is an “acceptable” level of accuracy. We will
summarize these parameters here and then assess the efficiency of Ewald methods in terms of
acceptable combinations of the parameters in the Results.

The accuracy of the direct space part of any Ewald electrostatics calculation is determined by
the direct sum tolerance Dyg). Briefly, Dy is the maximum acceptable relative difference
between the interaction potential of two Gaussian charges and the interaction potential of two
point charges. As we discuss in the Supporting Information, Do) works together with the direct
space truncation length L to determine the width of the Gaussian charge smoothing function
o.

The accuracy of the reciprocal space part of a Smooth Particle Mesh Ewald (SPME) calculation
is primarily a function of the ratio of ¢ to the mesh spacing x, but in SPME there is one other
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factor involved which is the order of interpolation used to map each point charge to the mesh.
For the most generality, we recognize that « can be different along each of the unit cell
dimensions a, b, and ¢ and that the unit cell lattice vectors need not be orthogonal. We therefore
discuss results in terms of the number of mesh points in each dimension G, Gy, and Gg, in
addition to the mesh spacings a, up, and uc. Most precisely, the mesh spacings refer to the
magnitudes of the bin vectors v,, vy, and v as illustrated in Figure 1.

Because there is no single standard for the accuracy of forces in molecular simulations, we
chose two based on default SPME parameters from existing molecular dynamics codes. Most
codes use the largest z4, 1, and u¢ < 1.0A obtainable such that G,, Gy, and G are multiples
of 2, 3, and 5; 4! order interpolation (a cubic B-spline) is typically used to map charges to the
mesh. The AMBER molecular dynamics modules set Dy = 1.0x107° and Ly = 8.0A by
default, whereas values of Dy = 1.0x107 and L = 12.0A are recommended in the NAMD
and CHARMM communities. Because the overall strength of atomic charges differs between
systems and slight changes in the size of each system may graduate G,, Gy, or G, to the next
available integer (i.e. 80 to 90 or 108 to 120), the accuracy of either method is system-specific.
We therefore computed forces on all atoms from the four test cases in Table 1 using each set
of Ewald parameters and compared them to the results of regular Ewald calculations as
described above. We concluded that the AMBER default Ewald parameters can be expected
to yield forces accurate to within 7.5x1073 kcal/mol-A, roughly 0.05% relative error, whereas
those recommended by the NAMD and CHARMM communities yield forces roughly five
times more accurate, to within 1.5x1073 kcal/mol-Aor 0.01% relative error. We will refer to
these as the “AMBER” and “CHARMM?” standards later in this work.

In defining these standards we emphasize that the default settings of a particular molecular
dynamics package are separate from the numerical stability of the code itself. The AMBER
dynamics engines SANDER and PMEMD both use double precision for all computations and
can run simulations with very little energy drift. We also emphasize that the level of accuracy
necessary to obtain reliable simulation results is not precisely known. The “AMBER” and
“CHARMM” standards merely represent two points on a continuum.

4.3 Smooth Particle Mesh Ewald force calculations

5 Results

SPME calculations for this work were performed using the SANDER module of the AMBER
software packagel3 in debugging mode to print out the forces. Staggered Mesh Ewald
calculations, presented in the results, were done by averaging the results of two SPME
calculations using the appropriate alignments of the particles and mesh. A high-accuracy
regular Ewald sum, in which the forces were converged to a precision of 1.0x107° kcal/mol-
A, was used as the reference for rating the accuracy of any Ewald mesh calculation.

Although mesh staggering has been applied to the Particle:Particle Particle:Mesh (P3M)
method, 1’ we will first quantify its benefits in the context of the newer Smooth Particle Mesh
Ewald (SPME) method for simple cases before moving on to complex molecular systems. We
divide the numerical error due to particle aliasing into two sources: self image forces that
particles exert on themselves and errors in pair interaction forces. As would be expected, we
observed that the self image force errors are proportional to the squares of the individual charges
and that pair interaction force errors are proportional to the product of the two charges.
However, to simplify the following presentation, we use only +1e and -1e charges, where e is
the charge of a proton. We also emphasize that the interpolation order, Lgy;, and Dy
significantly influence the accuracy of SPME calculations, but again to keep the presentation
simple we fix these parameters at Lgy; = 9.0A, Dyo) = 1.0x1076, and 4™ order interpolation. The
periodic unit cell in the following examples, termed the “test cell,” was a 64A cube.
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5.1 Self image forces in Smooth Particle Mesh Ewald calculations

The first source of numerical error can be observed by computing the SPME force on a single
particle. We placed a single charge at a random point in the test cell and computed the
electrostatic forces on the particle using a mesh spacing x of 1.333A or 1.000A (corresponding
to G = 48 or 64 points on a side). Repeating this procedure many times allowed us to plot the
error in the force on the particle as a function of its alignment on the mesh, which we describe
as its bin displacement ¢&

fazﬁ — ﬂoor(&)

Mo Hao (2)

where r is a particle’s position relative to the origin of the grid and a € {a, b, c}, the three
dimensions of the mesh. The concept of a bin displacement is illustrated in Figure 1.

Simply stated, the self image force error is any deviation from zero as a charge should put no
force on itself and forces due to the charge’s images should perfectly cancel. In Figure 2, the
three components of the error are shown to be separable in three dimensions, plotted against
the corresponding values of & As has been found with previous investigations on mesh
staggering, the self image force error F©1 is well described by a Fourier sine series (Equation
3):

FQ) = ) W¢sin 2pné,)
p=0 ()]

where q is the atomic charge and the W(P) coefficients depend on the direct space cutoff, mesh
spacing in each dimension, and the interpolation order. For the cubic test cell,

WP'=wP’=W?. Repeating the mesh calculation for a mesh staggered by /2 in all dimensions
would eliminate all errors associated with sine series terms with odd values of k, most
importantly k = 1. However, Equation 3 raises the possibility of eliminating self-image force
errors for all values of k by simply computing the appropriate sine series coefficients.

To see how F6) contributes to the total error in a system of multiple charges, we created a
sparse set of 200 +1e and 200 -1e charges spaced further than L¢y; = 9.0A from one another in
the test cell. SPME calculations were carried out as before, and compared to the results from
a regular Ewald calculation as described in Methods. The results in Figure 3 show that F(!)
plays a major role in the total error of the SPME calculation for a system of sparse charges;
for all particles, the numerical error correlates with F( with Pearson coefficient 0.96 + 0.01
for = 1.000 or 1.333 A; if we optimize the first two W() coefficients to reduce the error in
these SPME calculations, the values come very close to those found for the case of solitary
charges under similar conditions, as illustrated in Figure 3. Correcting for the self-image forces
can improve the accuracy of either of these SPME calculations by a factor of 4 to 5, implying
that for simulations of diffuse plasmas the benefits of a second, staggered mesh calculation can
be obtained by simply computing the appropriate sine series coefficients and applying a
correction force to each particle after each mesh calculation. However, there are clearly other
sources of error even with the particles spaced by more than L.

As shown in Figure 4, these other sources of error dominate in a condensed system. While the
overall error remains weakly correlated with F(), we found that simply correcting the self-
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image error was no longer effective for improving the accuracy of SPME calculations on dense
plasmas or solvated biomolecular systems.

5.2 Pair interaction force errors in Smooth Particle Mesh Ewald calculations

To analyze the pair interactions that seem to be critical for accurate SPME calculations in
condensed-phase systems, we set two charges of opposite sign close to one another in the test
cell and computed the force between them using the same SPME parameters as before. We
then iteratively perturbed the second charge along the x axis and recomputed the forces until
the charge had traveled the entire width of the test cell. By repeating this analysis for different
fixed positions of the first charge relative to the mesh (sampling the bin displacement & for the
first charge while sampling all possible x coordinates of the second charge) we were able to
plot the error in pair interaction forces between two particles as shown in Figure 5.

As shown in Figure 5, different aliases of each particle interact in complex ways, giving rise
to errors that depend both on the interparticle separation in all three dimensions as well as the
bin displacement of the first charge. Despite these complexities, however, Figure 5 confirms
that mesh staggering eliminates a majority of the pair interaction force errors, particularly if
the two meshes are staggered by 1/2 the mesh spacing x in all directions simultaneously. Chen
and co-workers used this multi-dimensional staggering approach in their simulations of
plasmas,6 although other investigators’ have suggested that the results of as many as eight
meshes, staggered by /2 along any and all of the unit cell lattice vectors, should be averaged
to obtain the best results. We tried averaging the results of eight such meshes (data not shown),
but found this much more expensive approach to give scarcely better results than using only
two meshes.

5.3 The Staggered Mesh Ewald method

Having confirmed that mesh staggering can eliminate large portions of the self interaction force
error as well as pair interaction force errors in the SPME method, we sought to quantify the
benefits of the mesh staggering in terms of accuracy and overall calculation efficiency when
applied to condensed-phase biomolecular systems.

We term the use of two reciprocal space calculations on meshes aligned one half mesh spacing
relative to one another in all three mesh dimensions “Staggered Mesh Ewald” (StME). Because
the reciprocal space operations (mapping charges to the mesh, convoluting the density and
solving Poisson’s equation, and interpolating forces from the smoothed potential) are identical
to the procedures in SPME, implementing this method in current molecular dynamics codes
can be straightforward. However, we will suggest some additional optimizations later in the
Results.

With two meshes to compute but the potential to increase the accuracy by an order of magnitude
or more relative to the corresponding SPME calculation, we wanted to thoroughly characterize
the numerical error of StME relative to SPME for a variety of simulation parameters. In the
1970s, FFT solvers were efficient with mesh sizes of powers of 2—at the time, "interlacing”
typically meant using two coarse meshes with twice the spacing of the equivalent fine mesh,
and delivered an intermediate level of accuracy. Modern FFT solvers, however, are able to
work efficiently with multiples of 2, 3, 5, and even 7; we therefore have much more freedom
in the choice of mesh spacings for maximizing efficiency. Furthermore, since the 1970s,
simulations in non-orthorhombic unit cells have become more common; it is important to
confirm that mesh staggering is beneficial in these cases as well.

We performed both SPME and StME calculations on all test cases listed in Table 1 and
compared them to regular Ewald calculations as described in Methods. The results are plotted
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in Figures 6 and 7. These tests, which included non-cubic and non-orthorhombic cells,
demonstrate the applicability of the method to periodic systems in general. Note, however, that
the mesh grids are staggered by (1 /2)(v4 + vp + V¢), not simply by the half the mesh spacing
inx,y,andz.

Figures 6 and 7 show that, for a given order of interpolation and direct sum tolerance, the StME
method can greatly increase the accuracy of computed forces relative to an SPME calculation
with similar parameters. In all systems, error reductions exceeding one order of magnitude can
be obtained for direct space cutoffs of 8A to 10A with similar mesh sizes and values of Dyg;
the benefits of StME appear to be highest for direct space cutoffs and mesh densities near those
used in typical MD simulations. Furthermore, the StME method continues to produce
comparable increases in accuracy, relative to SPME, if the order of interpolation is increased
or if Dyg is reduced. Although we did not demonstrate that the self image forces and errors in
pair interaction forces could be cancelled with staggered meshes in non-orthorhombic unit
cells, StME shows equally good performance for other condensed-phase systems in such unit
cells.

While electrostatic potentials from two meshes must be computed in StME, the method
achieves comparable accuracy to SPME with coarser meshes and smaller values of L. For
example, when using 41 order interpolation and Dy = 1.0x107° for calculations on the
streptavidin system, StME achieves nearly the same accuracy with Le; = 8.0A and G, = Gy, =
G¢ = 60 as SPME with Lyt = 9.0A and G, = Gp, = G, = 90. In such a case, the direct space
workload is reduced by almost 30% and the overall FFT workload is reduced by more than
40%: each mesh of 602 points is 3.375x smaller than the mesh of 902 points that would become
the bottleneck for the SPME calculation. Twice as many charge mapping and force
interpolations would be required in the most basic implementation of StME, but as will be
discussed, other optimizations can still lead to significant improvements in simulation
efficiency with this method. We will make a detailed analysis of the optimal parameters for
StME and SPME calculations later in the results.

5.4 Energies and virials obtained with Staggered Mesh Ewald

Highly accurate forces are the most important product of a molecular dynamics method, but
we also wanted to test whether StME could produce energies and virials of comparable
accuracy to SPME, particularly when used with coarser meshes. Typically, electrostatics
dominates the total potential energy of a molecular system but the energy of the reciprocal
space part is fairly small. The reciprocal space calculation also makes fairly minor contributions
to the system’s virial tensor. Still, errors in these contributions could limit the overall
applicability of StME. We also tested whether errors in either of these quantities were
systematic or random by repeating the StME and SPME calculations for 20 individual
snapshots taken at 100ps intervals from 2ns trajectories of each system. These tests were
conducted using the SANDER module of the AMBER software.

When the mesh used to compute the reciprocal space electrostatic potential is coarsened, both
the energy and elements of the virial tensor trace become increased relative to their values
obtained with a very fine mesh. Figure 8 shows that for a mesh spacing x approaching 1.5A,
the reciprocal space calculation begins to report energies noticeably different from the values
obtained in the limit of a very fine mesh. This behavior holds for the reciprocal space
contributions to the virial trace as well; the off-diagonal elements of the virial accumulate very
large errors (data not shown).

Despite these limitations, it appears that StME can hold its ground in most constant pressure
simulations and in cases when the total system energy is required. In any periodic simulation
cell, isotropic position rescaling can be used to adjust the cell size to satisfy a particular external
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pressure making use of only the trace of the virial tensor. In orthorhombic cells, even
anisotropic rescaling can be accomplished without reference to the virial’s off-diagonal
elements. In our test cases, elements of the virial’s trace are consistently biased by nearly the
same amount for a given system and a particular set of SPME parameters.

In StME calculations, the strong anti-correlation between the errors of the two coarse meshes
carries over into estimates of the energy and virial trace, so that the average of the two results
is biased more consistently than either alone. It is likely that the necessary correction factors
can be computed at the beginning of a simulation by comparing the results from both StME
meshes to the results from a finer mesh or higher interpolation order computed with the same
values of Dyo and L. Periodic updates of the correction factors, perhaps every 10,000 steps
or upon significant changes in the unit cell dimensions, appear to be a reliable means of keeping
errors in the calculated energy and virial trace within the levels obtained with conventional
SPME calculations and accepted parameters. To ensure that the accuracy in estimates of the
energy and virial trace (after removing the bias) was comparable to the accuracy of forces in
StME, we scanned over a large number of all four Ewald parameters for the streptavidin and
COX-2 test cases. The results in Figure 9 confirm that, if StIME produces accurate forces, it
produces a precise virial trace and energy as well. Further explanation of why the energy and
virial trace estimates are biased in the manner observed is provided in the Supporting
Information.

5.5 A simple metric for the accuracy of Ewald mesh methods

As in shown in the Supporting Information, it is logical to compute the accuracy of the
reciprocal space part of an Ewald mesh calculation as a function of o/u, where ¢ is the width
of the Gaussian charge smoothing function defined in Equation S.1 of the Supporting
Information and u, again, is the mesh spacing. We did this for all four of our test cases by
computing SPME or StME calculations for ¢ ranging from 0.5 to 3.0A, 4 ranging from 0.9 to
2.0A, and 4™, 5t or 6! order interpolation.

Force errors for each test case are plotted as a function of o/u in Figure 10 for StME calculations
using 4t order interpolation and SPME calculations using 4!, 5t or 6t order interpolation.
In all cases, the accuracy of forces appears to approach a log-linear relationship with o/; in
this region, the accuracy of StME is roughly 1.2 orders of magnitude higher than SPME with
identical parameters.

Because the accuracy in an Ewald mesh calculation also depends on contributions from the
direct space calculation, we assumed that the entire electrostatics calculation could meet
“AMBER” or “CHARMM” accuracy if the reciprocal space calculation produced errors up to
half the level of either standard (this estimate is conservative, as the direct and reciprocal space
forces for any given atom are generally oriented randomly with respect to one another, so the
magnitude of the combined error will be at most the sum of the direct and reciprocal space
errors). Our findings echo results in Figures 6 and 7: StME calculations using 4™ order
interpolation can meet the “AMBER” level of accuracy with ¢ > 1.0x, whereas SPME run with
4t order interpolation would require o > 1.54. This is reflected in the AMBER default
parameters: Le,t = 8.0A and Dy = 1.0x1075 implies that o is approximately 1.42A to pair with
1< 1A. Similarly, StME can achieve “CHARMM?” accuracy using 4™ order interpolation and
o> 1.2u. SPME with 4% order interpolation would require o > 2.0y this is reflected by the
NAMD recommended parameters Lgy; = 12.0A and Dy = 1.0x1078, implying o ~ 1.94 A for
1 <1A. Figure 10 also shows that SPME calculations must use 61 order interpolation to produce
“AMBER” or “CHARMM?” accuracy with the o/u ratios available to StME with 41 order
interpolation.
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In the Supporting Information, we show that there is a nearly linear relationship between ¢ and
Lcyt for a given Dy, which implies that there is then a roughly linear relationship between the
acceptable values of L and  for a given value of Dyg. In the next section, we will examine
how the combination of u, L, and Dyo can be used to optimize performance in both SPME
and StME.

5.6 Optimal StME and SPME parameters

In order to define optimal Ewald parameters, we return to the “AMBER” and “CHARMM”
accuracy standards as defined in Methods. Because different computing architectures favor
different levels of real-space or reciprocal space calculations, we did intensive scans of L
between 6.0 and 16.0A, x between 0.7 and 2.0A and Dy, between 5.0x10~7 and 1.0x107° for
both 4t and 5t order interpolation. Because the choice of Dy, does not affect execution time,
we sought any value of Dy that could satisfy the accuracy standards for given values of Lt
and u. Results for SPME and StME methods are plotted in Figure 11.

While increasing the interpolation order from 4 to 5 will greatly expand the combinations of
Lcut @and u that can produce a particular level of accuracy, staggered meshes with 4™ order
interpolation offer an even wider array of options. Figure 11 also confirms a result evident in
Figures 6 and 7, that increasing the interpolation order with staggered meshes is of marginal
benefit when seeking the “AMBER” level of accuracy, but offers more significant
improvements when seeking the higher “CHARMM?” level of accuracy.

Although we do not have a working version of Staggered Mesh Ewald in an efficient molecular
dynamics package, it is not difficult to obtain reasonable estimates of the single-processor
efficiency of StME versus SPME. We assume that the costs of the occasional energy and virial
bias corrections and the cost of averaging the forces obtained by the two reciprocal space
calculations are negligible. If the two reciprocal space calculations share data, the computation
of the reciprocal space pair potential 4) need only be done once for both meshes, and there
is even the possibility of using “harmonic averaging,”’ combining the two staggered meshes
in Fourier space to eliminate one of the four FFTs and one of the two force interpolation
procedures for significant overall savings. However, we assumed that the two calculations must
be done independently, because there may be benefits to parallel performance in this regard
and independent calculations make the StME implementation trivial. Under these assumptions,
the reciprocal space part of an StME calculation takes exactly twice as long as the identical
SPME reciprocal space calculation. Tests were conducted on an Intel 2.66GHz E5430
processor with the serial version of the pmemd module of AMBER10. Similar to findings
presented by Crocker and co-workers in the development of their own parameter optimization
program MDSimAid,23 we were unable to significantly improve the performance of single-
processor SPME calculations by simply adjusting the parameters. However, Tables 2 and 3,
which also provide additional details of the molecular dynamics benchmark, shows that
optimized StME parameters can perform somewhat better than optimized SPME parameters
to obtain either “AMBER” or “CHARMM?” accuracy on the four test cases.

In contrast to single-processor performance, parallel scaling is difficult to predict. We expect
that the performance advantage of StME will carry over into simulations on small numbers of
processors and that the ability to reduce the overall FFT workload without increasing the direct
space workload will give StME another advantage in highly parallel applications. The optimal
parameters will change with the number of processors, and as shown in Figure 11 StME offers
many choices. Parallel implementations of the SPME algorithm have been extensively
optimized for parallel scaling by multiple independent groups;13:14:15 while StME can likely
benefit from much of this progress, it will take some effort to devise a parallel StME
implementation that is as finely tuned in order to make a fair comparison with the best SPME
implementations.
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6 Discussion

In this communication, we have reviewed and renewed an old technique, “interlacing,” for
improving the accuracy of particle:mesh calculations. While the technique was originally used
to reduce the memory requirements of such calculations at the expense of simulation speed,
our new implementation “Staggered Mesh Ewald” seems to confer some benefits to overall
speed on modern computers. Nowadays, computer memory is plentiful but the ability to use
smaller meshes may help to reduce the total communication cost of simulations in parallel
applications. We will now discuss how mesh staggering might benefit other Ewald mesh
methods, Poisson solvers, and molecular simulations.

6.1 Staggered meshes for other Poisson solvers

Previously, mesh staggering has been shown to be effective with the Particle:Particle
Particle:Mesh (P3M) method,’ and here we have shown it to be effective with the Smooth
Particle Mesh Ewald (SPME) method. The principal difference between these electrostatic
methods is the shape of the charge smoothing function used in the mesh calculation: P3M uses
a spherical hypercone, whereas SPME uses a spherical Gaussian, which confers some
advantage in accuracy9 because the Gaussians are better at conserving the total amount of
charge on the mesh. We expect that mesh staggering will also improve the accuracy of Gaussian
Split Ewald (GSE) calculations,9 which are nearly identical to SPME except in the function
used to interpolate particles to the mesh (SPME uses a B-spline whereas GSE uses another
Gaussian, but B-splines in fact converge to Gaussians in the limit of high interpolation
order24).

Another possible application of mesh staggering is to real-space variants on the SPME method,
which use the same particle interpolation and charge smoothing functions but solve Poisson’s
equation in real spacel0:11. These methods may prove more scalable than FFT-based methods
on very high numbers of processors, but the principal drawback of these methods is the cost
of smoothing the charge density in real space, a function of the number of mesh points.
Staggered meshes can not only reduce the number of mesh points needed, they can also improve
the efficiency of the charge smoothing procedure because the distances between corresponding
mesh points are identical on both meshes. Such improvements may help close the gap between
real-space and FFT-based Poisson solvers in Ewald calculations.

Fast Multipole methods (FMMs)2%:26 receive attention for the same reasons as real-space
based Poisson solvers: the promise of O(N) scaling and also exponentially reduced
communication requirements as the interactions become increasingly long-ranged. While
FMMs continue to be slower than FFT-based Poisson solvers for condensed phase molecular
systems, as with real-space Poisson solvers, considerable progress has been made in recent
years. It is possible that staggering the hierarchy of meshes used by FMMs may confer the
same benefits as staggering the one mesh used by SPME or P3M, again helping to close the
performance gap between these methods and the standard particle:mesh techniques used in
most molecular simulations.

While mesh staggering may have utility in other Poisson solvers, other approximations that
have proven useful in standard Poisson solvers may be of utility in Staggered Mesh Ewald. In
particular, the use of spherically truncated FFTs,2” discarding very low-frequency modes in
Fourier space much as interactions in the tail of the direct space sum are discarded in standard
SPME, can decrease the cost and communication requirements of the FFT needed to take the
charge Q mesh into Fourier space. By using spherically truncated FFTs and harmonic
averagingl’ in the context of Staggered Mesh Ewald, the communication requirements and
cost of evaluating the FFTs for the reciprocal space sum might be reduced even further.
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6.2 Staggered Mesh Ewald for highly parallel applications

We have not presented results for the performance of StME in the context of parallel molecular
dynamics simulations because we do not yet have a working implementation in this respect.
We have shown that StME offers moderate performance improvements on single-processor
simulations, which can be expected to carry over into parallel applications on small numbers
of processors. The scaling of highly parallel algorithms is difficult to predict, but we will
address three of the most critical aspects of the reciprocal space calculation with respect to
parallel implementations and StME.

On large numbers of processors, the scaling of the Ewald reciprocal space calculation is limited
primarily by the number of messages that must be passed between processors in order to
accomplish the FFT operations for convoluting the charge mesh Q with the reciprocal space
pair potential #("®). |f P nodes are working together to compute an FFT, each node must send
its part of the FFT data to all other nodes, and receive FFT data from all other nodes. (It is for
this reason that most codes devote a subset of processors to the reciprocal space calculation.)
Because StME requires up to 40% less FFT work than regular SPME, the FFTs could be
performed on a smaller subset of processors, implying fewer messages to pass.

But, reducing the amount of mesh data can imply other communication costs. A second
important factor in the cost of a parallel reciprocal space calculation is the cost of
communicating the coordinates and identities of atoms in order to construct the charge mesh
Q, before any FFTs take place atall. In SPME with nt" order interpolation, each atom influences
a rectangular region of the mesh Q that is nu points on each side. As n or u increases, more
atoms must be therefore imported from further away in order to consruct Q. As was shown in
the results, StME with 4! order interpolation produces similar accuracy to SPME with 6™ order
interpolation, all other parameters being equal. StME could therefore make use of a large u
such as 1.5A with smaller import regions for constructing Q than SPME would require.
However, the import regions would still be somewhat larger than those required by an SPME
calculation using the typical x = 1A.

A third factor that influences the cost of a parallel reciprocal space calculation is the actual
cost of constructing Q and then interpolating forces from the potential Q = 6("®%). These particle
< mesh operations, which can be more expensive than the FFTs themselves (data not shown),
are typically performed on the same processors that will do the convolution Q + 6("®), Because
StME essentially doubles the cost of the particle «<» mesh operations, it may be difficult to
reduce the number of processors devoted to the FFT operations. However, the particle <> mesh
operations can be done on the more numerous processors devoted to the direct space calculation
so that the grid data itself could be communicated to a subset of processors for computing the
convolution. NAMD?5 is already equipped to run traditional SPME calculations by passing
mesh data, not coordinates, to reciprocal space processors when the highest possible scaling
is desired; such a reorganization may be necessary in order to make StME beneficial to highly
parallel applications.

6.3 Continued improvement of Ewald mesh methods

Ewald mesh methods will likely remain an important tool for molecular simulations well into
the future. Briefly, calculating long-ranged Coulomb electrostatics currently accounts for a
majority of the total simulation time, and will continue to do so even as classical models begin
to incorporate other charge geometries and explicit polarization effects. While quantum effects
are undoubtedly important for the interaction of charges at very short range, the Coulomb
approximation quickly takes over even on molecular scales. Furthermore, numerous studies
have shown that the periodic boundary conditions enforced by Ewald mesh methods are
relatively benign, especially in comparison to some alternatives. We will describe the rationale
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for continued development of Ewald electrostatics in more detail, then outline other avenues
to accelerating Ewald calculations which we hope will dramatically accelerate traditional
Ewald mesh calculations and serve as a powerful complement to the Staggered Mesh Ewald
method.

The majority of the computational effort in molecular dynamics simulations is devoted to
electrostatic nonbonded interactions, whereas the calculation of van der Waals dispersion
interactions, typically by Lennard Jones potentials, is minor in comparison. Primarily, this is
because electrostatic interactions are very long ranged. Moreover, because of the form of the
electrostatic potential, analytic electrostatic force computations require not only a divide

operation but also an expensive square root operation to obtain the quantity [kcoulqiqj/ r;j] T
where keqy is Coulomb’s constant, gj and g; represent charges of the atoms i and j, and rj; is
the vector between the charges. In contrast, the Lennard-Jones force requires only a divide

operation to compute the quantity [Afj/r?ﬁBij/r}f] rjj, where Ajj and Bjj are constants. A third
factor that makes electrostatic calculations dominate the cost of simulations is a peculiarity of
current water models, most of which give Lennard Jones attributes to only the oxygen atoms
while placing charges on at least three sites. Because water makes up the majority of the system
in most simulations of solvated proteins, there can be many more electrostatic interactions than
Lennard-Jones interactions for a given cutoff.

While point charges may not be an adequate representation of atomic charge distributions at
close range,28 Ewald mesh methods are also compatible with other charge geometries. One
must merely recall that the direct space interactions are a modification to the electrostatic
potential of the smoothed charge distribution computed in the reciprocal space calculation, as
discussed in the Introduction and Methods. The direct space modification can just as easily be
used to extract interactions of distributed charges, so long as the interaction of two charges in
the actual system and the interaction of two Gaussian charges converge at the direct space
cutoff. Even if it does not perfectly describe the interaction of subatomic particles at close
range, Coulomb’s law is still valid for the interaction of charges on the nanometer scale.
Therefore, long-ranged electrostatic methods such as the Ewald sum will continue to be
essential for molecular simulations, even as new force fields with different local electrostatic
approximations and even explicit polarization effects?® come into use.

There is debate over whether periodicity imposed by Ewald electrostatics is suitable for
molecular simulationss,3%:31 and while such a representation may be much more appropriate
for crystal lattice simulations,32 periodic boundary conditions are a very practical solution for
simulations of proteins in boxes of water as well. While there are relevant concerns when using
periodic boundary conditions with very small systems,33 finite size effects are by no means
limited to periodic systems. Simulations performed in both periodic and non-periodic unit cells
such as droplets3# or ice shells3® suggest that periodic boundary conditions are as good or better
than numerous alternatives.

Given the importance of Ewald mesh methods to molecular simulations, further developments
that permit the use of coarser meshes or reduce the required number of direct space
computations are of great interest. In this communication, we have analyzed the errors arising
from a coarse mesh in terms of self image forces and pair interaction force errors. The self
image forces we identified can be corrected on a per-atom basis for low-density plasma
simulations, but the pair interaction force errors arising from a coarse mesh require more
extensive corrections in condensed-phase simulations. Our solution was to introduce a second
mesh calculation, staggered relative to the original. It may also be possible to modify the form
of the Ewald “switching” function used to make the transition between the reciprocal space
electrostatic potential and the direct space modification. The form used in all Ewald mesh
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methods to date, most apparent in Equation 1, is dictated by the form of the charge smoothing
function, a Gaussian as described in Equation S1. of the Supporting Information. The typical
direct space potential satisfies the most important property of an Ewald switching function in
that it smoothly vanishes within a reasonable distance, while the associated Gaussian function
ensures that charges can be mapped to a mesh with reasonable accuracy. However, it may be
possible to design new charge smoothing and potential switching functions that map charges
more accurately to coarser meshes or vanish more rapidly. We are pursuing new ways to satisfy
these criteria and expect the results to be generally useful for all types of Ewald mesh
calculations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Graphical guide to mesh terminology used in the text

Two examples of a two-dimensional mesh are given above. The upper mesh is a rectangular
mesh analogous to an orthorhombic three dimensional unit cell; the lower mesh is analogous
to a non-orthorhombic unit cell. We define the “bin vectors” v, and vy as shown for each mesh;
note that the magnitudes of the bin vectors correspond to the mesh spacings w4 and uy, and that
the “lattice vectors” can be written as Gav, and Gpvy, where G4 and Gy are the number of mesh
cells in each dimension. Each mesh point is indexed from 0 to G5 — 1 or Gy — 1 and the meshes
span a periodic unit cell as shown on the diagram. The “mesh bin coordinates” u = (u, up)
describe the location of a point r within the mesh: r = ugv, + upvy. Each mesh contains a small
circle to represent a particle; the expression for its “bin displacement” is given by Equation 2
or £ =u — floor(u)._In the upper mesh, the particle has mesh bin coordinates u = (2.5, 1.5) and
bin displacements & = (0.5, 0.5); in the lower mesh, the particle’s mesh bin coordinates are
(1.5, 1.75) and its bin displacements are (0.5, 0.75).
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Figure 2. Force errors associated with mapping a single atomic charge to the mesh
When point chargs are mapped to a mesh, they suffer an artifactual net force from their own
the self images in other unit cells. These artifactual forces decrease rapidly as the mesh becomes
finer, but can be significant even for 1.0A meshes, acommon spacing used in conjunction with
direct space cutoffs of ~9A. The plots above show the self image forces on a +1e test charge
as it is moved to many random positions inside a 64A cubic box when the mesh spacings given
in each panel are used to compute the reciprocal space electrostatics. Dot, +, and open circle
symbols represent self image forces in the X, y, and z directions (along va, vy, and v, for this
mesh). In all cases the self image forces have a sinusoidal form given in Equation 3 with respect
to the bin displacement; the amplitude of the error increases rapidly with the mesh spacings
La» Ub, OF g, but appears to depend only on the charge’s bin displacement in each dimension.
Molecular dynamics codes typically add a “net force correction” to prevent the reciprocal space
calculation from imparting artificial momentum on the system; eliminating the self image
forces would reduce but not obviate the need for such a correction (see also Figure 3).

J Chem Theory Comput. Author manuscript; available in PMC 2010 September 8.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cerutti et al.

Page 19

0.25

0.156

0.05

-0.05F

1
e
-
(%2}

o
N
w

Error in Force, kcal/mol-A-e?

-0.03

-0.06

01 02 03 04 05 06 07 08 09 1.0
Bin Displacement

Figure 3. Force errors in a system of many sparse charges

A total of 200 pairs of +1e charges were placed in another 64A cubic box similar to the setup
in Figure 2. Charges were distributed such that no two came within 9.5A of one another (for
this example, Lyt = 9.0A, and Dy = 1.0x107%). Black dots in each panel represent the total
error in the force on each charge in the x, y, or z directions. The black lines in each panel
represent the expected self image forces, obtained by optimizing the coefficients W(1) and
W@ in Equation 3 for each mesh. For x = 1.333A, W) = 0.1335 and W@ = 0.0112; for x =
1.0A, W) = 0.0476 and W® = 0.0046. While the expected self image forces account for a
significant amount of the total error, other sources of error are clearly present even for this
sparse system of charges.
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Figure 4. Force errors in increasingly dense systems

Many pairs of +1e charges (1600 in the top panel, 12800 in the bottom panel) were placed in
a 64A cubic box in the same manner as in Figure 3 according to the minimum interparticle
spacing |rj — rj| given in each panel. For this example, x = 1.333A, Leyt = 9.0A, and Dy =
1.0x1075. Black dots again represent the total error in the force on each charge in the x, y, or
z directions (errors for only 400 charges are shown for clarity). The self image forces remain
a major factor in the total error even at minimum interparticle spacings as low as 5.0A, but
other sources of error rapidly dominate as the minimum spacing goes below 2.5A and thus
removing the self image error is no longer an effective correction for coarse reciprocal space
meshes. In a typical MD simulation, interparticle separations of less than 1A are common.

J Chem Theory Comput. Author manuscript; available in PMC 2010 September 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cerutti et al.

0.10

Page 21

A

0.06

0.02

0.06

0.00

-0.02
-0.06

[y
1]
o 0.06
° -0.12
E
E r I 1 1 I 1 1 I 1 1 1L I 1 1
K 0-10% 4 2 0 2 4 6 8 8 6 4 2 ) 2 4 6 8
8 0.05 0.10
e
o
w
£
5 0.03 0.06
£
L

0.01

-0.01

-0.03

o.02[

-0.02

-0.06

-8

L 1 1 L 1 1 -0.10 L L 1 1 i 1

4 6 8 -6 -4
Charge:Charge x Displacement, A

Figure 5. Force errors associated with pair interactions due to coarse reciprocal space meshes
Significant errors enter the calculation of the force between two +1e charges P, and P, when
a coarse mesh (in this case, x« = 1.333A) is used. Error in the x component of the force exerted
on P41 by P, excluding any self image force, is plotted as P, is moved parallel to the x axis
such that its path intercepts Py unless otherwise noted. Results for several different positions
of P are shown as a function of the x displacement between P4 and P,. Panel A, solid line:
P, is positioned at the origin. Panel A, dashed line: Py is positioned at 0.5x along the x axis.
In Panel B, the solid line is copied from Panel A but for the dashed line Py is positioned at
(0.54, 0.54, 0.5u). The errors are anticorrelated in Panel A and more strongly so in Panel B
(the solid line with circles shows the average of the two errors). Panels C and D follow the
format of Panel B. Panel C, solid line: P4 positioned at 0.25x on the x axis. Panel C, dashed
line: P4 positioned at (0.75x, 0.5x, 0.54). Panel D, solid line: P positioned at (0.307y,
1.4214, 1.804.:), P, moved along the x axis. Panel D, dashed line: P4 positioned at (0.807y,
1.9214, 2.804.), P, moved to sample points (x, 0.5u, 0.5u).
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Figure 6. Accuracy of Smooth Particle Mesh Ewald (SPME) and Staggered Mesh Ewald (StME)
calculations for the streptavidin test case

Each type of Ewald calculation was run using the parameters given in the top right corner of
each panel. Black lines with open or filled symbols represent 4™ or 5t order interpolation,
respectively; diamonds and circles represent SPME and StME calculations, respectively. In
most MD codes, a mesh of 902 points would be used, along with Dyoj = 1.0x107° or
1.0x1078 and 4! order interpolation; these cases are shown in orange and blue, respectively,
for reference. Additional details of the streptavidin system are given in Table 1. Even with a
mesh spacing 1.5x the standard value, the StME method offers improved accuracy over the
corresponding SPME calculation for nearly all values of L;. StME maintains its advantage
with finer meshes or higher interpolation orders.
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Figure 7. Accuracy of SPME and StME calculations for three other test cases

The format follows Figure 6 but only the case of a mesh spacing 1.5% the default value, that
is 1 approaching 1.5A, is shown. The 35% v/v glycerol:water mixture, protein lattice, and the
solvated COX-2 dimer are simulated in monoclinic, orthorhombic, and truncated octahedral
cells, respectively. For efficiency, the truncated octahedron is tiled and reshaped into a triclinic
unit cell in dynamics simulations. Additional details of all systems can be found in Table 1.
The StME method shows comparable performance relative to SPME across all test cases.
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Figure 8. A removable bias in StME estimates of electrostatic energy and elements of the virial
tensor trace

In the left panel, StME using 603 mesh points, 41 order interpolation, Dy = 1.0x107°, and
Lyt = 8.0A estimates the streptavidin test system’s electrostatic energy 38.5 kcal/mol too high
relative to a very accurate standard, on average, over the course of a 2ns simulation. The StME
error in the energy estimate is given by the solid line with open circles; plain solid and dashed
lines show the error if either of the two StME meshes were used alone. In comparison, a
standard SPME calculation run with the AMBER default parameters (a mesh of 903 points)
delivers an error of only 0.6 £ 0.1 kcal/mol. However, the errors in the reciprocal space energy
estimates of each StME mesh are strongly anticorrelated such that the overall error is very
consistent: 38.5 + 0.2 kcal/mol. If the 38.5 kcal/mol bias is removed by measuring against a
high accuracy standard occasionally over the course of a simulation, the electrostatic energy
can be consistently estimated to within the error of the AMBER default parameters. A similar
treatment can be applied to derive the correct reciprocal space virial tensor trace, as shown for
the COX-2 test case in the right panel (StME was performed with meshes of 803 points; the
default AMBER parameters imply a mesh of 1203 points for SPME). The format of the lines
is the same; error in Vyy appears in the bottom half of plot, error in V,; in the top half (error in
Vyy is omitted for clarity).
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Figure 9. Error in energy and virial trace elements plotted against error in forces obtained by the
StME method

Forces, energies, and virials were computed by StME for 20 snapshots of the streptavidin and
COX-2 test cases for Dyo) 0f 1.0x107° or 1.0x1078, 4 ranging from 2.0 to 0.9A, L ranging
from 7 to 12A, and 41" or 5t order interpolation. Each point in the four plots above represents
the results for a particular set of Ewald parameters: the root mean squared error in electrostatic
energy or instantaneous pressure (after removal of any bias) is plotted against the average force
rmsd for all 20 snapshots. The division of the points into two groups stems from the different
values of D). Crosshairs in each plot intersect at the error in force and error in pressure or
energy obtained using the default AMBER parameters (z <1A, 41 order interpolation, Ly =
8.0A, and Dyg) = 1.0x107°) for each system. Although the errors in pressure may appear large,
only the amplitude is plotted and after removal of bias the error in pressure from StME
calculations can be positive or negative. The root mean squared deviations in the instantaneous
pressure obtained for streptavidin and COX-2 over the course of each simulation were both 90
bar, fluctuating about an average of 1 bar; in this sense, the errors in pressure are a miniscule
amount of extra noise.
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Figure 10. Accuracy of forces as a function of the ratio of charge smoothing to mesh spacing

In each of four systems, the accuracy of forces was computed for a range of values of direct
space cutoff L;; and mesh spacing u. For all calculations, the direct sum tolerance Dy, was
set to 1.0x1079, implying that errors in the forces came almost exclusively from the reciprocal
space calculation. Equation S.7 of the Supporting Information was used to obtain the width of
the Gaussian charge smoothing function in each calculation. Each plot is marked according to
the “AMBER” and “CHARMM” accuracy standards, assuming that the reciprocal space
calculation must create errors not in excess of half the level of each standard. The accuracy of
the reciprocal space calculations as a function of o/u is a logical way to compare StME and
SPME with different orders of interpolation: it indicates how aggressively the charges must be
smoothed and hence provides an indication of how long L¢,;; must be for a particular u. By this
metric, StME with 4™ order interpolation performs slightly better than SPME with 6™ order
interpolation to obtain the levels of accuracy sought in most molecular simulations.
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Figure 11. Ewald parameters yielding “AMBER” or “CHARMM?” levels of accuracy in the
streptavidin and COX-2 test cases

By scanning L¢,: and u for different orders of interpolation and optimizing Dy for greatest
accuracy in each case, we were able to determine the region of the L,; and x parameter space
on which SPME or StME give acceptable levels of accuracy. The format of boundary lines in
each panel follows Figure 6: diamonds denote the SPME method and circles denote the StME
method, while open and filled symbols denote 4" and 5™ order interpolation, respectively.
Values of L, and « below and to the right of each boundary line produce accurate forces
according to the standard listed in each panel.
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Table 1
Test cases for the Staggered Mesh Ewald method

The cases presented here span a variety of simulation cell geometries. All systems are in the condensed phase

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

and were pre-equilibrated by molecular dynamics simulations at constant pressure.

Case Cell Dimen’sai\ons (a,b,c), Cell Dimensions (a.8,) Atom Count
Streptavidin 89.7 x 89.7 x 89.7 90°, 90°, 90° 73305
Protein Crystal 91.3x81.3x91.0 90°, 90°, 90° 73944
Glycerol Solution 69.7 x 69.7 x 89.0 60°, 90°, 90° 39808
Cyclooxygenase-2 114.8 x 114.8 x 114.8 109.5°, 109.5°, 109.5° 118833
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