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MOLECULAR DYNAMICS SIMULATION OF
THE HIN-RECOMBINASE -DNA COMPLEX

YUTO KOMEUT**and MASAMI UEBAYASI®

2 Electrotechnical Laboratory, 1-1-4 Umezono, Tsukuba, Ibaraki 305-8568, Japan;
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Molecular dynamics simulation was performed for 1 ns for a peptide:DNA complex formed by
Hin recombinase 52mer peptide and a 13 base-pair synthetic AixL half-site. The Ewald
summation method was employed to treat the electrostatic interaction without the cutoff.
Comparison with the results of the conventional cutoff method revealed that proper treatment
of the electrostatic interaction was required to produce a stable trajectory. The trajectory thus
obtained was used to analyze the interaction between the peptide and the DNA. Both N- and C-
terminal regions reside within two regions of the minor groove. The N-terminus-DNA
interaction was fairly stable in the current simulation, but the C-terminus-DNA interaction was
only marginally stable. These simulation results were consistent with reported experimental
data that the N-terminal residues were required for the DNA recognition, while the C-terminal
ones were supportive but not necessary.

Keywords: Molecular dynamics; peptide; DNA; Ewald; cutoff;, Hin recombinase

1. INTRODUCTION

In this paper, we report molecular dynamics (MD) simulation of a
peptide:DNA complex formed by the C-terminal 52mer peptide of Hin
recombinase and a 13 base-pair (bp) hixL half site.

Hin recombinase is an enzyme that inverts a DNA segment regulating the
expression of the flagellin genes of Salmonella typhimurium (1], and initiates
the sequence of events of the recombination reaction by binding to the two
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homologous crossover sites, hixL and hixR, of the supercoiled DNA (see,
for example, [2]). The protein consists of 190 amino acid residues, but the
carboxyl terminal 52 amino acids were shown to be sufficient for binding to
the hix sites [3].

The crystal structure of the 52mer:hixL. complex was resolved to atomic
resolution at 1.8 A ([4], PDB entry |HCR, Fig. 1). Figure 2 shows the amino
acid and base sequences of the 52mer and the synthetic AixL half site. The
numbering obeys Ref. [4]. The 52mer peptide has three o-helices, the third of
which forms the helix-turn-helix motif that binds to the major groove of
DNA. In addition, both termini of the peptide reside within two regions
of the minor groove. We consider this complex an ideal target for the study
of a peptide-DNA interaction because of its simple architecture.

Though there were a number of pioneering studies, reliable MD
simulations of nucleotides had long been difficult. The electrostatic cutoff
method, often used in biomolecular simulations, causes serious artifacts in
the structure and dynamics of the nucleotides because they are highly

Strand 1 3' Strand 2 §'

helix 1

\

Strand 2 3'
Strand 1 §'

FIGURE 1 The ribbon presentation of the crystal structure of the Hin recombinase 52mer:
DNA complex {4].
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{a) Amino acid seguence of the 52mer

139 148 162 173 181 190
I I | | I I
GRPRAITKH-EQEQISRLLEK-GHP~-RQQLAIIF-GIG-VSTLYRYF-PASSTIKKRMN

a =helix |---(1)----| | --1(2) -~ |--(3)--]

{b) DNA base sequence of the hixL half site
2 3 4 5 6 7 8 9 10 11 12 13 14 15
Strandl 5 T ¢ T T T T T G A T A A G A 3
Strand 2 3° ¢C A A A A A C T A T T C T 5’
29 28 27 2625 24 23 22 21 20 19 18 17

FIGURE 2 The sequences of (a) the 52mer peptide and (b) AixL half site.

charged molecules (see Appendices C and D). Recently, reliable MD
simulations of DNA and RNA have become possible owing to the
availability of MD methods without the electrostatic cutoff [5, 6], stimulated
by the development of sophisticated algorithms and by the improvement of
computer hardware. However the number of MD simulations of protein:D-
NA/RNA complexes without the electrostatic cutoff is still limited
(Glucocorticoid Receptor [7,8], Homeodomain [9], Estrogen Receptor,
[10]). The artifacts arising from the electrostatic cutoff are usually less
evident in MD simulations of polypeptides than in those of nucleotides.
Nevertheless, several recent studies have shown that avoidance of the cutoff
is also desired, or sometimes critical, for MD of polypeptides to obtain
reliable results [11-17].

We have recently constructed a high performance system for MD
simulation of biomolecules named PEACH-GRAPE [16,18]. PEACH
(Program for Energetic Analysis of bioCHemical molecules) is a software
for biomolecular simulation which employs a special-purpose processor
named MD-GRAPE (GRAvity piPE for MD [19]) to compute the
nonbonded interactions. This system performs MD in spherical or periodic
boundary conditions without the electrostatic cutoff [16].

We consider the Hin 52mer:DNA complex a suitable target to simulate by
the PEACH-GRAPE system because the electrostatic interaction should
play an important role in the DNA recognition by the peptide. We
performed MD of the complex by the Ewald method [20], and report of the
interactions involved in the DNA recognition. We also produced an MD
trajectory by the cutoff method and compared it with that obtained by the
Ewald method to demonstrate the improvement (Appendices C and D).
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2, RESULTS AND DISCUSSION

2.1. Feasibility of the Generated Trajectory

An MD simulation of the peptide:DNA complex was performed for 1 nsin a
periodic box of water as described in Appendix A (see Fig. 3 for the initial
configuration). The Ewald method was used to compute the electrostatic
interaction (see Appendix B for determination of the Ewald parameters). The
trajectory was generated in the microcanonical ensemble, which is suitable to
investigate dynamics because it uses no velocity or coordinate scaling.

At first, we studied the total energy and temperatures of the generated
trajectory to demonstrate the feasibility of the simulation protocol. We
computed the averages and RMS (root mean square) fluctuations of the
total energy and temperatures from the 300— 1000 ps trajectory (Tab. I). The
total energy of the system should be conserved in the microcanonical
ensemble. The excellent energy conservation (0.05% for a period of 700 ps)

FIGURE 3 The initial configuration for MD of the geptide:DNA complex. The complex was
immersed in a cubic box of water (60.8 x 60.8 x 60.8 A°), in which the ions and solvent had been
optimized and bad contacts within the solutes had been eliminated (Appendix A). The numbers
of atoms were: peptide 875, DNA 859, Na™ ions 16, and solvent 19,092. In total, 20,812 atoms
were simulated.
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TABLE I Summary of the MD trajectory (3001000 ps)

Total Energy (10* kcal/mol): —5.2468 +0.0025 (0.05%)

Temperature (K): total 301.1+1.4
solute 302.1+6.1
ion 301.1+624
. solvent - 301.0+1.5
RMSD (A"): peptide 2.82 (main chain 2.18 side chain 3.31)
DNA1 2.72 (main chain 3.17 side chain 2.12)
DNA2 2.16 (main chain 2.43 side chain 1.78)

® Time RMS of the RMSD of the trajectory from the crystal structure was computed. Hydrogen atoms were
neglected.

indicated the feasibility of the precision of the force calculations and the
integration method [21].

Separation of the temperature between the protein and the solvent has
been reported in several MD simulations of solvated proteins [16, 22—24].
This phenomenon is caused by the abrupt cutoff of the nonbonded
interactions. Our simulation used the high precision Ewald method to
compute the electrostatic interaction. Hence, the solute, ion, and solvent had
the same temperature of 300K within acceptable errors (Tab.I). See
Appendices C and D for comparison with the result of the cutoff MD.

Next, we investigated the root mean square deviation (RMSD) of the
generated structures from the crystal structure. The time evolution of the
RMSD is shown in Figure 4, and the RMS of the RMSD’s of the 300—
1000 ps trajectory are listed in Table I. RMSD of both the peptide and the
DNA strands were fairly stable and converged at <~3A. The time-
averaged structure of the trajectory was superimposed onto the crystal
structure (Fig. 5). This figure illustrated that the MD structure evolved
within the realm of the crystal structure. For the peptide, the main chain
atoms had smaller RMSD values than the side chain atoms because the side
chains were more exposed to the solvent. In the case of the DNA, the main
chains were exposed to the solvent, and were more mobile, and hence had
larger RMSDs than the side chains (Tab. I).

2.2. Analyses of the Peptide - DNA Interaction

The energetic quantities and RMSD from the crystal structure thus showed
the stability and the feasibility of the generated trajectory. We further
analyzed the trajectory to investigate the peptide— DNA interaction.

The RMSD’s from the crystal structure of the amino acid residues and
DNA bases were determined for the average structure of the 300— 1000 ps
trajectory (Figs. 6(a) and 7) to investigate which parts of the molecules were
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RMSD (A)
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FIGURE 4 Time evolution of RMSD of the simulated structures from the crystal structure.
Protein: thick solid line. DNA strand 1: dotted line. DNA strand 2: thin solid line. Hereafter,
each generated structure was fitted to the initial crystal structure as described [43). Hydrogen
atoms were neglected.

FIGURE S Backbone presentation of the time average of the simulated structure (300~ 1000 ps,
gray) superimposed onto the crystal structure (black).
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FIGURE 6 (a) RMSD of the time-averaged structure (300 - 1000 ps) of the peptide from the
crystal structure (thick solid line with black circles). The residue RMSFs were also calculated
from the trajectory (dotted line with black circles) and crystallographic temperature factors
(thin solid line with white circles). (b) Time-averaged nonbonded interaction energies (300
1000 ps) between the peptide residues and the DNA. Several amino acids interacting strongly
are labelled. Their interactions with the DNA were further analyzed in Figure 10.
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FIGURE7 RMSD of the time-averaged structure (300—- 1000 ps) of the DNA from the crystal
structure. The RMSFs of the bases were also calculated from the trajectory and crystallographic
temperature factors. See legend to Figure 6(a) for definition of the lines.

deviated. RMS fluctuations (RMSF) of the amino acid residues and the
DNA bases were also calculated from the MD trajectory and, for
comparison, from the temperature factors (B-factors) of the X-ray crystal-
lographic data (Figs. 6(a) and 7). RMSD shows the deviation of the
trajectory from the initial structure, while RMSF shows the deviation from
the time-average of the trajectory. Several snapshots of the simulated
structures were visualized in Figure 8 to illustrate the overall structural
fluctuation.

RMSF’s from the MD and B-factor were compared (Figs. 6(a) and 7).
The patterns agreed to each other qualitatively, but not quantitatively. The
reasons for the disagreement between the MD and B-factor have been
discussed frequently. Hunenberger er al. [25] compared fluctuations from
nanosecond-order MD and that from the B-factor in detail and concluded
that quantitative agreement between them cannot be expected. In addition,
our simulation was intended to mimic the solution structure of the complex,
while the B-factors reflected the fluctuations in a crystalline environment.
Hence, we did not consider that our MD simulation was inadequate
although the RMSF from the MD and B-factor did not agree quantitatively.
It was also important to note that, because our simulation was only 1ns
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FIGURE 8 Several snapshots of the backbone structures of the trajectory (300~ 1000 ps). The
simulated structures sampled at every 40ps period were visualized by the backbone
presentation.

long, the RMSF from the MD presumably reflected only fast motions
within the complex.

RMSD and RMSF of the peptide indicated that the N-terminus and helix
3 were stable (Fig. 6a). These regions were involved in DNA recognition
(Fig. 1). The C-terminal residues were also involved in DNA recognition by
interacting with the minor groove (Fig. 1), but they were relatively unstable
in this simulation. Helix 1 was more flexible than the other two helices (Figs.
6(a) and 8). This seemed reasonable because helix 1 was exposed to the
solvent (Fig. 1) and not directly involved in DNA recognition.

The stability of the hydrogen bonds (H-bonds) present in the crystal were
examined for the MD trajectory. H-bonds between the peptide and DNA are
schematically presented in Figure 9. Crystallographic H-bonds were defined
as those in which donor-—acceptor distances (Rpa) were < 3.5 A. The
stability of each H-bond during MD was determined by using Rpa only (see
legend to Fig. 9). Such definitions of H-bond stability were somewhat
arbitrary, but were adequate for characterization of the H-bonding pattern.
As seen in Figure 9, the N-terminal region, helix 3, and the C-terminal region
were making H-bonds with DNA. The H-bonds due to the N-terminal
region and helix 3 were mostly stable during MD, but those of the C-terminal
region were not. The H-bonds due to the C-terminal three residues, Arg'®® -
Met'® — Asn'®®, were particularly unstable. The stability and instability of
the H-bonds were thus consistent with the RMSD (Fig. 6a).
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G159 H160 P161
Helix 2
Helix |
R162 Q163 Q164 1.165 A166 1167 1168 F169
E148 Q149 150 Q151 1152 $153 R154 L1585 1.156 E157 K158

G170 1171 G172

Helix 3

(N)G139 R140 P141 R142 AL43 1144 TL45 K146 H147 viza T”S L176 Y177 R178 Y179 F18
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7

DNA //
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FIGURE 9 Schematic presentation of the H-bonds between the peptide residues and the
DNA base pairs. H-bonds were judged by the distance between the donor and the acceptor
atoms (Rpa). Stability of the hydrogen bonds present in the crystal (Rpa < 3.5A) were
examined during the MD simulation. The time average of Rpy, during the 300-1000ps
trajectory was used to measure the stability. Stable hydrogen bonds (Rpa < 3.5 A) were shown
in thick solid lines, marginally stable ones (3.5 < Rpa < 5.0) in thin solid lines, and unstabie
ones (Rpa > 5.0A) in dotted lines.

We also computed the nonbonded interaction energy (electrostatic plus
van der Waals) between the peptide and DNA averaged over the trajectory
(Fig. 6(b)). Negative interactions were considered to contribute favorably
with the formation of the complex. In general, formation of a complex by
two molecules depends upon a subtle balance of the enthalpy and entropy of
the system including the solvent, and cannot be explained only by the
interaction energy between two molecules. However, in an analysis of a
substrate bound form of a protein [26], we experienced that the interaction
energy gave fairly reasonable accounts for the experimental data. Thus,
discussion below based on Figure 6(b) should hold at least qualitatively.

The N-terminal residues, Gly'*®— Arg!'®’—Pro'#*' — Arg'“?, were interact-
ing favorably with the DNA. Helix 1 had both positively and negatively
charged residues (Fig. 2(a)), so the interaction with the DNA, in total, was
not strong. Helix 2 consisted of nonpolar amino acids (Fig. 2(a)), and had
no contribution to the peptide—DNA interaction. Thus, the main role of
helix 2 is probably in the formation of the hydrophobic core of the peptide,
rather than in the involvement of DNA recognition. Most of the amino
acids of helix 3 were nonpolar, and had little contribution to the peptide—
DNA interaction. Presumably, formation of an a-helix that fits well into the
major groove of the DNA (Fig. 1) should be of primary importance. The
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only exception, Arg'’®, contributed largely to the interaction with the DNA.
Several residues near the C-terminal, Lys'®®—Lys!®’—Arg!®® interacted
favorably with the DNA.

We chose four important residues (Fig. 6(b)), and analyzed their
interactions with the DNA base pairs in detail (Fig. 10). Naturally, they
were interacting the most strongly with nearby base pairs. However,
interactions with distant base pairs were not negligible, especially in the case
of Arg'.

Some experimental data are available from the literature concerning the
roles of the N- and C-terminal regions. The deletion of the N-terminal
Gly'* - Arg' was reported to cause complete loss of the DNA-binding
affinity [27]. As discussed above, the N-terminus was quite stable in our MD
simulation, though the contact between the N-terminus and the DNA was
rather small (Fig. 1). Base pairs 5—6 (AT —AT) recognized by Arg'*’ were
conserved among the enteric bacterial inversion sites (Feng et al., 1994).
Consistently, Arg'*® interacted the most favorably with base pairs 5-6
(Fig. 10). Arg'*® also had favorable interactions with distant base pairs,
suggesting that it was an important residue in the stabilization of the
complex.

28

NONBONDED ENERGY (KCGAL “MOL)

ARG140 Yyt . 4 \ /

P

L~

\
N

é

~9.00E+0)

v N
\ 7 ARG178 LYS187 ¢
~1.O0E+02 o ‘.

FIGURE 10 Nonbonded interactions between several amino acid residues and the DNA base
pairs. Base-pair 3, for example, indicates the base pair formed by bases 3 and 29. See Figure 2
(b) for the base sequences.
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As we mentioned above, the crystal structure of the C-terminal region was
rather unstable and flexible in the current simulation (Figs. 6(a) and 9). The
C-terminal residues were interacting with the terminal base pairs, which
were highly flexible and deviated from the initial structure (Figs. 5, 7 and 8).
Their instability and fluctuations should be correlated. Even though the C-
terminal region was flexible, they remained, on average, within the minor
groove (Figs. 5 and 8). It was demonstrated that the Hin peptide without
the C-terminal eight residues retained DNA-binding activity, although
the affinity was reduced [28]. Hence, we believe that the marginal stability of
the C-terminal region of the peptide in our MD trajectory was consistent
with the auxiliary role played by the C-terminal region in DNA recognition.

More minute computational methods such as the free energy calculation
are necessary for further discussion about specific interactions between the
peptide and DNA, but the analyses we have shown so far based on
the structural fluctuations and interaction energies qualitatively agreed with
the experimental results.

In conclusion, we succeeded in performing a feasible simulation of the
Hin-recombinase S52mer peptide:hixL. complex. The simulation results
agreed with the available experimental results. For further analyses of the
peptide:DNA interaction, we are now conducting MD simulations of
the uncomplexed DNA and peptide, along with the further extension of the
simulation of the complex. We expect to reveal the change in dynamics and
energetics upon complex formation by comparing the simulation result of
the complex with those of the components, as well as the change in solvation
and ionic distribution.
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APPENDICES

A. Methods

All of the computations were performed using the software package
PEACH on a DEC personal workstation model 500/500 (0.59 Gflops)
connected with the special-purpose computer MD-GRAPE (or ITL-MD
one, ITL Corp. Tokyo, Japan; 4 Gflops/board x 2). MD-GRAPE is a
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parallel pipeline processor that computes the nonbonded interactions [19].
See [16, 18] for details of the PEACH-GRAPE system. The VME bus
adapter needed in the original system was not used. Instead, the MD-
GRAPE boards were directly connected to the host workstation using the
PCI bus. This improvement increased the data transfer rate between
GRAPE and the host.

The crystal structure of the complex composed of the 52mer peptide of the
Hin-recombinase and AixL half site (PDB entry 1HCR, [4]) was used as the
initial structure for the MD (Fig. 1). Hereafter, we call the peptide: DNA
complex ‘solutes’, the water molecules ‘solvent’, and the counter ions ‘ions’.
Hydrogen atoms were generated for the crystal structure and optimized by
energy minimization (EM). The complex was placed in a cubic box so that
the minimum distance between the wall and the solute should become 10 A.
The box was filled with the flexible SPC water [29], and the minimum
distance between the solvent and the solute was 3 A. Sixteen counter ions
(Na™) were generated to neutralize the system by replacing sixteen water
molecules. The ions were positioned so as to minimize the solute-ion
electrostatic interactions. All of the ions were generated around the DNA,
rather than near the peptide, and no ion was placed in the interface between
the peptide and DNA. See the legend to Figure 3 for the size of the system.

The latest AMBER all-atom force field [30] was used throughout the
study. The Ewald summation of the electrostatic interaction was performed
as described [16] in all of the EM and MD simulations. See Appendix B for
the determination of the Ewald parameters. For integration in MD
simulations a multiple time step method was employed (RESPA, REference
System Propagator Algorithm, [31]). The time steps were 0.25fs for the
bond, angle, and torsion interactions (hard force); 1 or 2fs for the van der
Waals (VDW) and the Ewald real-space (r-space) (medium force); and 4fs
for the Ewald k-space (soft force). The medium force time step was 2fs
during the optimization of the solvent and ions, and the subsequent
optimization of the solutes, while 1 fs was employed during the production
run. The former condition gave 0.13% relative fluctuation of the total
energy and the latter gave 0.02% in preliminary MD simulations for as long
as 0.4 ps (not shown). The Nose-Hoover thermostat [32] was employed to
keep the temperature constant as described [16].

At first, the positions of the ions and the solvent were optimized as
follows while the solute atoms were kept frozen. The steepest descent EM
was performed for 500 steps. Then MD simulation was performed at 5K for
0.1 ps. The time constant, 7, for the temperature control was 0.001 ps. The
velocity-Verlet method was used with a time step of 0.25fs during the first
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0.1ps, otherwise RESPA was employed. The temperature was gradually
heated to 300K (7= 0.1ps) during the first 6 ps, and the simulation was
continued until 50 ps. After 10 ps, 7 was reset to 0.5 ps. Then the system was
gradually cooled to 5K for 12 ps. Thus, MD was conducted for 62 ps in total
to optimize the solvent and ions. Then the ions and solvent were subjected to
EM. Secondly, the solutes were optimized while keeping the solvent and ions
fixed. The simulation protocol was similar to that described above, but MD
at 300K was continued only until 30 ps. Hence, MD was conducted for
42 ps in total to optimize the solutes. Then EM was performed for the whole
system (the solutes, ions, and solvent). The structure thus obtained was used
as the initial structure for the final production run (Fig. 3). After the
optimization, most of the ions still resided around the DNA molecules.

The production run was conducted as follows. The heating and
equilibration protocol was essentially the same as above, but the heating
was performed more slowly (for 9 ps). The temperature control was turned
off after 100 ps to perform the microcanonical MD, and the simulation was
continued until 1000ps. The computation time of 4s was required to
perform 1fs MD. The trajectory of 300— 1000 ps was used to analyze the
structure and energetics. The crystal and simulated structures were
visualized by the graphics software RASMOL 2.6 [33].

B. Determination of the Parameters for Ewald Summation by MD-GRAPE

Three parameters should be determined to perform the Ewald summation;
R, the cutoff radius for the real-space summation (r-space); Knax, the
maximum of the integer wave number vector (k-space); and 7, the parameter
to determine the balance between the real-space and k-space summations
(see {16] for detailed definitions). Here we describe the process of
determination of these parameters for computation by MD-GRAPE. A
cubic simulation of side L will be considered.

Below are the r-space (U,) and k-space (U,) summations of the
electrostatic energies.

U= > qgerfc(ry/n)/ry (BI)
i>j,r,'j<R¢m
2 . 2
1 exp( — (mmk/L) gisin2rk o x;
Ul W E
<Kmax ¢ (Bz)

gicos2mk e 1 2
F(prepet) |
H
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First, we consider the fundamental relation among the parameters and the
precision, similarly to [34].

The convergence of the r-space and k-space summations mainly depends
on erfc(ry/n) and exp(—(mnk/L)?), respectively. The complimentary error
function erfc(x) becomes exp(—x?) at large values of x. Hence, if the relative
error of e =exp(—p) is necessary at r; = Ry and & = kmax, the following

should be satisfied:
. Reu 2 . TNk max 2
p= (%) - (72 (®

It leads to the equations below:

R
kmax = éﬁ == (B4)

P n N/

For the r-space summation, MD-GRAPE computes all the interactions
between the particles using the minimum image convention. Thus, the cutoff
radius should be half of the box size.

L
Rcut = 5 (BS)
Substituting R.,, in Egs. (B4) with (B5) it follows that
L 2
n= 2‘\/5, kmax = _e (B6)

The optimal values for k. and 7 using Eqs. (B6) were listed for several
values of € in Table II. We used a k., value of 10, which should give energy
precision better than 1075,

There may not be any practical problem in using 7 derived by Eq. (B6),
but the above discussion is rough. Also, we have so far considered only the
energy and not the force. Hence, we determined 7 optimal for both energy

TABLE II Precision dependence of the Ewald parameters. See Appendix B for definitions of
the parameters

&€ kmax ”/L
1073 4.40 0.190
1074 5.86 0.165
1073 7.33 0.147
1076 8.81 0.134

1077 10.26 0.125
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and force empirically as follows to compare with the value obtained by
Eq. (B6).

We used a configuration of the peptide:DNA complex in the cubic water,
in which bad contacts had been removed by EM and a short MD
simulation. Then we computed both the electrostatic energy (E(n)) and force
(f{n)) for different n values. For a pair of n values (7, and 7,), the relative
force difference (Df(n;, n;)) was defined as follows:

Df(m,m) = \[z: |fi(m) - fi(nz)‘z/(}: |fi(m)|2 + Z ‘fi(n2)|2) /2

(B7)

where i is the particle index, and f; is the force acting on particle i, Similarly,
the relative energy difference (De(7,, 7)) was computed as below.

De(m,m) = [{E(m) — E(m)}/{E(m) + E(m)}/2| (B8)

The meanings of Df and De were simple: the magnitude of the difference
between the forces or energies computed for 7, and 7, relative to their
absolute values. Df and De were computed for (1, 72) =(4, 3), (5, 6), (6, 7)
and so on (Tab. HI). We assumed that the optimal  was the 7 that gave the
smallest difference with neighboring n’s. Table III showed that n = 7~8 A
should be optimal both for the force and energy. L was 62.83 A in the
current simulation, so n = 7~ 8 A should correspond to n/L = 0.12~0.13,
close to the value of 0.125 obtained by Eq. (B6) for kpyax = 10.3 (Tab. II).
This agreement indicated the feasibility of Eq. (B6), which were derived by
purely theoretical considerations.

Thus, we used n = 7 A and kmax = 10 (4169 wave number vectors) for the
simulation of the peptide:DNA complex throughout this study, as the values
had been shown to be feasible both theoretically and empirically.

TABLE III Difference in Ewald energy and force for neighboring 7 values. See Appendix B
for definitions of the parameters

m 72 (A4) Df De

5 6 1.4x107* 2.0x 1073
6 7 6.4x107¢ 5.0x 1077
7 8 59%1077 1.0 x 107'¢
8 9 3.7%x107¢ 59%x107¢
9 10 3.4x%x107° 51x107%
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C. Comparison of the Ewald Method with the Cutoff Method

To demonstrate the improvement brought about by the Ewald method,
another MD trajectory was generated using the electrostatic cutoff method.
The cutoft MD simulation was started from the 100 ps configuration of the
trajectory obtained by the Ewald method (Appendix A), and was continued
for a further 400 ps using a residue-based cutoff radius of 10 A. We tried the
microcanonical ensemble for the cutoff MD, as we did for the Ewald MD,
but the system temperature increased up to 2000 K within 100 ps after we
stopped the temperature control (not shown). Hence, we gave up the
microcanonical ensemble and used the Nose-Hoover thermostat to keep the
temperature at 300 K throughout the cutoff MD.

The energetic quantities computed from the last 300 ps trajectory of the
cutoff MD were summarized in Table IV, which should be compared with
Table I.

The fluctuation of the total energy was large (0.9%) but acceptable
because it was not conservative in Nose dynamics. Rather, the Nose
Hamiltonian, the Hamiltonian of the extended system including the Nose
particle (see [16] for definition), should have been conserved. However,
conservation of the Nose Hamiltonian was poor in the cutoff MD (11.5% of
relative error, Tab. IV), indicating that the energetic stability of the system
suffered from the truncation noise. The temperature separation, not seen in
the Ewald MD (Tab. I), was prominent in the cutoff MD (Tab. IV). See
Appendix D for further discussion.

Next, we examined the structural stability of the cutoff trajectory. The
RMSD from the crystal is shown in Figure 11. The RMSD did not stabilize
during the period, and that of DNA strand 1 reached 10 A at the end of the
simulation. The average structure of the cutoff trajectory was superimposed
onto the crystal structure (Fig. 12). The structure of the DNA was

TABLE IV Summary of the cutoff MD trajectory (200500 ps)

Total Energy (10° kealjmol): —5.1264 =0.0438 (0.9%)~5.1264 +0.0438 (0.9%)
Nose Hamiltonian (10° kcal/mol): —4.2660+0.473 (11.1%)

Temperature (K): total 300.0+2.9
solute 331.1%8.5
ion 486.24107.7
. solvent 297.0+3.0
RMSD (A)*: peptide 5.31 (main chain 4.59 side chain 5.91)
DNAI 8.35 (main chain 9.40 side chain 7.01)
DNA2 6.27 (main chain 6.04 side chain 6.53)

* Time RMS of the RMSD of the trajectory from the crystal structure was computed. Hydrogen atoms were
neglected.
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FIGURE 11 Time evolution of RMSD of the simulated structures from the crystal structure
in the cutoff MD. The trajectory was obtained by the residue-based nonbonded cutoff scheme
(10 A). The cutoff simulation was started from the 100 ps configuration of the Ewald MD, so
this graph begins at 100 ps. See legend to Figure 4 for definitions of the lines. When comparing
with Figure 4, note that the scale of Figure 11 is larger than that of Figure 4.

particularly deformed. This result was consistent with several previous
findings that crystal structures of DNA and RNA molecules were better
conserved when the cutoff was avoided [6, 35].

Thus, the abrupt cutoff scheme brought about undesirable artifacts both
to the energetics and to the structures of the trajectory. Hence, considering
the improvement of the computer software and hardware, the electrostatic
cutoff should be avoided when simulating a highly charged system such as
the peptide:DNA complex studied here.

Several algorithms are available to compute the electrostatic interaction
without the cutoff. For MD of a non-periodic system of size N, direct
summation of the electrostatic interaction is straightforward. Billeter et al.
[9] applied this method to the MD of a solvated Homeodomain:DNA
complex. In direct summation, however, computation time is in proportion
to O(Nz), and this method becomes too expensive when N > 10,000, unless
one is equipped with inexpensive special-processors such as GRAPE [16].
For non-periodic systems, multipole expansion methods are more practical,
computation by which is proportional to O(N InN) (Particle - Particle Cell -
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FIGURE 12 Time average of the simulated structure (200500 ps, gray) superimposed onto
the crystal structure (black). The trajectory was obtained by the residue-based nonbonded
cutoff scheme (10 A).

Particle method, PPPC, [11]) or to O(N) (Fast Multipole Method, FMM,
[36]). PPPC has been applied to pioneering MD simulations of proteins
demonstrating the importance of the electrostatic interaction [11-13].
Schulten’s group has been using FMM to perform MD of DNA binding
proteins [7, 8, 10]. FMM is also applicable to the periodic boundary. The
original Ewald method, which we used in this study, has been recognized as
a standard in MD simulation of Coulombic systems in a periodic boundary
[20]. The computation time is O(N*/?). Particle Mesh Ewald (PME, [37])is a
reformation of the original Ewald method, whose computational cost is
O(N). PME has been successfully applied to MD of nucleotides (see, for
example, [38] and the references therein).

It is a matter of convenience which algorithm to choose, depending on the
size of the simulated system, the boundary condition, the precision needed,
the software and hardware environment, and so on. We used the original
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Ewald method because it is easy to implement to MD-GRAPE. In the
current simulation, the wave-number space summation took only 14% of
the total computation time, which suggested that use of PME would not
increase the speed significantly. This situation was, of course, due to our
special hardware and use of the multi-time step integrator.

D. The Temperature Separation

Finally, we discuss the temperature separation phenomenon in the cutoff
MD presented in Appendix C.

As seen in Table IV, the temperature of the ions was 200K higher than
those of the solute and solvent. The solute had 30 K higher temperature than
the solvent, but the reported temperature separation phenomena were
usually characterized by the hotter solvent [16, 22—24]. We attributed this
discrepancy to the difference in the electronic property of the solutes, as
explained below.

The temperature separation is a rather complex phenomenon. It also
depends on the time-integration and temperature control algorithms [23],
not only on the treatment of the nonbonded interactions. However, we
would like to give a fairly simple, qualitative explanation. The noise due to
the electrostatic cutoff raises the temperature of each molecule, as suggested
by the temperature increase in the microcanonical MD, depending on the
electrostatic property of the molecule. Therefore, the temperatures of the
molecules tend to be: charged > polar > nonpolar. Hence, the ions were as
hot as 500 K. Unlike other temperature separation phenomena so far
reported, the solutes were highly charged in our simulation (- 25¢ for the
DNA and +9e for the peptide). Such molecules should be sensitive to the
noise and hence had a higher temperature than the solvent. The solvent
molecules were polar, but not charged, and presumably less sensitive to the
noise than the solutes, so they had the lowest temperature this time.

The use of a shifting potential was reported to avoid the temperature
separation [24]. Though such a potential is a useful expedient, the shifting
potential method brought about serious artifacts to the behavior of the
solvents and ions [39—41]. Another way to avoid the temperature separation
is the use of the separate temperature coupling scheme, such as implemented
in AMBER ver. 4.0 [42] or later. Namely, the solute and the solvent are
coupled to different temperature baths. This method is useful, for instance,
in NMR refinement. Nevertheless, in principle, this method is incapable of
preventing the temperature separation ‘within’ the solute molecule such as
reported in [24], and inappropriate when minute dynamics and thermo-
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dynamics of the simulated system are concerned. Thus, we conclude that the
avoidance of the cutoff is the easiest and most feasible way to prevent the
temperature separation.
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